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ABSTRACT: High-density seismic networks enable precise monitoring of seismic activity in specific regions by facilitating the detection
of microearthquakes, accurate hypocenter determination, and detailed fault structure analysis. The importance and application of temporary
dense arrays have steadily increased in recent years. This study examines how environmental factors, and instrumentation at installation sites
affect the performance of temporary seismic networks. Following the My 4.1 earthquake that occurred in Goesan, Korea, on October 28,
2022 (UTC) (October 29, 2022, KST), a temporary seismic array comprising one broadband and eight short-period stations was deployed
within an ~8 km radius of the epicenter. The network was operated to monitor aftershock activity and detect smaller events. Preliminary results
from two weeks of manually reviewed data revealed 329 earthquakes, approximately 11 times more than those reported by the Korea Meteorological
Administration. Power spectral density analysis was used to quantify background noise levels at each station and to quantitatively assess
both site conditions and instrument performance. The located aftershocks were mostly concentrated within 1 km of the mainshock and at
depths of 12 - 15 km, with the majority occurring within four days of the main event. Combined a composite focal mechanism solution, derived
from the first-motion polarities of the My 4.1 mainshock and M, 0.8 aftershock, with the spatial distribution of earthquake hypocenters, the
analysis indicates left-lateral strike-slip motion on a near-vertical fault striking WNW-ESE, consistent with the previously proposed fault
geometry and sense of slip. Taken together, these findings demonstrate that dense seismic networks can effectively complement permanent
arrays by enhancing the precision of earthquake location, subsurface structural analysis, and seismic hazard assessment. The results presented

Copyright © The Geological Society of Korea 2025
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here are based on preliminary analyses, and more refined and comprehensive conclusions are expected through future automated detection

and in-depth investigations.

Key words: temporary seismic array, Goesan earthquake, composite focal mechanism, microearthquake
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g2 &85 Qth(e.g., Pankow et al., 2020; Han et al.,
2021; KMA, 2022; Moretti et al., 2023). AFA] A AT
2 7128 Q1 Bl oA FGA Q1 J oA EAYsh= A XS
BE2317]0] AalelAle, B 7 212o] HmA Yol
o el ARol FA M ANYFS B2 o o
A7F Stk olef vlmste] JAAIB/SHE AFAHo
DYEe) PRAT AAFOZN A& Fuo AH B
A=t XX Y 93] A= A FFAIE 5= Stk
w3 ofxle] F2HA BEel UFHe| Tlot FEE A
TR Ul R TS ek oldie BEge B30
Sodo] wlmA golstol, 8 AW WA HF 4]
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&5HA A
A8kl FFE o= Sl Aol Slrh B3 AR ES
HoriE SR AR AHYE X7 A7 E FS5}
7] o AR S TAE Bgst, F BS5o| A
= R0z 4T A9 A7 A7et 97 Wrhel &
= Fsks 4= Qlthe.g., Kim, K.-H. et al., 2016, 2020;
Moretti et al., 2023).

UM = YA AR ESTS B85 A7 &Es] 21
PE|3 Qick 20169 9 12Y 194 4E BE BFA
FAZE 8 km A oA FE 5.1 HARE A|ZC 2 488 &
TR 5.8 EXlo] WS AU F FH 4.5 XIS H|
23l 2273]9] ¢J710] o]o] FTKKim, K.-H. ef al., 2016,
2017; Kim, Y.H. et al., 2016; Hong et al., 2017; Woo et
al., 2019; Heo et al., 2024). 35X A A% Kim, K.-H. et
al. 2016)2 oA #SS FH o2 FhY XA 2774
2 49 18 JARRIESE-E A& X5k
109 F2 AT QAR BS A AR E SEFC 2N o
e F7HE o2 HESSAL X £29} 7|E0] &2zl
A& GZHo] IAE £ 2017 & 5.4 323}
AL 119 159 72 22 AL Ao 2 1dofe] 717
£k Asle] ofHlo] ukztend, 19054 Fz0] A7IA
A B2 ofel FufollA] 7% 2 AH, 24 alg Lol
A A o|thHong ef al., 2018; Kim et al., 2018, 2020). Kim
et al. (2020)2 20174 49 159 Z3} A A 29} Q1
S Aol A AR = 3.1 XS AZ|=2 A =
o) 227 YA A $18) 20179 1€ 102 8702] YA
S5 AT D25 E 5Y F BS0A B

H o] oA B 5.4 R|Xlo] dhAyste] whet g x|
Aofol B2 27hA 02 Tslel LSt 20
PIANBEY A2 B3t o2l A2 St
o, AEe 2] A Tl =7 A 7lo] TRt 2|5
F728 =2

2 Aol dNANBET ool BE A2 &
B AHIIE B8l AFA o= A sk, 2F 9] 2k A4t
FIF= 7|A= 845 TS 20229 = 4.1 AR
o] W%t MAR|Hof| T E YA BHSYS ot
23 B AR XS WESFG T 202210 10 28Y 23
Al 2738 50%(UTC) S5 ikt 555 11 km A FofA
5 4.1 7 700] ASATE. S AK Y 162 A T2
3.5 Axlo] IEEHeH, 27 Tof|l= = 229 12 2.9
A Zlo] glutet TAYEFAL oF 25 F<¢F 263]9] ofXlo] o]
A HTHKMA, 2023). 231 X o] Y23t F-5 X FoA=

280 AREo] AAEL AAFH= A% V7h sl
ok 1% AR AQoA= VY A7 =7 HEE L
™, 74, 7], did A FoA= e AZ|N=7} #5
7% SFATHKMA, 2023). ZAEA| W o] TAet & AL
ZRE FEAIGoNA 8579 fHAlL 2 1979 24t
371 4= ATHMOIS, 2022). -2} GAR|A 7|52
2ARE 19049711 9] 7IZHESE AEE] 712 E A7
o=, o|2RE A7|AZ BZo] AIRLE7| o] Hof| AFA|H
oA AYSE A2 Fo sl mhekdt 4= QltH(Lee and Yang,
2006; Kyung et al., 2010). Kyung et al. (2010)0] EX3t
GARZE = 2R AG ZA oA AR 23] 9] 7] 7] &
o] ZAfgbck, A 72 1458 109 19%10] el
onf, WEL IV, FHE 412 24590 S 210
1519 10 16¥] WAyt oH, Z5, it 5o A
o] ISR Ho| BF FFth= 7|Fo] EA5HH A== 1V,
FRE 412 2451900 Aol AUAR 2L B}
7] AJZFeE 1978 o] %, 211 2 ¥ 20 km W 1983
64d 8Y 1= 3.4 Z|7lo] HirH v} I[N, o]F o= &
2.0 0]8}9] m) A2 A9k B 1= QTtHKMA, 2024).

2022 5 4.1 IR Bdsto] of 2] ABATI
3% v} Qlti(Hong ef al., 2023; Kim ef al., 2023; Sheen
et al., 2023; Lim ef al., 2024). Hong et al. (2023)2 A%t
e WS ARESH 196719 A 7ls HEstem, A7
AJze} ) 59, A2 5 AFEeIs WS Bealol
AL Yol TEo) e A7 s}k Kim
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et al. (2023)2 7134 &E A7 F7H2 02 HET 30
70} Aol H3 AAAEE S s, A 2
A 223 AR 2.9 o710 7 9] Rk F 7] ©HSolA
27} S ES AASHAT Sheen et al. (2023)2 3
ARG Aol A ehE WS 285t AFsehe WY
O = 4 F 50719 AE AEsHen, HES WA
e 28ote] 202219 1049 28U A A o] F 2447k
5% F 496712 A 7lo] A5 AAISHH . Lim et
al. (2024)2 JAA| Y 0] % 10 km 8HF Uf 4749 3
S JABSAE DA P8I0, 42779 A&
283t A-2-43 9] FAE 2A -
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Fig. 1. Topography map (NASA Shuttle Radar Topography
Mission, 2013) and major geologic units in Korean Peninsula.
Geologic units are shown on a map (Kee et al., 2019). NM:
Nangnim Massif; PB: Pyeongnam Basin; HIB: Hongseong-
Imgingang Belt; GM: Gyeonggi Massif; OB: Okcheon Belt;
YM: Yeongnam Massif; GB: Gyeongsang Basin; YB: Yeonil
Basin. Red star represents the 2022 My, 4.1 Goesan mainshock.
The instrumental earthquakes larger than magnitude 5 are de-
noted as yellow stars. The earthquakes, more than magnitude
4, occurred along the Okcheon Belt are illustrated as text with
stars; 1: 1978 My, 5.2 Songnisan earthquake; 2: 1996 My 4.5
Youngwol earthquake; 3: 2007 My 4.8 Odaesan earthquake.
The inset map represents tectonic boundaries surrounding Korean
Peninsula (Bird, 2003).
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St 7178 T AR 11Hjef sigshe F 32939]9) ]
o] AEH U A9 27921 A uke] =27k
ZRE 2YE%NeH, olsAE S Sl AAAE" e
yoto] JUE & WY 225 G5 R 41 &2
A2 e 3.5 AR &3 oF 1629 vl 2 Mo =
TS| 2ol Put 2F3=4de B8 G5 24
o ofF&ol Ae= L3I, & =2olAle 2X3 YAl
A @Sl 7154 v|aA 71 Put 2554E B85S
of S HE 2AsHAT E3 FAL Aol F
At &7) ARAE ZAst AZA TRl wE vk
A7 FHSGTF Aol & vlustR oy, WiEtts sE A
LEAT 2 T549] FHEF o] v]2x]1 TS5 v]3]
£ N Hisl 248 A-

2. A Tt=

2 AoA ARBSYE EE3F HH-2 2 xo] Ty
Sk A G371k Zoll #E5AE AX| St FH7} ¢
22 A 7R P& Aot AR Fof AT
T AXE off AFA oA FAYsH= A X9 2] 9 &
2o izt BEI G A e B AXNEEL L ESS
2 TSAE ARSHAY A7tel| T2 A %] 9EE 1L
gsto] ISAE o] FSHHA TS| = Shrie.g., Yue et
al., 2018; Kim et al., 2020). S}A|gE, I ALR] S of| A 2FAISGH
AR K 7183 A7 A X A ETEC 2 BS54 X E A4
sl7lolE ojEo] AATE & Ao AXg HEF
A TS BEE 125t} 8 km ¥H f 7719 TE4
£ AAst e, 219 AT 77k ol AR HE F
o AXAZ F4HE 279 ASAE F7HH 0 R HA|8)
ST 2b, 2¢). A2 A7k ZFastH A WA RI=7t
BH3] SRR, A&5H BSYe AR sto] WAYsH=
q3E =S Z 27t tke.g., Omori, 1894). 271 2y
OF TAIZE 321 15A] 352 7(KST) AHA #5271 Ao
2 AR Eglen Umz] 87ae A JAIRAZ TS A A
O|F OF 3AIZH W) B X 4=

2 ArolA 29 PRS- FH S 17]44(GEO1)
o} 7] 87§ A(GE02 ~ GE09)2 FA & o] QIth3E 1; 1
2 2b). Y XA A 9] 7| E A= NanometricsA}2] Centaur,
AlA+= Trillium Compact Postholeo|t}. 7]EA+= 24-bit 3|
AE2, AZA A9 W EE= 1500 Vim/solw, A&
o] E(sampling rate)+= 200 Hz2 73}t Nanometrics,
2023). 7] XA = 715A-AlA EAF ] SmartSolo




410 0I2%! - 23| -

AFS] IGU-16HR 3Co|t}. 7| 8A1= 32-bit ==, A
A AA WZELE 76.7 V/m/s (SmartSolo, 2022)0]H AHZ
B glo]E= 250 Hz2 HAITh &2 =l A= 2022
104 29458 114 11LA7HA] oF 25 74| 717378 AAIA
AHEa 9 AR BSY A=E E8sto] A7 A
T8 S SIF A= skt

AXTEA] G2 TS5 71EH= AXAE
9] ZHo| 932 = 4= tiBormann, 2012; Molinari et
al., 2016; Shin et al., 2019). E3] 0] 7|7} A5l
A7 Eh & ol njaX]|zlo] HE gl A "R = A
%2 7FsAd0] =t weEbA 5L i8S =0 T
7HA, AZFAQ1 wstE wpolgho 24 ol=jgt EAdo] Azl
5 ool 712 = Gl el otetst= Zlo] Fasith 2
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and Buland (2004)°]|A] A|¢Fst 85 W & §H~(PDF; proba-
bility density function)S &-83 ot A EHJYU =(PSD;
power spectral density) BHE 285153 =2 7382 Krischer
et al. (2015)9] Tro|H AZE o] wf7|X| ObsPyS &-&
S5tk AahaaRe) ol 194ARhoIH, o] 14]
7H36002) T9l2 LAk PSD A4k 4] A,
Fast Fourier Transform (FFT) o)A =2 WHx|3}7]
93| AFE2] FZ 10%0] B@sk= 71| cosine taper T
$E 28313 tHe.g., McNamara and Buland, 2004; Sheen
et al., 2009). 144 9] A& EE 50%K SH31L 14
7F 92 Bdsto] 2t 54T 671719 PSDE 855131
th 22 1A S RA7E 75%4 -6k 1371 &
HE G o] BEEE BTN 17k s
A=79] PSDE AYASIHT) Peterson (1993)2] New Low
Noise Model (NLNM), New High Noise Model (NHNM)
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Fig. 2. (a) The distribution of stations and the instrumental earthquakes since 1978. The yellow star is 1978 My 5.2 Songnisan
earthquake. (b) Geographical distribution of Pusan National University Geophysics Laboratory (PNUGL) temporary seismic
array. The location of the My 4.1 Goesan earthquake is denoted as red star. The yellow line indicates the surface fault. Stations
are located within 3 and 8 km of the epicenter (black dash circles). (c) The station site near the mainshock epicenter. Left: station
GEO1 equipped with broadband seismometer, right: station GE09 equipped with short-period seismometer.
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Table 1. Information for temporary and permanent stations which is utilized to detect aftershocks. PNUGL: Pusan National
University Geophysics Laboratory, KMA: Korea Meteorological Administration.

Station Latitude Longitude Elevation (m) Network Seismometer
(°N) (°E)

GEO1 36.8829 127.8795 94 PNUGL Broadband

GEO02 36.8632 127.9053 143 PNUGL

GEO03 36.8588 127.8601 156 PNUGL

GE04 36.8891 127.8485 126 PNUGL

GEO05 36.8988 127.8973 122 PNUGL

GEO06 36.8106 127.8783 186 PNUGL Short-period

GEO07 36.8683 127.7928 229 PNUGL

GEO08 36.9527 127.8756 141 PNUGL

GE09 36.8829 127.8795 94 PNUGL

547 36.7652 128.0172 318 PNUGL

AGSA 37.0917 127.8081 104 KMA Accelerometer

CGAA 36.7069 127.7262 230 KMA Accelerometer

DKSA 36.9044 128.1455 325 KMA Accelerometer

INPA 36.7956 127.5620 126 KMA Accelerometer

CHJ3 36.8730 127.9748 247 KMA Broadband

MGY2 36.6538 128.0608 217 KMA Short-period
TS 95 $E ARE GE Aue dgsigon], 2 AFoA B2 oMlEL FRE AR s1= oful
PSDE SEISE Lhrol AZ| RS SAetgck ol 1 Eoju, AnHs olMEL FAAA LES oMES
AIZE 912 PSDE 1 dB ZHA o= 7ottt =Ago =z oju|dith B2l o|HE Y] (M) Bl oJHE
# PDFE 245}o] o] %7\ (2 PSDY| BER 54| o] (M2t HNE(A)T B oMlES] HIE

shich. BETjoe Tefsted Frjod A 0.02 - 120
2, 957] ARAE 0.02 - 0520 Ashe F7he 4%
shich. T8k 2k 27104 7Hg e S8 ek PSD
ghe Hugkos trehyglck
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YRR SEAES B9 22 47he] BE 20l 4 P} ST}
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1999; Kyung et al., 2001; Zhang and Eaton, 2018). Lee
and Chung (1999)2 FAFAS A Goj| A LAYEE 97] <] 1]
£A)70] el BRSSUAE FHGOM, ol R BB
a7t BEF-EEA W A2 dAst 555
At were] 98 FEUE B6 GulEelq AT

A AR BHRIsH T Kyung ef al. (2001)2 S5
Aol =] 7128 13749 - 5749 AFo=Z
Bajo} P} 252 247 BPUS NS 2Yshgon,
o|2HE A AL YA 7] G2 0] FLHA I} o
oA LAYt oA O HE EEE 220 &

e s

# AFolAE BT vlax] Pot 25IHE T8
sjol Bgawsls ARsiA. o), nlaxze] 22
& AT IS, T T, 2 AR AU B
Ay A Rololof gk, v 47 AL BAlze] e 0|27
)9} 222 Bof|A|9] AFSAFTALS B3t T}E-SALA
(0.86)2 318J3}od 2022 1149 01 024] 358 172(UTC)
of ATt 72 0.8 AR ez AAHSHATHIH 3). &5
& ZA5}7] ¢l Hardebeck and Shearer (2002)2] HASH
T2 &85t HASHE= A Y, $=od 1 3=
20 Pu} 25 S/ 5 RIS AR} gA¥(grid search)
2 53| 71531 S 2 Bt AlF2 22K root mean square
difference)@} =4 F3Z H]E(station distribution ratio) 71
25 P} 25 340] oA Beato] HH o Bl
AR T2 aolth. whEws] A4 HHE A 9
2] A4 R} UG S=wdS Aesigon, Ax} g
A 7+AL 5°2 A5 e] 4385} tHe.g., Hardebeck and

Shearer, 2002; Katsumata et /., 2010; Lin and Okubo, 2016).
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7353 Uehd Zojth GEO1-Z F & XX A|o|H, 0.02
- 120 7o) Z7)2 243519k GE02 ~ GE09:= th=
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Z F21 F715 AT FAIR R TS 49 v E =
$F2L8 AXF L Z Peterson (1993)2] NLNM1} NHNM
Atolof| Fastar Qitt. BRI SRS ¥t S
w}, GEO1T} GE09O AL AR R} Sz 419 uﬁ7g
Aol A vebgon, & #5a52 & X}OIE ol
2| ket =L Zhom H|nA EA oA TSI A|X
A5 = 2-10 Hz k= oA u|gl= 4571 #E 5
= Ao 2 U4#HA rhe.g., Demuth ef al., 2016). 24
1] 0.1-0.5% 7oA, GE012] | ARE 4= 148 ~
-123 dB H 9ol EZIITHIH 4a). 22 o AAE
GE092] Hj AAS 2222 136 ~-117 dB ¥ ¢]o]] Ex 3}
(¥ 4b). GE04= GE092} H]5=3h, -138 ~ -118 dB ¥ 9]
O MBS S HRATHE 4c). Y 71914 GEO3
3} GEO72 9F -142 ~ -137 dB ¥ ¢] <) uﬂﬁ§° 2o H
ojm, ol:= thE TZ40] H]3f| ¢F 20 dB W2 o th(L
2 4d, 4e).
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Fig. 3. The waveforms of the M; 4.1 mainshock (green) and the My, 0.8 aftershock (black) recorded at permanent station CHJ3.
All waveforms are filtered at 10-20 Hz and normalized. Two events are used to determine a composite focal mechanism in figure
7. The cross-correlation coefficient of two events is 0.86. It indicates that two events have high similarity and occur in similar

mechanism.
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Fig. 4. Power Spectral Density (PSD) plot for temporary seismic stations. (a) broadband seismometer. (b), (c), (d), (¢) short-period
seismometers. The upper and lower black line represents NHNM and NLNM suggested by Peterson (1993), respectively. The
period range of short-period seismometers is between 0.02 and 0.5 seconds, considering its natural frequency (green box). White
line is the mode value of PSD. The color bar shows the probability of background noise at each period. The network and channel
of station are given at the top in each figure.
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Fig. 5. (a) The initial location of earthquakes using HYPOELLIPSE. (b) Cross sections along A-A (c¢) B-B in (a). (d) The relocated
hypocenters and two focal mechanism solutions (the M, 3.5 foreshock, the My 2.9 aftershock occurred on 1, November) and
composite focal mechanism. (¢) Cross sections along A-A in (d). (f) Cross sections along B-B in (d). MF: Maesan Fault; JF: Jogok
Fault. Red and orange stars are illustrated as the mainshock and the My, 3.5 foreshock. Respectively. The location of microearthquake
used for composite focal mechanism solution is not represented in this map, owing to close distance from the main earthquake.
The size and color of dots in (a) and (d) differ by magnitude and depth.
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Fig. 6. (a) Magnitude-frequency histogram of the events from the KMA bulletin (dark gray) and this study (light gray). (b) the
location of an event with magnitude -2.04 (blue dot). This event occurred on November 2, 2022 at 11:31:26 UTC. (c) Vertical-com-
ponent waveforms of a My -2.04 event recorded at temporary seismic stations (GE01-GE(09) and permanent station CHJ3. All
waveforms are detrended. (d) The plot for magnitude of Goesan earthquake sequence during the 14 days. Red and orange star
represent the mainshock and the largest foreshock, respectively. Gray dots represent events whose magnitudes are not determined.
Red solid line is illustrated as cumulative number for events.
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Fig. 7. Focal spheres for (a) mainshock (b) microearthquake and (c) the result of composite focal mechanism solution. The P-wave
first motion polarities (up, down) of stations are marked as black and white triangles.
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Table 2. Focal mechanism solutions of the My 3.5 foreshock and the M; 2.9 aftershock.

Strike (°) Dip (°) Rake (°)
The M, 3.5 foreshock 105 82 -3
The M, 2.9 aftershock 106 62 -14
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Fig. 8. Waveforms of the My, 1.2 event recorded at GEO1 and GE09. This event occurred on October 29, 2022 at 19:02:27 UTC.
The third raw in (a) - (¢) is overlapped waveforms of GEO1 (green) and GE09 (red). All waveforms are filtered at 5-20 Hz. The
channel and cross-correlation coefficient (CC) are given at upper center in each figure. (a) Vertical component (b) Horizontal
component (E-W) component (c) Horizontal component (N-S).



418

(a)

(b)

o = A
012F - 23| - Y4y - 29X
36.90° . . . . .
GE04
2.6 km
~ 2f =’ GE09
36.88° ~ 0.86 km
725km _ . —— " "
GEO7T _ _ —— T 4
- 42.34 km
/
GE03
36.86° km |
—_—
0 1 2
127780 127.80°  127.82°  127.84°  127.86°  127.88°  127.90°

(c)

300m

GEO3 / Hypocentral distance: 13.91 km

, \'«’Mw fears
- N;S \L'L%&m“
[
’ - T J" ’le}; [ —
L (e Mlhllh Mlu L Ul Ll

Seconds after 2022-11-05 23:49:52 (UTC)

A A YN

M it

JWVIYYY
I Ih

Seconds after 2022-11-05 23:49:52 (UTC)

GEO7

GEO7 / Hypocentral distance: 15.51 km

|
1wy
S| A

"
Il

— NS 'iy
s | o
| ” i |

I
Rt Il

1 J“' bt

Seconds after 2022-11-05 23:49:52 (UTC)

TRl
A Y (T T
i

0

’-\"1‘h‘w‘w""‘ ]
A AR A
LU l‘l“““l\h A

’;‘, ﬂ‘hv
|
|

ko Ul i )
n'\rl"hH,.\ﬂ" |

Seconds after 2022-11-05 23:49:52 (UTC)

Fig. 9. Map-view for temporary seismic stations and three-component waveforms of microearthquake recorded at each station.
(a) Map showing the epicentral distance of each seismic station. The cyan star is illustrated as an event with magnitude 0.19 occurred
on November 6, 2022 at 23:49:51 UTC. (b), (¢), (d), (e) Map of stations and surroundings. Purple rectangles represent the location
of temporary seismic stations. Waveforms with 4 s length are detrended, normalized and filtered at 2-50 Hz. Hypocentral distance
and channel are shown at upper right and upper left in each figure, respectively.



AT ZHZYS &0t 20221 DATIT ZASBS 22

2 FRE Yehdc) 202249 10€ 289 234] 08E 143
(UTC) 7+=2 1.6 AMo] HFo 2 JZE o, oF 198
ol 234] 278 33%(UTC) 7+& 3.5 AR, FHE 4,19 &
zlo] 16z 7HA 0 = Aol HhAgstgtt. 221 WA o] 10
4 31 5 2.9 ofxlo] WAty H7AR] A7 Fet
T 2131 5 oF 56%0]| alFdt= F 1728] 9] | Ho] ¥
ket 109 31 174 278 53%(UTC) 7= 2.9 o2
o] HAHgt o] 1€ 3U7HA] oA 7|7k} vlaste] of
HASI=7F SR AL 52 0-191 A X1 283 & 2315}
o 783]9] ozlo] SlmFitt. o]% 114 4YFE= oL
BTt @A SH| FHadhe A BT

5.3. =M e} XX

2 AFollM= R 3.5 AR, R 4.1 22X 2 R
2.9 Xl s FFHAE AAsHcE F= 3.5 AR
PAR KBS AR o] - WAYFE A2, 7]E2] A
&Y AR 25E dFHE A5 2 4.1 24
EZF AR B/ESY A o]Hof WA oY, Mt
B2 A 0 2 HASHAA 8753 W54 7 A
Aoz Ach oo £X9] P} 25 SAT YA X
S A2 o] AR w229 Pt 2ESAS I
ggsto] B HSE 2AsHATE = 2.9 XL ¢
AR R TS AR o] wAste, A BSd T YAIR|Z
BEnre] Pt 25IHE Bl TEUNE 2N
o}, AAANBET A2 o] ek of ol wE Al Tz
9] A& H7)st7] 8l Hardebeck and Shearer (2002)
O] HASH Z2 I3 &-§5to] B71sisich

HASH =238 =4 B3 H]-8(STDR,; station dis-
tribution ratio)™} Py} 254 9] E-UX|(misfit) H]-&, RMS
(root-mean square), T E3H4 = (fault plane uncertainty)
= Akbste] B Y] FE=E B713It) Reasenberg
and Oppenheimer (1985)7} AJ¢ksE 24 B 8] &2 A
Yol nodal planeo]] tial #5427} o] BA EEdHAL
UEAE ALt RS R o] Hlgo| #2548 o U2 B
A B35 Jehdcta g 4= Qlth(Hardebeck and Shearer,
2002). P} 2524 9] EUX]+= FPFIT (Reasenberg and
Oppenheimer, 1985)2] AW (nodal plane) A2 Z}=0)
sl theflol"(down-weighting)& #-&sh= o=
AL AR BS54 £ HEE 29%0|H, PoF 25
4 BYA HlE2 3%, FFH HLTe= 76%= YEs
oh EE s 49%9 BS54 EX Hls, 1% Py
2554 EYX9 98%9] F=F Hth A% 47%
o] &4 BXE HE, 6% P} 2554 EYA 181
95%%] =5 Hch o|AH A7) I} 2
saekwsle} o] Thawslz} 00% o)4te] e et

8y

il

SkA 419
E2 1 olf BE2 7he] Wizt ol7} How] 7o
7} 77k Fol AN AN HBZSL] el Ao

ek

AP Ro] WA Aol AHRGO R Q1) A
A-BEE P BT FPo| US| BAHM, A
= Ae] 2R3} whiiEFo] olo] shaetcPark, 2005:
3% '5). 2 5dollA XA AR H2-2A-0l ] Ao
° ¥ ABGFY FFL et FYspA Bxstn ek E
ojR o} A FAF O] FHL WYL 1), ARA-
[ EL SRE-dEA P Bgusus)
NS W] 29 2 o] BgHoR
mep AR ARA-BEE WP e
Fol SE oA AT A & 4 ok T, By
el HAHTS) e T AbA) ALk ket Aoy AT Hong
et al., 2023; 88°; Kim et al., 2023; 83°; Sheen et al., 2023;
85°; Lim ef al., 2024; 87°)2} 2|4 5°0)| A Z|of} 10°7}+%] 2}
o8 Holn, WA 7|Eo] Al T A EHZ7HA
of Agolst Eg WA HAE ARS wio R Bet
sp7]ell ofeteol itk

fi1 pot
> o

or
off
O]I.

A

- olx
T

o
o
4L

0.

2 g o

o
iy
fo 0

¢
o[)lr
u)

6.2 E

20224 10 28¢ 234] 27E(UTC) HIE ZHA Y4
ARAT S5 it A R 4.1 A Zlo] WAYsEgl o, &
Aol A= 27 o]F oF 10417 W FAIA A BS 4 974
£ AX|sto] oF 2550 WA 7S WSS AT
Sa0 YA AR TSA AR E EE5t AFES 3
gt Ax}, A7) Bt 71 TR A% 3035 Z3ete
Z 3293]9] AXlo] WEFE UL 2 ==X A%t &
¢ AETH AR S FU7IIE S8 71 ol A S
A Z19] 114, o)A APAo A AAZE A S} F4
oF 3ufjoll A X oF 8ulje] S5k =R 2, o= AR
TS SEFOEHN A7 BS o] FFH Al
Ao R waEh nAXXE BESsh=| o] FFE F
= 845 Tosr] I8 X Z1A 9] FFel &gt Aol v
watglon, A EHYE S S8t YA TS
29| A 5 B8N AR o2 F XA
7154 Pt A tii3u|ef 347 g AL 2R E
u| 227 S G @] XA A Z Zo]
£ HolA] %= AL E UEyith dABSLE aiBES
T2 BS5A FHEH Y "t ZolE Hok A 2l
7H&hEo] o] Fo 2= Xof| AT #ES 9 wiBFS =
2 Qo] EF ol A3t BZHA9 vlaste] o 30
dB z}o]7} et on, H21o] A9 FZ o= Qs njaz]|
2 G 2K} A5 E BEsh= o] o A=
Kol n|az| X &G go] S| WS ol 9F



420 0I2%! - 23| -

== A4S 4 5 ATk P 27 SAS B89 24
n|a2|z1e] B3-S A, A%, ozle] dFHE ZA 5t
glow], HASH T2 19025 $ad BE Hl, RMS,
Po} 2534 BUX) W &S AXsle] 4] BEWsle] A

= st AAe] BEute 75%0] BRES By
on, T SFHf e AAESAe LA Fof| AX]E o
AHET ARE A AT 224 90% o] AYg=E
Heoh Aoz, o|FAiie &8st =3t JY
T 22 AR BEYJASTHAZRE 4R A&
A-5dE WFY I FFolsESA T A
oF 4= Ql9lt) A2 ANAZ o2 A BE4 571 F7)s)
3 lom, 2|72 A o A A 4 s AR Y| ol W
iR HA M4l S B-8sto] A3k A2 HE R 9
ApatE(phase picking)S Fshe A7} Wers] Ay
31 ItH(Kong et al., 2018; Ross et al., 2018; Mousavi et
al., 2019, 2020; Zhu and Beroza, 2019). 3%, & ¥
A ST AR Y AREES HAH Y Y ERAER
28 oo, PR H Y EAS shagt mAlEd 2
42 A7|7E o) Mg 2| AHEA 911 A ol &
HH oz g 4 Qe A= 7| Hrt

A =

o] A =TI YY FEHE H =E A
AREA Y =5} Tz d 7PA(RS-2022-KM220910)2] ]
dez ePLHUAFY

REFERENCES

Anthony, R.E., Ringler, A.T. and Wilson, D.C., 2022, Seismic
Background Noise Levels across the Continental United States
from USArray Transportable Array: The Influence of Geology
and Geography. Bulletin of the Seismological Society of America,
112, 646-668.

Bird, P., 2003, An updated digital model of plate boundaries.
Geochemistry, Geophysics, Geosystems, 4, 1027.

Bormann, P., 2012, New Manual of Seismological Observatory
Practice (NMSOP-2), IASPEI, GFZ German Research Centre
for Geosciences, Potsdam: Deutsches GeoForschungszentrum
GFZ; IASPEIL

Demuth, A., Ottemdller, L. and Keers, H., 2016, Ambient noise
levels and detection threshold in Norway. Journal of Seismology,
20, 889-904.

Han, J., Seo, W., Kim, H.-J., Kim, W.-Y., Won, D., Chung, J.-I. and
Kim, K.-H., 2021, Monitoring a short-lived earthquake swarm
during April-May 2020 in Haenam, Korea, and its preliminary
results. Geosciences Journal, 25, 43-57.

Hardebeck, J.L. and Shearer, P.M., 2002, A new method for
determining first-motion focal mechanisms. Bulletin of the
Seismological Society of America, 92, 2264-2276.

Heo, D., Kang, T.-S., Kim, M., Ahn, B.S., Lim, H., Han, J., Kim,
K.-H., Rhie, J., Kim, Y.H. and Ree, J.-H., 2024, New insights
on seismic activity in the southeastern Korean Peninsula from
the Gyeongju Hi-density Broadband Seismic Network (GHBSN).
Geosciences Journal, 28, 319-333.

Hong, T.-K., Lee, J., Kim, W., Hahm, I.-K., Woo, N.-C. and Park,
S.,2017, The 12 September 2016 My, 5.8 midcrustal earthquake
in the Korean Peninsula and its seismic implications. Geophysical
Research Letters, 44, 3131-3138.

Hong, T.-K., Lee, J., Lee, J., Park, S., Kim, B. and Choi, S., 2023,
Unravelling a midcrustal seismogenic fault structure from a
seismic sequence and geophysical data: application to the 28
October 2022 M, 4.1 Goesan earthquake in the central Korean
Peninsula. Geophysical Journal International, 235, 1117-1129.

Hong, T.-K., Lee, J., Park, S. and Kim, W., 2018, Time-advanced
occurrence of moderate-size earthquakes in a stable intraplate
region after a megathrust earthquake and their seismic properties.
Scientific reports, 8, 13331.

Katsumata, K., Kosuga, M., Katao, H. and the Japanese University
Group of the Joint Seismic Observations at NKTZ, 2010, Focal
mechanisms and stress field in the Atotsugawa fault area, cen-
tral Honshu, Japan. Earth Planet Space, 62, 367-380.

Kee, W.-S., Kim, S.W., Kim, H., Hong, P., Kwon, C.W,, Lee, H.-J.,
Cho, D.-L., Koh, H.J., Song, K.-Y., Byun, U.H., Jang, Y. and
Lee, B.C., 2019, Geologic Map of Korea (1:1,000,000). Korea
Institute of Geoscience and Mineral Resources.

Kennett, B.L.N. and Engdahl, E.R., 1991, Traveltimes for global
earthquake location and phase identification. Geophysical
Journal International, 105, 429-465.

Kim, K.-H., Kang, T.-S., Rhie, J., Kim, Y.H., Park, Y., Kang, S.Y.,
Han, M., Kim, J., Park, J., Kim, M., Kong, C., Heo, D., Lee, H.,
Park, E., Park, H., Lee, S.-J., Cho, S., Woo, J.-U. and Kim, J.,
2016, The 12 September 2016 Gyeongju earthquakes: 2. Temporary
seismic network for monitoring aftershocks. Geosciences Journal,
20, 753-757.

Kim, K.-H., Kim, J., Han, M., Kang, S.Y., Son, M., Kang, T.-S.,
Rhie, J., Kim, Y.H., Park, Y., Kim, H.-J., You, Q. and Hao, T.,
2017, Deep Fault Plane Revealed by High-Precision Locations
of Early Aftershocks Following the 12 September 2016 M, 5.8
Gyeongju, Korea, Earthquake. Bulletin of the Seismological
Society of America, 108, 517-523.

Kim, K.-H., Ree, J.H., Kim, Y., Kim, S., Kang, S.Y. and Seo, W.,
2018, Assessing whether the 2017 My, 5.4 Pohang earthquake
in South Korea was an induced event. Science, 360, 1007-1009.

Kim, K.-H., Seo, W., Han, J., Kwon, J., Kang, S.Y., Ree, J.-H., Kim,
S.and Liu, S., 2020, The 2017 M, 5.4 Pohang earthquake se-
quence, Korea, recorded by a dense seismic network. Tectono-
physics, 774, 228306.

Kim, W.-Y., Seo, M.-S., Park, J.Y., Han, S., Son, Y.O. and Kim,
Y.H., 2023, The 28 October 2022 M,, 3.8 Goesan Earthquake
Sequence in Central Korea: Stress Drop, Aftershock Triggering,
and Fault Interaction. Bulletin of the Seismological Society of
America, 113, 2416-2431.

Kim, Y.H., Rhie, J., Kang, T.-S., Kim, K.-H., Kim, M. and Lee,
S.-J.,2016, The 12 September 2016 Gyeongju earthquakes: 1.
Observation and remaining questions. Geosciences Journal,



UANXIZIHELS 285t 20224 MAIT ZAFE gkt 421

20, 747-752.

Korea Meteorological Administration (KMA), 2022, Development
of Subsurface Fault Structure Model in the Youngnam Region,
494 p (in Korean).

Korea Meteorological Administration (KMA), 2023, Seismological
Annual Report, 314 p (in Korean).

Korea Meteorological Administration (KMA), 2024, Earthquake
Catalog. Available at https://necis.kma.go.kr/ (November 14,
2024).

Kong, Q., Trugman, D.T., Ross, Z.E., Bianco, M.J., Meade, B.J.
and Gerstoft, P., 2018, Machine Learning in Seismology: Turning
Data into Insights. Seismological Research Letters, 90, 3-14.

Krischer, L., Megies, T., Barsch, R., Beyreuther, M., Lecocq, T.,
Caudron, C. and Wassermann, J., 2015, ObsPy: a bridge for seis-
mology into the scientific Python ecosystem. Computational
Science & Discovery, 8, 014003.

Kyung, J.B., Cheong, T.W.,, Lee, J.G., Lee, D.K. and Lee, E.A.,
2001, Analysis of fault plane solution and stress field using the
micro-earthquakes in the central region of South Korea. Journal
of the Korean Earth Science Society, 22, 292-300 (in Korean
with English abstract).

Kyung, J.B., Jung, M.K., Baek, J.J., Im, Y.J. and Lee, K., 2010,
Historic earthquake catalog in the Korea Peninsula. Korea
Meteorological Administration, Seoul, 474 p (in Korean).

Lahr, J.C., 1999, HYPOELLIPSE: A computer program for de-
termining local earthquake hypocentral parameters, magni-
tude, and first-motion pattern (Y2K compliant version). U.S.
Geological Survey, Denver Open-File Report 99-23.

Lee, K. and Chung, T.-W., 1999, A Composite Fault-plane Soultion
of Microearthquakes in the Yangsan Fault Area during 1996.
Journal of the Korean Geophysical Society, 2, 235-240 (in
Korean with English abstract).

Lee, K. and Yang, W.-S., 2006, Historical Seismicity of Korea.
Bulletin of the Seismological Society of America, 96, 846-855.

Lim, H., Cho, C.S. and Son, M., 2024, The 2022 Goesan earthquake
of the moment magnitude 3.8 along the buried fault in the central
Korean Peninsula. Journal of Seismology, 28, 519-534.

Lin, G. and Okubo, P.G., 2016, A large refined catalog of earth-
quake relocations and focal mechanisms for the Island of
Hawai'i and its seismotectonic implications. Journal of Geophysical
Research: Solid Earth, 121, 5031-5048.

McNamara, D.E. and Buland, R.P., 2004, Ambient noise levels in
the continental United States. Bulletin of the Seismological
Society of America, 94, 1517-1527.

Ministry of the Interior and Safety (MOIS), 2022, https://www.
mois.go.kr/frt/bbs/type001/commonSelectBoardArticle.do?
bbsId=BBSMSTR_000000000336&nttId=96194 (May 20, 2025).

Molinari, I., Clinton, J., Kissling, E., Hetényi, G., Giardini, D., StipCevi¢,
1., Dasovi¢, 1., Herak, M., Sipka, V., Wéber, Z., Graczer, Z. and
Solarino, S., 2016, the Swiss-AlpArray Field Team, and the
AlpArray Working Group: Swiss-AlpArray temporary broad-
band seismic stations deployment and noise characterization.
Advances in Geosciences, 43, 15-29.

Moretti, M., Margheriti, L., D’ Alema, E. and Piccinini, D., 2023,
SISMIKO: INGV operational task force for rapid deployment
of seismic network during earthquake emergencies. Frontiers

in Earth Science, 11, 1146579.

Mogi, K., 1963, Some discussions on aftershocks, foreshocks and
earthquake swarms: the fracture of a semi-infinite body caused
by an inner stress origin and its relation to the earthquake phe-
nomena (third paper). Bulletin of the Earthquake Research
Institute, University of Tokyo, 41, 615-658.

Mousavi, S.M., Ellsworth, W.L., Zhu, W., Chaung, L.Y. and Beroza,
G.C., 2020, Earthquake transformer—an attentive deep-learn-
ing model for simultaneous earthquake detection and phase
picking. Nature Communications, 11, 3952.

Mousavi, S.M., Zhu, W., Sheng, Y. and Beroza, G.C., 2019, CRED:
A Deep Residual Network of Convolutional and Recurrent
Units for Earthquake Signal Detection. Scientific Reports, 9,
10267.

Nanometrics, 2023, https://nanometrics.ca/hubfs/Downloads/Data%
q20Sheets/trillium_compact_ph.pdf?hs Lang=en-ca (August
14, 2024).

NASA Shuttle Radar Topography Mission (SRTM), 2013, Shuttle
Radar Topography Mission (SRTM) Global. Distributed by
OpenTopography. https://doi.org/10.5069/G9445JDF (April
2,2025).

Omori, F., 1894, On the aftershocks of earthquakes. Journal of the
College of Science, Imperial University of Tokyo, 7, 111-120.

Pankow, K.L., Rusho, J., Pechmann, J.C., Hale, J.M., Whidden,
K., Sumsion, R., Holt, J., Mesimeri, M., Wells, D. and Koper,
K.D., 2020, Responding to the 2020 Magna, Utah, Earthquake
Sequence during the COVID-19 Pandemic Shutdown. Seismological
Research Letters, 92, 6-16.

Park, J.-H., 2008, Crustal velocity structure of the Southern Korean
Peninsula using 3-D seismic tomography, Ph.D. thesis, Seoul
National University, Seoul.

Park, S.-I., 2005, Stratigraphy and Geological Structures of the
Ogcheon Supergroup in the Jogok area, Goesan. Korea. M.S.
Thesis, Seoul National University, Seoul (in Korean with English
abstract).

Peterson, J.R., 1993, Observations and modeling of seismic back-
ground noise. U.S. Geological Survey Open-File Report, 93-
322.

Reasenberg, P. and Oppenheimer, D.H., 1985, FPFIT, FPPLOT,
and FPPAGE: FORTRAN computer programs for calculating
and displaying earthquake fault-plane solutions. U.S. Geological
Survey Open-File Report, 85, 739.

Ross, Z.E., Meier, M.A., Hauksson, E. and Heaton, T.H., 2018,
Generalized Seismic Phase Detection with Deep Learning.
Bulletin of the Seismological Society of America, 108, 2894-2901.

Sheen, D.H., Park, Y.-G., Nam, S.-T., Kim, S.-Y. and Kim, S.-H.,
2009, Spectral analysis on seismic background noise. Korea
Meteorological Administration, Seoul, 68 p (in Korean with
English abstract).

Sheen, D.-H., Seo, K.J., Kim, S., Kim, B., Hong, Y. and Byun,
A.-H., 2023, Arapid and automatic procedure for seismic analy-
sis based on deep learning and template matching: a case study
on the M 4.1 Goesan earthquake on October 29, 2022. Journal
of the Geological Society of Korea, 59, 345-354 (in Korean with
English abastract).

Shin, J.S., Seong, Y.-J. and Son, M., 2019, Characterizing the per-



422 0I2%! - 23| -

formance of new seismic stations in southeastern region, Korea
using seismic noise levels. Journal of the Earthquake Engineering
Society of Korea, 23, 321-327 (in Korean with English ab-
stract).

SmartSolo, 2022, https://smartsolo.com/cp-3.html (August 6,
2024).

Son, M., Kim, W.-Y. and Cho, C.S., 2022, A scoping review of
methods based on waveform similarity applied to seismic events
in and around the Korean Peninsula: signal detection, hypo-
center relocation, and waveform classification. Journal of the
Geological Society of Korea, 58, 549-563 (in Korean with
English abstract).

Waldhauser, F. and Ellsworth, W.L., 2000, A double-difference
earthquake location algorithm: method and application to the
northern Hayward fault, California. Bulletin of the Seismological
Society of America, 90, 1353-1368.

Woo, J.-U., Rhie, J. and Kang, T.-S., 2016, Performance Test of
Hypocenter Determination Methods under the Assumption of
Inaccurate Velocity Models: A case of surface microseismic

monitoring. Geophysics and Geophysical Exploration, 19, 1-10
(in Korean with English abstract).

Woo, J.-U., Rhie, J., Kim, S., Kang, T.-S., Kim, K.-H. and Kim,
Y., 2019, The 2016 Gyeongju earthquake sequence revisited:
aftershock interactions within a complex fault system. Geophysical
Journal International, 217, 58-74.

Yabe, S. and Ide, S., 2018, Why Do Aftershocks Occur Within the
Rupture Area of a Large Earthquake?. Geophysical Research
Letters, 45, 4780-4787.

Yue, H., Zhou, Y., Zhou, S., Huang, Y., Li, M., Zhou, L. and Liu,
Z.,2018, The 2017 Jiuzhaigou Earthquake Aftershock-Monitoring
Experimental Network: Network Design and Signal Enhancement
Algorithm. Seismological Research Letters, 89, 1671-1679.

Zhang, H. and Eaton, D.W., 2018, A regularized approach for esti-
mation of a composite focal mechanism froma set of microearthquakes.
Geophysics, 83, KS65-KS75.

Zhu, W. and Beroza, G.C., 2019, PhaseNet: a deep-neural-net-
work-based seismic arrival-time picking method. Geophysical
Journal International, 216, 261-273.



	Improved monitoring of the 2022 Goesan earthquake sequence using a temporary seismic array
	요약
	ABSTRACT
	1. 서론
	2. 연구자료
	3. 연구방법
	4. 결과
	5. 토의
	6. 결론
	REFERENCES


