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Abstract   21 

Two recent hazardous earthquakes (M 5.8 and 5.5) in southeastern Korea were the 22 

largest instrumentally recorded inland events after an abnormally long, seismically quiet, 23 

period. In this study, we used coda envelope tomography to observe the heterogeneities related 24 

to active faults, which can, in turn, help mitigate seismic hazard in the area. However, this 25 

tomography was not able to detect faults in the intraplate region. By separating the periods 26 

before and after the M 5.8 earthquake, we analyzed 225 and 204 seismograms obtained from 27 

127 and 86 events, respectively. Both periods showed time-varying heterogeneity correlated 28 

with fault activity. Adding 446 seismograms from 235 aftershocks of the two events to the 29 

analysis showed us a heterogeneous structure that closely correlated to the active faults where 30 

the recent earthquakes originated.  31 

 32 

Keywords 33 

Southeastern Korea, two hazardous earthquakes, long seismically quiet period, coda 34 
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 36 

 37 

1. Introduction 38 

Although northeastern Asia is subject to some of the most frequent and severe earthquakes in 39 

the world, the intraplate Korean peninsula, since the beginning of instrumental observation in 40 

1905, did not experience an earthquake above M 5.3 until 2015 (Lee et al. 2003; Table S1). 41 

However, historical records in Korea describe the occurrence of many damaging earthquakes 42 

with estimated magnitudes of 6.0 to 7.0 and even greater magnitudes in southeastern Korea, 43 

where the largest amount of seismic events have been observed (Lee and Yang 2006; Chiu 44 
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and Kim 2004). Southeastern Korea is mainly occupied by the Gyeongsang basin, formed in 45 

the Cretaceous on top of the Yeongnam massif, which is another Precambrian massif along 46 

with the Gyeonggi massif (Figure 1). The Yeonil basin, originated in the Miocene, exist on 47 

the eastern coast of the Gyeongsang basin (Ree et al. 2003; Son et al. 2013; Lee et al. 2018). 48 

Two hazardous earthquakes (M 5.8 and 5.5) occurred in this region in 2016 and 2017 49 

with numerous aftershocks (Figure 1) after a long seismically quiet period. Since 1761, the 50 

largest event in the study region was a M 4.2 event in 1997, determined after correcting the 51 

original analysis’s shifted epicenter of the M 4.5 event in 1942 (Lee and Jung 1980). Here, for 52 

a period of 350 years (between 1410 and 1760), 80 inland events with estimated magnitudes 53 

ranging from 3.5 to 6.7 were recorded, without a break of more than 30 years. The two recent 54 

events may be a precursor to the end of the seismically quiet period. The region hosts two 55 

major faults: the Yangsan fault (YF), and the Ulsan fault (UF). With approximate lengths of 56 

170 and 50 km, respectively (Figure 1), they may have been involved in past hazardous events 57 

(Lee and Na 1983; Lee and Schwarcz 2001; Kyung 2003; Ree and Kwon 2005; Chang 2011). 58 

In addition to these, several faults were newly included as active faults associated with the M 59 

5.8 earthquake (Lee et al. 2018, 2019). Several cultural heritage sites, including the capital of 60 

the longest dynasty in ancient Korea, as well as many industrial facilities, including nuclear 61 

power plants, are located in the vicinity of these faults. Therefore, investigating the crustal 62 

structure of this region is crucial for assessing active faults related to potential earthquakes and 63 

understanding the overall seismic risk. 64 

Crustal heterogeneities caused by open cracks in an active fault have been observed as 65 

strong scattering in coda envelope tomography, a method developed by Nishigami (1991). 66 

This method has also been applied to volcanic heterogeneities (Nishigami 1997; Asano et al. 67 

2004; Calcolé et al. 2006; Tramelli et al. 2006, 2009; De Siena et al. 2014) and has 68 
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successfully observed heterogeneous anomalies related to fault zones that experience frequent 69 

large earthquakes (Nishigami 1991, 2000, 2006; Nakata et al. 2019). A similar approach using 70 

coda envelope tomography has also revealed heterogeneities related to large seismic events 71 

(Taira and Yomogida 2003, 2004; Asano and Hasegawa 2004; Sketsiou et al. 2020).  72 

However, for intraplate regions with uncertain fault activities, using this method with 73 

small-magnitude earthquakes (M<4) returned values that were less clear regarding the 74 

presence of fault cracks (Chen and Long 2000; Ugalde et al. 2006). Even at the active faults, 75 

observational difficulties for small earthquakes are suggested by velocity changes, which is 76 

another crack effect associated with post-seismic variations. No velocity changes down to 1% 77 

were detected for M<5.5 events (McEvilly and Johnson 1974; Boore et al. 1975; Kanamori 78 

and Fuis 1976; Schaff and Beroza 2004). Slight changes of 1.5 % have been reported for 79 

intensive earthquake swarms with a maximum M of 5.0 and durations of three weeks (Maeda 80 

et al. 2010).  81 

After a long seismically quiescent period, the two recent moderate earthquakes with 82 

intensive aftershocks provide a unique opportunity to determine whether detectable 83 

heterogeneities can be obtained for the intraplate region. This study used coda envelope 84 

tomography to observe the heterogeneities related to active faults, which is essential to 85 

mitigating seismic hazards in this area. 86 

 87 

2. Data and Method 88 

Using seismic networks run by the Korean Meteorological Administration (KMA) and 89 

the Korea Institute of Geoscience and Mineral resources (KIGAM), inland earthquakes 90 

(M>2.0) were recorded from April 2004 to October 2019. In the first stage of analysis, two 91 

periods were classified as before and after the 2016 M 5.8 earthquake (hereafter, BM5.8 and 92 
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AM5.8). To analyze BM5.8 and AM5.8, 225 and 204 seismograms were selected from 127 93 

and 86 events recorded at 70 and 62 stations, respectively. However, after the 2016 M 5.8 and 94 

2017 M 5.5 earthquakes, numerous aftershocks occurred that formed clusters within a 10 km 95 

radius from the mainshock (Figure 1). Based on these clusters, the AM5.8 analysis used the 96 

mainshock and four aftershocks that were preferably located far from each other, to avoid 97 

spatially biased coverage of the scattering shells (Asano and Hasegawa 2004). The next stage 98 

was a re-analysis of AM5.8 by adding 446 seismograms from 145 and 96 aftershocks that 99 

occurred during the 2016 M 5.8 and 2017 M 5.5 earthquakes to resolve the region 100 

surrounding the hazardous earthquakes found in the first stage of the analysis. To measure the 101 

heterogeneous 3-D distributions of the relative scattering coefficients (RSC), we used coda 102 

envelope tomography (Nishigami 1991). This method assumes a single isotropic scattering 103 

model (Sato 1977), that characterizes the coda scattering energy due to the scatter contained 104 

in a spheroidal shell, where the focal points are located at the source and the receiver. The 105 

tomography inverts the coda energy residual, which contains deviated values of the observed 106 

coda envelope from the best linear fit of the envelope after correcting for geometrical 107 

spreading (Figure 2).  108 

Let ej, i.e., the coda energy residual, represent the deviated values for the time 109 

windows(j) of 0.5 s in each seismogram (Figure 2). Then the matrix for the M equations (the 110 

product of the number of seismograms and number of coda time windows) of the RSC of 111 

block 𝑥𝑥i (i =1,…N) can be written as:     112 

�𝑤𝑤11𝑤𝑤21⋮𝑤𝑤𝑀𝑀1
 

 −
 

𝑤𝑤12𝑤𝑤22⋮𝑤𝑤𝑀𝑀2
⋯⋯−⋯
⋯⋯−⋯
𝑤𝑤1𝑁𝑁𝑤𝑤2𝑁𝑁⋮𝑤𝑤𝑀𝑀𝑁𝑁��

𝑥𝑥1𝑥𝑥2⋮𝑥𝑥𝑁𝑁� =
�𝑒𝑒1𝑒𝑒2⋮𝑒𝑒𝑀𝑀�                                                  (1) 113 
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where wmn is a weight equal to zero, except for the nth scatter in the ellipsoidal shell that 114 

corresponds to the mth observation (em). Here, wmn = 1/Nm, where Nm is the total scatter, whose 115 

center falls inside the mth shell. 116 

As the matrix in Eq. (1) is large, we applied the Simultaneous Iterative Reconstruction 117 

Technique (SIRT) developed by Kak and Slaney (1988). A value of one was assigned to the 118 

initial guess, denoted by (𝑥𝑥1
(0),𝑥𝑥2

(0),…𝑥𝑥N
(0)). The kth correction in Eq. (1) to the nth scattering 119 

coefficient from the mth observation is as follows: 120 

 121 ∆𝑥𝑥𝑛𝑛(𝑘𝑘) = 𝑒𝑒𝑚𝑚 − 1𝑁𝑁𝑚𝑚∑ 𝑥𝑥𝑖𝑖(𝑘𝑘−1)𝑁𝑁𝑚𝑚𝑖𝑖=1                    (2) 122 

 123 

where 𝑥𝑥(k-1) is the intermediate solution obtained from the preceding equation. For the kth 124 

iteration of the SIRT, correction ∆𝑥𝑥𝑛𝑛(𝑘𝑘) is averaged for all N blocks as follows:       125 𝑥𝑥𝑛𝑛(𝑘𝑘) = 𝑥𝑥𝑛𝑛(𝑘𝑘−1) + 
𝛼𝛼𝑁𝑁∑ ∆𝑥𝑥𝑖𝑖(𝑘𝑘)𝑁𝑁𝑖𝑖=1                 (3) 126 

 127 

where 𝛼𝛼 is a relaxation parameter for the change, given as 0.08 (Chen & Long, 2000). The 128 

SIRT iterations continue until the change is less than 5 % of 𝑥𝑥𝑛𝑛(𝑘𝑘−1) for all n (1,…..N). The 129 

iteration numbers K were generally more than 2,000 in this study (Figure S1).  130 

 131 

3. Analytical procedure 132 

This study used vertical component seismograms with a sampling rate 100 per s. We 133 

removed the trend and mean value and then applied a 5 % cosine taper to each end of the time 134 

series. This analysis followed the procedure described by Nishigami (1991, 2000), who 135 
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obtained residuals for the least-square regression curve for the logarithmic coda envelopes 136 

over a lapse time t. Coda envelopes were obtained from the running mean-square of the coda 137 

waves filtered with a bandwidth from 6.7 to 15 Hz, which were corrected with geometrical 138 

spreading by multiplying by t2. The window length was set to 0.5 s and a signal-to-noise ratio 139 

greater than two was considered for a 10 s noise window before the P-wave arrival. Starting at 140 

1.5 times the S-wave travel time, this study was limited to 30 s from the earthquake origin-141 

time to suppress the multiple scattering effect (Asano and Hasegawa 2004). The residuals were 142 

subsequently averaged over a time window of δt = 0.5 s (Figure 2). For the tomography of the 143 

3-D scattering structure, the conventional model for Korea (Chang and Baag 2006) was used 144 

as the velocity model with S-wave velocities of 3.29, 3.45, 3.85, and 4.55 km/s separated at 145 

depths of 5.1, 16.7, and 31.9 km. This model showed the smallest residuals among the four 146 

models (Havskov and Ottemöller 1999; Rachman and Chung 2016) for the relocation of 799 147 

aftershocks associated with the 2017 M 5.5 earthquake (Figure S2). The study area is an inland 148 

region between 35.5 – 36.9 ºN and 128.5 – 129.5 ºE, and has a crustal depth of 50 km. Here, 149 

6,090 blocks were considered with a horizontal dimension of 0.05º (approximately 6 × 4 km at 150 

longitude and latitude scales) and a vertical dimension of 5 km. The volume δV, of one block 151 

satisfies δt ≤ (δV)1/3 /v, where v is the S-wave velocity. For the obtained distribution of RSC 152 

𝑥𝑥 − 1 (Figures S3 and S4), the values were relatively higher than the average, which is 153 

known to be related to a strong scattering fault, and were compared with BM5.8 and AM5.8 154 

for the depths from layers 1 to 9 in Figure 3. Note that the depth of layers is represented as 155 

three pairs of circles to which each block belongs, where the center corresponds to the middle 156 

circle of the three pairs. As the heterogeneous structure identified by this study was mainly the 157 

surface layer and upper crust (Nishigami 1991; Nishigami and Matsumoto 2008), the RSCs 158 
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showed a smaller and narrower range in variation in deeper layers, i.e., layers 7-9 occurred in 159 

only restricted areas and layer 10 had none (Figures S5). 160 

As a measure of solution reliability, this analysis considered hit counts as the contributed 161 

number from each block. Figure 3 only displays 35.5 – 36.5 ºN, above which had small hit 162 

counts of less than five in the surface layer. For the illustrated region, most areas had more 163 

than ten with higher numbers in the deeper layers (Figures S6 and S7). In addition, we 164 

performed analyses that used all the aftershocks concentrated around the two mainshocks. 165 

This approach, based on dense sources in a small area, was inspired by previous studies of 166 

observational array in a much smaller area than the target region (Ugalde et al. 2006). Using 167 

19 stations densely located on two short lines (25km) connected at right angles, the 168 

surrounding region (a square 150 km in length, 50 km deep) was resolved with hit counts not 169 

less than 25; 80 earthquakes were analyzed with maximum epicentral distances of 120 km. In 170 

our analysis, the inclusion of all aftershocks increased the hit counts, exhibiting no less than 171 

35 counts with an oval appearance, including the surface layer (Figure 4). This analysis 172 

narrowed the RSC ranges for every layer (Figure S8) and provided reference values for the 173 

high values in Figure 4 that are less than half those in Figure 3.  174 

   175 

4. Results and Discussion  176 

Most of the faults in Figure 3 have not been clarified for their activity. Recent studies 177 

(Lee et al. 2018; Woo et al. 2019), based on micro-seismicity related to the 2016 M 5.8 178 

earthquake, differentiated active faults, including the YF and UF, into the Gaum fault (GF), 179 

Milyang fault (MIF), Moryang fault (MOF), and Deokcheon fault (DCF) in our study area. In 180 

both BM5.8 and AM5.8, there is only one common point of the high value distributions in 181 

both periods. For BM5.8, high values mainly distribute along the UF for layers 1-4, including 182 
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subsidiary faults in the coastal region where past motion has also been identified (Lee and 183 

Schwarcz 2001; Ree and Kwon 2005; Kim et al. 2011). However, bluish high values are 184 

relatively rare along the YF as compared to other faults. Kyung (2010) noted that the YF has 185 

little evidence of active motion and is classified as less-active fault because its low slip rates 186 

(0.1 - 0.04m/ka) are lower than that of UF (0.2 - 0.06m/ka). On the other hand, AM5.8 has 187 

high values in the YF that are near the M 5.5 for layers 1-3, and near the M 5.8 for layers 1-7, 188 

including the MOF and DCF. This time-varying heterogeneity reflects the migration of 189 

seismicity, which has been typically observed as continental intraplate seismicity (Crone et al. 190 

2003; Li et al. 2009).   191 

In addition to the active faults, the hypocenters also suggest correlation, as reported by 192 

previous studies (Chen & Long 2000; Asano and Hasegawa 2004). High values without a fault 193 

relationship seem to be related to disturbances from the hypocenter and may be the limit of the 194 

method for intraplate regions with infrequent and unevenly distributed seismicity. In Figure 4, 195 

most of these values disappear, especially in layers 4-9, and the rest are excluded as unreliable 196 

values due to low hit numbers. Eventually, the pattern of concentrated high values around 197 

active faults is clearly observed. After the period analyzed in our study, two earthquakes with 198 

M 3.5 and M 2.4 occurred with depths of 13.4 and 7.7 km, respectively. These earthquakes 199 

originated along the MIF where no high values are observed in Figure 3. Figure 4 shows the 200 

high RSC of layers 1-3 around the region of the hypocenter. This result provides important 201 

information for seismic hazard mitigation, as Nishigami (2006) suggested that heterogeneous 202 

structures in earthquake-prone regions may have the potential to produce large events or major 203 

aftershocks. Until the two recent hazardous earthquakes, there were no earthquakes of M 3.5 204 

and above in this fault region for 150 years (after 1760), and only five events of magnitude 205 

3.7, 3.5, 3.6, and 3.5 that occurred in 1928, 1932, 1939, and 2014, respectively, including the 206 
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1997 M 4.2 (Lee et al. 2003; Lee and Yang 2006) (Table S1). Although further observations 207 

are needed in this intraplate region, the M 3.5 earthquake may be a typical event that occurs in 208 

the heterogeneous area. 209 

High values around the M 5.5 event in Figure 4, however, are observed only at shallow 210 

depths in layers 1-2, unlike around the M 5.8 event. This depth difference correlates with the 211 

focal depths of the two events (Figure 1). Although it seems to affect the high values in the 212 

area between the M 5.8 and M 5.5 earthquakes in layers 1-3, the location of the M 5.5 event is 213 

less relevant to the faults shown in Figure 4. This earthquake, however, was discovered to not 214 

be a natural event but rather a disturbance induced by water injection into the ground at a 215 

nearby geothermal plant (Grigoli et al. 2018; Kim et al. 2018; Chung et al. 2018).  216 

 217 

5. Conclusions 218 

Our study was motivated by two large earthquakes in southeastern Korea which 219 

occurred after a long seismically quiet period following extensive active seismicity. We 220 

investigated their influence on the region by separating the periods before and after the M 5.8 221 

earthquake. Our analysis, using coda envelope tomography, revealed time-varying 222 

heterogeneous structures that are closely related to the fault activity.  223 

In addition, a re-analysis, including all the aftershocks of the two events, enhanced the 224 

reliability of our data with increased hit numbers that showed heterogeneities distributed along 225 

active faults. Subsurface heterogeneities distributed along the active faults correlate with the 226 

focal depths of the two earthquakes. The information regarding active faults in this region is 227 

important for mitigating potential seismic hazards in the densely populated area that also 228 

contains cultural heritage sites and industrial complexes.  229 
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However, studying an intraplate region with unevenly distributed seismicity to obtain 230 

spatially quantitative heterogeneities was not completely reliable. The highest values in our 231 

study were concentrated in the region between the two events. For spatially more reliable 232 

heterogeneities, further accumulation of data is necessary, such as using densely deployed 233 

portable stations or long-term observation. This study is expected to aid in determining how 234 

relevant high heterogeneity is to potentially hazardous earthquakes. 235 

 236 

 237 

 238 

Declarations 239 

Not applicable 240 

Consent for publication 241 

Not applicable 242 

List of abbreviations (alphabetic order) 243 

AM5.8: After the 2016 M 5.8 earthquake 244 

BM5.8: Before the 2016 M 5.8 earthquake 245 

DCF: Deokcheon fault 246 

GB: Gyeongsang basin 247 

GF: Gaum fault 248 

GP: Geological province 249 

GM: Gyeonggi massif 250 

KIGAM: Korea Institute of Geoscience and Mineral resources 251 

KMA: Korean Meteorological Administration 252 

MIF: Milyang fault 253 



 

12 

 

MOF: Moryang fault 254 

OB: Okcheon belt 255 

RSC: Relative scattering coefficients  256 

SIRT: Simultaneous Iterative Reconstruction Technique 257 

TB: Taebaeksan basin 258 

UF: Ulsan fault 259 

YB: Yeonil basin 260 

YF: Yangsan fault 261 

YM: Yeongnam massif 262 

Availability of data and materials 263 

All used data and analysis software are available at https://doi.org/10.5281/zenodo.3738993, 264 

and https://doi.org/10.5281/zenodo.3739007, respectively. 265 

Competing interests 266 

The authors have no competing interests 267 

Funding 268 

This research was supported by the National Research Foundation of Korea (NRF) grant 269 

funded by the Korea government (MSSIT) (No. 2018R1A2A3074595). In addition, this 270 

work was partly supported by “Analysis on the 2017 Pohang Earthquake and the Pohang 271 

CCS demonstration project” by Korean Society of Earth and Exploration Geophysicists 272 

(KSEG) (No. 20182020201370). 273 

https://doi.org/10.5281/zenodo.3738993
https://doi.org/10.5281/zenodo.3739007


 

13 

 

Author’s Contribution 274 

MZI and TWC analyzed the data, interpreted the results, and drafted the manuscript. MZI, 275 

TWC, and MJN participated in the design of the study and the interpretation of the results. 276 

All authors read and approved the final manuscript. 277 

Acknowledgments 278 

We would like to thank the Korea Meteorological Administrations (KMA) and Korea 279 

Institute of Geosciences and Mineral Resources (KIGAM) for sharing data for this study.  280 

Authors’ information 281 

MZI also affiliated with Microseismic Studies Program (MSSP), Islamabad, PAKISTAN. 282 

 283 

References 284 

Asano Y, Hasegawa A (2004) Imaging the fault zones of the 2000 western Tottori earthquake 285 

by a new inversion method to estimate three-dimensional distribution of the scattering 286 

coefficient. J Geophys Res Solid Earth 109:B06306. doi: 10.1029/2003JB002761 287 

 288 

Asano Y, Obara K, Nakajima J, Hasegawa A (2004) Inhomogeneous crustal structure beneath 289 

northern Miyagi prefecture, northeastern Japan, imaged by coda envelope inversion: 290 

Implication for fluid distribution. Geophys Res Lett 31:L24615. doi: 10.1029/2004GL021261 291 

 292 

Boore DM, Lindh AG, McEvilly T V, Tolmachoff WW (1975) A search for travel-time 293 

changes associated with the Parkfield, California, earthquake of 1966. Bull Seismol Soc Am 294 

65:1407–1418 295 



 

14 

 

Carcolé E, Ugalde A, Vargas CA (2006) Three-dimensional spatial distribution of scatterers in 296 

Galeras volcano, Colombia. Geophys Res Lett 33:L08307. doi: 10.1029/2006GL025751 297 

 298 

Chang CJ (2011) Probabilistic approach on seismogenic potential of a fault. Nucl Eng 299 

Technol 43:437–446. doi: 10.5516/net.2011.43.5.437 300 

 301 

Chang SJ, Baag CE (2006) Crustal structure in southern Korea from joint analysis of regional 302 

broadband waveforms and travel times. Bull Seismol Soc Am 96:856–870. doi: 303 

10.1785/0120040165 304 

 305 

Chen X, Long LT (2000) Spatial distribution of relative scattering coefficients determined 306 

from microearthquake coda. Bull Seismol Soc Am 90:512–524. doi: 10.1785/0119990079 307 

 308 

Chiu JM, Kim SG (2004) Estimation of regional seismic hazard in the Korean Peninsula 309 

using historical earthquake data between A.D. 2 and 1995. Bull Seismol Soc Am 94:269–284. 310 

doi: 10.1785/0120010256 311 

 312 

Chough SK, Kwon ST, Ree JH, Choi DK (2000) Tectonic and sedimentary evolution of the 313 

Korean peninsula: A review and new view. Earth Sci Rev 52:175–235. doi: 10.1016/S0012-314 

8252(00)00029-5 315 

 316 

Chung TW, Iqbal MZ, Lee Y, et al (2018) Depth-dependent seismicity and crustal 317 

heterogeneity in South Korea. Tectonophysics 749:12–20. doi: 10.1016/j.tecto.2018.10.020 318 

 319 



 

15 

 

Chwae, U.C., Kim, K.B., Hong, S.H., Lee, B.J., Hwang, J.H., Park, K.H., Hwang, S.K., Choi, 320 

P.Y., Song, K.Y., and Jin MS (1995) Geological Map of Korea (1:1,000,000) 321 

 322 

Crone AJ, De Martini PM, Machette MN, et al (2003) Paleoseismicity of two historically 323 

quiescent faults in Australia: Implications for fault behavior in stable continental regions. 324 

Bull Seismol Soc Am 93:1913–1934. doi: 10.1785/0120000094 325 

 326 

De Siena L, Thomas C, Waite GP, et al (2014) Attenuation and scattering tomography of the 327 

deep plumbing system of Mount St. Helens. J Geophys Res Solid Earth 119:8223–8238. doi: 328 

10.1002/2014JB011372 329 

 330 

Grigoli F, Cesca S, Rinaldi AP, et al (2018) The November 2017 Mw 5.5 Pohang earthquake: 331 

A possible case of induced seismicity in South Korea. Science (80- ) 360:1003–1006. doi: 332 

10.1126/science.aat2010 333 

 334 

Havskov, J., & Ottermoller L (1999) SeisAn Earthquake Analysis Software. Seismol Res Lett 335 

70:532–534. doi: 10.1785/gssrl.70.5.532 336 

 337 

Kak, A. C., & Slaney M (1988) Principles of computerized tomographic imaging. IEEE 338 

Press, New York 339 

 340 

Kanamori BYH, Fuis G (1976) Variation of P-Wave Velocity Before and After the Galway 341 

Lake Earthquake (M L = 5.2) and the Goat Mountain Earth-quakes (ML = 4.7, 4.7), 1975, in 342 

the Mojave Desert, California. Bull Seismol Soc Am 66:2017–2037 343 



 

16 

 

Kim K, Ree J, Kim Y, et al (2018) Assessing whether the 2017 Mw 5.4 Pohang earthquake in 344 

South Korea was an induced event. Science (80- ) 360:1007–1009. doi: 345 

10.1126/science.aat6081 346 

 347 

Kim YS, Kihm JH, Jin K (2011) Interpretation of the rupture history of a low slip-rate active 348 

fault by analysis of progressive displacement accumulation: An example from the Quaternary 349 

Eupcheon Fault, SE Korea. J Geol Soc London 168:273–288. doi: 10.1144/0016-76492010-350 

088 351 

 352 

KSEG (Korean Society of Earth and Exploration Geophysicists) (2019) Investigation report 353 

relation between 2017 Pohang Earthquake and Pohang CCS demonstration project 354 

 355 

Kyung JB (2003) Paleoseismology of the Yangsan Fault, southeasten part of the Korean 356 

Peninsula. Ann Geophys 46:983–996. doi: 10.4401/ag-3465 357 

 358 

Kyung JB (2010) Paleoseismological Study and Evaluation of Maximum Earthquake 359 

Magnitude along the Yangsan and Ulsan Fault Zones in the Southeastern Part of Korea. 360 

Geophys Geophys Explor 13:187–197 361 

 362 

Lee H, Kim H, Kagoshima T, et al (2019) Mantle degassing along strike-slip faults in the 363 

Southeastern Korean Peninsula. Sci Rep 9:15334. doi: 10.1038/s41598-019-51719-3 364 

 365 

Lee HK, Schwarcz HP (2001) ESR dating of the subsidiary faults in the Yangsan fault 366 

system, Korea. Quat Sci Rev 20:999–1003. doi: 10.1016/S0277-3791(00)00055-X 367 



 

17 

 

Lee J, Ryoo Y, Park SC, et al (2018a) Seismicity of the 2016 ML 5.8 Gyeongju earthquake 368 

and aftershocks in South Korea Jimin. Geosci J 22:433–444. doi: dx.doi.org/10.1007/s12303-369 

017-0071-z 370 

 371 

Lee K, Chung NS, Chung TW (2003) Earthquakes in Korea from 1905 to 1945. Bull Seismol 372 

Soc Am 93:2131–2145. doi: 10.1785/0120020176 373 

 374 

Lee K, Na SH (1983) A study of microearthquake activity of the Yangsan fault. J Geol Soc 375 

Korea (in Korean) 19:127–135 376 

 377 

Lee K, Yang WS (2006) Historical seismicity of Korea. Bull Seismol Soc Am 96:846–855. 378 

doi: 10.1785/0120050050 379 

 380 

Lee TH, Park KH, Yi K (2018b) Nature and evolution of the Cretaceous basins in the eastern 381 

margin of Eurasia: A case study of the Gyeongsang Basin, SE Korea. J Asian Earth Sci 382 

166:19–31. doi: 10.1016/j.jseaes.2018.07.004 383 

 384 

Li Q, Liu M, Stein S (2009) Spatiotemporal complexity of continental intraplate seismicity: 385 

Insights from geodynamic modeling and implications for seismic hazard estimation. Bull 386 

Seismol Soc Am 99:52–60. doi: 10.1785/0120080005 387 

 388 

Maeda T, Obara K, Yukutake Y (2010) Seismic velocity decrease and recovery related to 389 

earthquake swarms in a geothermal area. Earth, Planets Sp 62:685–691. doi: 390 

10.5047/eps.2010.08.006 391 



 

18 

 

McEvilly, T. V., & Johnson LR (1974) Stability of P and S Velociies from Central California 392 

Quarry Blasts. Bull Seismol Soc Am 64:343–353 393 

 394 

Nakata, N., Fang, H., White, M. C., & Pitarka A (2019) Shallow crustal heterogeneity in 395 

Southern California estimated from earthquake coda waves. In: 2019 SCEC Annual Meeting 396 

 397 

Nishigami K (1991) A new inversion method of Coda waveforms to determine spatial 398 

distribution of Coda scatterers in the crust and uppermost mantle. Geophys Res Lett 18:2225–399 

2228. doi: 10.1029/91GL02823 400 

 401 

Nishigami K (1997) Spatial distribution of coda scatterers in the crust around two active 402 

volcanoes and one active fault system in central Japan: Inversion analysis of coda envelope. 403 

Phys Earth Planet Inter 104:75–89. doi: 10.1016/S0031-9201(97)00058-7 404 

 405 

Nishigami K (2000) Deep crustal heterogeneity along and around the San Andreas fault 406 

system in central California and its relation to the segmentation. J Geophys Res Solid Earth 407 

105:7983–7998. doi: 10.1029/1999jb900381 408 

 409 

Nishigami K (2006) Crustal heterogeneity in the source region of the 2004 Mid Niigata 410 

Prefecture earthquake: Inversion analysis of coda envelopes. Pure Appl Geophys 163:601–411 

616. doi: 10.1007/s00024-005-0024-8 412 

 413 



 

19 

 

Nishigami K, Matsumoto S (2008) Chapter 11 Imaging Inhomogeneous Structures in the 414 

Earth by Coda Envelope Inversion and Seismic Array Observation. In: Haruo Sato &, Fehler 415 

MC (eds) Advances in Geophysics. pp 301–318 416 

 417 

Rachman AN, Chung TW (2016) Depth-dependent crustal scattering attenuation revealed 418 

using single or few events in South Korea. Bull Seismol Soc Am 106:1499–1508. doi: 419 

10.1785/0120150351 420 

 421 

Ree JH, Kwon ST (2005) The Wangsan Fault: One of the most “active” faults in South 422 

Korea? Geosci J 9:223–226. doi: 10.1007/BF02910581 423 

 424 

Ree JH, Lee YJ, Rhodes EJ, et al (2003) Quaternary reactivation of tertiary faults in the 425 

southeastern Korean Peninsula: Age constraint by optically stimulated luminescence dating. 426 

Isl Arc 12:1–12. doi: 10.1046/j.1440-1738.2003.00372.x 427 

 428 

Sato H (1977) Energy propagation including scattering effects single isotropic scattering 429 

approximation. J Phys Earth 25:27–41. doi: 10.4294/jpe1952.25.27 430 

 431 

Schaff DP, Beroza GC (2004) Coseismic and postseismic velocity changes measured by 432 

repeating earthquakes. J Geophys Res Solid Earth 109:B10302. doi: 10.1029/2004JB003011 433 

 434 

Sketsiou P, Napolitano F, Zenonos A, De Siena L (2020) New insights into seismic absorption 435 

imaging. Phys Earth Planet Inter 298:106337. doi: 10.1016/j.pepi.2019.106337 436 

 437 



 

20 

 

Son M, Song CW, Kim M, et al (2013) Miocene Crustal Deformation, Basin Development, 438 

and Tectonic Implication in the Southeastern Korean Peninsula. J Geol Soc Korea 49:93–118 439 

 440 

Taira T, Yomogida K (2003) Characteristics of small-scale heterogeneities in the Hidaka, 441 

Japan, region estimated by coda envelope level. Bull Seismol Soc Am 93:1531–1541. doi: 442 

10.1785/0120020073 443 

 444 

Taira T, Yomogida K (2004) Imaging of three-dimensional small-scale heterogeneities in the 445 

Hidaka, Japan region: Coda spectral analysis. Geophys J Int 158:998–1008. doi: 446 

10.1111/j.1365-246X.2004.02333.x 447 

 448 

Tramelli A, Del Pezzo E, Bianco F, Boschi E (2006) 3D scattering image of the Campi 449 

Flegrei caldera (Southern Italy). New hints on the position of the old caldera rim. Phys Earth 450 

Planet Inter 155:269–280. doi: 10.1016/j.pepi.2005.12.009 451 

 452 

Tramelli A, del Pezzo E, Fehler MC (2009) 3D scattering image of Mt. Vesuvius. Bull 453 

Seismol Soc Am 99:1962–1972. doi: 10.1785/0120080273 454 

 455 

Ugalde A, Carcolé E, Tripathi JN (2006) Spatial distribution of scatterers in the crust by 456 

inversion analysis of coda envelopes: A case study of Gauribidanur seismic array (Southern 457 

India). Geophys J Int 166:782–794. doi: 10.1111/j.1365-246X.2006.03046.x 458 

 459 

Woo JU, Rhie J, Kim S, et al (2019) The 2016 Gyeongju earthquake sequence revisited: 460 

Aftershock interactions within a complex fault system. Geophys J Int 217:58–74. doi: 461 



 

21 

 

10.1093/gji/ggz009 462 

 463 

 464 

 465 

 466 

Figure legends 467 

Figure 1.  468 

Map showing the earthquakes (stars) and stations (triangles) used in this study, classified as 469 

BM5.8 and AM5.8, representing the periods before and after the 2016 M 5.8 event, 470 

respectively. Stations used for both periods are also classified. The geological provinces (GP) 471 

are denoted: Gyeonggi massif (GM), Okcheon belt (OB), Taebaeksan basin (TB), Yeongnam 472 

massif (YM), Gyeongsang basin (GB), and Yeonil basin (YB). (modified after Chwae et al., 473 

1995; Chough et al, 2000). Green lines denote the faults (YF, Yangsan fault; UF, Ulsan fault). 474 

The area corresponding to Figures. 3 and 4 is indicated with a brown dashed rectangle. For 475 

the two square-shaped regions of the 2016 M 5.8 (pink) and 2017 M 5.5 (green) events, the 476 

analyzed aftershocks including mainshocks are shown in a bar-chart for depth and as inset 477 

maps for spatial distributions with corresponding colors, respectively. For the spatial 478 

distribution, 4 selected events are also shown, as in the first analysis. 479 

Figure 2.  480 

An example of the coda energy residual from band-pass filtered seismogram with two 481 

vertical grey bars representing the start and end time of the analysis intervals. Inset ‘A’ shows 482 

the logarithmic coda envelope of the analysis interval, produced by the running mean-square 483 

of the coda waves after corrected by geometrical spreading. The dashed line is the best linear 484 

fit of the logarithmic coda envelope. Inset ‘B’ shows the logarithm of the coda energy 485 
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residuals averaged at 0.5 s. 486 

Figure 3.  487 

3-D distributions of the RSC for BM5.8, AM5.8, and both. Each period of high values (3.6-488 

5.0 and > 5.0) are sky-blue and blue, and pink and red, respectively. Circles divided into 489 

semicircles with both blue and red represent high values (> 3.5) for both periods. The depths 490 

are grouped as maps of layers (L) 1-3, 4-6, and 7-9. In each map, layers are represented by 491 

three pairs of circles, where the middle corresponds to the center of the block. The 492 

earthquakes discussed here (i.e., the M 5.8, M 5.5, M 3.5, and M 2.4 events) are indicated by 493 

large stars. Small stars denote the analyzed events divided into BM5.8 and AM5.8. The 494 

boundaries of the GPs (Figure 1) are shown in dotted light green. Thick and thin green lines 495 

denote the faults (Chwae et al., 1995) that are activated by the M5.8 and the others, 496 

respectively (YF, Yangsan fault; UF, Ulsan fault; GF, Gaum fault; MIF, Milyang fault; MOF, 497 

Moryang fault; DCF, Deokcheon fault). 498 

Figure 4.  499 

3-D distributions of the RSC obtained from all events after the M 5.8 earthquake (Layer 10 is 500 

shown in Figure S8). The depths are grouped as maps of layers (L) 1-3, 4-6, and 7-9. Insets 501 

show the hit counts as a function of the number contributed from each block. Hit counts are 502 

divided between color (green and red indicate 35 – 100 and >100, respectively) and colorless 503 

(< 35). The sampled pair of hit counts is displayed only if at least one of the three circles is 504 

colored. The sampled RSC values are classified as blue, sky-blue, white, pink, and red (< -505 

4.0, -4.0 – -3.1, -3.0 – 1.0, 1.1 – 2.0, and > 2.0, respectively). The values with colorless hit 506 

counts are shown as circles with dotted outlines. The other marks are identical to Figure 3. 507 

 508 

 509 
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Additional file  510 

In supplementary figures, we show the inversion procedure (Figure S1-2) and panels omitted 511 

from the results (Figs. S3–8). In addition, Table S1 show recent Korean earthquakes (M ≥3.5) 512 

since 1978. 513 

 514 



Figures

Figure 1

Map showing the earthquakes (stars) and stations (triangles) used in this study, classi�ed as BM5.8 and
AM5.8, representing the periods before and after the 2016 M 5.8 event, respectively. Stations used for
both periods are also classi�ed. The geological provinces (GP) are denoted: Gyeonggi massif (GM),
Okcheon belt (OB), Taebaeksan basin (TB), Yeongnam massif (YM), Gyeongsang basin (GB), and Yeonil
basin (YB). (modi�ed after Chwae et al., 1995; Chough et al, 2000). Green lines denote the faults (YF,
Yangsan fault; UF, Ulsan fault). The area corresponding to Figures. 3 and 4 is indicated with a brown
dashed rectangle. For the two square-shaped regions of the 2016 M 5.8 (pink) and 2017 M 5.5 (green)
events, the analyzed aftershocks including mainshocks are shown in a bar-chart for depth and as inset
maps for spatial distributions with corresponding colors, respectively. For the spatial distribution, 4
selected events are also shown, as in the �rst analysis.



Figure 2

An example of the coda energy residual from band-pass �ltered seismogram with two vertical grey bars
representing the start and end time of the analysis intervals. Inset ‘A’ shows the logarithmic coda
envelope of the analysis interval, produced by the running mean-square of the coda waves after corrected
by geometrical spreading. The dashed line is the best linear �t of the logarithmic coda envelope. Inset ‘B’
shows the logarithm of the coda energy residuals averaged at 0.5 s.



Figure 3

3-D distributions of the RSC for BM5.8, AM5.8, and both. Each period of high values (3.6-5.0 and > 5.0)
are sky-blue and blue, and pink and red, respectively. Circles divided into semicircles with both blue and
red represent high values (> 3.5) for both periods. The depths are grouped as maps of layers (L) 1-3, 4-6,
and 7-9. In each map, layers are represented by three pairs of circles, where the middle corresponds to the
center of the block. The earthquakes discussed here (i.e., the M 5.8, M 5.5, M 3.5, and M 2.4 events) are



indicated by large stars. Small stars denote the analyzed events divided into BM5.8 and AM5.8. The
boundaries of the GPs (Figure 1) are shown in dotted light green. Thick and thin green lines denote the
faults (Chwae et al., 1995) that are activated by the M5.8 and the others, respectively (YF, Yangsan fault;
UF, Ulsan fault; GF, Gaum fault; MIF, Milyang fault; MOF, Moryang fault; DCF, Deokcheon fault).

Figure 4



3-D distributions of the RSC obtained from all events after the M 5.8 earthquake (Layer 10 is shown in
Figure S8). The depths are grouped as maps of layers (L) 1-3, 4-6, and 7-9. Insets show the hit counts as
a function of the number contributed from each block. Hit counts are divided between color (green and
red indicate 35 – 100 and >100, respectively) and colorless (< 35). The sampled pair of hit counts is
displayed only if at least one of the three circles is colored. The sampled RSC values are classi�ed as
blue, sky-blue, white, pink, and red (< -4.0, -4.0 – -3.1, -3.0 – 1.0, 1.1 – 2.0, and > 2.0, respectively). The
values with colorless hit counts are shown as circles with dotted outlines. The other marks are identical to
Figure 3.
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