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ABSTRACT: The 2016 magnitude (Myy) 5.5 Gyeongju earthquake, which occurred in Korea near assumed epicenters of several substantial
historical earthquakes and Quaternary fault segments, underscores the importance of seismic hazard assessment in the region. However,
uncertainties about potential seismic sources make evaluating the potential for a moderate-to-large earthquake challenging. Microearthquake
monitoring through a dense seismic network can provide crucial insights into the regional seismic characteristics. An extensive temporary
seismic array known as the Gyeongju Hi-density Broadband Seismic Network (GHBSN) was established to investigate microearthquake activ-
ity in the southeastern Korean Peninsula. This included the zone of aftershocks from the 2016 Gyeongju earthquake sequence. The GHBSN
comprises 200 broadband stations located at approximately 4.5 km intervals in an area of approximately 60 x 60 km* around the epicenter
of the mainshock. A total of 4,773 events were detected from November 2017 to December 2021, including 3,935 events within the GHBSN.
The detected events were categorized into five seismic regions excluding quarry blasting sites, that is, the 2016 Gyeongju earthquake region,
eastern part of the Ulsan Fault, 2017 Pohang earthquake region, eastern offshore Gyeongju, and western part of the Miryang Fault. A local
magnitude scale was developed for the southeastern Korean Peninsula using events detected through the GHBSN. This reflects the distance
attenuation and site conditions of the GHBSN stations for earthquakes. An event catalog was created using two automatic detection methods
based on the measurement of the energy ratio. This provided high-resolution hypocenter parameters at a completeness magnitude (M¢) of
0.0 despite the seismic environment of the network being exposed to high cultural noise. The Gutenberg-Richter b-value was estimated as
0.82 + 0.02 for all events and 1.01 + 0.02 for those inside GHBSN. This implies that the seismicity reflects a representative intraplate seismic
environment. Testing the obtainability of the focal mechanism solutions showed that the GHBSN outperformed the regional network.
Depending on the relationship between the magnitude and frequency of earthquakes, a relatively large number of small earthquakes can pro-
vide detailed information on the geometric properties of the causative faults and the state of the acting stress. High-precision microearthquake
observation and analysis through GHBSN could provide an unprecedented opportunity with seismic datasets to understand the seismogen-
esis of the southeastern Korean Peninsula, including the zone of aftershocks of the 2016 Gyeongju earthquake.
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The Korean Peninsula is a stable continental region and is
located 1,000 km far from the plate boundary (Fig. 1a). Compared
to plate boundary regions, intraplate regions have relatively low



320 Dabeen Heo, Tae-Seob Kang, Minook Kim, Byeong Seok Ahn, Hobin Lim, Jaeseoung Han, Kwang-Hee Kim, Junkee Rhie, YoungHee Kim, and Jin-Han Ree

concentrated and fundamentally related to geological structures
such as faults. Therefore, understanding the spatiotemporal
distribution and source mechanism of microearthquakes is
essential for investigating the properties of seismic sources,
regional stress fields, and geological structures. Monitoring
aftershocks following a large earthquake with a dense seismic
array is vital for unraveling detailed seismic source characteristics
and fault geometries.

Hundreds of historical earthquakes have been found (Lee and
Jin, 1991; Lee and Yang, 2006), and Quaternary faults have been
identified on the southeastern Korean Peninsula (Kyung and
Chang, 2001; Kyung, 2003; Ree et al., 2003; Park et al., 2006;
Cheon et al,, 2020), particularly in the vicinity of the Yangsan
Fault system. Therefore, the potential for possibility of moderate-
to-large earthquakes and the reactivation of faults in the
southeastern Korean Peninsula has been raised in various studies.
However, despite records of the damage caused by historical
earthquakes (Lee and Yang, 2006), it is difficult to constrain the
source properties of historical earthquakes. This can lead to a

high level of uncertainty in seismic hazard assessments. With
the occurrence of the 2016 Myy 5.5 Gyeongju earthquake (Kim
et al., 2016a, 2018a; Kim et al.,, 2016b, 2017; Hong et al., 2017;
Son etal., 2018; Woo et al,, 2019b) and the 2017 Myy 5.5 Pohang
earthquake (Grigoli et al,, 2018a; Kim et al., 2018b; Lee et al.,
2019; Woo et al., 2019a, 2020; Lim et al., 2020), the need for
dense seismic network observation has emerged.

The 2016 My, 5.5 Gyeongju earthquake, that is, the mainshock
of the Gyeongju earthquake sequence, occurred on the southeastern
part of the Korean Peninsula at 11:32:54 (Universal Time) on
September 12, 2016 (Fig. 1c). This earthquake was preceded by
several foreshocks, including My, 5.1, which occurred 50 min
before the mainshock. After the mainshock, aftershocks continued,
including the Myy 4.4 event on September 19, 2016, which was
the largest aftershock of the sequence. The rupture characteristics
of the mainshock and their association with surface fault traces
have been investigated (Hong et al., 2017; Kim et al., 2017; Kim
etal., 2018a; Son et al., 2018; Uchide and Song, 2018; Woo et al.,
2019b). The subsurface fault was named the Naenam Fault (Lim

(@) .
O wa
O m3|[
40°N O M2
o M
O @O
30°N ¢ 8
. @]
(b) 120°E 130°E 140°E
35.8°N -
370N | L - 1
g )
1 @)
HUB o .
36°N 74 - @)
() 35.6°N O
Sedimentary Rocks
35°N ¥ frccl 1 8
i Igneous Rocks km
Cenozoic n
Mesozoic o
Paleozoic 1 0
T T
128°E 129°E 130°E 129.0°E 129.2°E 129.4°E 129.6°E

Fig. 1. Map of the 2016 Mw 5.5 Gyeongju earthquake. (a) Location and tectonic framework of the Korean Peninsula and its surrounding
region. (b) Geological setting of the southeastern part of the Korean Peninsula (Chwae et al., 1995; Kang and Shin, 2006). (c) Epicenters of
the 2016 Gyeongju earthquake sequence with background seismicity, marked by open gray circles scaled by magnitudes, from January 1,
1978, to September 11, 2016, that occurred before the 2016 Mw 5.5 Gyeongju earthquake (KMA). Blue dots denote the aftershocks of the
2016 Gyeongju earthquake (Woo et al., 2019b). Red beach balls show the focal mechanisms of the Mw 5.1 foreshock, Mw 5.5 mainshock,
and the Mw 4.4 aftershock determined using the P-wave first motion polarity method. The solid line indicates geological faults with inferred
faults marked by dash lines. Lineaments of the study area were digitized from the tectonic map of Korea at a scale of 1:1,000,000 (Hwang
et al., 2001). The urban area of Gyeongju City is marked by a double square. KP: Korean Peninsula; EP: Eurasian Plate; OP: Okhotsk Plate; PP:
Pacific Plate; PSP: Philippine Sea Plate; GB: Gyeongsang Basin; HUB: Hupo bank and basin; YIB: Yeonil Basin; YSF: Yangsan Fault; MoRF: Mory-
ang Fault; MiRF: Miryang Fault; USF: Ulsan Fault; DCF: Deokcheon Fault.
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etal, 2021).

A dense seismic network provides unprecedented opportunities
for microearthquake detection and high-resolution seismic
imaging. Seismic network data can be used to show detailed
subsurface 3-D fault structure in the focal area of an earthquake
and to establish a long-term monitoring system against seismic
hazards. It can be used to evaluate the seismic hazard potential
for a region considering existing, but unruptured, fault areas
and to estimate the maximum ground motion for critical
infrastructures.

We constructed a high-density seismic network in and around
Gyeongju, hereafter referred to as the Gyeongju Hi-density
Broadband Seismic Network (GHBSN), to obtain high-quality
seismic waveform data. Waveform data have been corrected for
misalignment based on the polarization of P-waves from regional
and teleseismic earthquakes (Seo et al, 2022). Featuring a
denser distribution of seismic stations than regional seismic
stations, the GHBSN is expected to show previously unidentified
seismological and geological features with enhanced resolution.
We created an intensive earthquake catalog from automatic
earthquake detection methods based on the measurement of
the energy ratio using the GHBSN and evaluated the network
performance by comparing it with a regional seismic network
in South Korea.

2. GEOLOGICAL AND TECTONIC SETTINGS

The Korean Peninsula is situated within the Eurasian Plate.
However, at its eastern margin, the Japan Trench and Nankai
Trough are located to the southeast and south, respectively (Fig.
la). Although the Korean Peninsula is currently an intraplate
area, it constituted a continental magmatic arc with the Japanese
Islands from the early Mesozoic to the middle Tertiary. At this
time, a back-arc extension separated it from the peninsula
(Chough etal., 2000). The focal mechanism solutions for earthquakes
indicate that the Korean Peninsula is in a compressional regime
with an ENE-WSW or E-W maximum horizontal stress direction
(Jun, 1990; Kim et al., 2006a; Chang et al., 2010; Jun and Jeon,
2010). The regional stress field is likely related to the subduction
of the Pacific and Philippine plates under the Eurasian plate, as
well as partly to the collision between the Indian and Eurasian
plates (Molnar and Tapponnier, 1975; Jolivet et al., 1994).

The epicenters of the 2016 Gyeongju earthquake sequence are
located in the Cretaceous Gyeongsang Basin. This is a retro-arc
area consisting of non-marine siliciclastic and volcanoclastic
sedimentary rocks, and volcanic rocks intruded by Cretaceous
and Tertiary granitoids (Chough et al., 2000; Chough and Sohn,
2010). There are several small-scale Tertiary basins, including
the Pohang Basin, along the southeastern coast of the peninsula,
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which developed during Miocene back-arc spreading. Given
that the southeastern Korean Peninsula has experienced at least
one cycle of tectonic inversion (Chough et al., 2000; Ree et al.,
2003), it has complex fault structures. The most prominent regional
faults are the NNE-striking Yangsan, Moryang, and Miryang
faults and the NNW-striking Ulsan Fault (Ree et al., 2003). Most
reported Quaternary faults occur along the Yangsan and Ulsan
faults (Park et al,, 2006). The Yangsan Fault system has undergone
multiple deformations, of which NNE-trending dextral strike-
slip faulting is the most predominant, with a length of approximately
170-200 km (Kyung, 2003). Its horizontal displacement was
estimated to be 21.3 km via the correlation of granites (Hwang
etal, 2004).

3. GYEONGJU HI-DENSITY BROADBAND SEIS-
MIC NETWORK

3.1. Network Construction and Data Archiving

The GHBSN consists of 200 broadband seismic stations used
to identify small-magnitude earthquakes and investigate the
subsurface structure in Gyeongju. The GHBSN was deployed in
an area of 60 x 60 km” around the epicenter of the mainshock.
The average interval between stations was 4-5 km (Fig. 2).
Given the available number of stations (200) and the square-
shaped target region of this project around the aftershocks of
the 2016 Gyeongju earthquake, the locations of these stations
were designed to be uniform. We considered the level of cultural
noise to have a lower priority than the uniformity of station
distribution. For example, the GHBSN covers the urban area of
Gyeongju, with a population of 20,000 (Figs. 1 and 2).

Deployment of the 200 stations began on November 1, 2017,
and were completed on September 8, 2019, spreading from the
2016 Gyeongju earthquake (Fig. 2a). We divided the entire
deployment period into phases I, II, III, and IV in terms of the
rapid increase in the number of stations. Phase I was from
November 1, 2017, when seven pilot stations were deployed on
January 31, 2019. Phase II began February 1, 2019, when a total
of 42 stations were deployed on March 16, 2019. Phase III was
from March 17,2019, when a total of 117 stations were deployed,
to September 7, 2019, when 200 GHBSN stations were deployed.
Phase IV was from September 8, 2019, to December 31, 2021,
during which 200 stations were used for analysis. The progressive
deployment spread from the epicenter of the 2016 Gyeongju
earthquake throughout the phases I, II, and III is plotted in
Figure 2a. The retardation from Phase I to Phase II stems from
the modification of the project plan for a large array.

The seismometer was a Trillium Compact Posthole with a
cutoff frequency of 120 s, manufactured by Nanometrics Inc.

https://doi.org/10.1007/s12303-024-0003-7
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(Fig. 2). The seismometer was buried beneath the surface at a
depth of 1 m approximately to mitigate cultural noise. The sampling
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Seoul National University, and the Korea Institute of Nuclear
Safety, via commercial Long-Term Evolution telecommunication
(Fig. 3). The final data format was miniSEED (Standard for the
Exchange of Earthquake Data; Ahern et al., 2009). Power was
supplied using a photovoltaic system. When available, an electric
power line was used. We used the commercial programs Apollo
Server and Apollo Project provided by Nanometrics Inc. for data
archiving. The Apollo Server transfers the seismic data, thereby
minimizing the data gap. The Apollo Project converts the internal
file format to miniSEED. In a separate channel, the data stream
branched out from the stage at the Apollo Server (Fig. 3a). This
steam was transferred and saved via protocols seedlink and slarchive,
respectively, which are compatible with the software package
SeisComP (Helmholtz-Centre Potsdam — GFZ German Research
Center for Geosciences and GEMPA GmbH, 2008). Figure 3b-e
shows examples of seismic waveforms recorded in the GHBSN.

3.2, Background Seismic Noise

We observed temporal and spatial variations in the level of
background seismic noise in the GHBSN. This analysis was

(a)

G
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performed including during the deployment in 2017-2020 to
determine the systematic error that could increase the noise.
The initial design in which the seismometer was relatively close
to the enclosure amplified the noise from the enclosure swaying
in the wind (early Phase I; Fig. 4b). We followed a protocol in
which the seismometer was placed at least 3 m away from the
enclosure and buried approximately 1 m beneath the surface
(Fig. 2). This protocol was retrograded to seven deployed stations
in Phase I.

Figure 4 shows examples of the probabilistic power spectral
density (PPSD) at stations N004, NO11, and N025 (McNamara
and Buland, 2004). The wind-driven noise at 10-100 s, owing to
the short distance between the seismometer and enclosure, was
mitigated (Fig. 4a, b). At 100 s, the noise was reduced by
approximately 30 dB (Fig. 4a, b).

We found that stations with relatively strong short-period
noise in 0.05-1 s are collocated around regions where high
cultural noise is expected. For example, N011 in Figure 4c, d has
a lower level of noise than N025 in Figure 4e, fin 0.05-1 s. The
maps of the noise at 0.05-1 s for the day and night show a spatial
correlation between the noisy stations and the developed area.
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Fig. 4. Ambient noise of the GHBSN. (a) Probabilistic power spectral density (PPSD) of vertical components of station N004 from October 21,
2017, to January 1, 2021. (b) Temporal plot of the PPSD in (a). (c) PPSD of NO11 from January 29, 2019, to January 1, 2021. (d) Temporal plot
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This can be recognized as a gray-to-faint-green zone on the
satellite image (Fig. 4g, h). Similarly, the low-noise stations were
located in the forest (Fig. 4g, h).

Background noise levels were compared between stations of
the KMA network (Korea Meteorological Administration, 2021)
in the region and some selected nearby stations of GHBSN. The
stations of GHBSN showed an overall higher background noise
level for horizontal components than those of KMA in the long-
period range. For the borehole broadband stations (stations
JEJB and YOCB of the KMA network), the energy appears to
decrease in the period below 0.8-0.9 s. This is mainly because
the KMA borehole stations being compared have a hundred-
meter deep-seated sensor, reducing surface noise, unlike sensors
of GHBSN buried 1 m deep. Meanwhile, for the surface station
(station DAG2 of the KMA network), both are comparable to each
other in the high-frequency range suitable for microearthquake
detection within the range of Peterson’s noise model (Peterson,
1993) (Fig. 4).

4, EARTHQUAKE DETECTION AND ANALYSIS
4.1. Detecting and Locating Earthquakes

Earthquakes were detected from continuous seismic data using
the following procedure. We used two programs, SeisComP and
a program developed by Kim et al. (2018¢), to detect earthquakes.
They are independent of the crosschecks. Based on the outcomes
of the two programs, we obtained the results of the earthquake
coordinates after a manual review of the arrival times with a
Hypoellipse for locating events (Lahr, 1999). The total number of
events was 4,773. Artificial blast-like signals are observed
during these events. Quarry blasts exhibit low-frequency pulses,
as shown in Figure 3e (Korrat et al., 2022). If this event was
located near a known quarry site within 3 km and during business
hours (9-18), we classified it as a blast. If possible, the focal
mechanism was determined based on the P-wave polarity (Snoke,
2003). We used a regional 1-D velocity model for the Gyeongsang
Basin (Kim et al., 2011).

We here briefly summarize the processes in SeisComP and
the program developed by Kim et al. (2018c). In SeisComP, the
ratio of short-term to long-term averages (STA/LTA) is used to
determine as many potential P waves as possible (Allen, 1978).
From them, timings of P and S waves are measured via the
method based on the Akaike information criterion (Maeda,
1985). The arrival times of common earthquakes were grouped
(association) using the density-based spatial clustering of
applications with noise (DBSCAN) method (Grigoli et al., 2018b).
Earthquake coordinates were determined using the program
LocSAT (Bratt and Bache, 1988).

https://doi.org/10.1007/s12303-024-0003-7

In the program of Kim et al. (2018c), STA/LTA was used to
determine potential P-waves. The program uses normalized squared
envelope functions to measure the timings (Baer and Kradolfer,
1987). Outliers are filtered out under the assumption that P
arrivals and the differences between S and P arrivals are linear
(Wadati and Oki, 1933). The earthquake coordinates were
determined using the program Hypoellipse (Lahr, 1999).

4.2. Local Magnitude

We developed a local magnitude scale for the southeastern
region of South Korea using the earthquakes detected by the
GHBSN. Given the observation range of the GHBSN and the
magnitude range of the observed earthquakes, we considered
that the KMA magnitude scale, which is based on a relatively
broad observation range and earthquakes with a magnitude
equal to or larger than 2.0 (Sheen et al., 2018), would make it
challenging to accurately assess the magnitude of earthquakes
observed by the GHBSB.

According to Richter (1935), the local magnitude scale (M;)
is expressed as follows:

M =logp A —logi Ay + S, (1)

where A is the peak amplitude measured using the Wood-
Anderson seismograph, log;, A, is the associated distance
correction term, and S is the site correction term. Hutton and
Boore (1987) proposed a modified distance correction term,
written as follows:

—log; Ag = nlog;o (R/17) + k (R - 17) + 2.0, (2)

where n and k are parameters for the geometrical spreading and
anelastic attenuation effects, respectively, and R is the hypocentral
distance in km. The term log; A, indicates that when a maximum
amplitude of 10 mm is measured at a hypocentral distance of
17 km, the local magnitude is 3.

We used 2,860 earthquakes that were detected by at least 10
seismic stations to ensure high accuracy of the hypocenter and
those that were located more than 3 km away from the quarry
sites. This protocol was followed to ensure that the event was
not an artificial blast. Excluding a 3 km area could rule out the
unintended contribution of artificial earthquakes when establishing
the local magnitude scale.

We preprocessed all the waveforms from the selected earthquakes
as follows: removing the mean and linear trend, applying a bandpass
filter at 2-20 Hz, removing the instrumental response, and
convolving with the modified Wood-Anderson instrument response
(Uhrhammer and Collins, 1990). The peak amplitude of the
vertical component of each waveform was then measured. We
determined the distance correction term using Equations (1)
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and (2) and the peak amplitude through a generalized linear
inversion. The developed distance correction term is expressed
as follows:

—logio Ay = 1450676 log;o (R/17) — 0.000661 (R — 17) +2.0. (3)

Figure 5 shows how the local magnitude scale was developed.
The distance attenuation and logarithm of the normalized
Wood-Anderson amplitudes as a function of hypocentral distance
were well aligned (Fig. 5a). Station correction terms are associated
with the individual site conditions and instrument installations
for each seismic station (Miao and Langston, 2007; Kavoura et
al., 2020). The station corrections of the GHBSN represent local
site conditions because the stations of the GHBSN share the
same installation conditions. Seismic stations with negative
correction were predominantly observed in the valley region
and their distribution corresponded to those with a high
background noise level (Fig. 5b). This was likely related to the
distribution of sedimentary rocks. The amplitudes at seismic

stations with high background noise levels were amplified. The
M; residuals were calculated as the difference between the
station magnitudes obtained from a single station and the event
magnitudes as the average station magnitudes for a given
earthquake (Fig. 5¢). The mean residuals at most of the distance
ranges closely approached zero. This indicates that the distance
and station corrections through the magnitude scale development
adequately reflected the distance attenuation and site characteristics
of the GHBSN-observed earthquakes.

4.3, Statistics of Seismicity

The Gutenberg-Richter law represents the relationship between
earthquake magnitude and frequency in any region and is

generally expressed in the following form:
loggyNE=M)=a-bM, (4)

where N (= M) is the cumulative number of earthquakes with

https://doi.org/10.1007/s12303-024-0003-7
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magnitudes equal to or greater than M and a and b are constants
that indicate the level of seismicity in any region. The b-value is
related to the state of a material, the stress regime, and the
distribution of fault segments in any region (Huang and Turcotte,
1988; Chan and Chandler, 2001; Schorlemmer et al., 2005).
Generally, the global b-value is 0.7-1.0 in intraplate regions
including the Korean Peninsula (Okal and Sweet, 2007).

The b-value for each dataset was calculated using the maximum
likelihood method of Bender (1983) with a magnitude bin size

of 0.1. The standard error was estimated using the methods of
Shi and Bolt (1982). We obtained a completeness magnitude
(M¢) above which all earthquakes are reliably recorded. Mc
was estimated using the goodness-of-fit method suggested
by Wiemer and Wyss (2000). We evaluated the M and b-value
using the events detected after February 2019, which we
think that the earthquake observation environment began to
stabilize.
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Fig. 6. Map of the seismicity probed with the GHBSN. (a) Map of the epicenters color-coded to depth. Blue dashed box indicates subregion
classified to interest. (b) Histogram of focal depth. (c) Temporal distribution of earthquakes with magnitude. Red star is earthquake in GJ with
magnitude larger than 2.0. Similarly, the blue star is for the UF. The others with magnitude greater than 2.0 are marked by gray star. (d) His-
togram of temporal occurrence with bin of a month. Red and blue bars indicate the number of earthquakes in the GJ and the UF, respectively.
The grey bar is for the other earthquakes. GJ: the 2016 Gyeongju earthquake region; UF: the eastern part of the Ulsan Fault; EG: the eastern
offshore Gyeongju; MF: the western part of the Miryang fault; PH: the 2017 Pohang earthquake region; USF: Ulsan Fault; MiRF: Miryang Fault.
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5. SPATIOTEMPORAL EARTHQUAKE DISTRIBUTION

A total of 4,773 events that occurred in and around the
GHBSN were detected from November 2017 to December 2021
(Fig. 6), with 3,935 of them occurring within the GHBSN
(35.50°N-36.05°N, 128.90°E-129.55°E). The event catalog for
this study is shown in Table S1 (electronic supplementary
material). The detected events can be categorized into several
groups according to their distribution, that is, the 2016 Gyeongju
earthquake region (GJ), eastern part of the Ulsan Fault (UF),
2017 Pohang earthquake region (PH), eastern offshore Gyeongju
(EG), western part of the Miryang Fault (MF), and quarry
blasting sites (Fig. 6). The numbers of earthquakes detected in
the GJ, UE PH, EG, and MF were 1,566, 1,587, 93, 131, and 292,
respectively. The KMA reported 1,835 earthquakes in the area
during the same period, and 223 (G]J), 150 (UF), 746 (PH), 49
(EG), and 38 (MF) earthquakes occurred in the clustered region.
Excluding PH, the GHBSN demonstrated an outstanding
performance in all regions. The difference in the number of
earthquakes in the PH is because seven seismic stations of the
GHBSN were adjacent to the GJ during the period when the
aftershock activity of the 2017 Pohang earthquake was intense.
We excluded earthquakes in the PH from the analysis because
of the high uncertainty in determining the hypocenter and
seismic source using the GHBSN.

During Phase I, 324 earthquakes were detected, with an average
of approximately 21 earthquakes per 30 days (Fig. 6d). During
phases I, I, and IV, approximately 108, 173, and 116 earthquakes
were detected every 30 days, respectively (Fig. 6d). The number
of observed earthquakes increased rapidly with the enlargement
of the network, confirming the excellent performance of the

Distance (km)
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GHBSN. During phases II, III, and IV, a similar number of
earthquakes was detected monthly, with higher frequencies
occasionally reported. During Phase II, there was a substantial
increase in the number of earthquakes. This was attributed to
aftershock activity following the M; 2.8 earthquakes that occurred
in the GJ on June 11, 2019. This phenomenon was occasionally
observed when an earthquake with a magnitude of 2.0 or greater
occurs in the GJ and UE Except for the peaks, the number of
earthquakes decreased smoothly from Phase II to Phase IV,
including when the number of stations in GJ increased. The
activity of aftershocks with magnitudes greater than or equal to
2.0 was not apparent in the KMA catalog. However, GHBSN
detects microearthquakes that are not observable by regional
seismic networks. Excluding this period, the number of
earthquakes in GJ showed a slight decreasing trend over time.

5.1. The 2016 Gyeongju Earthquake Region (GJ)

A total of 1,566 earthquakes were detected in GJ by the
GHBSN (Fig. 7). Earthquakes in GJ occur dominantly at depths
ranging from 12 to 17 km. In the A1-A2 cross section (Fig. 7b),
the dip of the fault plane imaged by the hypocenters was
approximately 70°. The slope tended to become less steep at
shallower depths. The area of seismicity in B1-B2 was 6 x 5 km”.
The magnitude of the detected earthquakes ranged from —0.7 to
2.9, and these events were smaller than those previously reported
(Son et al,, 2018; Woo et al., 2019b). The fault-perpendicular
view of B1-B2 shows the distribution of seismicity on the fault
plane. Relatively low seismicity was observed at a depth of
approximately 15 km.
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Fig. 7. Seismicity in the subregion GJ, including the aftershocks from the 2016 My, 5.5 Gyeongju earthquake. (a) Map of the epicenters, color-
coded to depth. (b) Cross-sectional view along A1-A2. (c) Cross-sectional view along B1-B2. Profiles A1-A2 and B1-B2 are indicated in orange
lines in (a). Events in Figure 10 are marked with a thick sky-colored outline.
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5.2. The Eastern Part of the Ulsan Fault (UF)

Based on our results, high seismic activity was observed in the
UE This region is known to undergo complex tectonic deformation
(Kyung and Lee, 2006; Han et al., 2017). The spatial distribution
of seismic activity in the UF is approximately 15 x 20 km?, which
is broader than that in the GJ (Fig. 8). The focal depth was
approximately 8-15 km. The magnitude of the detected earthquakes
ranged from —0.6 to 2.5. Despite the infrequent occurrence of
moderate-to-large earthquakes in the UFE, microearthquake
activity has continued to persist steadily during the operation
period of the GHBSN. This is also evident in the estimated b-
value, which was higher than those from other regions (Fig. 9).
In cross sections A1-A2, the overall earthquake distribution
showed an approximate dip of 40° (Fig. 8b). This is similar to the
dip measured in the UF using surface geological surveys (Cheon
etal,, 2023). We also identified microearthquakes clustered along
tectonic lines (Fig. 8). The complex hypocenter distribution is
expected to be deeply connected to the geological deformation
history in the UE

5.3. The Eastern Offshore Gyeongju (EG), Western
Part of the Miryang Fault (MF), and 2017 Pohang
Earthquake Region (PH)

EG is known to have high seismicity (Kim et al., 2006b; Choi
et al,, 2012; Hong et al., 2020). The GHBSN was effective at
detecting seismicity in this offshore region. The earthquakes in
the EG occurred at a depth range of 15-25 km, which is deeper
than that of land earthquakes. In the MF subregion, many
earthquakes occurred linearly along the western part of the
Miryang Fault. The MF developed with a trend similar to that
of the Yangsan Fault. The distribution of earthquakes in the

western part of the MF has a long extension, and an M; 3.7
earthquake occurred on December 29, 2019. The hypocenter
distribution in the MF exhibits distinct patterns in the northern
and southern regions with the central part of the Miryang
Fault. In the southern region, there is a relatively high frequency
of large earthquakes. Only relatively large earthquakes at the
epicenter of the 2017 Pohang earthquake were manually analyzed.
The overall trend was similar to that of the NE-SW trending
earthquake distribution shown by Lee et al. (2019) and Woo et
al. (2020).

5.4. Completeness Magnitude (M¢) and Gutenberg-
Richter b-value of the Microearthquake Catalog

We determined M values for all events and their subsets (Fig.
9). The M value for all events observed in this study was 0.0
(Fig. 9a). For the events that had epicenters inside the GHBSN,
the M decreased slightly to —0.1. The M values were -0.2, 0.1,
0.7, 04, and —0.3 for the subregions GJ, UE EG, southern ME,
and northern ME, respectively (Fig. 9b-e). The heterogeneous
level of ambient noise could affect the estimation of M at
different locations (Fig. 4). The GHBSN improved M¢ by
approximately 3, in terms of M based on earthquakes from the
regional seismic network operated by the KMA, 3.1 (Noh,
2019). Woo et al. (2019b) found events in the similar region of the
GJ using the regional seismic and temporary networks. Their M¢
was 1.0-1.3, which is larger than —0.2 of the GJ in this study. The
M values could not be compared directly because Woo et al.
(2019b) applied stricter filtering conditions in the double-
difference relocation (Waldhauser and Ellsworth, 2000).

Similarly, the b-value in the Gutenberg-Richter relationship
was calculated for various spatial zones. The b-values based on
the whole events was 0.84 + 0.02 (Fig. 9a). It increased to 1.01 +
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Fig. 8. Seismicity in the subregion UF, including seismicity between the USF and the coastline. (a) Map of the epicenters, color-coded to
depth. (b) Cross-sectional view along A1-A2. (c) Cross-sectional view along B1-B2. Profiles A1-A2 and B1-B2 are indicated in orange lines
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Fig. 9. Gutenberg-Richter (GR) relation about the cumulative number of earthquakes (N) as a function of M, in logarithmic scale, indicated
by circles. The N at M, = 1.2 is defined as the number of earthquakes having M, greater than or equal to 1.2. The absolute slope of the log-
arithmic N, fitted based on the maximum likelihood method, is the b-value. The differential N is plotted as histograms at the logarithmic
scale. Blue crosses denote the Mc. (a) Catalog for the whole region in Figure 5a. Black lines, grey circles, and histograms are based on all the
earthquakes. Red lines, circles, and histograms are based on the subset within the GHBSN. (b) GR relation for the subregion GJ. Similarly, (c),
(d), and (e) are for the subregions UF, MF, and EG, respectively. The range of the subregion is shown in Figure 5. The catalog for the MF is
divided into southern and northern parts plotted using black lines, grey circles, and histograms, and red lines, circles, and histograms, respec-

tively.

0.02 when the events within the region of the GHBSN were
counted (Fig. 9a). The b-values for the GJ, UE EG, southern MF,
and northern MF were 1.06 + 0.03, 1.11 + 0.04, 0.86 + 0.09, 0.48
+ 0.09, and 0.96 + 0.08, respectively. Noh (2019) estimated the
b-values as 1.2 + 0.27 using the onshore earthquakes in South
Korea based on the KMA catalog. Woo et al. (2019b) yielded
similar b-values as 0.82-1.14 for the sequence of the 2016 Gyeongju
earthquakes to this study in the GJ. However, their estimation
was based on aftershocks from a different time period, from
immediately after the occurrence of the mainshock to the next
100 days.

5.5. Performance Enhancement in Determining the
Focal Mechanism

We examined how the GHBSN improved the quality of focal
mechanism solutions compared to the regional seismic network.

Four events were selected with M; ranging from 1.46 to 2.89 in
Phase IV, when all 200 stations were operating (Fig. 10). We
used 49 KMA stations within 100 km from the center of the
GHBSN to simulate the performance of the regional seismic
network. For a fair comparison, this area was wider than that of
the GHBSN by one order of magnitude. Based on this simulated
regional seismic network (SRSN), we calculated the focal mechanism
after obtaining the hypocenter (Fig. 10). For two events with My
=2.07 and My = 2.89, GHBSN and SRSN yielded similar solutions
for the nodal planes. The solutions of the nodal planes in the
SRSN for the event with My =2.07 (M = 1.8 from KMA) depended
on two stations near the center of the hemisphere, with a relatively
high deviation. For the event with M; = 1.75, the solutions of the
nodal planes were different for the GHBSN and SRSN. When
M; was reduced to 1.46, the focal mechanism could not be
determined within a narrow range of the solution space.

https://doi.org/10.1007/s12303-024-0003-7
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Fig. 10. Comparison of the determination of the focal mechanism when using the GHBSN and the simulated regional seismic network (SRSN)
for four earthquakes in each row. The Left and right sides show results using the GHBSN and the SRSN, respectively. M, S*®" stands for the
magnitude estimated in this study, while the M ** is from the KMA earthquake catalog. Filled and open circles indicate compression and
dilatation measured, respectively, in the lower hemisphere. Gray lines are the solution constrained by the measured polarities. N: North.

6. SUMMARY

Monitoring microearthquakes is essential for understanding
the seismic characteristics of regions, particularly in intraplate
settings. We constructed an extensive temporary seismic array,
named GHBSN, to continuously monitor microseismicity in
and around Gyeongju on the southeastern Korean Peninsula.
The GHBSN was deployed in the area surrounding the epicenter
of the 2016 Gyeongju earthquake between 2017 and 2019. The
GHBSN comprised 200 seismic stations with an average inter-
station distance of 4.5 km. A major purpose of the GHBSN is to
investigate the subsurface causative fault with 3D geometry and
slip responsible for the 2016 Gyeongju earthquake sequence,
and the seismic characteristics and geological structures in the
region. A significant increase in the number of earthquakes has
been observed as the number of seismic stations has increased.
Recorded high-density array data allowed for high-precision
analysis of microearthquakes that occurred at the hypocenter of
the 2016 Gyeongju earthquake.

https://doi.org/10.1007/s12303-024-0003-7

We established a workflow to detect and analyze the continuous
seismic data recorded by the GHBSN. Although the main target
of the GHBSN was seismicity in the epicenter region of the 2016
Gyeongju earthquake, the detected events from the GHBSN
were clustered in several other source areas in and around the
network. These event-clustered areas were newly identified or
confirmed from the GHBSN. This implies the contribution of
the network to future seismic hazard evaluation of the region
through the substantiation of seismic source identification. Most
detected events were relatively small and were not observed in
the regional seismic network. The GHBSN exhibited a significantly
high performance in determining the hypocenter and focal
mechanism solutions. As the magnitude decreased, the differences
in the regional seismic network became more pronounced.
Therefore, the GHBSN is expected to make significant progress
in examining complex fault structures responsible for the 2016
Gyeongju earthquake sequence and in investigating the seismicity
and geological structures of the southeastern Korean Peninsula.
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