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fluid-driven earthquake swarm

Minkyung Son1
*, Chang Soo Cho1, Jin-Hyuck Choi2, Jeong-Soo Jeon1, and Yun Kyung Park1

1
Earthquake Research Center, Korea Institute of Geoscience and Mineral Resources, 124 Gwahak-ro, Yuseong-gu, Daejeon 34132, Republic 

of Korea
2
Center for Active Tectonics, Korea Institute of Geoscience and Mineral Resources, 124 Gwahak-ro, Yuseong-gu, Daejeon 34132, Republic 

of Korea

ABSTRACT: From late April 2020, 71 consecutive earthquakes with low magnitudes (the largest, Mw 3.2) were catalogued in the
county of Haenam, South Korea. In this region, moderate to strong earthquakes were not reported by instrumental, historical, and geo-
logical records. We identified 155 uncatalogued events in the source region that occurred between April 25, 2020 and May 8, 2020 and
determined the hypocenters of the 226 catalogued and detected events with relative meter-scale location errors based on the cross-
correlation approach with data from permanent seismic networks. The clear lineament of the hypocenter distribution defines the fault
plane as being 0.3 km by 0.3 km at a depth of ~20 km, trending WNW-ESE with a dip of ~70° in the SSW direction. The retrieved
moment tensor of the largest event presents a strike of 98°, a dip of 65°, and a rake of 7°, which is close to the inferred fault geometry
from relocation results. The hypocenters of the earthquake sequence progressed toward the upper east along the fault-strike direction
until the largest event occurred on May 3, 2020 with left-lateral strike-slip motion at the shallower part of the fault plane where the
migration is headed. We discuss potential mechanisms that cause non-volcanic earthquake swarms and suggest that the spreading of
fluid flow induced the migratory behavior of the Haenam earthquake sequence. This conception of a fluid-driven earthquake swarm
is supported by the presence of a seismic migration front that is comparable to a hydraulic diffusivity of 0.012 m2/s in conjunction
with inherited WNW-ESE structural sets showing a fault-fracture mesh geometry that can channel the fluid flow. The final part of the
sequence forming boundary of the hypocenter distribution could be interpreted as the possible fault-valve behavior at the western end
and the permeability barrier at the eastern end, respectively. Our spatiotemporal patterns of the 2020 Haenam earthquake sequence
are valuable for understanding earthquake swarms in intraplate stress fields.
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1. INTRODUCTION 

Several small earthquakes were observed within a period of
one month from the end of April 2020 in the county of Haenam,

located in the southwestern part of the Korean Peninsula, South
Korea. The largest event with a magnitude of 3.1 occurred on
May 3, 2020 (Korea Meteorological Administration; KMA, 2020).
The seismic event catalogue of Korea Institute of Geoscience
and Mineral Resources (KIGAM) reports 71 events that occurred
around the epicenter of the largest event (34.6–34.7°N, 126.35–
126.4°E) from April 26, 2020, to May 8, 2020 (red filled circles in
Fig. 1; see Table S1 in the electronic supplementary material for
the event catalogue). In this study, we refer to these consecutive
earthquakes as the 2020 Haenam earthquake sequence. No damages
and casualties were reported because of the earthquakes; however,
the local inhabitants felt the largest earthquake (KMA, 2020). 

The 2020 Haenam earthquake sequence is characterized by a
cluster of seismic events with a similar magnitude. The largest
event occurred after about one week of the beginning of the
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sequence, which differs from commonly occurring seismic
behaviors typically characterized by a foreshock-mainshock-
aftershock sequence (e.g., Mogi, 1963). This observation might
provide significant implications for the existence of an earthquake
swarm on the southwestern Korean Peninsula, a tectonically
stable intraplate region.

We begin by searching for seismicity in instrumental, historical,
and geological records around the source region of the 2020
Haenam earthquake sequence. We then identify uncatalogued
earthquakes based on waveform similarity and relocate hypocenters
of the sequence by using data from the networks of permanent
seismic stations based on a hierarchical clustering of waveforms.
We describe the spatiotemporal characteristics of the hypocenter
distribution on the inherited geological structures and the
migratory behavior of the earthquakes. We investigate potential
sources for the sequence including the fluid-diffusion process,
which can provide valuable information on the developing
mechanisms of intraplate earthquake swarms.

2. SEISMICITY AND TECTONIC SETTING

Neotectonic deformation in the Korean Peninsula located on
the Eurasian plate results mostly from the subduction of the
Pacific plate and the Indian-Eurasian collision. Seismotectonic
studies were mainly conducted in the southeastern part of the
Korean Peninsula due to geological evidence of surface-faulting
paleo-earthquakes along the major structures and recent moderately
sized damaging earthquakes (e.g., 2016 Mw 5.5 Gyeongju earthquake
and 2017 Mw 5.4 Pohang earthquake). The results show that
tectonic stress is primarily accommodated by pre-existing structures
inherited in major fault systems (Choi et al., 2019) and the
principal compressive stress has a direction of 070–090° (Soh et
al., 2018). 

Seismotectonics has rarely been studied in the southwestern
part of the Korean Peninsula due to the absence of reports on the
occurrence of moderate to strong earthquakes in both instrumental
and geological records. Recent minor earthquakes have been used
to a limited extent in investigating the seismicity and neotectonics
of this region. Jung and Kyung (2013) argue that the direction of
the nodal planes of the 22 small earthquakes (ML 2.0–3.5) that
occurred from January 2005 to March 2011 in the region (34–
36°N, 126–128°E), are almost parallel to the general trends of
lineaments, ‘NNE-SSW and WNW-ESE’ or ‘NE-SW and NW-SE’.

The 2020 Haenam earthquake sequence occurs at the southwestern
part of the NE-SW trending Okcheon Belt that belongs to one
of the major tectonic domains in the Korean Peninsula. This
region is composed of Paleoproterozoic to Jurassic granites and
Cretaceous sedimentary and volcanic rocks (Kee et al., 2020).
Two structural sets are inherited in these basement rocks (Fig.

1): (1) a NNE-SSW trending major strike-slip fault, the Gwangju
Fault, and its subsidiary sub-vertical faults; and (2) WNW-ESE
trending and high-angle dipping faults widely distributed over the
region. The latter set has no major fault and hence, it is discontinuously
traced on the map. The WNW-ESE trending faults and fracture
zones are passages of district-scale hydrothermal fluid flow through
the Upper Mesozoic strata, and thus the location of ore bodies is
strongly controlled by this structural set (Koh and Chang, 1997;
Yang et al., 2013; Ryoo et al., 2014).

The KIGAM seismic event catalogue (last accessed: May 11,
2020) reports that 121 events occurred in the area (34.5–34.8°N,
126.2–126.6°E) within a radius of ~20 km from the epicenter of
the largest of the 2020 Haenam earthquake sequence (red open
and filled circles in Fig. 1).The seismic event catalogue of the
KIGAM has been archived digitally since September, 1997. The
earliest of the 121 events occurred in November 2003. Note that
the first few years of the KIGAM catalogue does not have
homogeneity in event reporting, although the performances of
seismic networks used in the catalogue have improved through
the installation of new seismic stations (e.g., Sheen and Shin, 2010;
Shin et al., 2019).

The historical (AD 2–1904) earthquake catalogue for the
Korean Peninsula, produced as part of the seismic hazard map
revision task by the National Emergency Management Agency
(NEMA, 2012; Choi et al., 2014), reported seven earthquakes in
the area within 34.45–34.85°N, 125.95–126.75 (green circles in
Fig. 1). According to the historical earthquake catalogue, these
seven earthquakes occurred during the period of the Joseon
Dynasty and their magnitudes were inferred to have been 3.2–
4.0. The largest of the seven historical earthquakes occurred in
April 1549, ~45 km away from the source region of the 2020
Haenam earthquake sequence. The January 1686 event is the
latest of the seven historical earthquakes, and it is also the nearest
(~10 km) to the source region of the 2020 Haenam sequence.

3. DATA AND METHODS

3.1. Waveform Classification and Detection Based 

on Cross-correlation Approach

We performed waveform classification for the catalogued
events that occurred within the study area to inspect the seismicity
related to the 2020 Haenam earthquake sequence. The waveforms
from stations MUN and AJD were analyzed as these are the
oldest stations in the study area. Furthermore, the sensors and
recorders installed at MUN and AJD have not been changed
since 2013. Of the 121 earthquakes that have been catalogued
from 1997 by KIGAM (last accessed: May 11, 2020; see open
and closed red circles in Fig. 1), 106 and 100 events were recorded
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by stations MUN and AJD, respectively. We computed the cross-
correlation coefficients (CC) matrix for these events with a
time-window covering the peak amplitude to define waveform
similarities between each other. The correlation coefficient matrix

displays a significantly high value among the events that occurred
after April 26, 2020 when the KIGAM event catalogue began
reporting the 2020 Haenam earthquake sequence (Fig. 2).

In addition, we searched for uncatalogued events by waveform

Fig. 1. Map of the 2020 Haenam earthquake sequence. Red filled circles represent the 71 catalogued events of the sequence. Red open cir-
cles represent the 50 events catalogued in the region around Haenam, South Korea (34.5–34.8°N, 126.2–126.6°E) from September 1997.
Green circles are for the historical earthquakes of seven that occurred on the southwestern part of the Korean Peninsula during the Joseon
Dynasty period. The geological fault traces were obtained from the study conducted by Kee et al. (2020).

Fig. 2. The maximum cross-correlation coefficient matrix for waveforms of the events within an area of ~20 km radius from the epicenter
of the largest event of the 2020 Haenam earthquake sequence. The waveforms recorded at station (a) MUN and (b) AJD were employed in
the cross-correlation with band-pass filtering between 2 Hz and 8 Hz.
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cross-correlation between a template trace and the seismic waveform
continuously recorded by station AJD from March 7, 2013 to
May 11, 2020. As a template, we used the waveform of the event

with the shortest branch of the dendrogram for the waveforms
of the 71 catalogued events (i.e., the most linked event in Fig. 3a;
April 28, 14:15:56 UTC). The dendrogram presents similar

Fig. 3. Hierarchical clustering of the waveforms of the 71 catalogued events in the 2020 Haenam earthquake sequence: (a) dendrogram (hier-
archical cluster tree); (b) classified waveforms according to the dendrogram. The template waveform for the uncatalogued event detection
is colored in red (b), which is the largest magnitude event among the most linked event pair, the two events at the bottom of the den-
drogram with the shortest branch height. The dashed lines in (b) are for the time-window used in the template matching technique for the
uncatalogued event detection.
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waveform events close together with branch heights corresponding
to one minus the averaged CC (Fig. 3a). Thus, we considered
the event with the shortest branch to be representative of the 71
catalogued event waveforms (red trace in Fig. 3b). 

The CC matrix used in the dendrogram construction was
computed for the waveforms of the N-S velocity component of
station AJD. The N-S component waveform was empirically selected
because of its large-amplitude surface waves, which might increase
the signal-to-noise ratio. The band-pass filter from 2 to 8 Hz
was applied to the waveforms of the 71 catalogued events, which
is the same as the bandwidth of the template trace and continuous
waveform. The time-window for the template trace that began
from 7 s after its origin time continued for 4.5 s to cover S- and
surface-waves (dashed lines in Fig. 3b). The detection criterion
was set to the maximum cross-correlation coefficients larger than
0.7 after visual inspection of the time series of the maximum
CC. The local magnitudes of the detected events were determined
by the relationship provided in Shin et al. (2005).

3.2. Hypocenter Relocations and Fault Solution 

Determination

We relocated hypocenters of the 2020 Haenam earthquake
sequence including the catalogued and detected events by
using GrowClust (Trugman and Shearer, 2017), a relative
earthquake relocation algorithm based on hierarchical clustering
of waveform similarity. The location uncertainty was estimated
by GrowClust’s bootstrap approach with resampled travel-time
difference data. 

The relocation used the 73,174 of travel-time differences for
P- and S-waves and the cross-correlation coefficients corresponding
to the pairs for travel-time differences. The correlation coefficients
were employed in grouping events into clusters. The utilized
waveforms are from the permanent stations, AJD, MUN, HEDA,
HANB, HAWA, JDO2, MOPB, SIJA, and YOA in the seismic
networks operated by KIGAM and KMA. During data processing,
the records were chosen by the following priority ordering of
sensors: short-period, broadband seismometers, and then
accelerometers. 

For the relocation, we assigned initial locations to the newly
detected events that were unrecorded in the catalogued information.
The initial locations were from random perturbation with the
averaged hypocenter of the catalogued events. This random
assignment of initial locations to the uncatalogued events was
successfully applied to the relocation of the 2013 Baekryeong
earthquake sequence on the Korean Peninsula (Son et al., 2015).

The moment tensor solution for the largest event of the 2020
Haenam earthquake sequence was determined by a time-domain
waveform inversion method (Dreger, 2003; Minson and Dreger,

2008). Time-shifting based on waveform cross-correlation (Son
et al., 2018) could accommodate possible uncertainties of the
velocity model of Kim et al. (2011). The inversion used waveform
data with a frequency of 0.45–0.85 Hz from permanent broadband
stations (BGDB, BGD, YGN, and JEO2).

4. RESULTS

4.1. Detected Events and their General Trends

We identified 155 hitherto unidentified events in the 2020
Haenam earthquake sequence after cross-correlating the continuous
waveform of station AJD with template records. Figure 4a shows the
cross-correlation coefficients between the template record and
the continuous waveform recorded from March 2013 to early
May 2020 at station AJD. The cross-correlation coefficients for
~7 years are usually smaller than 0.7 (Fig. 4a), and 161 temporal
points had coefficients larger than 0.7. It is notable that the
cross-correlation for the period in 2020 (pink-shaded period in
Fig. 4a) produces coefficients higher than 0.7 in addition to the
coefficients lower than 0.7. The event sequence with the cross-
correlation coefficients higher than 0.7 appear from April 25,
and disappear on May 8, 2020 (Fig. 4b), which indicate that the
2020 Haenam earthquake sequence began on April 25, 2020,
one day before the first catalogued event occurrence. A pattern
of day-night cycle is visible in Figure 4b, which implies the validity
of the seismic event detection based on cross-correlation coefficients.
The clear alignment of the waveforms (Fig. 4c) not only ensures
the reliability of the detection based on waveform similarity but
also suggests the hypocenter proximity of the 226 events.

The seismicity of the 2020 Haenam earthquake sequence has
an increasing trend until April 30, 2020 (Fig. 5a) and becomes
relatively low during the next two days (May 1–2; Fig. 5a). The
seismicity becomes active again with the largest event of the
sequence on May 3, 2020 (Fig. 5a). The local magnitudes of the
155 detected and the 71 catalogued events range from 0.4 to 3.2
(circles in Fig. 5a). 

The seismic b-value, an absolute value of the gradient of solid
line in Figure 5b, is estimated as 0.92 with the completeness
magnitude of 0.5. Seismic b-values around 0.6–1.0 are typical
for mainshock-aftershock sequences in tectonic environments
(e.g., Kagan, 1997; Schorlemmer et al., 2005). The b-value 0.92
for the 2020 Haenam earthquake sequence is slightly lower than
the b-value 0.98 for the 2016 Gyoengju earthquake sequence on
the southeastern Korean Peninsula, estimated by Woo et al. (2019).

There are temporal changes in the b-value for the 2020 Haenam
earthquake sequence, which ranges from ~0.9 to ~1.3 (Fig. 5c).
It is noteworthy that the b-values for the period around the
occurrence of the largest event are comparable to the b-value of
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~1.2 estimated for the swarm-type earthquakes in the Long
Valley Caldera and the adjacent Sierra Nevada (e.g., Hill et al.,
2003). High b-values (> 1) can indicate an earthquake sequence
enriched in small earthquakes. However, a couple of days of high
b-values alone is not sufficient diagnostic criteria for an earthquake
swarm, because an increase in b-value can be observed after a
mainshock (Gulia et al., 2018).

4.2. Clear Lineament of Hypocenter Distribution

Three of the initial location distributions were examined for
the 155 newly detected events that were absent from the catalogued
location (see the top row of Fig. 6) for the hypocenter relocation.
The relocated hypocenters of the 71 catalogued and 155 newly
detected events extend ~300 m along the WNW-ESE direction

Fig. 4. Detection of the uncatalogued seismic events for the 2020 Haenam earthquake sequence based on the template matching method
with waveform cross-correlation: time series of the maximum cross-correlation coefficients representing waveform similarity for (a) the
period from March 7, 2013 to May 11, 2020; (b) same as (a) but zoomed in, for the 2020 Haenam sequence; (c) waveforms of the 71 cata-
logued and 155 detected events, recorded at station AJD for the N-S component with band-pass filtering from 2 Hz to 8 Hz. The temporal
gap in (a) represents the period of 12 days in September 2018 when the continuous data of station AJD were not archived. The pink-shaded
period and dashed line in (a) and (b) denoted the period of the 2020 Haenam sequence and CC larger than 0.7, respectively. Each trace in
(c) was normalized and shaded with blue = –1 and red = 1 amplitude, and events in (c) are ordered from earliest to latest, and the event num-
ber increases with the origin time.
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Fig. 5. Statistics of the 2020 Haenam earthquake sequence: (a) chronology of the earthquake sequence during the period April 25, 2020 to
May 8, 2020; (b) frequency-magnitude distribution through the whole period of interest; and (c) temporal changes in Gutenberg-Richter b-
value during the period of interest.

Fig. 6. Hypocenter relocation for 226 events in the 2020 Haenam earthquake sequence: the top and bottom rows are for the initial and relo-
cated hypocenters, respectively. The initial location for the 155 detected events was assigned from the random perturbation, (a) with the
averaged hypocenters of the 71 catalogued events for a whole hypocentral area of the catalogued events, (b) with the averaged hypocenters
for the 71 catalogued events for a quarter of the catalogued hypocentral area, and (c) with the location of the template events used in the
event detection for a quarter of the catalogued hypocentral area. The closed and open circles are for the catalogued and detected events,
respectively. The color scale represents depth range; but note that the depth range is different for each map.
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and deepening SSW (see the bottom row of Fig. 6). The depth
range of the relocated hypocenters differs according to the initial
locations; however, the relative depth distribution remains stationary
(Fig. 6). We chose the hypocenter relocation result in Figure 6a,
to avoid bias in terms of depth range.

The 226 relocated hypocenters of the catalogued and newly
detected events form linear patterns in dip and strike views
(Figs. 7a and b), which suggests a single fault plane at a depth of
20.2 km to 20.5 km (Figs. 7a and b). The moment tensor of the
largest event (Mw 3.2) presents left-lateral strike-slip faulting with
a strike of 98° and a dip of 65°, which correspond to the defined
lineaments of the hypocenter distribution (see the beach-ball
diagram in Fig. 7a; detailed information on the moment tensor
solution is provided in the electronic supplementary material).

The events deviating from the lineament have high relocation
uncertainties (see circles on the light green to yellow scale in
Figs. 7a and b), which support the reliability of our identification
of the fault plane based on the spatial distribution of the relocated
hypocenters. The median values in the horizontal errors of the
relative locations is 10 m, which is approximately half that
of the vertical errors of 17 m (Fig. 7c). The standard deviations

of the horizontal and vertical errors are 6.3 m and 15.4 m,
respectively.

4.3. Spatiotemporal Characteristics of Hypocenter 

Distribution

We defined the evolution of the 2020 Haenam earthquake
sequence based on the 226 relocated hypocenters of the sequence.
The events of the early part in the sequence (blue circles in Figs.
8a and b) occur at the southwestern part of the inferred fault
plane. The sequence progressed northeast wards (Fig. 8a), which
corresponds to upward migration in the depth direction (Fig.
8b). The largest event (Mw 3.2) occurs at the shallower part of
the fault plane where the sequence is headed (Fig. 8b). Soon
after the occurrence of the largest event, the sequence produces
events on not only the whole part of the fault plane but also at
both ends of the fault plane (yellow circles in Fig. 8c). It is interesting
that the final part of the sequence develops in the western side of
the fault plane extending ~0.1 km into the west (red circles in
Fig. 8c), whereas the events of the final part are confined to the
eastern side of the fault plane (deep red in Fig. 8c).

Fig. 7. The 226 relocated hypocenters of the 2020 Haenam earthquake sequence in (a) dip view and (b) strike view, with (c) the location
uncertainty. The color scale represents location error ranges; but note that the error range is different in (a) horizontal and (b) vertical. The
star represents the hypocenter of the largest event (Mw 3.2).
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5. DISCUSSION

5.1. Nature of Earthquake Swarm

Earthquakes sequences are attributed to long-term seismic
cycles that occur mostly on major inter-plate faults, aftershocks
triggered by large earthquakes, and earthquake swarms. As
there was no remarkable mainshock event associated with the
2020 Haenam earthquake sequence in a tectonically stable
intraplate region, we discuss mechanisms associated with the
presence of an earthquake swarm. Earthquake swarms are
commonly associated with magmatic events, in particular,
before and during volcanic eruptions: Redoubt Volcano,
Alaska (e.g., Chouet et al., 1994); Axial Volcano, Juan de Fuca
Ridge (Dziak and Fox, 1999); and Miyakejima Volcano, Japan
(e.g., Geshi et al., 2002). Here, we do not consider a volcanic
event as a source of the 2020 Haenam earthquake sequence
because there is no volcanic activity in the region. Therefore,
we consider possible mechanisms for the earthquakes as those
associated with spreading fluid or hydrothermal circulation
(e.g., Yellowstone Lake; Mammoth Mountain, California)
(Farrell et al., 2010; Shelly et al., 2015) and fault creep (i.e.,
aseismic slip) (e.g., Lohman and McGure, 2007; Shelly et al.,
2011).

We argue that it is difficult to infer possible aseismic slips of
the WNW-ESE trending faults for the following reasons. In this
inherited fault set, there is no major fault that accommodates
tectonic stress. This argument is supported by the fact that no
reports on geodetic deformation and surface faulting associated
with large earthquakes are available for the region. Furthermore,
migration velocity of about 0.04 km/day for the 2020 Haenam
earthquake sequence is much slower than well-documented creep
events although they vary depending on deformation rates of
regions (e.g., Lohman and McGuire, 2007).

We focus on the roles of pre-existing structures interacting
with fluid below the source region. The inferred movement of
the largest event in the 2020 Haenam earthquake sequence can
be explained by a WNW-ESE trending fault inherited in the
basement rocks that are rupturing with a sinistral motion. In the
field, we observe that the WNW-ESE trending fault set on the
source area is characterized by a widely distributed geometry
without a major fault, instead, intensive fractures and/or veins
around each fault are seen (Koh and Chang, 1997; Yang et al.,
2013; Ryoo et al., 2014). This structural pattern implies that the
WNW-ESE trending fault set has a fault-fracture mesh geometry.
The inferred fault mesh corresponds to the results of previous
studies that present the relationship between fluid diffusion and
migrating earthquake swarms (Shelly et al., 2015; Ruhl et al.,
2016). 

Fig. 8. Spatiotemporal distribution of the relocated hypocenters for
the 2020 Haenam earthquake sequence in (a) map view, (b) view for
the inferred fault plane, and (c) horizontal direction. The circles are
for the 226 events and the star represents the largest event with a
magnitude of Mw 3.2.
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5.2. Earthquake Migration Driven by Fluid Flow on 

Fault-Fracture Mesh

The migratory behavior of earthquakes has been reported for
the foreshock sequence (e.g., Chen et al., 2011; Kato et al., 2016),
aftershock sequence (e.g., Peng and Zhao, 2009; Ross et al., 2017),
and swarm-type earthquakes (e.g., Shelly et al., 2015; Ruhl et al.,
2016). We focus on the fact that migrating earthquakes are commonly
analyzed by comparing migration distance and occurrence time
to hypothetical curves based on a diffusion model from a point
source (e.g., Shapiro et al., 1997; Shelly et al., 2015). We used the
relationship,

, (1)

where is the distance, is the hydraulic diffusivity, and the is
the time (Shapiro et al., 1997). The diffusion curve with 0.012
m2/s matches the seismic migration front of the 2020 Haenam
earthquake sequence (Fig. 9). The value for the diffusivity lies
within the range of typical values for the crust (0.01–10 m2/s;
Talwani and Acree, 1984; Scholz, 2002; Parotidis et al., 2005;
Hatch et al., 2020), though a well-documented value for the
hydraulic diffusivity across the source area is unavailable.

The depth of the hypocenters associated with the 2020 Haenam
earthquake sequence is about 20 km, which corresponds to the
base of the seismogenic depth in the Korean Peninsula. We note
that the 2013 Boryeong earthquake swarm also occurred at a
depth of about 20 km (Son, 2016). Thus, the 2020 Haenam
earthquake sequence could be associated with intrusions of
fluid into the seismogenic depth throughout the fault-fracture
mesh. This interpretation with regard to the fluid-faulting
interaction on the fault-fracture mesh structure can be supported

by the inherited structures trending WNW-ESE with the ore
bodies of hydrothermal origin, though the mineralization induced
by hydrothermal fluid was inferred as a pre-neotectonic event
(Upper Mesozoic; Koh and Chang, 1997; Yang et al., 2013; Ryoo
et al., 2014).

We infer that the fluid is naturally injected into the hypocenter
of the first event in the sequence (see Figs. 8c and 9) as suggested
by previous studies on migrating earthquake swarms (e.g., Ruhl
et al., 2016; Ross et al., 2020). The spreading fluid on the fault
plane triggers consecutive events and guides the migration of
seismicity moving their hypocenters eastward. The largest event
rupturing the whole part of the fault plane acts as a fault-valve
and induces aftershocks on the fault plane (see yellow circles in
the western end in Fig. 8c) and new faulting at the western end
of the fault plane (see red circles in Figs. 8c and 9). The lack of
migration toward the upper eastern end indicates a permeability
barrier in view of fluid-rock interaction (e.g., Ross et al., 2020)
(see deep red circles in Figs. 8c and 9).

5.3. Implications for Geological Structure and Fluid-

Faulting Interaction

The relations between faults and earthquakes are well known,
but in non-earthquake prone regions including the Korean Peninsula
it is not easy to identify seismic faults for specific earthquakes.
This is due to a weak correlation of spatial distribution between
traces of inherited faults in the surface and foci of instrumental
earthquakes. Note that here strong earthquakes involving surface
ruptures during the modern history of the Korean Peninsula
were not recorded. So far, investigations on the relationship
between inherited faults and seismicity are limited (Han et al.,
2019). Our study shows that the earthquake migration is strongly
controlled by the inherited structures, which highlights the
importance of studying small earthquakes to understand the roles
of inherited structures on seismic behavior in intraplate regions.

Furthermore, the hypocenter migration in the 2020 Haenam
earthquake sequence is the first observation of the seismic front
matching fluid diffusion process on the Korean Peninsula. Recent
studies have validated that migrating over-pressured fluids induced
swarms of earthquakes (e.g., Cox, 2016; Ruhl et al., 2017). Sibson
(2020) has emphasized the role of pore-fluid pressure driven by
prograde metamorphism at depth for the lower seismogenic
zone. Further studies such as critical fluid pressure analysis are
required to understand (1) the hypocenter migration observed
before the occurrence of the largest event; and (2) the different
failure patterns on both ends of the fault plane observed after
the occurrence of the largest event. These efforts provide further
insights on the possible mechanisms that cause the migration of
intraplate earthquakes. 

r 4π D× t×=

Fig. 9. Seismicity front of the 2020 Haenam earthquake sequence,
following a diffusion process with a diffusivity of 0.012 m2/s. The
open circles are for the 226 events of the 2020 Haenam earthquake
sequence, and their color scale is for temporal order as shown in Fig-
ure 8. The star represents the largest event (Mw 3.2) of the sequence.
The dashed and solid lines are for curves with the noted diffusion
rates.
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6. CONCLUSIONS

We found migratory behavior in the 2020 Haenam earthquake
sequence as presented by the associated fault plane extending
~0.3 km in the WNW-ESE direction with a dip of ~70° in the
SSW direction. Beginning with the first event of the sequence
on April 25, 2020, the hypocenters progressed toward the upper
east, until the largest event (Mw 3.2) occurred where the migrating
hypocenters are headed. The migration front of the seismicity is
comparable to the spreading of the fluid flow with a diffusivity
of 0.012 m2/s. In view of this fluid-driven earthquake swarm, the
final parts of the sequence on both ends of the fault plane could
be explained by the possible second intrusion at the west edge and
the possible permeability barrier at the eastern end, respectively.

The cross-correlation approach incorporating data from
permanent seismic networks was successfully applied to waveform
detection for uncatalogued event identification, and relative
relocation of hypocenters with meter-scale location errors. The
inherited structures sub-parallel to the lineament of relocated
hypocenters with the ore bodies of hydrothermal origin, which
indicates the possible pre-existing fault-fracture mesh channeling
fluid flow in the source region. Our well-constrained hypocenter
locations could be essential information for future studies, and
our interpretation of the hypocenter migration might provide
insights into understanding non-volcanic earthquake swarms
in intraplate stress fields.
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