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ABSTRACT: The materials and microstructures of active faults provide essential information to better understand
the slip properties of past faults through geological hazard assessments and paleoseismology studies. This study
aimed to elucidate the slip properties of the Quaternary fault during Quaternary slip. This was done through analyses
of the internal structure, fault materials, and microstructure of the Quaternary fault zone observed in the trench
section of the Pohang area. An E-W trending trench section excavated perpendicular to the NNE-SSW trending
Yangsan fault line, which divides Hayang Supergroup and Bulkuksa Granite, reveals that a >6 m thick mature fault
core zone composed of foliated gouges and breccia thrusts poorly lithified Quaternary sand and gravel deposits.
Its shape boundary strikes N15°E and dips 42°SE. The Quaternary fault zone is defined by clay-rich gouges, mainly
composed of poorly crystallized smectite and palygorskite, and deformed Quaternary sediments. The microstructure
of the Quaternary fault zone shows a <1 cm thick principal slip zone (PSZ) and <400 pm thick micro-PSZ with
sharp boundaries and strong foliations between paleo fault rocks and deformed Quaternary sediments. In addition,
the microstructure of deformed Quaternary sand exhibits interconnected and partially fractured structures between
the grains. These microstructural and mineralogical characteristics of the Quaternary fault suggest that the
coseismic Quaternary faulting, which caused surface rupture along the Yangsan fault, was activated, resulting in
rapid slips between the pre-existing fault core zone and unconsolidated sediments near the surface. Quaternary
fault material and microstructural studies expect to contribute to anticipating the slip properties of the fault after
reactivation and to determine a more accurate timing of faulting.
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A o] T UE |29 2|9} =2, A7),
ALE oldfisl7] Sl r2¥s = AR IS  paleoseismology)
AT SR o149 AZEY tjFio] 7]&0
ZASHAY SAESHE wet HASE Haskg
tHe.g., Sibson, 1990; Meyer et al., 1994; Rajendran
et al., 1996; Lin, 2001; Collettini and Holdsworth,
2004). LAt} AP o 2 TA A WsHesg,
Rockwell et al., 2001; Michetti et al., 2005; Ota et al.,
2009), A& L ZA5He.g., Sibson, 1989; Arrowsmith
et al., 1997; Klinger et al., 2005; Choi et al., 2018),
a8 ofe] & AHAGS A (e.g., Chester and
Logan, 1987; Chester and Chester, 1998; Faulkner
et al., 2003; Smith et al., 2013) 522 U&= 5 1o
o, FZoll= olE= TSt ARl gt L&A
¢ AESol tigh g Zog= g Eo] IyEa
SItH(Sibson, 2003; Collettini et al., 2005; Valoroso
et al., 2014). o]& 5, FE=AHtrench)E X3t of
O A= ES e ARA I S T3l A
& WA DS R, 9], A7),
Al HARNTE 5o A L] SHolA
Fashl YAl AHESS B& S 31em(McCalpin,
1996; Kim and Jin, 2006), &Zoll= AWAHAH
I FEP oz A it F5o P A
o= gristy] Y3t A=o] Eids] Iy 9l
THe.g., Di Toro et al., 2006; Brantut et al., 2008;
Yao et al., 2013)

TR PN BHREe A v TYE
& obe AL TS Fasith AF WA FE
£ oux9] 27l Tae] (3 We AR o
E&o] AAE o] 39 nEH&E(slip rate) o] F3F
2 27 e Ao dA 9lrkeg, Cowan, 19%9).
THeF 33 (creep)F THETHR}F o] H]Z|X1/g(aseismic)
U BUEAE e TEoleh HojK AR A
A A 9FE W 5 glon, 2w B ke v

371 gle & AgsieEte P E nEEASES 7
4 7PsAol ot olela Bael nBUSHL
9] YHF=Z(internal structure)@} T3 dj(fault
core zone)E o|F+= @EE4 (fault material) 2] &
7 9 v7xo] 2 4TS W A0 eiA Atk
(Bos and Spiers, 2001; Ben-Zion and Samis, 2003;
Faulkner et al., 2003; Collettini et al., 2009). £3],
el njZgo] AHBLR 0)BYe| 571 37
o= F-& 9Fsta Al (dynamic weakening) 2] €2
2 5549 B34 (e.g., Han et al., 2007a,
2007b, 2010; Hirose and Bystricky, 2007; Di Toro
et al., 2011) Y AAF=(e.g., Brantut et al., 2016;
Hayward et al., 2016)2] ¥3}, £2 £o 2 WigH
Fu]EHd|(principal slip zone; ©]3} PSZ)2] &
(e.g., Ikari, 2015) 5-0] R =St} upebA, TS
thel v BYEHS olsfel] el BT AR
VS Fol AR AR AN BTN E A
She BaEdo) ST U vl 7 Bajo] B
o|tHe.g., Lin, 2001; Holdsworth, 2004; Tanikawa
and Shimamoto, 2009; Janssen et al., 2010; Carpenter
etal., 2012).
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= 35 ZFA Y] A FofA FARSHE ot
FHE FFRAE Fol AEA TEE A47] G
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0 2722 B8 opelE ol ufet B2ohg Bofst
Stk Ho BErEe) HolelAne AR, A
Woll ) Felab) Bee] BHRE It 5 A7
& N3t} TIAAE B olulAE Y5k
kol A Seleis n|Ztslip zone) X FHRE
FHo Spe AReiglon], A7) HE

2 BT ST, U3 DR S
Pwo 2 Agelgr E ARE HE 9 0]
2 BHER oloix AR o] S48 Foket
o8 v} 7H F471EE WG} ATHAE A4S @
Sl ol gefe] BRTL Antalsic.

TR nl 7o} slalEA A S Siol Beken]
7 % FARstE RSl 9AF U
B B3gE4 7] (energy dispersive X-ray spec-
troscopy; EDS; Oxford X-Max 50)7} Z2Hel 27|
HEAL F RS n] 247 (field emission electron probe
micro-analyzer; FE-EPMA; JEOL JXA-8530F PLUS)
£ &8stg e, 7k 20 kv, ¥ 7 5-10 nA
ol z7c g FAHIY E3 =720 A9
T ELof| 9125t 7o) 4] (focused ion beam;
FIB; FEI Quanta 3D FEG)E ©|-8-3t HFatA| 24| 2}
F el leiTele] SaFAEn) transmission
electron microscope; TEM; Tecnai F20 G2)& o]
g3l0] DZYTE TASHE DU Zu4T
zol AR 7EE B

zre] FERHY 24 olaely] Al B X-
A13]4d(X-ray diffraction; XRD) 4] ¥ AFEAS
AAEA oFelo A AHE FSEEAES 40T Y
Ax e BoA oF 24A7E B3 Hx AFleH, AxE
A2E 108E B2t rlo]a2ued W(micronizing mill)
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FEA O X ZHE (siroquant) ver 3.0 ZTEIHS
gsron, 20 970° 7hA 2R B4 B
PEME RS MEHO T UAlste] 2t FEE
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3. d=2| A

ok

e FEHRY 8 gFos BRI &
LS AL BS54 BRFe] SAAS0] Jlrt(e.g., Lee
and Jin, 1991; Chwae et al., 1998). 1990t} o|&
FHREE FERo] A A ALEY A 3
7He 18 FAGSAE W22 Al47] gl o
g A7t gEe] FgEew, 1 AnE ikt
27} SATHE FHR0IA oF 601 o] BATE)
AA7F B = tHe.g., Kim, Y.-S. et al., 2011; Kim,
M.-C. et al., 2016 and references therein; 13 1a,
1b). 2|2 2017 @ 7¥ AZHE F7HHd S A=A
2t A 7F K3y ol et FARS o G RAI9E £
st} 28 1 FH 2 ERAE MF
Al T YAX7F F7FE AL ek ol Ao Z2FFAL
E3F ST GS A=A dete g S EGL
o, AR HL FAIHS9 SR st A&
ZFA| B A Yo fRge et
Ho}7] BARA stk S St E=AL Y
Foll &3k S8 Y BAE o|1FH (2
1c, 1d) =2FdHoA Ad7] EHS-S Ao
d 2). AFAHANA &F 2.5 km FRol= A47] S
sl #A 9 gtk (Kee ef al., 2009; Lee et
al., 2015)¢] 1 GIcHTH 1c).
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Ao T G de 55 At
SHIA 2 SSZ=U= o] Fof7] ThE-3l(fault core)
HA7E 5] A7) A R Fd Bl HS-S N15E/42
"SE A2 F/dshe 718HE 7HAIH, @7t2E A
ol JAAFHIH 2). o FHY GFUYERE
A 559 42 d5dde A7 4(grain
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Fig. 1. Satelllte images show the locatlons of the Quaternary faults discovered w1th1n the Yangsan fault system (a)
and the Pohang area (b) (modified from Kim, Y.-S. et al., 2011; Kim, M.-C. et al., 2016 and references therein).
(c) Geological map of the study area (yellow star: trench site). (d) Aerial photograph shows the location of the trench
section excavated on the Yangsan fault line (yellow dashed line).

GFG

PSZ: Principal slip zone  BLFG: Blue-gray foliated gouge ~ BKG: Black gouge

BG: Brown gouge GFG: Gray foliated gouge RG: Reddish gouge
QG: Quaternary gravel ~ BFG: Brown foliated gouge GG: Gray gouge
1m Quaternary fault zone  |QS: Quaternary sand __PFG: Pinkish foliated gouge BB: Brown breccia

Fig. 2. Outcrop photograph and schematic illustration of the main fault zone in the trench section.
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dSdde 24 F 259 QS HIAIH (fo-
liated gouge zone)e} 1 Ato]of| Yx|oh= 242+
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Fig. 3. High-resolution scanned slab images of damaged wall rock (a), and blue-gray foliated gouge (BLFG; b).
(c) Outcrop photograph of gray foliated gouge (GFG). High-resolution scanned slab images of brown breccia (BB;
d), brown foliated gouge (BFG; e), and the boundary between BFG and pink foliated gouge (PFG; f). BKG: black

gouge, RG: red gouge.
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A% TEehe] Zo) of 50 m o}k THs S
AAeh, AR Lo XA} 94dolu]A|,
a3 FAES WEFE gt 7|E Adn=
(Choi et al., 2009; Kim, C.M. et al., 2016; Cheon et
al, 2019)& TESIAE o) B DAt parerEe
FdEd(main fault zone)d 7154 o] £t

22AH O] 7P} TS50l /IAIE FE A et
ZH] A (blue-gray foliated gouge: BLFG; 219 3b)
& bl 9121510l 1 Bg o] & 4 QA
Tk 4 1 m o|Afe 2 2w, H]t%](asymmetric)
o) 4, G2 e HEA del,
2213 4 mm o]s}= vlAjsiA THahE FREC] £
oty AAE T gl (cataclastic foliation)&2
TE Tt EYRFY] TR A e = B
AUEY THEL $4pel $EUAE AN,
0] e R- Ei P-AEhEro R o) el So] A4
o2 urekai). 3l elaben A (gray foliated
gouge: GFG; 1 30/ oF 1.6 m Zo.2 gk,
QIEe] o] oS- e 3l ix] ) HEA o
P dtSHIRITHeL 2] 50 cm =712 ZH{SH(brecciated)
 Az4o) SR THE A4 TEee) 54
< & vt BLFGS} GFG 9] AR o= 54
(black gouge: BKG) ¥ & AM(red gouge: RG) &35
H| 50| Zt2} 9F 20 cm 9410 cm .0 2 WrEgie}
ZA 712 9 (brown fault breccia: BB; 13 3d)
o] £& 0F1.2-20 m 0|5, y320] F 10 cm %2 3]
A Xt (gray gouge zone: GG; 1 2)& X
Sateh. B4 Fe) SO ARhE FBL S mm
Z o) o} 02 o] Folxl Alu(vein)So] %)
w3 4w 8 okl Zejs 5 248 wels
W, 5 g nAGEES R AR 37
e uAl27]o EAER AP

A47] B2 QHT oF 60 om Be) Zu)
A K] (brown foliated gouge: BFG; 19 3e)
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deE Hdl = cm 2719 A=A FHER 1A
g} glov, ohule) Ant waE 2L grExzt
E0] o] F5te] FH 2ol 23} 02 HjX| = ot
H|-5-5=Z(cataclastic flow structure)E HoJF}.
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3 Yo ek PEALREIA
(pink foliated gouge: PFG; 19 3f)= Al47] E4
S0 BAFE wht oF 10-20 em Zo.=2 Wdsin,
ol8l FATHRIO) BT TEUE % FHo) 3
ol 717 Wi EFER o]70 7|7} o
B o)tk 1ARE B 9 B AES
o] v ghe Ze) ARje Heletn, 2] g
S vy Hzish shalesle SARe 42
whH o 2 A2 PRGSF BRG] A1 BT PFG
o) B Saae) dekpzte s

I AARE w2t Ao QiS4 vlE™el 2HEE

42 Nl47| cHECY

A7) EHFL -] FZMALES(Quaternary
sand; QS)d} AFR-o] ZHAA} 2 (Quaternary grav-
el; QG) L& A=Y, A47] EHFH 7|E TGS
o] F&dh= BAWEE A= o E A 23S 7H4]
= @Y WA HHEESE 3l vy Y] 7
A7} AR 1H 4c, 4d). PEG} Al47] E|ZE A}
ololi= Fel7h AL HEshA] o= 2RS4 X] (brown
gouge: BG)7} G712-& AW E whet ~3 cm £2
2 23ttt BGol B 259 BAR ARole A2
Z Hr} oo /A3 A B0 H7IFHZE ¢
26, SHREZ Z=pE FA7} SRk FEgeh (2
2 2, 4a). 11 3= PFGE}F 82 Z9] BG, QG7}
21 HEdhs Fato] W= =T, 7R 2 PFG
9} BG9 A= vl @7HatH1d 4b).

o3t EAEE TAHNTFY A HH e Z A%
H P A= & BaE M| FE o A EZ 0]
e AR 3419 Hah2(11 4c) PFGe} A4
7] §AE, 283 & Atolof 9JA3 BGHY] HEH
AE & Bt §3], PFGE BG Alolofl= o
9 FAQ dAZ7|HL YT v BT A
o] Ugtgt elso] ZstA sk 1 cm v|9ke
Zof Z0ZAYPSYS B & YU E,
BG2} QG Ajolo] ZAfshe 47 dee) A% U
19} QIR AL ol FHRo] u]3) QA
717} 228 Tt A A4S (granular flow)
2 T ETES Kol ol 5L A7 ol g
Fe5o] % WgY Anz goEt. 3k 57
oflA A E BH-(TH 4d) FHo| AL HEEHA|




3 HEFEEo] o] sH(wavy)e] FelEe]
WS PEGY] B4& & Rol%u], BGe} ZAR
ol PSZ, 1231 BGS} 423 Afolo] o 23 cm
%o WPT Ay QA BRE BG e o
H U 7ARE 458 a32 Y 29Y 8IS
3} A47) ©H e BYE0| BF BAEDE A47]

72| H47| HE=EY 07

zof 7158 SAIAY 012 & 181

SSEFH A AL G e R FAHE oY
of HEAIE FHSIAS W, A7) A719 F2
2 HEPH 992 PFG Yol Tesh= PSZ9}BG,
a2 HYE A7) HAS FA(TH 29 s
A d)0] 7€ A SSHE wE A &
TR A R0 ghEofl T E A ojHnt

[
Deformed Quaternary sediments

Fig. 4. Outcrop photographs and slap images of the Quaternary fault zone. (a) The Upper part of the Quaternary
fault zone. (b) The lower part of the Quaternary fault zone. Scanned images of slabs taken from black dashed boxes
in Fig. 4a (c) and 4b (d) exhibit the occurrence of the paleo fault rocks and deformed Quaternary sediments in detail.
Note the <1 c¢m thick principal slip zone (PSZ) developed along the boundary between PFG and BG. BFG: brown
foliated gouge, PFG: pink foliated gouge, BG: brown gouge, QS: Quaternary sand, QG: Quaternary gravel, PSZ:

principal slip zone.
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5. Ml47| EHELOHQ 0|17 E

A47] ESe] FaollA 1x)E PSZe} BG, 11
2|3 AP E A7) HHEY nr2E 54& vot
317] 913 2E) FHERES T3 HHE S A2t
o) LE WS AAETE BGE 2] n|ge] 2
9 4 HELESE 74E 71859 Jd 2 mm
3719 3, A 9 =] YHEEER o]Fo|A ¢

Fig. 5f
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Ho

(=]
k>

o, g7} n|FsiA g E o] St ¥h, PSZ+=
BGOIA] $rel T mhel & 42 4] pm 217]9) o
NG HES TSR ghego] wl-- War i FE Al
o) AEFEER ojolq Yo, Fekav|Fe)
B 27 (accessory plate) 4 Al FAAFEES 7T
3t A5 =9 (preferred orientation)& &S 4= QL
THL¥ 5a, 5b). HAFARHO M= hre] ko] 1
3 g7k & I E PSZo} AiF o m gHo 9t

Fig. 5. (a) Scanned thin-section image showing the shape boundary between BG and PSZ (plane polarized light).
(b) Photomicrograph showing a strong preferred orientation of PSZ materials (crossed polarized light; gypsum plate
insert). (¢) SEM-BSE image of the boundary between BG (light and weak foliated materials) and PSZ (dark and
strong foliated materials). (d) High magnification SEM-BSE image showing the ultra-fine materials along the boun-
dary of BG and location of FIB sampling (white box and inset). (e) Bright-field TEM image showing the various
size of quartz clasts and the networks of platy and acicular clay minerals. Selected area electron diffraction (SAED)
pattern of the inset image represents randomly oriented, poorly crystalline grains (e.g., Viti, 2011). (f) High magnifi-
cation bright-field TEM image of palygorskite and smectite in PSZ. Sm: smectite, K-fd: K-feldspar, Qtz: quartz,

Ap: apatite, Pal: palygorskite.



o] 7 ujoket Aele] BGe) vz S4o] &
e (29 50), 1E 7] @YtEE FAR=
+ um 2719 GHET 20|H(ultra-fine) ] 7|2
B2 olgolq nZYThE B2 & 4 AcHLH 54)
FEIRAFE u] 7 (transmission electron microscope;
TEM)Z ARg-8te] Z2ml9 o o AlE2}F 2
HP2E B4R AT, 230} 0.1-10 jm 27]2) 4
3 dHE= ZAFe] eI ATTo]E(palygorskite) 2
ghio] AulElo| 22 o]2oin F|URE FAE,
71 AR o] Ae)d A x}35)d(selected area electron
diffraction; SAED)#|€2 AlgtE]= 93t 544
o] 2 (ring) FEf ] sjElo] A QIR =H=T, °l
L AR50 AEgsit gla A9E e BEE
2] F"-& A A ghh(Viti, 2011; 19 Se, 5f).
PSZ.to] ZgAHe] QIAHE BG W FHoll= v
& 73 B AR o) vlA-PSZ(mi-
cro-PSZ) 7} Z|of| 400 pm =0 2 FEZFETH I 6a, 6b).
AAER| ol N BEEE 0]4-PSZe] YL njZ
9 Weom W B chgad W delse)
s, Ao 4= A um 2719 ¢4E 9 BG =
42 ojzoixl QRS 2uYe] 71 ENE T4Y
THLH 6c, 6d). 7] 7] Bajdn| g 2425, of 5
2o qole Pae welnATlelER PO
o, 2 oA = At 9 9] sfgo] T
QIX| == SAED H&l-& 7}ATH 19 6e, 6f). T3FEDS
Ak wejmatol=e] HFHS SEkEA(MsA)
2514010(OH) 4(H20)) o] €]l 22| Fe7} A& 5=
B)(29 6g), o= Mge] AR} Fez Xghel A7}z
Z2uET 93 JoolAE A4 el Lol
7 Ak e 2 2 Wi sol It 6h).
BGS} A3 A7) AR 40)9) w7 B
XA, 7| A5 = AEdER AAEY, dHES 9F

=

z\:lx]

1-2 mm I7|2 BFo] J3 sl BGLIe] AAH=Z
NS YAkE S| 217} T Taste HTS
HATHTIR 7a). FUELS F2 49 L FHRA

A G KA = o] o] Flom, nAitE(microfracture)
Eo) l:ﬂ—l:l»;].}; 2= 9 ym oJAte] HlnA & F7]9
JEEL By Y2 A G2 7b). E
T, AR Aol A g el PR 7T s
(conchoidal) © 2 7]A 95013 T (spalling frac-
ture)2} & (open)F 2] JAE 7I2A| 2 A H
= oh(transgranular fracture) 50| T2 E 0, AR

4= =g 42| M47| HESEn 0

R0l 7158 SAIZ 0jzY & 183

= o -

4 JRINE B9 nlekdSe] 44 B F 2
JApe} -2 Ao 2 thA] i YA F]EeHE (healed
fracture)Eo| IEHHIH 7¢, 7d).

6. 22 XRD £4
A7) S o] R = A L I ERE L 7

At 2| (BG)9} 712 THEhel ZA(BEG) Y B
A QeI HIR| (PFG), 123l ol A QIA|E PSZ
£ o|F= IS EEESY FETH EAS ol
9190 A4 0 A 29 XRDEAS HAI5grHE
1; 29 8). A47] S3o] 712 RQM)2 AFE(QS)
oA HHE A BS0] A W AN Fepe 77t
73.4% 0 78.0% 2 U)o =& u] 2L AR5t 22
uefo] 22 FAHH £9p0] YetolE/wen U
T4 (kaolinite) S ZFFHe WEFREY S
242} 26.6%, 22.0% 9] FgHIE et BG= 49
2 AT 34.6%E AR5, 28] E(laumontite)
4 ZelsE2elo|E(dinoptilolite) 52 £-2445zeolite)
7}7.0%, 2HELO| ER 7} 58.4% 5 XA gt} PSZL)
PEG A|RE2 A2 AR BETAS 71ch 4]
W AR} 717 282% 9 241%, HEREE| 2
Z+71.7% 4 76.0% 5 Z}X|sk=t), o| 5 PSZ=42.3%
9 25.0%, PFG= 61.1% % 14.9% 9] AdElo]E W
| ATto| E g HRlr) HaolA Blaz o
#9) Fao] £3kE BEG) 49, 49 @ B4R
40.0%) ¥12-E AR50, BAF FE ZRefo]
E(17.6%) 2 AHELO|E(37.4%), 283 AFFe| 17
H(E1%)0% FAY AEREE oA BAH,
E3E 1A X‘(amorphous)%*‘i’—] XRD mjjelojjA] &3]
== 20 20°40° Ato]9] =2 vl gk (background;
e.g., Lin, 1994)2 g&5] gelg 4= ¢ll.

7. E 9|

7.1 Ml47| SS9 ojF=0 7I15&E SXIZY 0|
1o ENS
Y9 A7) g 71 TEEAE A
E 9l o] st g3t A7 Al47] o %
Aol A B & H v B S-S A5 SAEL 3
01 A7) FEFol AXNEUR Al7lodle G5
S ERE 9 7= (strength) 2} B¢ (confining
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Fig. 6. (a) Scanned thin-section image showing micro-PSZ in BG (crossed polarized light). (b) Photomicrograph
showing a narrow (<400 um) micro-PSZ with strong foliations (crossed polarized light; gypsum plate insert). (c)
SEM-BSE image of the boundary between BG and micro-PSZ. (d) High magnification SEM-BSE image showing
the ultra-fine matrix materials in micro-PSZ and the location of FIB sampling (white box and inset). (¢) Low magnifi-
cation bright-field TEM image of the matrix of micro-PSZ mainly composed of acicular palygorskite. (f) Selected
area electron diffraction (SAED) pattern of the inset image represents randomly oriented and poorly crystallized
palygorskite. (g) EDS pattern of the dashed black circle in Fig. 6f. (h) High magnification bright-field TEM image
showing the nano-foliation of palygorskite. Pal: palygorskite, Ap: apatite.




a5 =g d=2| M7 HESE O

HzolMe YA FE(rolling)oll &J7t HEF 7}
A Fst= AR dEA Utk (Cowan, 1999;
Baldwin et al., 2002; Kee ef al., 2007). 221} A
A9 9] A47] Gt olHFt 3t 2ASNE
E5laL v EH0] SR 2 F2 o HF5EH 54
QAR =710 HAFEEY At ATHRE
7= <1 em 2] PSZ 9l <400 pm Z9] m]A-PSZ,
9]0 HEE AFE YRS T (cataclasis)
o] )= 70| Soltt.

22 BHTEY ) BEue garon S o)
FERATED DEUHIAY AHELS B9 FAA
4 v BT L PSZ9) o] A2 ATl 9l
= HoAE AR o8 e A HuH (surface
rupture)Z AT A2 == 2HA ] ST
Z008 thto2 4 o) 0 PRATES T
S8 Yol A ZulQH(ultracataclasite; e.g., De Paola
et al., 2008; Smith ef al., 2011), =Y RKe.g., Siman-Tov
et al., 2013), H]AAEZ(e.g., Collettini ef al., 2013;

I7=0f 7152 SAIEY 018 & 185

Tarilng et al., 2018), A FAFEFE(e.g., Balsamo
et al., 2014; Smeraglia et al., 2017)5-9] t}Fst &5
EAEE o]Fo|x 1 mm ©]5}9] n|A|-PSZET} o]
o FRtE = 25459 E455 BAsqlth oy
oY 2ede2 F2 v EHAE wet
£ nlE9o] FA2Hlocalization) &= - A &
Attt (e.g., Sibson, 2003; Rice, 2006). T3t Smith
et al. (2017a)+= *43]}4 (calcite) Y ¥}-2-4(dolomite)
© 2 o|Ro|7] SFH|XE WME(<1.13 m/s) U] EH
422 0.03-1 m Heo HAE qAH R HEA
7 A Ew, TR oREtgo] AlRbER= Al olA
3l AR wiate Py HR-e- FuE W (principal
slip surface) ¥} &7 F 40 pm Z9] 73t 2 E 7t
A= BA-PSZ7F IEEE B o, o|F FA4
Z4 FE](coseismic foliation)2 343}t o]
A9 u|tz Tl A PSZE} FHHE =4S
SHARE SA= ZHA] AT A7) &5 vlE
o] AR ] g1 FA|3E 22 HolF= mi¢-

200

| 500 um |

‘r.

Fig. 7. (a) Scanned thin-section image of Quaternary sand (QS) in the deformed Quaternary sediments (plane polar-
ized light). (b) Photomicrograph showing the microfractured and interconnected quartz and feldspar grains (crossed
polarized light; gypsum plate insert). (c¢) SEM-BSE image showing the fresh spalling fractures which developed
at the margin of quartz grains. (d) SEM-BSE image showing healed and transgranular fractures in quartz grains.
Qtz: quartz, Pl: plagioclase, K-fd: K-feldspar, Sp: spalling fracture, Tg: transgranular fracture, HF: healed fracture.
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Table 1. Mineral composition of the fault rocks and Quaternary sediments in the Quaternary fault zone.

Mineral QM QS BG PSZ PFG BFG
Quartz 40.7 47.5 10.9 12.3 13.4 13.6
Plagioclase 24.1 6.4 13.1 8.6 5.5 14.2
K-feldspar 8.6 24.1 10.6 7.3 52 12.2
Zeolite - - 7.0 4.4 - 17.6
Illite, Muscovite 4.7 - - - - -
Smectite 21.9 21.1 58.4 423 61.1 37.4
Kaolinite - 0.9 - - - 5.1
Palygorskite - - - 25.0 14.9 -

Sum 100.0 100.0 100.0 99.9 100.1 100.1

FZ £ A% PSZ9} v|A|-PSZ9| EAE g4l s}
Sich. T TR XRD BAH TR 8 BEok
H|3l m]E9o] J5H PSZ9| Te|auAsto|EQ oF
Fol S7Fhs AL HoAF=d|(& 1), ol=23t F=
2739 g7t g oFt 2r4kei) Bl
A5 Ysl7] flelie PszEAe) Ml &
ST RS gire s o us FESH v
dt7t Zast

WP v AEE0) v AR 2R
frote mATEe] WEe A= 7HEAE 7
Mo XA A $418 Tl2A 2k 39
3 dgo] dgE HFYAES BoiEth(ad 7).
Bat nl72H SHSS VS el 03
APAZo|| 4] Wrdsl= W u(deformation band)
S Ao 2 AFE o] gt Cashman et al. (2007)
2 ARFEFoFA(San Andreas) @52 A S 5 H]
A2/ 23T FAEA G Aot gds FHTL &
AR o) nj1d EFFol|A BEEE= AP
ol 2E vmet 23, ARe) AEE g U 7
ol ot YAAL AT A, R o
A5 vAGdEe] s, dutert E5Fst
I, YREol A= FET JHE e T
Z(bridge structure)7} THEE| A} EFH GT AL
AR EEET AN 3 E v d FH5o
g u] o]L2 A (Shipton et al., 2017)= AR} 71
Aol AAgt sjztatel AATEE (spalling frac-
ture) ¥} AL SHFES 7F= A= ©E(transgranular
fracture) So] WEhe B shgdid), olejst T
S 8ol mi$ W2 AFoA AYE 5 3o
(e.g., Rawling and Goodwin, 2003), E-¢to] ¥

o

4

N

ol S oot

n
m

¢

8ol Al ahfjzt-go] WA E = Q= 2 A5k=
2E AN B4 e vzl Hrjo) g
AL 2 3431 th(e.g., Balsamo and Storti, 2011).
webs] Yo A47] S5 njad 5SS E
g o) % AXHBS Yo Fue) FuE A
70 7]l w2 N B YL AL How gk,

o
5
ACh
iy
N
a9
rg
=
>
o)
by
i}
e}
ofj
)
rlr
2
2
-
ofj

7| S EE FE FAES U SAGSY| T
HRISHA DS T FAE S (subsidiary fault)
So| Qg |4 E|o] grieg, Ree ef al., 2003). L
HHA o g2 RS a3t Wely] HAAEA
o] MY EHT D IR, 18 o]F WUt
AUAEE Aot A o= dEA AR, FAF
@ FAEAY|(main fault core zone) 2] A17] &
Foll TelA = A7 &= =7 Folof. 2245t
4 AESAHATEL 53.940.3 Ma (U/Pb)2] A&
A 714 33| (Hwang et al., 2012), 44.7+1.1
Ma (K-Ar) 9] A& Z3A] TS F2dd 33
o] Far3el oJsf A Hskgirk(Shibata
et al., 1979). T3}, | A5 o LYol +=3E
ALATEL 23.1+0.2 Ma ~ 22.97+0.13 Ma (U/Pb)
o] A E 7H = FEdE SHieo] FardZol 9
3 A= lou G E wEshe Al47] EHFE
=R ¢SS B astHTHKang et al., 2018; Cheon

L




etal.,, 2019). 184, AFA G2 HE °F10 km £
oA 2AME A5 ZA] Fot A9 Y A
Y A Ao FAS = Hol= Hi6
m £ J&3t 29 9 HEA GFddgrt 1314
B.P. o]%of EjZH #47] E]
AHAS B 15k o (e.g., Kyung, 2003; Kim and
Jin, 2006), oli= AFA Y TFTHo] WRLZL} f
S At =3 AR GollA] oF 2.5 km HEe]

= O
o= "

A5t A TP FTE APRAN 2
HzAR BRIE B2 10 ZAAY 27
(AD 1,550-1,700)9] =272 233t Al47] HA=

(74104 ka, OSL)S AH3hS Hu3stgth(Lee ef
eIt AFAIEE 4727 Ao

z39 TS THE wet ok HHA A
Ag S BEEFol WASIH S-S A ATt o
H PSS shite] gl BEtzh obd ol A

o] B4 2 11=o)A]H (e.g., Lee and Jin, 1991; Chang
and Chang, 2009; Choi ef al., 2017), £Zof u}=}
_r_E.z;_]—x—l E/H_]_} _T_E/\]ﬂ U]IL%AOE c} t:’—-z-]_‘
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FPsAo] o g 7} He ne AAIR A AT
So] Z7hElojo HA] S LEAE BT} A
= 27 8 4 9 e
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Sibson (1977)°] o) &5<to] AAH S =E EF7
o ol 17| se] Wk} 37 B o) R
o} B3 L o] £ BAEY ulo] Bk of3irt
HloFA 0.2 WsEA, Aol BT by
X Aol Bus) AEET gk o7)4 WS E
AW xR Fage thet gk

AR, G307 NZYSAE 25 4 et
ulZthe v ERnelA ofezlx Eelsekd ot

B 77 w5, olA UEgre] BB vl 7
z gejz 712 Ene A4 @ ¥4 BEre)
Al 9 BAE W LEAS E3) AAA BET
Aol EAE olale o= JtHCowan, 1999; Cashman
et al., 2007; Han et al., 2007a; Rowe and Griffith,

QM: Matrix of Quaternary gravel
QS: Quaternary sand

BG: Brown gouge

PSZ: PSZ material

PFG: Pinkish foliated gouge
BFG: Brown foliated gouge
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Fig. 8. Powder XRD patterns of the fault rocks and Quaternary sediments in the Quaternary fault zone. M: mordenite,

C: clinoptilolite, L: laumontite.
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2015). E3F, AR n|1 g EHF Y {of st
F< PSZE wet X34 njEHo| Zhsd $ npE
do] =27)of w2t FSEZ 9 EAo] HdtsiH(eg,
Balsamo et al., 2014), TA 0|EE GA| Q] Zojupz
x| BE nIYSEE FUH o AEE o
71 Ao th(Tarling et al., 2018).

A, TS A A nEHEAR dFE =2
T AEES ATt AR @eEY 9 &
A& AFH LR olgfslr] fldf w2 AHEAd
dAqEol sEoIgon, I=RE o 4= UE A
Ao njZgddje] B4 £ e.g, Tembe et al., 2010;
Ikari et al., 2011; Woo ef al., 2016)2} A=(e.g.,
Han et al., 2010, 2011) Y A= (e.g., Hayward
et al., 2016; Rowe et al., 2019), 0] & o] ¥
¥ PSZ9] £A)(e.g., Ikari, 2015) 5-0] A& o]F u]
SHEA 2 I 7|1-th= Holtt. ol A
WASAAES Ad719 =2 2 7|e3 Ao r
Q13 QIFARl, B 7HE 9 EES ARSE A
HEo| FR/E o|Fo| AAHY B G5 EL
o] E4& 243] A&st=t] AHE 7K 2
AUt 22 AAGSH o FSEAS 7Hglo] AF
sto A SFA e mlat27E HER Fo]#H (wafer)
£ 83 AAEE0] AlEAL 3lem(e.g, Collettini
et al., 2009; Smith et al., 2017b; Woo and Han, 2019),
3 Ay, 7hsE A 38R g2 GEEE 1Y
AtH B o] AR thE-F Bttt wheba] @A
@30 n|2et EA o AHIE AEs] EAsH= A
2 FF nEEEALS oldlish] AR Sast A 2
o]t}

AR, G320 EFAI71E Agsk=d| 7]ofgit &
Y EFAIZIE dotl7] f1% G AdiSAE
S A7) dSEAPA St FES AHA|ET
o) QS 2HT 4 Qe EA WoE
= ARAW-F T (electron spin resonance: ESR; e.g.,
Fukuchi, 1988; Lee and Schwarcz, 2001), K-Ar
(e.g., Zwingmann et al., 2004), T A EZ At (e.g.,
Tagami and Murakami, 2007) 5-¢] 92 AM-E 1L
Stk 919 WS Tha AolHEE XA 1)
BY o2 Qs) WA th el 3 A2
Ago] 27]skEls 4AE o g3k AchEHYol
7] Wzl ©39] uE- oA uE=Ho| A5 H
o] 7P &2 vhE S A¥E PSZ g vlx

ille

ol

4 AFVASE Teig Asgnige] ool
Eat, 2 ST Dul RIS oF 300
m 29| 0]4-PSZ whe} wayE vkl o3 A
4 9o] OSL A&7} 27]3} H& B35k (Kim, J.H.
et al., 2019; Yang et al., 2019) u]|A|-PSZE 138t A|
M= Z a3t} Aty 7870+14 BP. (*C) o]
o |28 B8 MO Btke| PSZe] mhit
A{Hirono et al., 2016)= Z0|q|37]9] HZAE
o) opo] PRTEY LEAVIE UL FaT
e e Ao BuHYT,

ZAe| 2

o] A7e 7WIARAR7 &7 LAY (KMI2018-01710)
o] Yo7 FYE|Qitt. ofH Aol AHEH BE
A7 9] HES ATHFS A=Al sl 8] A=
Wit FaRRA B8-S £ A4St 9 BAE
st L2213t A74 FRENA 2 AL
S Mgt B3 A EFEGFH =22 4
et A7) g At AAL ZEFg 2AS
A 5 29 g o] HARFEA = A=A
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