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ABSTRACT: The characterization of Quaternary fault, such as age constraints on the timing of recent faulting
and the intervals of fault reactivation, can be fundamental in assessing earthquake hazards and enhancing the seismic
design of infrastructures. To characterize internal structures of fault rocks associated with Quaternary fault from
the Wolsan trench in the middle part of the Yangsan fault, the microscopic analysis of the fault rock was performed
by X-ray computed tomography (CT) and optical microscopy. The results showed that the principal slip zone
associated with Quaternary fault was characterized by linear low-density zone in the CT images, and faulting-
associated structural features, including sediment-fault gouge mixing and cross-cutting relationships between the
fault gouge and fracture, can be identified. This analysis can contribute to improving the evaluation of fault activity,
and further studies such as mineralogical analysis and mechanical behaviors of fault rocks are required for the
characterization of Quaternary fault.
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1. ME

2| A EA ol EgRE Xk XX (surface rup-
ture earthquake) 2] &5EA4(A17], HIA], 5, A=
7], U= 5ol digt 2xXshy A= A-A
= B7H L AR ZIEAIE o RIEAIE 913 7%
72 Qs E8EI Jri(Yeats ef al., 1997).
AR BEREA WIS PN A ATxe)
ZAEH e, AeH o 9 s e
58241t S o= A Eojof FthMcCalpin,
200). A7) HRZ0] A-F7HE LI A F
o] X det oA T3] BEAdS DSl et
Ad&A(Lee and Schwarcz, 2001; Yang and Lee,
2014) 1} Al47] - gt AthEA 2D F-A] ti=](Ree

et al., 2003; Choi, J.-H. et al., 2009; Choi, S.-J. et al.,
2010, 2014) 522 - 7P o2 =1 glony,
Amnred AAe] QA W N 53} 2L TR
254 B7Ea o ESAAYE o8] At o gt
93 gleiigel BaAe AR Bk 41
Fzol e G n A atol| itk whaba] Al47) &
5o) BEAL BTt AT WA 4 e v
FUEA B7H 7129 A 8 =edo] AFsiet,
FAHS = e FERolA EE5-ddA
ekl st A2 AA| = H(Chang ef al.,
2003), THje] 7|atakA ek opol ue} 24 2
s TR R CE e
i 1; Choi et al., 2017). FAISSU = 7] 1
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Fig. 1. Location of Quaternary faults around SE Korea and the Wolsan trench site. Fault segmentation of the Yangsan

fault zone proposed by Choi et al. (2017).
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HEZE-0] AEZ(Cheon et al., 2019), TSt
= kst 23t e 2 2ol (Choi et al., 2009;
Woo et al., 2015; Kim, C.-M., 2016). 9FAltE
Boj4 u]aA]7] Z)212] T o] (Lee and Na, 1983),
IR AT(Okada ef al., 1994; Kyung et al.,
1999; Lee et al., 1999; Kyung, 2003, 2010; Kim and
Jin, 2006; Kyung and Chang, 2011; Lee et al.,
2015)5 F8l Aol = A47] & ol
o B E QT E3L 2016 A5 X Z(ML 5.8) o]
T, FAASd ddiolA e 22 E5H (Kim
et al., 2017), A1 A& (Kim, K.-H. et al., 2016; Kim,
Y. et al., 2016), A A8H& (Gwon et al., 2018; Choi
et al., 2019) A+ A7} BT it o] | gof
A A7) GF-2 A AT SYAA stellA] 7]t
o D3O ARV AT AR, =2 7|Rkeko] A4
7128 ST QI o5 S Fapol BT
ok, ATl E BEeke) or e ety
A 2 WFEA(Chang and Cho, 1999; Kim, C.-M.
et al., 2016) ¥ g+-& AHFEA(Woo et al., 2015,
2016), 4o A dt2A IFEA(Choi et
al, 2009; Cheon et al., 2019) ¥ GF1Lx9] 7|3
A& % 959 7%$579(Chang and Chang, 2009)
of gt thekst A7t A= G o, A7) &E 5
n|EEH e IEEA o tigh A= v XIgh Aot

X-A ik T2 (X-ray computed tomography,
CT) T 3 220 WERE ol gfe] At
Alo) Tretg APASHE A4 A2 Aul2, CT )
o) W} v Eof thFgt A aket dAEofel =9
)31 9tk (Cnudde and Boone, 2013). ZZ CT= &
Soll tigt njAltx EA4o= Z-8-5 $lrk(Hirono
et al., 2003a, 2003b, 2008; Kim, K.Y. et al., 2016; Lin
and Nishiwaki, 2019). Hirono et al. (2003a, 2003b)
2 7|9k g3 d W 5419 AFEA a4, Kim,
KY. et al. (2016)2 5o Th=4 el by
A5 Zoto] AHaA sjalof CTE &85tk
AlFFLofof] thgt CT F7d=4% F3l, Hirono et al.
(2008)-& tk Chi-Chi 2)7(1999%, Mw 7.6)]|
3}, Lin and Nishiwaki (2019)+= <X Hyogo-ken
Nanbu(19954, Mw 6.9)7} THel® 9dF tho] =
nEHHS EA43I Teba CTE 83 1
A28 50 nlA|l 722 E4 i A47)
3 FUEHHY B3} fYulgt A=t E 5

2| H47| HE XH HEYe| nMTE HESYE B
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B ATIAE PR FEAY A7) TEe
WEERE 3] Slste], CTS Be31el 2340
BARolA] A TS Ao that w7 Ha
2 AT B e ARl Hhal e CT G4
&9 la B4 293 dn BES B
B9k A2 el B5 B Surg A
954 52 st B8 A8 B x
ApelH CTS 4 3t vl 72 24719 2
$7H1E AEST olo] %A FATS FE 3
30 Qb AR 23 B dell A A7) S5
H8 39 HLEHE A gt

2. AFA| dtg| ZEXH

73T BAkE] Ald7] ©F AP HF ol FAE
3-0] FHAQol| &3, TR At AF
T2 A A HRIEHA A7) A2 d G585 B
7+ f8l 22ERARE AAISHITH ™ 1; Gwon et
al.,, 2018). FAAFL AHIUEER FZ9| 13
5 Atdo] g E Qhaketal skete] B A A e
FREEE oF100 m 5Fo) Yx]5t, 555 ¥k
P25 7IEA 2= 271 A-olA 228
H 2). W51 2130l A Al47] B8 5-& sl &5
< FRITE b, D5EEol ukE HYRF WUkE
913l WS-1 A Het oF 10 m 529 WS-2 2] o]l 4]
SERAE Y5

i) ¥ F2F gl ad OE2 5
QFARQIT} A H O] 3HFet W o] & RAGA o= &
Sl A47) B85 AR, G5 T FAR=
N20°E<}80°SEe|tH1d 3). Al47]52 34719
HHZo g, 32 WAL 2eshs 349 A
WA AEAZ O L= YR F3Y HEST
714 FAESE ZFeTH(1E 3a, 3b). EHFTS
B 447 UG =Y 2}o] 5 7RO R Aol A
SHELE 7 A 8710) ThlE(WASFWB 18] WCL
~ WC6) o2 FEETh WAL #2x|20|1, WB
£ Hr &30tk WC12 22 o ) ZAHH o] A
47] E3F o2, H3Mo HAEH YA AHEFToR
=] JlaL WC29] ARl D5 7] (ice wedge)
T2E FsHL itk W2 4409] 718A)A] o
A A OoR, 2 32 ofzty W] ofgdF 9 <t
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ARME AR A=l o] QLo Ak MldskstaL,
WC3x} w53ttt WC32 dd AEZO =, 5o
£ A ko] FAgith WC4 ~ WCe2 Z+zt
71ARA A A, QAR A4 22a AEH A E|
HER Y 15302, Y-S FAFH =
o E3tct WS-1 22 thof A @52 W2 E Hdt
3kaL glou, WS-2 &2 o As WQ2E go
Rou, Gike] A47] @5 XA T2 uhr|
25 A7 WC29 §]3 F0 2 34 Htt.
WS-1 22 th oA T3 A di= 23] 5]
GSHAH(SF 40 cm £)¢} o] § Ahel= WM
TS| A| T (2F 10 cm Z) 2 FJEch 17 3a, 3¢). &
3| GSH| A= 2 7)Ed i ThEdiof $HgE o
33k, 7 G3HX] 22 A7) E-F(WCA)
ol AEFE S BEelck v, Jjula o
H A= AN GSH|AHE ddstal Al47] E
ASS WHA7)AL Stk TS, DS HollA &3

? ~
G850 & e Outcrop
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Fig. 2. Annotated aerial photograph (a) and overview
(b) of the Wolsan trench site.

A hZa| x|t A G s £ T8 7]
HHot AR EH 39 At E49 B Iy
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H @39 &5 A7) Alolofl= o= Hr o) X]AEHY
AlZE 2pol7k EAE A o2 FEHT

WS-2 22+ di oA T3] X = 2F 10-15 cm
Fo g dgsin, I AAEAY WEEAL wet &
M3 EASHO R S EETH 1Y 3d, 3e). &
A4 A9} B 242 Ald7] BAF(WCA) T T5H]
A th o] ZFAR 22jar A S| A o Wi ol A
dsls WA d3Fu| Aol EALH C=
QHARR ) A T H| AT o Aotk E3] £
£ Bz o 1 cm 29| S)ulal TN T4
o, FFH WellA mi$- A PR it
EAEH AL B AlojoflA S thEH|X]= AT
WAFSHH WAL (anastomosing structure) & ©]F
31 k. SEEA Y Woll 'Rt Mot (shear band)
oF A Z2+] ©F2A(10°-15°N), 223 Z2}F T
A QHARlo| E| A F-& 4t 2 Hols A +
T FFolFHS= AAIRTE WS-1 F2Fe oA
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A& C) FH oA A g2 offj2h-8-2 ol of
B S| R 2 EYE o] HEETH
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31 S AR AME

2 QTN dSH A B SSHIAR S d54
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o]7] 3l 7Fs’t S ol A sk TE Ao B
et k] AsA| P2 AHFSHATHIH 3e, 4).
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Fig. 3. Fig. 3. Log of the southern walls of the trench WS-1 (a) and WS-2 (b) modified from Gwon et al. (2018).
Photographs of fault zone within the trench WS-1 (S. wall) (c) and the floor of trench WS-2 (d). (e) Close-up view
of the fault-related rocks and sampling location (dashed red square) within trench WS-2. DS: discontinuity surface.
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dro|ot g5 A8 F7]&= 9F35 % 35 x 15 cm
(X3 Y x Z)oe}. e TSt Al == A47] HH
F3} ST 222 qhatere] ARE EFHITE
NEARF I § Nee F 2402 22E3t
2A5W A BE EPSE AREK1 AR &
A4 CE ZHIE ARE K2 ARZ H7]5}0]
HlH L B4 AAsHc

3.2 CT YANEAN

CT= 27U E &83 Aist g3 gdRes,
3= X-AH(X-ray tube)T} HE7](detector) S
o) g:3}e] TAA) Uhe] S ATATHE A A
2] 3] o|cHLH 4a). 5 CT XA o] 220
A SAAol Fgstol, S| R Be) Bl
AR (X-Al Fz= o] 2po])E o]-g-5to] TARA] Ui
@ mE5S Ao A% CT I 4
AHAA Q1 JA L L AE 7HA B =, o|JFHA Q] 3}
(pixel)7} o2t A9 Bhas(voxel) 2 He]
At 39 A" CT FolA= HAA W7 &2
o wsl ArfH o e BAL ofFA tehtt
e, iAo g der & 522 8 2@ Eoh

o[ AL YR HeFFATL0) HAH
CT (Aquilion TSX-101A, Canon Medical Systems,
Tokyo, Japan)E &85t @54 A2 tiet CT
P ASIATHIH 4b). 37 A ML 135
kV, A5 340 mAo|th CT FARE Al29 X-Y &
A} Y-Z AH oA 1 mm 7HA S 2 247} 647
A &gstgen, 0.5 mm 772 dH G/ (image
slice) &= A-/dstRTh A% CT G742 23+
3ka=0.35 x 0.35 mmo| 12, 3L A A= 0.35 x
0.35 x 0.5 mmo]t}. CT FAS DICOM-3 4] 9] ]
Ad G A2 E9ste], 9 A=E CT 94d=
Arsisic. 4 AeiE X-Ye}Y-Z 2He] CT
AFS 81 TETe] TR B AXIIck
33 88 9 = 80/
&£ AR Y Az g AEE XY
Y-Z 4 o2 Auslel qinfat b, A2

%

Aol EAEL £33 vu- 2439t &9
AZF A SE9F AR E 9F15 x 35 x 10 cm (X X Y x
7)9] 37| 2 Adste] CT FAate] vln-E49] &
o] & ERTh T3 CT A oA Eld Ed4H
of] ot ¥FH-S A|Zstod, 33 Al oA w]A|
T2 AEEAS 7|48kt
4. CHECtO| O|MTE UEHEM
41 CT M1 &3 Hlw 2N

CT GANA Uet= Ad=dge] EAAS &9

Fig. 4. (a) Medical X-ray computed tomography scan-
ner settled in Central Research Institute Electric Power
Industry (CRIPEI), Japan. (b) Fault rock sample col-
lected from the trench WS-2. (c) A set of shaded CT im-
age slices for sample-1 and -2. Red line is guide for Y-Z
section.
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d). GB: geological boundary, OC: open crack.
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= SAETHE 5b). CT GAelM 5w Ao of
23 cm Aolis o] AUE7} Yepde. of
Tge CTo) g Fodu HaE Ao A4 (A)
2 S|4 1, BEUEo] Sube B2 Eu%)
o) Bgthel 9 A7 = Belsict.

FHEAE CT G4kolA B30 Ack ok 27
A" Apo] TRl A & Felol ElHE AR )
g Exo] WHEETHY 5a). WAE &9 Jolat
|22 0] A4 SujalA sHEe) AUt} o
o ST, o] By e Ao Auitgo
= o84 B2l A)el HA 2] Bgtle) ] ¥
A5 A obd AA(A) 2 S ET BEE A
ol ulal, A A AT A" CT Aol A sjujat
Ty o e, &9 AAE 1 A4S We
8] 723 U] o2& S4o] ek 5b). ol
o B 1B} Than| 2o vk ofAke ThE A 4
ukel e 28] oJgt thau] Ao} 1B o] |
olgt A o2 s gT.

E%m BE CT JA4ol4 434 Auwd=
Uepton), B2 Ao Hjs) tha g 2o 3]
o2 ehdth(2d 5a). AUET) A2} B Afo] 77t
e TEE Ad) olgas AUET7} oF 10 om
o) Loz tpEhyt) &3 AolA CTe] AUwre
QFsll Tz ol wreksls Sl wEv) Aol
Bxo} A8 Holuh, A= Azbg % ©Ee)
| Aol was 2RI 1 2E7} SAei
(1% 5b). 22} B4 Basm BE whe) 39
R PERE R L R R e [k
3d), CT Aol M e Ad) ula) Sojst A=
Eoj2 UeRt) ofajst CT 542 B4 Br}
BhEul Ao) 4k Rajel Aekw o2 SAEL,
Hugont Boldw s YaE Ha A
270 G 902 4 ook Wby Sua T
)2 FAE BTRE B detel drk (3L
Achg)oln], Bk BL B duitje] B2 7
A= gheheic),

2w O CT JAolH Addos ge &
o Jolo) AUET|Z LeptaL, ehaiere) By
o o] ekt szl wakshe] EpEst 44
£ 0|23 YT 5a). CT FAkolA] Beldw C
2 Zels ARt A d s e 2o Jeloz
UEfLbe A8 ehiigte] alm ol pralE Ao oA

o2 G SH A = ¢
T G a7 ddst
© Fe Bk <9 AolA bkt el o
SHIA G A= Et2lshaAE HolFoliL, BA
Holle 4 FA s 2ol Y=o Ath(ZH 5b).
QHARFE} A SR UiFtolls vAIRE ST
=& ot A2 ekEdo] FAH i 24
S8 Ce g2y DSu| x|} ehitere] T3tk
o] A= s Er

R}
(¢}

412Y-Z A9

Y-Z A9 CT Gl Badmse) dguy
£ XY AHo| B ATt §ABIATHY 50).
W AL XY 8 Aol B} Y-Z A8 Gl
A B EE A4 AU ET R ekt X-Y
Aol Aot SASP 3w Aok AA A A}
ol9] Fee A T HIA|oh HA B W ofafol
Ueton, Beasw A7e] gL XY Aue] A
wth o S3i5ka o] 44 g & Al o
20 AL SJUA0) B x] T4 9, HA%
3 gh5u]%) o) 2 43Q) FA R Yepdeh(E 5d).
S9A R A ATHA"S] AR ok B
2 FEo| 414 gt

24w BE 95w Ao u]3) thas A< Hay
o) AMEY R Yehton], g5w Ach B4 B
o] Afe] 7o ol = BALS] A =Ty} Lebgieh
(21 50). SOl T2 B o)) )R] )
ol ket s[ujA o) T3 H| 0|1, BEE ASH 2
A4 BO| Apo] F7lols F Bl wlo] ol st
sjla g3 A7 werseh(ad 5d). 2ehy, CT
Aol A AR =T o] BEE ThEoh A= ) Zehd
£ BaokE g HE §AIEE, CT 54 34
A oo Pk,

2A%H CEATHoR e 5 o

o Wk ohje} ohilel Wy T Tae} mASHE
L Btk 29 AN E BASE Ck 9hakl
o] g pzet mASRA ) B A
O] AAE ol 21, HA o) AhstEo] Beid
W Cof kol Bul ] ol FAE g7 3
AMEjof GITHIY 5d). THeby BAdw Ck o)y
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XY A Aol A TFHol gt vHHS Aabste]
Fakdn| A stollA G AR SEEALS
FASHTHH 6). Al47] EHFat 3| Ty
A 9] AAK Tl Mg, APEA T o 2h
FEY olE WA HF 9 HAE YRSl 2EF
tH2H 6a). CT Y BAA e} fAkH H2E
TSR = B P o2 Mt A2 1F
SHIL Qlo], &30 HAtzkgo] ke A Ad
2 st SSHAd el TEd A=
59 % 25 44E AT

Fo o] B FHo] £3Eshs 3N TEH|A|
ollis 270 494 ghHo] Rt 1d 6b). &
3| E0|R| ] AAFol= ST o] 5 HZLS A A

st Aduzh dds] 13, A2 9 AsHEE ol
HA=e] ek g, A3l a9 btk &
St o] FAR(YEE BA Ol A92Y 1
HgHo] FH]A] Yio] &= o] glomn, HolF
A BAE o2 YT 60). A AA C ¢t
ARt ol st gdt o) o3 e e s
HeEe] Qi BeHS Adshs gdTE Wi
o) AskEd = A Uk

5. CTE @83 S 0IMTE 247|H0)

2 AFoAe A7) ©EF FuEEHY YEE
< 5] flste, CTE &85t A 5
5 DAabE] 2 QoA =348 TEete] tig miAlLx
A4S AAIBIEE CT gAA W7 229 2=
o Z}ol & o]-gsto] HAA T GO BG5S I
Fo= ATAsH: JARE How, 29 AeE
CT Aol AhH oz Awrt e 22 o)
=9 9922 yephdt(Hirono et al., 2003a).
ol AT TE) FulTYRE FANL Gl
S o] 2] A= CT Aol A AUE=oh2 veb

= whelol, Alshe o] AHE kel G u| A
EARE e TUETR ekt B3e 74
she 249 UE BEL B5S PASHE Al
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2| HMd7| BHE XE HEY
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of DMITZ YEHEY =M 281

pmo} 7RAANY, TR YLBAo| 1
g} 22 4= Qlth(Hirono, 2003b; Kim, K\Y. et al.,
2016). o] A} FARRE 3] CT 5442 tint
Chi-Chi (19994, Mw 7.6) 9] -7t @521 Chelungpu

A5 t(Hirono et al., 2008)2} ¢ Hyogo-ken Nanbu
(19954, Mw 6.9)9] 2 T2 Nojima ©5d(Lin
and Nishiwaki, 2019)9|4] E.11E]%it}. Hirono et
al. (208)= S54e D BE= A5 4t
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Fig. 6. Optical microscope images of the boundary be-
tween sediments and fault gouges around fault A (a),
oxidized dark gray fault gouges around sub-shear zone
B (b) and the boundary between fault gouge zone and
andesite breccia zone (c). Dashed line and open triangle
indicate the trend of shear bands and the boundary be-
tween sediments and fault gouges.
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H @32 g5 A5 54 L U= FAd o
Hol B Ao 2 F|Astgrt.

2 gl CT= S5 Wl ohefst njAet v
T2 WLEA 4ol &8 7S B CT
S 83 vHTR 249 FH T e AR
FAY A glo] U FAEde] ES siHE
+ Atk Aot A FSu| x| |2} A|47] £
<Y &5 AAF (DS A) FHlA wEEE
SHIA 243 Hw gAY viE A2
9 kAt eute 93] 240 5329
ol 23t Ao 2 S HBIHTHLH 5, 6a). o3t
S0 d3H|A o T2 S¢t WAl ofE
o DA @5 BEAd sl Fad AR
28d 4 Y& Aoz ddEr). B3 A3 FF
HIR| o] W5of et Aduj(R4 Add B)= CT
oM S5 Ao Wl tha B2 FHOE e
i1, 5] Ahzhgol ke o FAE M xR
S| HH(2™ 5, 6b). T3H W] =2 Al
29 CT 54 Aol& AHshe Ta% Qo= 7
S g AR Az Y TR Ve 7
A= CT Folre AU R Yepd =+ 9len
2, CT 54 g 93853 ad 9a+
29 #)4o] fo oz AtEtt EALH CY 7
¥ € CT F4oIM BiH ez g2 999 =
TR A AR e e (7Y 5). W A
oA HZA ) tekEdo] Ed&5H Cof o o
SHIA Well FAE STz JAE g B
H|X| o Qhiker Tk T o] ol Ql ol A=
S =A™ 5d). ol2f3t CT 54 34 dik=
22 ol 7Rt TS Ul A 3l T3]
Aot 49 vhokde] 22, A 4t 24
o) £ 54 183 A7) B Adshs oY
A 3uA gl e] Sl et sy Aot FAF
SitH(L™ 3). 53, EH S S uA tle] 99l
e P o] E 8ol Rt njARt A+
22 4d 54 o) 7hs sttt mEkA CTE 8
2 oA 24 71 =3 dd Y Eeske
A7) S3o] FulEEHe 9x] 24 181 @S
o) Akatgo] 9 HPT2E v S
ChERE vAl 2o WS4 siAol 8 e g A
o2 gt

CTE 283 93¢ vAl+= 24742 95

o] A& 54 sfiAol = 1 &8 7FsAol AetE =
SFATHLin and Nishiwaki, 2019). Lin and Nishiwaki
(2019)& AlF3o] A AL Ff 7|9t &5
Wol| Aestes FrEdda theket Ao &3]
A 12|l e A4S AdA S B3 vl R
2 B4 Aol @3] A Sla=eF AA ISt B4
SHHA, 22 SR A F9E Ko gt =5 £
At Ao A & oo} FARS THEuka o] WS4
o] Ueha 1 AR ARgtth v &2 AFollA
22t o W DSt A3 T} 3)ul A o) thEu] X
2 A e, A3 TEE|R|= 7|6k W
4SEFoE WA AFEX] = A4 &5 &F
I #AHH AS R X EQHTH 3a; Gwon et al.,
2018). &= 715k W =2 GE8F9] ks
2, 374 AR =27], gk} 712 o) o] wh
g2t i 4= )31 (Chester and Logan, 1987; Kim,
C.-M. et al., 2016), 222 o] A} LA o= 3
E9 242 1o EAJ x}o|(Chester and Chester,
1998)& W9 4= ek webA, CTE &85t A4
7] S T E ot v 2 A IFEAL S 5
Astazt o wjoll= 7|9t T3ukadiel Al47]
A S Adsts T30 WS gt et of
9] ZAFEI} SR Eo] & A o= wetE) gt
ofye}, @3S st HAEAE Y S TS
A& A AR v EH (seismic slip) 2= B X X4
] &g (aseismic slip) 2] &5 AE5EA(Woo et al.,
2015, 2016) @ 28 Z=E24(Kim, K.Y. et al., 2016)
T} Belo] glone, A4yt e 5
& sk e Tl de FEx ek,
Qafare, FEehy, ofsbd 54 sjdo] FHo
2 o]0 Ao} 3 Ao = Pekdrh

2 Q7oA CTS 88 B3t oA 72 24
Fe Bae) FulYre] wHsy 5 A47|
F850) 20 chopt nA 7R WYL o
Aol &8 4 o= B o, Heh AEEt Al47]
&3 FuEHHY EAATE A EHY #
£, A4 A5 54 ol dig F7HE A+
ZtEas A o2 gatE
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