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Precise estimates of earthquake source properties are crucial for understanding
earthquake processes and assessing seismic hazards. Seismic waveforms can be
affected not only by individual event properties, but from the Earth’s interior
heterogeneity. Therefore, for accurate constraints on earthquake source
parameters, the effects of three-dimensional (3D) velocity heterogeneity on seismic
wave propagation need evaluation. In this study, regional moment tensor solutions for
earthquakes around the southern Korean Peninsula were constrained based on the
spectral-element moment tensor inversion method using a recently developed high-
resolution regional 3D velocity model with accurate high-frequency waveform
simulations. Located at the eastern margin of the Eurasian plate, the Korean
Peninsula consists of complex geological units surrounded by thick sedimentary
basins in oceanic areas. It exhibits large lateral variations in crustal thickness (>
10 km) and seismic velocity (>10% dlnVs) at its margins in the 3D model. Seismic
waveforms were analyzed from regional earthquakes with local magnitudes > 3.4 that
occurred within and around the peninsula recorded by local broadband arrays.
Moment tensor components were inverted together with event locations using the
numerically calculated Fréchet derivatives of each parameter at periods ≥ 6 s. The
newly determined solutions were compared with the results calculated from the one-
dimensional (1D) regional velocity model, revealing a significant increase in a double-
couple component of > 20% for earthquakes off of the coastal margins. Further,
compared to initial solutions, ≤ 5 km change in depth was observed for earthquakes
near the continental margin and sedimentary basins. The combination of a detailed 3D
crustal model and accurate waveform simulations led to an improved fit between data
and synthetic seismograms. Accordingly, the present results provide the first
confirmation of the effectiveness of using 3D velocity structures for accurately
constraining earthquake source parameters and the resulting seismic wave
propagation in this region. We suggest that accurate 3D wave simulations, together
with improved source mechanisms, can contribute a reliable assessment of seismic
hazards in regions with complex continental margin structures and sedimentary basins

Edited by:
Mourad Bezzeghoud,

Escola de Ciência e Tecnologia,
Universidade de Évora, Portugal

Reviewed by:
Rohtash Kumar,

Banaras Hindu University, India
Bouhadad Youcef,

National Earthquake Engineering
Center (CGS), Algeria

José Borges,
University of Evora, Portugal

*Correspondence:
Seongryong Kim

seongryongkim@korea.ac.kr

Specialty section:
This article was submitted to

Solid Earth Geophysics,
a section of the journal

Frontiers in Earth Science

Received: 16 May 2022
Accepted: 14 June 2022
Published: 05 July 2022

Citation:
Song J-H, Kim S, Rhie J and Park D
(2022) Moment Tensor Solutions for
Earthquakes in the Southern Korean
Peninsula Using Three-Dimensional

Seismic Waveform Simulations.
Front. Earth Sci. 10:945022.

doi: 10.3389/feart.2022.945022

Frontiers in Earth Science | www.frontiersin.org July 2022 | Volume 10 | Article 9450221

ORIGINAL RESEARCH
published: 05 July 2022

doi: 10.3389/feart.2022.945022

http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.945022&domain=pdf&date_stamp=2022-07-05
https://www.frontiersin.org/articles/10.3389/feart.2022.945022/full
https://www.frontiersin.org/articles/10.3389/feart.2022.945022/full
https://www.frontiersin.org/articles/10.3389/feart.2022.945022/full
https://www.frontiersin.org/articles/10.3389/feart.2022.945022/full
http://creativecommons.org/licenses/by/4.0/
mailto:seongryongkim@korea.ac.kr
https://doi.org/10.3389/feart.2022.945022
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.945022


from offshore earthquakes whose seismic waveforms can be largely affected by 3D
velocity structures.

Keywords: earthquake source parameters, seismic waveform simulation, 3D velocity model, spectral-element
method, Southern Korean Peninsula

INTRODUCTION

Accurate determination of earthquake source parameters (e.g.,
hypocenter, focal mechanisms, and moment tensors) is
important for understanding earthquake processes, elastic
responses of a medium to tectonic stresses, and strong ground
motions affected by the sources (Talwani, 2014; Gallovič et al.,
2019). Notably, seismic waveforms have been routinely used to
improve source property estimates (Ekström et al., 2012), as they
contain more information due to the superposition of different
seismic signals across amplitudes and phases (Dreger and
Helmberger, 1993; Kim et al., 2011). Seismic waveforms are
responses to wave propagation through the Earth’s structure,
as well as earthquake processes. Though averaged one-
dimensional (1D) structural models are useful in most
practices (Dreger and Helmberger, 1993; Ford et al., 2009),
constrained source properties can often be biased from
unaccounted for three-dimensional (3D) structural
heterogeneity (Hejrani et al., 2017; Li et al., 2018), such as
thick sedimentary basins, or sharp lateral variations in crustal
thickness at the continental margin (Tape et al., 2010).
Additionally, signals from small-to-moderate regional
earthquakes (moment magnitude (Mw) ~3.0–5.5) are generally
detected by regional arrays (epicentral distance < 500 km) over
relatively shorter period bands (< 40 s), in which seismic wave
propagation becomes increasingly sensitive to smaller volumetric
or sharp interfacial structures in the crust and upper mantle (e.g.,
Fichtner and Tkalčić, 2010). Therefore, for more precise
constraints on earthquake source parameters across various
magnitudes, the effects of 3D velocity heterogeneity on seismic
wave propagation require evaluation.

With recent advancements in computational capacity, the
calculation of 3D seismic wave simulations has become more
readily attainable and has been successfully applied for
synthesizing full seismic waveforms and ground shaking with
the inclusion of more accurate 3D Earth structures (Liu et al.,
2004; Lee et al., 2022). Indeed, 3D velocity model analyses have
shown to improve moment tensor solutions for a more accurate
alignment with actual regional tectonic features (Hejrani et al.,
2017; Takemura et al., 2020). Further, accurate wave simulations
enabled with a 3D velocity model show that slip processes can be
resolved more precisely at higher frequencies (> 0.1 Hz) for
earthquakes at shallow depths (< 2 km; Hejrani and Tkalčić,
2020) or complex tectonic systems (Julian et al., 1997; Vavryčuk,
2011). Despite the effectiveness of considering 3D velocity
structures, the number of local and regional studies
constraining earthquake source parameters based on the
calculations of 3D wave propagations is limited to Iceland
(Fichtner and Tkalčić, 2010), Taiwan (Lee et al., 2010), the
Australian region (Hingee et al., 2011; Hejrani and Tkalčić,

2020), Papua New Guinea and the Solomon Islands (Hejrani
et al., 2017), the Kanto region (Takemura et al., 2020), Los
Angeles region (Wang and Zhan, 2020), Groningen Field
(Willacy et al., 2018), and the southern Sichuan Basin (Huo
et al., 2021). In part, this limitation is due to the lack of regional
3D velocity models with reasonable resolutions and/or
insufficient computational resources to accommodate accurate
3D wave simulations.

Here, we present a newly estimated moment tensor catalog
based on 3D full-waveform simulations in the southern Korean
Peninsula (KP). The combined presence of a regional high-
resolution 3D velocity model and accelerated processing
through advanced graphical processing units (GPUs) allow for
the more efficient calculation of synthetic waveforms reflecting
the 3D heterogeneity. The KP is a continental part at the eastern
margin of the Eurasian plate. Tectonically, the KP is under a
stable intraplate regime, with compressive tectonic forces
controlled by the convergence of the Eurasian plate (EP),
Philippine Sea plate (PSP), and the Pacific plate (PP;
Figure 1). Although this region has been classified as a
tectonically stable intraplate area, several small-to-moderate
sized earthquakes (Mw ~3–5) occur annually, with two of the
largest earthquakes (Mw > 5.4) in instrumentally recorded history
(generating ground shaking-caused damages near the epicenters
and felt throughout the southern KP) occurring within the last
5 years, (Kim Y. et al., 2016; Kim K. H. et al., 2018). Previous
studies have applied various techniques for estimating detailed
earthquake moment tensors and resultant ground shaking based
on 1D regional velocity models (Rhie and Kim, 2010; Kim et al.,
2011; Hong and Choi, 2012; Hong et al., 2020; Park et al., 2020).
With increasing concern of possible damaging earthquakes,
several seismic stations have been deployed over the past
decade in the southern KP (Figure 1A). The accumulated
continuous waveform records from these stations have enabled
the development of high-resolution crust and upper mantle
velocity models through ambient noise tomography for the
southern KP and northeast Asia, resolving lateral structures
down to ~20 km (Lee et al., 2015; Kim. et al., 2016b; Rhie
et al., 2016). Elsewhere, a regional 3D velocity model has
successfully enhanced the accuracy of hypocenter locations of
the 2017 Pohang earthquake sequences (Jung et al., 2022).
Further, seismic wave propagation simulations calculated with
the 3D velocity model have shown that local amplification of
ground motions caused by complex wave propagation effects can
be reproduced accurately up to 1 Hz, with improved predictive
accuracy (Lee et al., 2022). These results support that 3D models
well represent fine details of velocity heterogeneity in this region.
Furthermore, GPUs were employed here to accelerate the spectral
element wavefield simulation (Komatitsch et al., 2010), as they
can reduce the computational time of synthetic wave propagation
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by ≤ 20-times compared to CPU clusters (Komatitsch et al.,
2010). Synthetics and their Fréchet derivatives were computed for
six moment tensor components and three location parameters
(longitude, latitude, and depth) to be used for the inversion of
earthquake source parameters for each earthquake. In particular,
shorter period waveforms (6–30 s) were incorporated to better
resolve source complexities and reduce moment tensor
dependencies in source depth (Julian et al., 1997; Mustać
et al., 2020). The inversion results and synthetic waveforms
obtained with the regional 3D and 1D velocity models were
compared, ultimately revealing that the more accurate waveform
simulation technique with the 3D velocity model resulted in
generally better fits between data and synthetic seismograms, with
more reliable focal mechanism solutions in this region.

DATA AND METHOD

Event Data and Initial Solutions
Regional earthquakes with local magnitudes (ML) > 3.4 occurring
between 2003 and 2021 within and around the southern KP
(33.0°–38.2° N, 123.8°–130.3° E) were identified from the event

catalog of the Korean Meteorological Agency (KMA; N = 73
events). Further, we obtained three-component seismic
waveforms for these events recorded by broadband
seismometers from various networks (Figure 1A). The raw
seismogram data were deconvolved from instrument responses
and converted to displacement. Two horizontal components (E
and N components) were rotated to radial (R) and tangential (T)
components based on the KMA-provided event locations. Station
orientations were corrected based on the measurement of
seismometer misorientation by teleseismic P-wave polarization
(Son et al., 2021). To obtain initial earthquake moment tensor
solutions for the subsequent 3D analysis and reject earthquakes
with poor data quality, we performed 1D time-domain moment
tensor inversions (TDMT, Dreger and Helmberger, 1993) with a
regional 1D velocity model (Kim et al., 2011). Green’s functions
were calculated using a frequency-wavenumber integration
method (Saikia, 1994) based on the actual epicentral distances
of each station. For larger earthquakes, we applied a 20–40 s
band-pass filter, and for smaller events (Mw < 4), a relatively
short-period band of 10–30 s was used to account for frequency
contents of corresponding earthquakes and to increase signal-to-
noise ratios of the observed waveforms (Rhie and Kim, 2010). We

FIGURE 1 | Distribution of seismic stations and earthquakes within the study area. (A) Stations are indicated by solid symbols, with different colors and shapes for
different networks—KMA, Korea Meteorological Administration; KIGAM, Korea Institute of Geoscience and Mineral Resources, KHNP, Korea Hydro & Nuclear Power;
NIED, National Research Institute for Earth Science and Disaster Resilience; JMA, Japan Meteorological Agency; GSN, Global Seismic Network. Black circles indicate
local events (ML > 3.4) occurring between 2003 and 2021, with corresponding circle sizes indicating magnitude. Red lines delineate major faults (Chough et al.,
2018), whereas gray shaded regions indicate sedimentary basins with a thickness > 1 km (Straume et al., 2019). (B) a regional tectonic setting, where subduction
boundaries are indicated by red saw-toothed lines, while other convergent plate boundaries are indicated by gray lines (Bird, 2003). Red arrows indicate the movement
direction of the Philippine Sea and Pacific plates with respect to the Eurasian Plate (velocities indicated). The study area is indicated by the black square. EP, Eurasian
Plate; PP, Pacific Plate; PSP, Philippine Sea Plate; NA, North American Plate.
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inverted for deviatoric moment tensor solutions of each event
with varying centroid depths, while fixing lateral locations
(i.e., longitude and latitude), as provided by the earthquake
catalog. The event depth varied between 0 and 30 km at
increments of 0.5 km, and the final depth was determined to
have the lowest misfit between the synthetic and observed
waveforms. During the inversion process, time shifts of each
station were determined for the alignment of synthetic
seismograms with the observed waveforms based on cross-
correlations to account for unmodeled propagation effects.
Ultimately, 45 events were obtained for which both moment
tensors and centroid depths could be stably determined, with
variance reductions > 60% and the number of stations showing
clear three-component waveforms > 10. Events that occurred in
the northern KP were excluded due to limited regional resolution
of 1D and 3D velocity structures. The chosen events were

analyzed further in the moment tensor inversion via the 3D
waveform simulation.

Three-Dimensional Velocity Model
The 3D regional velocity model of the southern KP was
constructed based on ambient noise tomography (Figure 2).
The model data were obtained from multiple regional ambient
noise datasets with different spatial scales. In the southern KP, the
velocity model was constructed using 1–6 s group velocity data
measured at 150 accelerometer stations and 5–30 s group and
phase velocity data estimated at 37 regional broadband stations
(Rhie et al., 2016). The velocity model outside the southern KP
was constrained by 25–40 s phase velocity data collected at
broadband stations in northeast Asia (Kim. et al., 2016b). The
lateral variations of phase and group velocity for period ranges ≤
1 Hz were calculated based on the trans-dimensional and

FIGURE 2 | Regional three-dimensional seismic velocity model of the southern Korean Peninsula: (A) Horizontal cross-section of P-wave velocity at 10 km depth.
Black solid lines indicate the boundaries of different geologic provinces; (B) Horizontal cross-section of S-wave velocity at 10 km depth; (C,D) represent vertical cross-
sections of P- and S-wave velocities, respectively. Gray solid curves are Moho depths from receiver function studies (e.g., Chang and Baag, 2007; Kim et al., 2015).
Locations of vertical profiles are indicated in B: GB, Gyeongsang Basin; GM, Gyeonggi Massif; IB, Imjingang Belt; OB, Okcheon Belt; YM, Yeongnam Massif.
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hierarchical Bayesian inversion technique (Kim. et al., 2016a;
Rhie et al., 2016). The 1D depth profiles from surface-wave
dispersions were inverted via a Bayesian approach and used to
construct the 3D shear velocity model (Kim et al., 2017). Based on
the lateral variation of the compressional to shear-wave velocity
ratio (Vp/Vs) estimated from the receiver function method
(Chang and Baag, 2007), 3D modeled P-wave velocities were
converted from the shear velocity. A simple empirical
relationship between seismic velocity and density (Christensen
and Mooney, 1995) was employed to construct a density model
covering the southern KP and its coastal regions, including the
western part of the East Sea (Sea of Japan) and the eastern Yellow
Sea, extending to depths of 120 km. For the crust and uppermost
mantle, the horizontal resolution of the 3D model extended to
25–30 km within the continental area and 50–75 km in the
offshore regions. These resolutions were determined based on
synthetic recovery test results using checkerboard and structural
patterns (Kim. et al., 2016b; Rhie et al., 2016). We confirmed that
the modeled region successfully recovered the original input
pattern. The velocity grids in the continental and oceanic
regions were sampled at horizontal intervals of 5 and 25 km,
respectively, with a common depth spacing of 0.5 km.

Waveform Simulations Using
Spectral-Element Method
The spectral-element method implemented in the SPECFEM3D
Cartesian software package (Komatitsch and Tromp, 1999) was
used for the accurate calculation of 3D elastic wave propagation.
This method has previously been used to simulate seismic wave
propagation on both global and regional scales with 3D Earth
structures (Komatitsch and Tromp, 2002; Tape et al., 2009).
Further, this method exploits the geometric flexibility of the
finite-element method with an accurate representation of the
wave fields based on high-degree Lagrange polynomials via
pseudospectral techniques (Komatitsch et al., 2004). Surface
topography, bathymetry, and internal discontinuities (e.g.,
Moho) can be accommodated into the spectral element mesh.
We constructed a mesh that covers 817.1 x 713.4 km
(123.5°–132.5° E and 32.8°–39.3° N) and extends to 85 km
depth. The mesh encompasses all stations and earthquakes in
the southern KP, as well as its coastal regions (Figure 1A).
Spectral elements were defined to maintain a regular spacing
of ~3 km in the model domain, which contained 1.89 x 106

elements with 1.19 x 108 grid points. We applied a free surface
condition at the topographic surface and the Stacey absorbing
boundary condition at the bottom and sides (Komatitsch and
Tromp, 2003). Based on the minimum shear wave velocity of the
regional velocity model and spacing of spectral elements,
synthetic seismograms could be resolved up to 0.5 Hz. We
employed a GPU-enabled spectral-element solver of the
seismic wave equation.

Moment Tensor Inversion
A seismic moment tensor and event location were determined
using the regional 3D velocity model based on the spectral-
element moment tensor inversion method (Liu et al., 2004).

This method uses spectral-element simulations to calculate the
sensitivity of seismic waveforms to source parameters (i.e., the
Fréchet derivatives). For each earthquake, we inverted six
moment tensor components (Mrr, Mtt, Mpp, Mrt, Mrp, and
Mtp) and three location components (longitude, latitude, and
depth). Accordingly, a total of 10 simulations were conducted, of
which 9 consisted of calculating synthetics for the Fréchet
derivatives, and the remaining simulation constructed
synthetic seismograms with an initial moment tensor solution
determined by the TDMT method. As the synthetics (s) can be
represented by linear combinations of the moment tensor
elements (m), the derivatives ds

dmi
(where index i varies from 1

to 6) can be obtained by forward calculations for moment tensors
that have a nonzero element for an individual ith component,
while all other elements are zero. In the case of an inversion for
the six elements of the moment tensor m �
[Mrr, Mtt, Mpp, Mrt, Mrp, Mtp] , the synthetics s(t, m) may
be represented by linear combinations of the Fréchet derivatives
with respect to moment tensor elements: Eq. 1

s(t, m) � ∑
6

i�1

ds

dmi
(t)mi (1)

The Fréchet derivatives of location parameters can be
constructed based on the differences between synthetic
seismograms computed with a moment tensor, that is,
spatially separated from the initial location and the initial
synthetic seismograms. In contrast to the moment tensor
components, the synthetic waveforms have a nonlinear
relationship with location parameters. Assuming that the
initial solution was close to the true solution, a linear gradient
calculated with step lengths of 1 km for depth, and 250 m for
latitude and longitude, was applied from the initial location. Step
lengths were determined based on the numerical test results
showing the quasi-linearity of gradients around the initial
location (Liu et al., 2004). Using the initial point-source
parameters as the starting solution (m0) , the synthetics can
be linearized with respect to the initial parameters as Eq. 2

s(t, m) � s(t, m0) +∑n

i�1
ds

dmi
(t, m0)(mi −m0

i ), (2)

where n is the number of inversion parameters, which include
six elements of moment tensor with three location parameters.
Given a set of source parameters, the misfit between the data and
the synthetics was defined as the least-square waveform misfit
function Eq. 3

E(m) � 1
2A

∑N

j�1wj ∫[dj(t) − sj(t, m)]2dt, (3)

where A is a normalization factor, N is the number of individual
waveforms, andwj is the weights of jth station data, which is based
upon the station’s azimuth, epicentral distance, and data
components (Liu et al., 2004). The nonlinear Newton’s iterative
solver (Conte and Boor, 1980) was applied to resolve this nonlinear
equation that minimizes a waveform misfit function based on the
calculated gradients (For details about derivation of the nonlinear
equation and data weights, see the appendix of Liu et al., 2004).
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We applied a band-pass filter with a period range from 6 to
30 s for the synthetic seismograms, their derivatives, and
observed data. Time windows of waveforms were selected to
be used for the inversion process via an automated time-window
selection software (FLEXWIN, Maggi et al., 2009). This program
automatically selects time windows around potential seismic
phases based on quantities evaluating waveform shape (e.g.,
amplitudes, signal-to-noise ratio, short-term-average/long-term
averages) for comparing synthetic and observed seismograms.
Selected time windows were manually checked for all
seismograms. Only those that included waveforms showing
high similarities (cross-correlation coefficients > 0.7, log
amplitude ratios < 1.5) between the observed and synthetics
generated by the initial focal mechanism were incorporated.
During the inversion process, time shifts of the synthetics with
respect to the data were applied to obtain the optimal correlation
between the two, as such calculations help extract the
contributions of the 3D velocity structure to seismic
waveforms and source parameters by removing time shifts
originating from errors in event origin time, location, or
derived from inaccuracies in the 3D velocity structure due to
limited resolution (Komatitsch et al., 2004; Hejrani et al., 2017).
Although the application of time shifts has been demonstrated to
be useful for reducing travel time effects of lateral velocity
heterogeneity (Zhao and Helmberger, 1994), they cannot fully
account for the complex nature of 3D wave propagation effects in
regions where seismic phases and amplitudes can be distorted
(Liu et al., 2004).

Bootstrap analyses were conducted to assess uncertainties of
the determined source parameters and the reliability of reduction
of an amplitude misfit following inversion. We generated 100
solutions based on randomly selected seismograms of each event
and calculated averages and standard deviations of locations,
moment tensor components, a percentage of a double couple
(DC) component, and the misfit between synthetic and observed
waveforms.

RESULTS

We compared the inversion results obtained with waveform
simulations using the 3D and the 1D velocity models, and
Figure 3 shows focal mechanism solutions and percentages of
the DC component for each event. The results indicated general
increases in the proportion of DC components (3–25%) for the
earthquakes in the continental southern KP, as well as the
continental margin off the east coast when the 3D velocity
model was used (Figure 3A). The continental events exhibited
high DC proportions overall (> 80%) in both models (Figures
3A,B), with small increases (3–7%) in the 3D model. These
increases in the DC component were considered reliable given
that the moment tensor components were determined with small
uncertainties (< 3%) (Figure 4B). Relatively large increases in DC
components (15–25%) were found for earthquakes in the offshore
southeastern continental margin, and these increments were
deemed reliable given that the uncertainty of a DC component

FIGURE 3 | Moment tensor solutions obtained with the: (A) regional 1D velocity model and (B) regional 3D velocity model. Beach balls in A and B indicate focal
mechanisms, with the projection of the fault orientation and slip on the lower half of a sphere surrounding the hypocenter, and the colored (non-colored) quadrants
indicating motion towards (away) those quadrants. Colors of each beachball indicate the proportion of a double couple component (DC %). (C) Differences in the DC
component proportions between 3D and 1D focal mechanisms. Black and white circles on each beach ball indicate the directionality of the maximum andminimum
principal compressive stresses P and T axes, respectively. Colored boxes at the bottom are enlarged maps of regions indicated by orange and blue squares.
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was determined to be < 10% for these earthquakes (Figure 4B).
Meaningful increases in the percentage of DC components also
exist for earthquakes in the Yellow Sea and the northwestern
continental margin of the southern KP. The mainshock (Mw =
5.4) of the earthquake sequences in the Pohang area (Figure 3,
top of the blue box) and a moderate-sized (Mw ~5) earthquake
offshore of Uljin in the eastern continental margin show
comparably low DC percentage than other earthquakes in the
3D model.

All comparisons between the observed and synthetic
waveforms calculated using the 1D and 3D models were made
after applying a band pass filter to each dataset within a common
period range. A meaningful decrease in waveform misfit
(~5–50%) between synthetic and observed waveforms was
found when the 3D velocity model was used (Figure 4).
Notable improvements (> 30%) in waveform fitting were
found for the events in the offshore eastern and western
coastal margins. There were notable differences in amplitudes
and arrival times of surface waves for the synthetic waveforms
between the 1D and 3D velocity models when assessing offshore
earthquakes (Figure 5), where 3D model synthetic waveforms
showed a better fit with observations.

Figure 6 shows the changes in centroid depths for source
parameters determined with the 3D velocity model as compared
to the initial solutions, revealing an overall increase in depth
(~1–5 km) for the offshore events along the eastern continental
margin. Given that uncertainties in centroid depth were

estimated as ~0.3 km (Figure 4C), the observed depth changes
were significant. The determined centroid depths here for events
at the offshore eastern coastal margins extended deeply to ~19 km
(Figure 6A, cross-section a-a’).

Figure 7 compares the moment magnitude (Mw) constrained
with 3D and 1D velocity models. Generally, the magnitude values
showed a 1:1 correlation between estimates. Relatively large
discrepancies (~0.05–0.1) were found for those that occurred
in the offshore continental margin.

DISCUSSIONS

The overall high DC values (>80%) of continental earthquakes
indicated that the moment tensor of earthquakes was well
represented by shear slip on a planar fault. Most of the regional
earthquakes in the southern KP exhibited shear slip on a planar
fault with a high DC percentage (>80%) (e.g., Rhie and Kim, 2010;
Kim Y. et al., 2016), which can be reasonably considered as point
sources with minimal fault geometry and slip history complexity,
owing to their small magnitudes (Mw < 5). Therefore, additional
increases in DC values with the 3D model potentially suggest that
the moment tensor solutions can bemore precisely constrained via
the calculation of accurate wave propagations.

Except for some earthquakes (especially in volcanic and
geothermal areas) or explosions, rupture processes of most small-
to-moderate sized tectonic earthquakes can be represented by shear

FIGURE 4 | (A)Reduction of amplitude misfits between the observed and synthetic seismograms for the wave simulations using source parameters constrained by
the 3D vs. 1D velocity models. The misfit reduction was calculated as 100 × (residual misfit in 1D−residual misfit in 3D

residual misfit in 1D ) , where residual misfits indicate the remaining amplitude
misfits following the source parameter inversion process. Only misfit reduction values > 1 standard deviation (as determined by bootstrap analysis) are colored. (B)
Uncertainties in the proportion of DC components for the focal mechanism solutions, as determined by the 3D velocity model. (C) Uncertainties in focal depth
determined with the 3D velocity model. Boxes at the bottom are enlarged maps of regions indicated by black and gray squares.
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faulting on a planar fault, in which the moment tensor components
are composed solely of DC components (i.e., DC = 100%; Julian
et al., 1998); however, the moment tensors constrained with real
datasets often reveal DC percentages < 100%. Such decreases in DC
percentage can be derived from various origins, including
uncertainties in source parameters due to limited station
azimuthal coverage, lower signal-to-noise ratios of the observed
waveforms, inaccurate waveform predictions due to unaccounted
for 3D heterogeneity, or complex source properties (e.g., slip on a
non-planar fault) (Julian et al., 1998). Under the same condition in
dataset and source-receiver pairs, the meaningful increases in DC
components with the 3-D regional velocity model here indicate that
portions of a non-DC component of source parameters can be
reduced by accounting for lateral velocity variations. Relatively large
increases in DC components (15–25%) were observed for
earthquakes in the offshore southeastern continental margin,

where large lateral velocity variations (> 10%) in the crust existed
for the eastern continental margin of the KP. The structures reflect
transitions from the continental to oceanic crust, or thick
sedimentary basins formed by late Cretaceous to Cenozoic rifting
processes (Cho et al., 2004; Hong, 2010; Kim et al., 2019). The
present results show that these complex structures were well
reflected in the regional 3D velocity model (Figure 2B), thereby
improving the depiction of seismic full waveforms by accurately
constraining moment tensors for offshore events.

Even with datasets of clear waveforms and good azimuthal
coverage, themainshock (Mw = 5.4) of the earthquake sequences in
the Pohang area (Figure 3, top of the blue box), consistently
showed low DC percentage in both models (1D ~ 35%, 3D ~ 45%).
Notably, this event has been reported to be the first non-DC event
in South Korea (Song et al., 2018; Lee et al., 2020). Further, there
are general increments in DC percentage with overall high DC

FIGURE 5 | Example comparisons of synthetic seismograms and observations: (A,C) Waveforms of the event (moment magnitude (Mw) 4.7) that occurred along
the southeastern offshore of the Korean Peninsula at 11:33:03 (UTC) on 7-5-2016, and (B,D)Waveforms of the event (Mw 4.1) that occurred in the Yellow Sea at 00:40:
40 (UTC) on 8-21-2021. A and B show tangential component waveforms, where wiggles in black are the observed seismograms, while those in green are the synthetic
seismograms calculated with moment tensor solutions constrained by time-domain moment tensor inversions (TDMTs) via the regional 1D velocity model. Red
seismograms are the synthetics of 3D waveform simulation calculated with moment tensor solutions obtained from the regional 3D velocity model. Beach balls in gray
indicate focal mechanisms of each event. Frequency bands for the waveforms inA andC ranged from 0.033 to 0.33 Hz, whereas those inB andD ranged from 0.033 to
0.18 Hz.
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values for nearby earthquakes when the 3D velocity model was
used, indicating that the origin of a high non-DC component for
the Pohang mainshock could be attributable to its source
properties. Previously, the large non-DC component was
explained by the slip motions on two intersecting faults (Grigoli
et al., 2018; Son et al., 2020;Woo et al., 2020). Similar to the Pohang
mainshock, there was a moderate-sized (Mw ~5) earthquake with a
relatively lower DC percentage (~65%) offshore of Uljin in the
eastern continental margin (Figure 1A). This event occurred on a
deep-seated (> 10 km) pre-existing feature that was expressed on
the surface as the basement escarpment along the western slope of
the Ulleung Basin (Kim G. B. et al., 2018). Given that other
adjacent earthquakes generally showed increases in DC
percentages for the 3D velocity model (producing overall high
DC values > 80%), the relatively high non-DC fraction of this
earthquake could be due to complex source processes (e.g., non-
planar fault slips). Structures of curved dipping faults (i.e., listric
faults) have been found on the eastern continental shelf (e.g., Han
et al., 2019; Moon et al., 2022). There were formed by tectonic
processes associated with back-arc rifting and breakup in the East
Sea during the late Oligocene to early Miocene (Chough et al.,
2018) and perhaps being reactivated by an east-west compressional

stress regime in the late Cenozoic (Kim et al., 2006; Choi et al.,
2012). Pre-existing fault structures with curvature could
accommodate slips that could not be represented by those on a
single planar fault, potentially generating high non-DC
components (Julian et al., 1998). Relatively small decreases
(5–10%) in DC percentages were observed in the 3D velocity
model, especially for those of small magnitudes (Mw < 4). This
could be due to uncertainties in source parameters constrained by
datasets with limited azimuthal (or distance) coverages
maintaining low signal-to-noise ratios, or the inaccuracy of 3D
velocity structures due to limited resolutions at model boundaries;
however, complex rupture characteristics cannot be ruled out for
moderate-sized (Mw ~ 4–5) earthquakes in the Yellow Sea or
southern offshore region of the continental margin.

It was also noticed that the proportion of DC components
increased by 15–20% for the offshore earthquakes (Figure 3C),
where there were large lateral velocity gradients in the crust
(dlnVs/Horizontal distance ~ 10%/50 km; Figure 2A). The
reduced waveform misfits between the observed and synthetic
values, together with decreases in DC fractions of focal
mechanisms, strongly supported the efficacy of using the 3D
velocity model for reproducing more accurate seismic wave

FIGURE 6 | (A) Variation in centroid depth of events constrained with the 3D velocity model compared to the initial solutions determined using the TDMT method
(Dreger and Helmberger, 1993). (B) Event locations with moment tensor solutions constrained by the 3D velocity model at different cross-sections. Locations of velocity
profiles are shown as gray lines in A, with the range of plotted focal mechanisms indicated by dashed rectangles.
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propagations with improved constraints of source parameters
(Hejrani et al., 2017). The improvements in waveform fitting are
likely attributable to a better depiction of marginal structures in
the 3D velocity model (Figure 2), and the more accurate
reproductions of seismograms leading to improvements in the
focal mechanism solutions (Figure 3B). A similar example
showing waveform complexity that can be reproduced by the
3D velocity model was found for a Yellow Sea event (Figure 5B)
occurring at a very shallow depth (~2 km), adjacent to a
sedimentary basin with a thickness of > 1 km (Figure 1A).
Surface waves originating from this event were strongly
dispersed while propagating through the sedimentary basin
with low shear wave velocity (< 2 km s−1; Figure 5B, cross-
section b-b’; Feng and Ritzwoller, 2017), which were
successfully reproduced in the 3D model.

The variations of centroid depths weremeaningful, while lateral
locations were not significantly changed compared to initial values.
Previous studies have found increases in crustal velocity from the
eastern margin of the KP towards the East Sea correlated with
decreasing crustal thickness (Kim et al., 2003). Since the regional
1D velocity model was constructed for the continental KP (Kim
et al., 2011), this model exhibited relatively slower velocities than
the 3Dmodel at the continental margin. Accordingly, using the 1D
velocity model for the analysis of initial source mechanisms could
create biases towards shallower depths by predicting delayed
arrival times. The crust thins out towards the east and reached
~20–25 km (Figure 2C). Seismogenic depths ≤ 19 km potentially

indicate that pre-existing features extend down to lower crusts (as
suggested by previous studies—Kim et al., 2006; Moon et al., 2022),
along with rheological condition changes (Prieto et al., 2017; Tape
et al., 2018), or crustal thickening due to more mafic lower crustal
compositions (Albaric et al., 2009). There were slight decreases
(~0.1–0.6 km) in centroid depths from 2–7 km to 1.4–6.7 km for
the Pohang area earthquake sequences. These results are consistent
with hypocenters determined via travel time calculations using
local 3D velocity structures (Jung et al., 2022). Earthquake depths
in the KP inland generally ranged from 1.4 to 15 km,
corresponding to the upper to middle crust (Kim et al., 2011).
Events at comparably shallow depths (< 2 km) were mostly found
adjacent to sedimentary basins in oceanic regions.

A clear 1:1 correlation between the moment magnitudes
estimated from the 1D and 3D velocity models indicates that
the event magnitudes can be determined consistently by both
models, which agrees with previous findings indicating that the
moment magnitude was less dependent on the velocity model
(Hejrani et al., 2017). Relatively large discrepancies (~0.05–0.1)
between the two magnitudes found for those occurred in the
offshore continental margin, possibly due to the effects of 3D
heterogeneity, which can cause non-radial seismic energy
propagation from the source due to refraction (Koketsu and
Kikuchi, 2000) or waveguide effects (Denolle et al., 2014). These
effects could lead to the variable intensity and magnitude
estimates depending on station locations. Other effects of 3D
heterogeneity include seismic attenuation, where a portion of
seismic energies can be dissipated via anelastic properties of the
medium, resulting in apparently lower magnitudes if left
unaccounted for (Hong, 2010). For more detailed analyses of
event magnitudes, further investigations are needed accounting
for attenuation effects with precise information of event locations,
and constrained by 3D velocity models.

The results here show that the combination of improved
source parameters and accurate wave propagation calculations
in 3Dmediums can reproduce synthetic waveforms that are more
comparable to observations. Improvements in moment tensor
solution quality via 3D waveform simulations have been reported
for other geographic regions. For example, a new centroid
moment tensor catalog based on a 3D Earth model for
northern Australia (Hejrani et al., 2017; Hejrani and Tkalčić,
2020) produced a meaningful increase in the DC percentage (up
to 70%) compared to the Global Centroid Moment Tensor
solutions (Ekström et al., 2012), with a source mechanism that
was in better accordance with local tectonic features. In addition,
studies that analyzed source parameters of earthquakes in
Southern California found that waveform simulations with a
high-resolution 3D velocity model yielded substantial
reductions in the uncertainties and non-DC components by
reproducing the observed waveforms with reduced misfits (Liu
et al., 2004; Wang and Zhan, 2020). Similar results obtained in
this study support the use of a regional 3D velocity model for
more accurate constraints on the source mechanism and seismic
waveforms. Compared to the 1D velocity model, we found
significant differences in waveform shapes and amplitudes
when a 3D velocity effect was considered, particularly for
earthquakes adjacent to coastal and offshore areas. From 2003

FIGURE 7 |Comparisons of event magnitude determined via the 3D and
1D velocity models. Circles indicate the magnitudes of the analyzed events.
Gray solid and dashed lines indicate a 1:1 correlation between the
magnitudes, and its two standard deviations (~0.05), as calculated
based on the uncertainties of moment tensor components from bootstrap
analyses averaged over all events. Blue, green, and red circles indicate events
(Mw > 4) whose magnitude differences exceeded the uncertainty ranges, and
the corresponding focal mechanisms are shown in the inset map in the
lower right.
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to 2021, > 50% of the events with Mw > 3.3 occurred in offshore
regions. Placing accurate constraints on source parameters and
the resultant ground shaking calculated via the high-resolution
regional 3D velocity model, can thereby contribute to improved
assessments of potential seismic hazards from these earthquakes
to major cities with high populations or nuclear power plants
adjacent to the coastal regions (Figure 1A).

CONCLUSION

We determined the regional moment tensor and locations of
seismic events that occurred in and around the southern KP
based on the spectral element moment tensor inversion method
with a regional 3D crustal and upper mantle model. The recent
development of a high-resolution 3D velocity model in this
region, together with a high-performance computing system,
allowed for the calculation of full waveforms and their
derivatives with respect to source parameters in the 3D
velocity model. The 3D model depicted lateral variation in
seismic velocity that accords with surface geological and
tectonic features. Synthetic waveforms and their derivatives
were accurately calculated for source parameters using the
spectral element method and 3D velocity model at periods ≥
6 s. Ultimately, improvements in waveform fitting between
synthetic and observation values were observed, particularly
for events that occurred in the offshore areas when the
moment tensor solutions and wave propagations were
determined with the regional 3D velocity model. The results
indicated the importance of employing a 3D velocity model for
accurately constraining source parameters and the resultant
ground shaking. Accordingly, we anticipate that the accurate
wave simulations, together with improved source mechanisms
determined via the 3D velocity model, can be applied for the
reliable assessment of seismic hazards in regions with complex
velocity structures (e.g., continental margin, sedimentary basins).
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