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2| DA ATE WHEE T AFHoIgoL), AT S 5 S B FRTEA
dgt AT % sht2 HEES] T (B HT wulE 2 Q) 217 A Eotd o] SAEHA 72
So Ago WA 2 AYolN e SHE aokeln ket 2ok (1) ¥ SlBA W AL, HEeR
AN A EoIEE w2t o5 A A wupdo] 13] SAEIOm SRS 15,5417 cmo]t.
H9lE A FS A3 WER) e A ool N2 B AYhE ZAR 5144 - 4553 ka Alolo]) A&
selg Fukek o] WAR AeR AEt 2) ST WA HI AL Azt w A% AAeHE | E3}
Awg v} 2|2 A Eapdo] WAE YT, WolH A He] Awatede] s WelH AT U ofe) 29| A7
271208 248 SR gg AUt UES 2A3 A7), 16.8 oms} 21.6 ome) FH WL
4k 172 A Eopedo] % 28] WA AL 2 shHHt o] ZAATHELS ke FEA 0|4 2 o] o
o AT M9 712G AT HIek A0, HlE F2 RN E A7 A TR BslA F1 6 1
olof o2 72 A o] WABLE A AT}

Z20{: TA)4, 4], 2299, ool 5, X E}Y

ABSTRACT: Paleoseismological studies in Korea have mainly been conducted on the southeastern part of the
Korean Peninsula. However, stratigraphic records of paleoearthquake surface rupture were detected at two sites
(Oebuk and Baekmaryeong) in the Chungbuk region as one of the results of a recent survey on the Gongju Fault
system that penetrates the central part of the Korean Peninsula. We summarized the characteristics of the
paleoearthquake surface rupture at two sites: (1) Surface rupture with about 15.5+1.7cm of vertical offset occurred
on a low-angle dipping rupture plane associated with one reverse-slip earthquake event at the Oebuk(OB) site,
Cheongju-si. The timing of the paleoearthquake at this site was estimated to have occurred between 51+4 and 45+3
ka based on depositional ages of sedimentary strata yielded by the optically stimulated luminescence (OSL). (2)
Surface ruptures were observed on a reverse-slip rupture plane dipping to the west at the Backmaryeong (BMR)
site, Eumseong-gun. We estimated their cumulative offset probability density (COPD) using vertical offsets of
each layer. The result shows that two events of surface rupturing earthquakes, with about 16.8 cm and about 21.6
cm of vertical offset in respective events, occurred on the rupture plane. The primary purpose of this study is to
report new stratigraphic evidence of paleoearthquakes around the Chungbuk area. We conclude that this area
experienced moderate (M = ~6) earthquakes under the present tectonic stress condition.
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o] AA £kth(Jin and Park, 2006). oo W} v]AX]
A AR B4 F9) tbEe) 7Ed 54 of
et = Al=sol oloAaL JUtHKim, J. ef al.,
2017; Kim, K.-H. et al., 2018; Geological Society
of Korea, 2019; Lim et al., 2021; Sheen, 2021;
Hong et al., 2022a; Kwak et al., 2022). 121} g
HOo 2= = A7 2P F 0] 2 FHiE A
Zlo]| &Jsff Y=L rh= oA o] A|A| = ATHKim
et al., 2011, 20202). Z THA A EoFd-S Zukat of
TR A2 FHFRE DAY A7) Fa
Ao BZIE 1 o m(Choi et al., 2017; Kim et al.,
2020a), £5] 2016 A=A} 20179 ZaFA =
o2 A8 WA AT} U B 2 F
o]ti(e.g., Cheon et al., 2020; Song et al., 2020). gt
HHe 47|27 o] SR A ds Rkt =2
GSA| 2" oJsf FETHE, XA E ] 9
o T} =8 TSAIAH o BAFH3 H 24 £
3 A ARALTT], ST A HEE
2913, 018 2712 AN AL AL 7}
+ ZAo| u}-& F 23}t Choi et al., 2017). ©]Z3t
AT FAAQ AR E A E HHZo] 7S o]
Sl AT AR Aol

RN A2 g TA AdekE 7S,
Klinger et al., 2017; Kim and Seong, 2021), SA]
8t4 7)E(e.g., Cheon et al., 2020) L =% At
7)&(e.g., Lee and Schwarcz, 2001)2.2 FLEH T}
AW 712e e A|7o] 4uke A Eopa
P EShe A FeE WP7| R0 2 hA R of
2 @Ae] AFEA0] fAIHE Aarlo] B
H X G AARHAGA], T, 5P oA &=
Ze)= Ao A&(knickpoint), TEof(fault scarp), Al
T1EE(sag-pond), AE|2|X|(shutter-ridge) 5= &
Rem, 2| g 7152 1 X7 A o AFHE
FA gzt o] &HH, = FAHAT A AP
HP R AR} A 710l et AnfEAS S ¥
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Ay 2 glont, R o o] (ot Ak 715}
o} B42 Hol AENY A9 1AL FAZ
383 45 gk B DANE AL AL P NS
3 AA) g oE AFY HAARAL
o A 72) WA E ARk whaba] 2413
4 7122 BANHOIH ) 147 A wope] 27
B9k oyt LA WY, AL, FET] 2
FA7) T 22 AR AEE =E55t=H &
Hok g3 7152 95| HAE 3 (electron
spin resonance; ESR) A& &-83t At =4 v
Holo, d4 e 240 552 o, 939 =1+
¢l 1 Ade-Fof o) U (EFHIAD A =3
H A GURL] ESR Al57} 2713} E= o] 7]
5t Lee and Schwarcz, 1993). & 37| ]
A FFEFY A7I1E AN, SHE d5&F
oz FAE oY mo I AlR7E AT
o|EZ| o % A7 G- AIZIE 4 7hssit
thit, ESR 4137F 583 27131 € 22902 24
o] ZHAIA| Y= A 71 ESR 4l&7} Holsl
o oefd dAdi7t =& 7HFsAdo] EARTHKim
and Lee, 2020).

7|&0 b= A a3E uASH Ate F
2 FAS SASS SHeE sEd d5
Hon, 1A zapgo] o Wt A7 7]
g, 34 718, 93 715 52 e BalEo] g
thad 1; e.g., Okada ef al., 1994; Kyung, 2003;
Kim and Jin, 2006; Kee et al., 2007; Choi et al.,
2012; Lee et al., 2015; Cheon et al., 2020; Kim et
al., 2020b; Song et al., 2020; Kim and Seong,
2021). 22t B9 ol9l9] A dolxe] AW
2 dq= ¥|ZA ASHEo|tH(Choi et al., 2015;
Kim and Lee, 2020; Shin ef al., 2020). 3+H $Ht=
FH YENA = F3iE ol A|Xlo] GARZA
7154 Bt J2H(KMA, 2012), ZZ S5 J4tA|
oA A A 4.18] 2Zo] TAYSFITHKMA,
2022). wWEhA FEH 0] 22 A HolA LEF] Fa
TR 2| Zlo] WAL Qlof AR ALY Ha A
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Cheong et al., 1976; Kim et al., 2006), ©] 52 &
Tehs HE-UA W] UTET FEUS)
54 F(fault linkage) Atololl S/A3EA171 T
SIS Stk SARAIE 2 woly] shieks 1
AAFZ FA 5 o] QJti(Choi, 1996; Ryang, 2003,
2013). wo}7] o] 4H4A BelekRrt A7
ol A -3 YR 5w Wake 2 Beleka 5]
o, Al47] SA 5] HESIL YUTHLH 1b; Lee et
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Fig. 1. (a) Fault map (modified from Kee et al., 2019) and instrumental seismicity (from 1978 to 2021; KMA) of

South Korea. Yellow circles are locations of pre-reported stratigraphic evidence of paleoearthquake surface rupture
(Choi, S.J. etal., 2012; Choi, P.-Y. et al., 2015; Lee et al., 2017). (b) 1:250k geological map around the study area
(modified from Lee et al., 1996; OB: Oebuk, BMR: Backmaryeong, MH St.: Miho Stream, BG St.: Bogang Stream,
MS St.: Musim Stream, DT Mt.: Doota Mountain, MR Mt.: Manroi Mountain, JG Mt.: Jwagu Mountain).
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Fig. 2. Photos of the OB site. (a) Map view images, derived by UAV, of the studied site. Paleoearthquake surface

rupture marked by white triangles. (b) Overall view of the archaeological excavation site. (c) Studied section and

rupture trace (white triangles).
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3.1 AR Y A Uy

EXHE S8 AFA TET 5T 4¥9
TF47] f= IEAHA) = EA )7 A
PE Xog, AR FH 35 IETR(FH
IEEZ)A FELE F 100 m HojXl A Holth
(O™ 2). 75 U2 7ol A xR 2ot Fo] TatE|o,
A Ertede] 7|stete 9 Ear B4 FHsl,
TR WALE s gt 71AE S35
Stk =28 BRie] 371 oF L5 m Ujelz 24}
chalo] 24218 AA\ekA] o 7|Afstelct. Bage
U=, 4, 277 B4 7|23 HHEE TR
on, tho] ATS vite s 13 NN
shafstetr. A2 WAA 7S e el wd
71Zu]d| A X (optically stimulated luminescence; ©]
3} OSL) AThEHS ~qstgon, A5 so|x
£ &8 HES AF 60 S=AEA AT Lo 4
H|E oA A 9 7 S8 w35k
o} E3H X FutgH o] AohE E|FFofA]
A% EHAEE e s M gaddiSde
TSR A7 A H 242 =R EA
SN =gt or, S7% et IntCal20
(Reimer et al., 2020)2 &-85to] A 01, o]
o] OxCal4.4 A2 T3 (http://c14.arch.ox.ac.uk/
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oxcal.html)2 A3} tH(Bronk Ramsey, 2009).

32 2 BTHY WHE

QJEX|Aof A= F2187](unmanned aerial ve-
hicle; UAV) AALGE 2 @RolA S3Hd 3¢t
3} o] 2 PUF BEE- A YA BE-A) 5
o F47 s & PAHH, WA EH el
A5 (trace) E3F HA JAAHTHIEH 2). 2 &
of| A= et A9loll m|ad EjFFo] 9 &5k ¢l
on] A9 ZRE 718 Fego] B Ao} A=
A HHEE FAEE BES(10), 54 YA F=
9] EZ(0), 123 b she] 7uieke 5]
B35 A8 WA 340 B YEZC0) 5
A 3719 &9 HASoE FESIHHIE 3).
E5 204 E|A%53 308 HAE ARl 54 o)
ol B 17k adth 308 HAze HAE
9] Jr=of Mo| W3lo| whe} AFFAFE &7]7}
WSk ol UX) e AT B
o 2YE 2eiF(32) 2L Ao PEZF(33)2
2 A2 3b).

7)ot Yollis AZko2 A% AAsHs 4 ujo)
Bt JdF=o| e, ols 7k shty
3ol 308 E|HIS Adgith o] 1X]%l g
we) ke 249A0] et ol7t glort, A
= BEES-gdA ko] At H 3). 22H}
9] SRSt ok S o] ©EHE A= N25°E/
SOPNWR 2pA| 2 urersto], 7]ukerolA] e 40-50°
ele] AAE TR AR 1)1 EHE o)A
L Azto g wizlsltt. 31-33H E|ZE BE ok 155
£1.7 cm W9 AT 2 YAE 7HAH HolF
X SEYZOR WelHel ek W 9 A
7} AFsitol A A% W& e 2 %t ol
A AL APF Aoz ®elrh 7|uker TEo)
SrEshs GEad B8 AFZ0] 72] 420 77t
H &5 Al E = (A S 2 AAIRITH
% 3c). A EskAvio] B7]H) oy glo] BT
B TP whet Aol o] AN 1K 4 9]
£ o] R 152 gebEch

12719 SFA71E Agtetr] sl HeE n
2 HAS F 7F 2 A5G )T HAHA] o=
71 S E B -2(20)0]4] ZzF 5144 ka®} 45+3
ka®] OSL dtf7} =&=H k(23 3b; & 1). E3H
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K Sad)EA AT 423545148 cal yr BPO| @ 9|RA M)A 2elEl 1AW A Efde] HF]
7} AR E|QJTHE 2). SEA7)= OSLAY o) 7]23) 5144 ka - 4543 ka
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|1 or:(;énic rich top soil
20 soil wedge developed greenish to light brown silt
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Fig. 3. Section view (a) and its sketch (b) of the southern wall at OB site. Three main unconsolidated sedimentary
layers are classified as unit-10, -20, and -30, and unit-30 was subdivided into three sub-units based on their lithologic
features. The yellow circles show the OSL sample locations. The black circle indicates the radiocarbon sample
location. (c) Close-up photo of the slip surface and slicken line. The measured fault surface and striation are projected
on the stereo-net in the inset.
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Table 1. Grain sizes, dose rates, De values, and OSL ages of the samples.

d
: b,c c c : QtZ
* Water Grain Dry  “Dry beta Dry Cosmic Doserate Qtz OSL OSL Aliquots
Sample Content S17€ alpha  (Gy/Ka) gamma dose (Gy/Ka) De(Gy) Age used (n)
(tm)  (Gy/Ka) (©) (Gy/Ka) (Gy/Ka) (Ka)
OBD 01 15  4-11 0.52+0.262.87+0.11 1.50+0.05 0.17+0.01 428027 1914+2.6 45+3 12
OBD 02 19  4-11 0.60£0.302.89+0.11 1.62£0.050.16£0.01 4.29+£0.29 217.2+45 51 +4 12

*Present water content.

® Alpha dose values were calculated by using an a-value of 0.02 + 0.02 (Rees-Jones, 1995).
¢ Conversion factors for dose rates were adopted from Olley et al. (1996).

4 Central age + 10 standard errors.

Table 2. Accelerator mass spectrometer (AMS) result of '*C dating and calibrated dates for the OB site.

. 13 Conventional Error Calibrated age Error
Sample ID  Material  §7C (o) radiocarbon age (BP)  (yrs BP) (cal. yr BP) (cal. yr BP)
OBD _Cl1 charcoal -33.13 38,215 372 42,354 148
Aol AR 4 KLY 3). SRAYINHA 4, WOLHA|H
ZollA g59 PAIEAANEA Z=O0SL &
&3 23 Hoh @] grof|A] oF 5 ka FA & 4.1 ZAM(X| L A Uy

A=A, YA AT o] 24 Ato]] 7171 o]
£ H2AP o= sz Alo] Aol A
o & =AY 7] 2E2 5144 ka - 4543
ka Ato]o] gt ¥ HAYEIGS A 22 S|4 Hr. Choi
et al. (2012)& B HoH BZO= oF 6.6 km
Wolxl Tkl TEgelA AFIe A=) ESR
AdiS7g A oF 519k Aol Aol A==

g v gl ER B4 BAA] SJRRoIA S
ESR dj2y= oF 879t ¥ A, 2 Bt AAH
ol Wresh T3] ESR Stz oF 52-56 9 W, %
T oA TEE P59 ESR A= oF 437
d, 65 FF 3o 2 =& 9 v} §Jti(Choi, SJ. et al.,
2012; Choi, P.-Y. et al., 2015). S}A]9FESR A=
golle SET gz o] A Aol 2ol
AFHHORE A2 1 AofAE AN 4 ]
Th=o oF 105 ¥ o|fe] HE HEBES B
710f| A|eko] wEtK Cheong ef al., 2003; Lee and Yang,
2003; Kim and Lee, 2020). o]¥H ¥319] 9JEXH
oA Agtet &2 EFA7|= S UM BHid
AT F 7P AL, o] wof 2| zukd o] FHtE
Aok AH 2 x| sk o2 2 oju| & 7HH

AP AAL FHT 24 Aol S ol 368 FE
o) win}3) E1Yo] ZHE ZT0lA o 1 km HAS
of YAt FAF @It 1H 4a). FAF F7HARA
L B2 oA HgEo 2 oF R0 m7FEF =& T o] 9o
H, 9% AFHY $4 FEolA 2AE S35
CTHLE 4b). a2 ol A= S3p7F Eol Zage
3PS 7Rk = T A fel mjad EF 5ol T
ATHIE 4o). WuFA oAM= HAHS 2, &
39) 7lstet 255k B4 B4 5L Sasige
™, 53] AAISHA e EAS9 FAES 71+
o2 HAFS S5t o|F A o|Fsf Ao &
ghgct

Qb0 710] i Wl HFTHWells
and Coppersmith, 1994). X &3z H= 2|$7] X
o] ofzt Wojek Wk opjet whEE 1A A
FJr"ﬂOﬂ o3t A E S A = Q=T ols
& FRE 5 Ao TAY A wpA] 949 7+
Z+o) A AFEE AT 4 JATHMcGill and Sieh,
1991; Zielke et al., 2010; Klinger et al., 2011). 3}
A9k T3 1 Y] o duioll M) S0 E24
o] ZAsHKNicol et al., 2002; Rockwell et al., 2002;



418 ZIERE - 21 - 0|5 - BHEHY -

—

Z|of2{] -

Long and Imber, 2010; Miliner et al., 2015; Kim et
al., 2020b). o|2gt ESH =S &85 TS SE
W &= 3k~(probability density function; PDF)2 %&
g 4= QITH(McGill and Sieh, 1991). W=k tiist
PDFs& F3J5lo] 2 H &Y =3~ (cumulative
offset probability density function; COPD)E EA]
ajwl £ wieje] gl dhet v2sh wAlsis,
ol 283 Wl U MR BFo] F153ith
(McGill and Sieh, 1991; Zielke et al., 2010; Kurtz
et al., 2018). & Atol A WmtP 2|3 =Friof A
BREE 0 HHZ0 AAS FAUNE 24
37] 918 AN BT, BEUI HSHe
gE 7122 AF ST g2 F2H9(Vmin),
o] sHslth= 7 o= ARl EREE 4
sfol Thawlo] £ F 248 3k AP (Vmay)

Route 36

OlEfS - Y - UFT - USL - B2

2 Hsigon, BYsae el v ol
2212 Bawo] Fosto] 24T WS EG
(preferred separation) 0.2 ARMESIETHIE 5a9] 4F
3h). I A= # 39 APt o]& &-8stho] uf
EfITE AME3] COPDE FEatUrHad 5).
shike] A mahdro] obd 27) olake] A|Eotedw
of oJsf 2tz M7t AR == -, TLI XS
AE 7|€o 2 3 W= ZF AxugHS uet 7}
7o) 9IRS T2 2ASITL, oS FHkel] 3 1
AFoZ FASIHUTHIE Sb; & 3).

42 A| OIS BITE M

Pl HA5E 2Rl o gEet 1 St
i AED 2ef3(10)T 11 31919
AES(20) 02 FEET AEA 210y oF 1

LY

11 granule bearing medium sand 17 grayish medium sand

12 brownish medium sand 18 reddish and brownish coarse sand
13 laminated brownish to grayish sand and silt 19 dark brownish coarse sand

14 grayish coarse sand 20 angular to sub angular pebbl

15 reddish coarse sand R i e -

16 pebble bearing medium to coarse sand

b granite.

Fig. 4. Photos of the BMR site. (a) Map view 1mages derived by UAV, of the studied site. Paleoearthquake surface
rupture marked by white triangles. (b) Overall view of the fault outcrop. Section view (c) and its sketch (d).
Unconsolidated sedimentary layers can be classified into two units (unit-10 and -20), and unit-10 is subdivided
into nine sub-units based on their lithological features for measuring displacement. (e) Close photo of the slip surface
and slicken line. The measured fault surface and striation are projected on the stereo net in the inset.
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7HA] TRt ARA71E 7HA = Bl EEsiy
FEHos HEA FASE EET: HEZ 27
S oh9lol WEshe AHES(20)2 oF 50-60 em2| 5
= Kol Z+g W] o} o] dnkeE 7= %
Az WA dagE FAE AEE Bafi3(10)
B Aol FsHA oy dHE FHeE
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Fig. 5. Corelative key beds of the vertical separation along the fault trace in the BMR site (a) and measured vertical
separation along the fault (b). Uncertainties of the vertical separation were measured using the general trend of each
stratum (Vmax), and the shortest distance along the fault (Vmin) (inset in Fig. 5a). (¢) The probability density function
for each separation and its uncertainties were constructed and we stacked these PDFs as a cumulative offset proba-
bility density. Three picks are recognized for COPD at 21.6 cm, 38.4 cm, and 75 cm, respectively.
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Table 3. Measured vertical offset from the BMR site.
Layer boundary ’Fault Vmin (cm)  Vmax (cm) Offset (cm) Total offset (cm) SE
12-13 1 16.6 28.9 26.8 26.8 3.8
13-14 1 18.2 27.7 223 223 2.8
14-15 2 6.5 23.4 15.4 30.9 13.2
14-15 1 9.2 37.4 15.5 - -
15-16 2 2.9 7.7 5.6 38.2 8.6
15-16 1 21.1 46.1 32.6 - -
16-17 2 7.2 16.8 13.5 41.8 6.9
16-17 1 17.7 30.9 28.3 - -
17-18 2 5.0 20.8 19.4 49.0 8.9
17-18 3 1.3 8.0 4.3 - -
17-18 1 20.0 27.1 254 - -
18-19 2 35.4 45.7 373 373 32
19-20 1 42.2 57.6 44.0 44.0 4.9
20-unconformity 1 75.0 106.2 76.2 76.2 10.2
'FR-FR 1 14.1 25.2 19.2 19.2 32

'FR: squeezed fault rock within layer 20

?Fault: main strand (1), branched strands (2, 3)
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Fig. 6. Schematic diagrams of the deformation history in the BMR site. A detailed description of each stage is pre-

sented in the text.
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