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ABSTRACT: A Quaternary fault may have slipped seismically or aseismically. If a Quaternary fault of interest
has slipped since before the Quaternary, it should be examined whether any seismic slip indicator identified from
it is directly related to the Quaternary slip or not. In this study, we conducted structural observation and material
analysis on the damage zone and core of a Quaternary fault, Cheongun-dong area, Gyeongju, to find seismic slip
records and determine whether they have originated from the Quaternary seismic slip. We recognized two geological
features that may be directly related to seismic fault slip: pulverized granite in the damage zone and gouge injection
veins in the core. Concerning the former, its formation timing is uncertain. The latter, some of which include the
Quaternary sediment grains and are injected into the Quaternary deposit, reliably indicates the occurrence of the

Quaternary seismic slip on the fault.

Key words: Quaternary fault, seismic slip, Cheongun-dong, principal slip zone, gouge injection vein
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A47) SEFEF that | QshA, 1A A
T A7) BHE Agshs ol tha A
oFelEANE 7Iuko. 2 A HATIZY ) WAl 91K 9

A7), AZF7), ARAFRE B 55 BAH2R 5
Y= TH(Yeats et al., 1997; McCalpin, 2009; Kim,
Y.-S. et al., 2020). | FAS I LA 5
SHtE SR 9 g3 tiE wet A4 vEd
= A% @FE0] b FRIEHAIL(Kim, Y.-S. et
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al., 2011; Kim, M.-C. et al., 2016; Cheon et al.,
2020a), o] &Y EEAI7|= ©SHIA] E @3l 9
3 A9 FHES R 3 o] AESHH
(e.g., ESR, OSL, HC)ye E4) AlztE 9t Ree ef al.,
2003; Lee et al., 2015; Kim and Lee, 2020). &]7|
Al st S a3t AE2 Al47] @5 AtolA el
S @3 rE"e] B AR E-IA, 1 ES
of thgt AthS o= Aghe EFA717F 25+ 2|7
AU B A7 E ou]st=A|o|th A=, A
TRAOR &5 F¢U @5 5 =83 Aoy
A7 FHSHA] obe mEREERNAY vEY E
= Z3); aseismic slip or creep)S Hol= ASo] A
AARSZ th R tH= H(e.g., Harris, 2017)
= 2T off Al47] &5 Aol 3o o] EAol o
gk =97t F asirt.

o, S tol|l A EkE= ekt XA EHE
EA F ougt Ao AZAuEHE A7
AE ZA Y F2 232(7HE, <1 MPa) }ojlA
BAES HAAT= Al47] &5 B, "ol
AelH oz IAY nEHEET} vl wEX]
A= A9 &Aool 22T et =4S A
347] oF7] W Eo(Han ef al., 2014) 123t TH2L
we} wEEelo|Erl AR 2E gl
ojFrt. o|Hth= FUA| W (injection vein), & £
EST B FHEE 2 BEY Ul 1)
Fofl &gt YA Fo]ar FAT Litst 1o e
=3 FAIY 7l o8 B EHol FReR
F95]o] TFE0jX]= A|W(Lin, 2011; Rowe and
Griffith, 2015)3} 22 27} A|47] S50l 4 7] h
E= X RAANEY X A|Rto|tHe.g., Han ef al., 2020).

BHH, Sljof|l A= o2 71A] Hol At Hh=
O }(Park et al., 2020), E2](pulverized rock; Brune,
2001; Dor et al., 2006)= A4 TEE2 A|A|
S ek B2 E4EH-E(pulverization), &
A2 v Bt 22 241 $HE
AY T WA Wil oo 4 n|jaddol
FAEI Tof| et ARA7|7F st ZEAS
o &J3f g3 2lo] glo] mkx| 7IEA " A R
A= AHE 2A 8 A2 o, Adn]Ed 9
E& glo] TRtk HollA IRk Q1 ©FH] ]|
@} A91& © 2 th=tH(Brune, 2001; Dor ef al., 2006).
BHS gt EAEE(e.g., F]=9] San Andreas

>

i

S5t

=
[

fault, ¥ 9] Arima-Takatsuki T-241 5)o|A B1L
HA=d 5ol ofy e} I FH o] EA4f ol A H]
gy oz dgdsh= Zo] dubdo|thMitchell et
al.,2011; Rempe et al., 2013). I 2 &
A} u) ek o] weko] SxAlel yhyl AThAge)
e 24 7] ol el AR 2L 7
SA3HDor et al., 2006; Mitchell et al., 2011;
Fondriest et al., 2015; Sullivan and Peterson, 2017).
BASIARR-2 X]21A4 =0l (seismic fault rupture)
Al I+ AHE(rupture fronts)o|A] LA|Z O 2 HWkAY
She w2 2 E(strain rate)?] HP I} B
Ao 7 AQZIE|m(Doan and Gary, 2009; Yuan ef al.,
2011; Rowe and Griffith, 2015; Aben et al., 2016),
G55 AAZ Hohe 7 GA9] 73/ E(stiffness) R
T10) wE AT} £ (seismic velocity) X}o] 59|
Htf A 291 Ba4jeF 2320 wiE A o= FHES
tHMitchell ef al., 2011).

ok, O3 vEHo] SEE I3 g9l
u]EZH | (principal slip zone; PSZ)2] -9 2| A
U BYS ROSR DAY B ofueh 13h]
TR(stick-slipy Holi= A&GHTA| AN = & 1}
ERpE 2 3531 Q7] It Boutareaud ef al., 2008;
Brantut et al., 2008; Yao et al., 2013; Aretusini et al.,
2019; Han et al., 2020). o] 29| AL 1A 74
sh= 229 ZHd(stiffness)o] FHY] IAHT 2
ZAgoltt ARGuEHS Holug XRgnE-Y
A Y 7 Vs e e 2 g 4= qlrk(Ikari, 2015).

SHH, hte] Al47] Do = AAEE HESh=
HA(E= E&E)71 Dehiloll mle.g., Heynekamp
et al., 1999) Z} Aol A WHE= 72, I 729
FAA7), MBEA 5ol A= & 4= Jtie.g., Park
et al., 2020). o] 7 A|47] G2 o] Y| A
AZ/gu1 59 o] 4o BAHT s IREC| =
T A47] nEde BHE A2 ofd §= JloE=E
FoE a3l

2 A= s oA Al47] T e 914
HE Lzol F4o] oyl Aol E Ho|=A|E o|3
star A7]of 715E A7) AZgnER Y 8=
A= 2S BEE $YPEGeH, olF Sl 4
T ALFAGY A47] G2 Yo E FtE
T2 EE Yt (rock-slab scale) ©&
o F2IEE AA AR EAEA D AR

=
e
3




A7) A7 gulE=E S KA SRR o tisl =f3te

2. AR ESA|H Al47| &

ARG e PAZRY S TR U
21 2] Q120 AXPTHTY la, 1b). of7]of=
o}7] E|Zek] S ATt o] 5L BT Moty 3
SRS 2H8RIY, 98 melanocratic) 2t
HAHZ o] teht, oS A47] A 5
2ol o) RAYHOE H=o] Yk o). @
T o] SIXT AL AR WE A%
A BN AHLAY ST T TaAe] %
A 2 B BAL] BOE 2018K] 5
el 22 A A7) BEeFe] FelEl )
% 3PLb2, Kang (2019)0] &J3) AZF24 (N 35°
49'05.1", E 129° 17' 10.5") 2.2 7|9 Aot
% lo). o2 BEA 12| FuF0 AFY
£ AL HIR o] B2 ojlateh. thl, W52
Aol 4 gk 2= oA o] 9o} FAT T
29] A2o] $IX3HE AFFINAY A% Foi2
27bH o= BB

AZEAG o] EFAH(wench 1-4; 7Y 1o)
oA 215 A7) EEL ShelA A7) HAZ,

| 715 H47] AREoIEd 285

ZgRtolA= 7IHkbE Hole AEolth(Kang, 2019).
HFE3A G A47] Bz HheosL 2 HC o
&S B3l 4% 257 DS A7 = <106+8
kao|th(Jeong et al., 2018). 7]& AFoA Ry
W47 2] GE0) A N12°-20°E/70°-
80°SE, THE2A9] HZE7Krake)S 7°-26°NL2, o
ol ARET % Tl Aol SAIRE A
WOlFESE AAISH=H], ol= AR/ 7]
wieh-g ekl B Zalol F REsith(Kang, 2019).

2413 71912 T A b (mafic
dyke)& Esh= A HolH D55 FA=
74kgto] A47] EjAS floll AHLH 2a, 2b).
£ aTold 24T 9HFEHY AAE NIT-
22°F/84°-87°SE, TERS] o Mol ke o
2249 HFZHE SONo|THIH 2a). Ol 71
AT ATHKang, 2019)2} ¥ w e o ThEH ZHA1=
SAVBIE AFZHIAE T 3ol Hol Ao,
shte] BEelHE 91X MR 242 At chA
U, Fjofxl 24, Bre] 240] el S 9lohe
A 13 d(e.g., Otsuki ef al., 1997), dE9 E
7 AN FAH Y AA = He Ao| B
Helth, AFAHA AT LEUTHE 953
ek Aol ol The] Any) Hshe o
2F 2 mo|tH 1 2a).

AN T == P G a3k (fractured
granite)?} EH5 ¢ (pulverized granite)o.2 -

N3549051% E129 ‘;ﬂ@gf

& Biotite granite (Fgb),

Hornblende granite (Fgh) and
Melanocratic hornblende diorite ||

®
S Black shale

Fig. 1. (a) Locations of Quaternary faults (solid yellow circles) along the Yangsan and Ulsan faults in SE Korea
(modified from Kim, C.-M. et al., 2020). (b) Close-up view of the boxed area in (a), where our study area is located.
(c) Geological map of the study area (modified from Tateiwa, 1924). Fieldwork in this study was mainly conducted
on the fault exposed at the Cheongun-dong trench site 2 (N35°49' 05.1" E129° 17' 10.5").
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FETHIY 2b). WA 7] @& Egale] Tz}
S SHYS 7L QAL FA = B§A Al &
= w2t ZERTHIE 2¢). WHHo| B
YAl 2L BTAL Wi} Adn Aoz mols
BRg wgelvl, 1 yie] gelrchs ool |
& w](deformation band)7} JEFS(1Y 2d) 3
o] n|ofsto] o2 HA HAZ & 5}
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deposit
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Fig. 2. (a) Overview photo of the study site (Cheongun-dong trench 2). There is a main fault in the center (red line).
The attitudes of the fault surface (S) and the rake of striation (L) on it are N17-22°E/84-87°SE and 55N, respectively.
(b) Schematic illustration of (a). DB, deformation band; S1-S3, subsidiary faults. (c) Fractured granite and mafic
dike in the hanging wall. The former is cohesive, although it looks highly fractured. (d) Pulverized granite, which
is densely fractured and easily disaggregated into fine particles by hand (incohesive). Note the occurrence of deforma-
tion bands (DBs, black arrows) in the rock. (e) Fault gouge (black arrows) in S1, located at 3 m from the main fault.
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APETHE Sl A, 18] 1 B5T Trhess
o ST 2b). A Wue] AR A7
AL N36°E/46°SE, 112101 A-& N54°E/83°SEo|th
(2% 24; 7% M), Sohe BT TAAY
W 1 o] o] $ix] o4 Uehtir] ThEo] gn
oA A7) BHZat A7 & Tl 2b)
o] AWML B EL =N o], LoE
A Bad wE F3 At Asithad 20
FE o Yehhs A Ao BAE F(2
% 2b; S1-83), HAEE(SH HATHE2(52) 9] %
A= Z+ZF N18°E/84°SEL} N25°E/80°SE=R, Fth=
o) Ao} ARSI, SAREES(S3)2] AR N6SW/
40°NEZ Z5H53} 2 2jo] S HIIT1e 2b). S1o]
A= o 0.5 om Zo] i) Th2u|A)7} el
2¢), $29} S301 A= T H|X|7} el el K] gR=th.
B AT FEES we} solq AR 7
o Az T2 v 97, 2 Baslaeh o] gl
wrgel (19 9, Bajsela 447 542
o] Zske 2(2¥ $1X), 13 LA AL} A4
7] EHZo] Hhe T 2G-19, 328 Aol
40| 72 90 20| 8] ZAS UK 3a). 1
8 RO AE oF 0.5 om Zo) 24 B9} 3
7 morel Basigero] AlskA waElo] Rl R
T5oro] LrehLtel(3 3b), A7) g EAl0] &
A=Y} 28 YA AHE oF 0.5 cm Eo] 24 T
Zul2)7} ek, 7 B0 AKEEZRhE
o 8 mgo] ALY 30). Bhte]
A47) B2 AL TaEEe) BHL AR
AUTHLA 30). 3-19 o)A AU7] B =57t
LA o] AA BesiA Aol grom g
Zu)A) E5 2 P X FeTH(Y 3d). 329 9
o)A T AAZ} & ARE, k0.5 om Z9] T
Zu)R)ok T270] AN LAYz B FelE 7
27} PR ATHIH 3¢). 329 $1%9] AS WA
52287 BX 4 m BolW AZEIAR(TE lo)
o) Y gelom, WPE2AMe) 3-19 o] of

SH= 3ol

372U BURY W

wEE B F Bl uge 8
G20 o gAelAE ARrE wEeh WA R

=2
=2
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£ Y533k AjollM shF o 2 x5
AR L AYE AfFAIE o]§3to] BAs)
At olF, dSH 7= BEE AEEs IG5
Asta gF2Ae] Udst ddstal 9-5H]A|
FATE BEE NEe Y ANt 2 ddst
Heth e A2 oA AL2oA 8% o] Ax
35 A= A FAE ol &3 FTHE o2 B
o}, Qrock-slab) W ¥HA A|AHS S At
o= 2ol g A2 9 FES FiRt WAIs]
A3l AukAlE A BA7ESRE ol-8sHith 270
= ol T B HHAIR Y] A =(1200 dpi)
o[ A& Hofial o] F FREA o o] &St
oA 22 9 AHY mlgtzo] gt 71249
< 0] (Olympus BX53)& F3f dAIEH3S
o, Hoh 22 FEO| A Bkl A= E s
S AAAFHY] AUARAE 2FE4 7] (energy
dispersive X-ray spectroscopy; EDS; Oxford X-Max
50)7} 72 AAYAL AAFA ] E4] 7] (field emis-
sion electron probe micro-analyzer; FE-EPMA; JEOL
JXA-8530F PLUS)E AMslach B4zALe 7}
SAY 15kV, | A7 10 nAo|oh. YFEAA &
e S5H AFFHe] FERAS ETAR X
A EEA S T3l sk 2EA R 4
A2 o2 YR oA mlo]Z 2 =H(micro-drill; FBS
240/E, Proxxon)2 H=o]H E2-& olA|o|Eof A 10
5ot BAgto 24 FH|HAtHKim, C.-M. et al.,
2017). A47] EAES] FEA 2] FS, FHE W
ol 2%t FF= s} staA Al E o83t &
ojl 125 um w|9He] SE 2 RE FHstHth £
Al EE= O]F oF 24A7HE<E 50°CE] 2EoA Az
Ak B4 A m sk 3 e s XA
3| A EA]7](XRD; Bruker D8 Advance A25)E A}
g3tg.0om, 40 kV, 40 mA, 70° (20) 7k, A
7 0.02%, 289 FARIH0.2 s, UALE S o] g3t
72 wae) x4 2A0= AN HA4
o] A Eo)l= Bruker AXS Diffrac Eva T2
L ol gk
4. SRR AT A
41 945t
GESA}FRG) = th2] FTFE(~10 cm

T2 Y BB2Y
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Welo] gretar] AEe] F37m) gao] wakshs
d) 2 R ek Wglvh njeks A gl ok
Thelolth(Td 4a). 1, BASANPG)IAE

eIt B A0 sl gron) ) Uy}
U ). AP s 1 ol ol
Bl ol T e Ao Bigulel S8 At

rb
Ho

= oil'

HPL7} A2 walsie, Y5 HPuo] FARE o
A= FA 2AE Bgo] IEETH Y 4b). 1L
AAYHMD)2 Al BE YAEE T =L 9

dgo] Wgst g i F2M B HE E
Zo] 9L ‘}il‘:KIL‘“é o). FAEZ1(S1)2 F 34
cm Z9] GFaE 7FR|=H], ol:= 2F 0.5 cm %9

| Location 1 |

Fig. 3. (a) Photograph of the main fault (solid red lme) The boxed areas display the sampling locations for material
analysis and structural observation. (b) Close-up view of Location 1. The red arrows indicate the fault gouge. The
inset shows part of the gouge, which feels sticky. (c) At Location 2, an injection of the fault gouge into the hanging
wall (pulverized granite) is observed. (d) At Location 3-1, the Quaternary deposit has the fault contact with the mafic
dike. Any fault gouge is hardly found here. (¢) At Location 3-2, which is situated in Trench 1 next to Trench 2, the
main fault in Trench 2 is continued (see Fig. 1c for the location). An injection of the fault gouge (red dashed line)
into the hanging wall (mafic dike) is observed along the fault.
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=
TEEHIE 4d). E33 F
o 1d 4d).

FRGS} PGz T A, A4 2|3 4]
2dEo| ER FAEH, FERAME & AolE
Bolz| SFeth ¥ 4e). S19] ©2Z2¢K(S1-B)2
Bzt i) AdElolE w37} thas 31, HEA
GSHIA|(S1-G)2) ¢ E o] v]sl] AHjERo|E 1)
A7} 374 HTHAY 4e). MDE TiF-E AP}
LHEO|ER E 4] Aol oIt
(9 4e).

42 0]1R
FRGE: 1-2 mm 37)9] Ag3} A QAls= L
Zg=H, TRt Aol R H(intergranular frac-

Frectured grenfis | ||(b)]

tures)e HQITHLH 5a). PG E3H 2 ¢F 1-2 mm
2718 AP A JAEE FAEEHY, YA R
of W& wjAatE(microfracture)o] Waste] skt
9] 2 YA} F 100-200 pm 27] 2] th=2] 12 <l
AS2 BaEo] 92y 5b). Yo wat uji
GEU = Wi EFEste] 4] um iRkY] 7]
9] A== afE A9 WEEHIE Sb). PG
= 3] Al dA 22 dAl= Ak
UL, HlaTEEL giFE 9 A= Ui
&40 YIS wet dE e A AlYstas &
AR e B3 BolA]= =t 1d 5b). PG W]
oA HPu= A= oF 0.5-1 mm ZOo 2 Ueht
o, TAEL 5 4HL g 0.3 mm F7]0]1 7|2
= Hoh 22 3719 nNdAER FAEH
 Sc, 2 A ¢HE). MW o J7 nlat

- K-feldspar
‘Plagioclase

Plagioclase

-Smectite

-Smectite
-~ ‘Plagioclase

26°

Fig. 4. Rock slab images and powder X-ray diffraction patterns of the rocks in the damage zone. (a) Mesoscopic
fractures (black arrows) in the fractured granite (FRG). (b) About 0.3 cm thick deformation bands (black arrows)
in the pulverized granite (PG). (c) Fine-grained mafic dike (MD). (d) About 0.5 cm thick clay-rich gouge (S1-G)
and 3-4 cm thick micro-breccia (S1-B) in S1. (e) Powder X-ray diffraction patterns of the rocks (FRG, PG, and
MD) in the damage zone and the fault rocks (S1-G and S1-B). The sampling locations of S1-G and S1-B are indicated

by the solid red circles in (d).
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FEYEE YA Aot

MDE #2o] oF 0.1-0.3 mm¢l FA4Fe] A4
Az}, HMELE 9 EEguEs 1A 5d).
S19] G373 g-2 Sete 2= ghwo] 2 BaE %]
o= 1|27k 9H(micro-breccia)o| (2 4d), L

I'b

i

S5t

o
[L.

Y= o) 1 mm 37]9] SHI} o)A gy YR=
2 ZAECHIY 5e). S19] TEH| A= W9 0]
Azbgoto| u|8)] <o) oFo] H1 F7|= Fom
AR LE =2 715 A ES Hol= AEDEZ
o] ZoIA YT 1Y 56). S19] ZE AT} T3] x| ]
AANALE AELES] 73 AThjgdL Hol= &=

Fig. 5. Photomicrographs of the rocks in the damage zone. (a) Fractured granite (FRG), where a few mesoscopic
fractures are observed. (b) Pulverized granite (PG) preserving primary granitic texture despite extensive
microfracturing. (c) Deformation band in the PG. It is ~1 mm thick and contains much smaller grains than the PG.
(d) Mafic dyke (MD). (e) Micro-breccia in S1. (f) The boundary area between the micro-breccia and clay-rich gouge
of S1, where a ~300 um thick PSZ occurs (gypsum plate inserted). XPL, crossed-polarized light; PPL, plane-polar-

ized light.
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u]EH | (principal slip zone; PSZ)7} YEFATH L
9 5f). 2AL2 2F 100-300 um FH&] 22 A, FH
S0 vlgf A FFo| v A1 fRE HE
FE= YA A E 5D).

ot
o

5.t

Olne

5192 22 Y BE2A

@39 A= ThE Y] ol BEFH = W
A& 37019, 29 2 3-11H €)X]; 13 64, 6c, 6¢)2}t
Sl £I7E BEE AR 2408 2 324
A, 19 6g, 6h)T & 5719 dTS A&t £
Mk

5.1.1 191 9JX]

1 912 9] S5 AN FHOZE 7h 8t
v} g2z 9l (footwall fault breccia; FFB), 373t
A dZ(granitic lens; GL), T5H]X|(fault gouge;
FG), 2ZEto|E7} FH3E @8] x| (laumontite-rich
gouge; LRG), AHF =212 9h(hanging wall fault
breccia; HFB) 5 & 57]9] ddo g2 LR=E 1Y
6a). FEBL:= TJF 5 cm %0 2 Uehbin] metukol
A= el Eeks FolFelth oA dHE
2 & em A7)0 A ko2 ERlo] 7Hgsh £
AR S o= 7| dED s Zepe] Sl
THE 6a). GL2 Fof|A] oF 2 em £2] o
HapA, Ay ol o] HEF 7|-Ed 9 0.5 em
o8} Z7)0] dAER FTAHHHIY 6a). FG= 7
o] HEA EZo|r ¢F 0.5 cm Z22 Lehdt},
FH SR oE o] o] EX Hom P-HAt
kel delE BEAtH1d 6a). LRG= & 24
S o oF 2.3 om Eo 2 vepde, o] Jee St
oz A 27Fse AlEE SR FAEE 3
a1, FG}F 1343 StollA o Y2 Als Wi 1H 6a).
HFB&= -2 249 4=, oF 1 cm Zo2 Yehd
2 6a). AL SR PGol v]3) Ak7)
7h 2 BQFR RS Hol7] gt

D iRl H R BEUES gakez XA
S| AEA-S AASAT FFB, GL, FG @ HFB:
#2 49, 44 U 2veolER PHEE, 15
FFBS} HFBL: 42F0] 2RElo|ES Ztatth( 1Y
6b). FG= &HEO|E 1|37} 71 a1 Mgt &

| 7125 H47] A0 B 291

A 33k Wk LRGE 2Eeho]= w37k 1 3
¥ 3o B3} 2ueto] = =17 wom Aot
#p412] Ao] B2 o|ch 1Y 6b).

5.1.2 29 9%

29 %] SS9 gl Aol Al47] B4
E(Quaternary sediments; QS)¢] ZA}3l=4|, FG
of Bt= ARt FHut 2R &2 ¥ Fx &
244 2Jol& gIst] ¢8l, QS 5 FGEHH 1
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Fig. 6. (2), (c), () Slab images of the fault rocks and their neighbors at Locations 1 to 3. (b), (d), (f) Powder X-ray
diffraction patterns of the rocks shown in (a), (c), and (e). The sampling locations for the XRD analyses are indicated
by the solid red circles. (g), (h) Slab images showing fault gouge injections at Locations 2 and 3-2, respectively.
FFB, footwall fault breccia; GL, granitic lens; FG, fault gouge; LRG, laumontite-rich gouge; HFB, hanging wall
fault breccia; PG, pulverized granite; QS, Quaternary sediments; QS*, Quaternary sediments about 1 cm away from
the fault; DMD, deformed mafic dike; MD, mafic dike.
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Fig. 7. Microstructures of the fault rocks at Location 1. (a), (b) Photomicrographs of the footwall fault breccia (FFB)
and hanging wall fault breccia (HFB), respectively. (c) Scanned thin-section image of the boxed area in Fig. 6a.
The boundary between the fault gouge (FG) and laumontite-rich gouge (LRG) is more straight and planar than that
between the FG and granitic lens (GL). (d), (e) Back-scattered electron (BSE) image and photomicrograph showing
the LRG and GL, respectively. (f) Photomicrograph of the boundary between the FG and LRG. Here, a PSZ is charac-
terized by strongly aligned clay minerals (gypsum plate inserted). (g) BSE image of the boxed area in (f). P-foliation
is dominant in the FG, while the PSZ, indicated by the double-headed red arrows, shows a strong foliation parallel
to the Y-shear direction. (h) Close-up view of the boxed area in (g). The PSZ is mainly composed of submicron-sized

smectite grains.
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Fig. 8. Microstructures of the fault rocks at Location 2. (a) Photomicrograph of the fault gouge 2 (FG2). (b) Scanned
thin-section image of the boxed area in Fig. 6¢. Here, the fault gouge (FG) is injected into the QS*. (c) BSE image
of the laumontite-rich gouge (LRG). (¢) Photomicrograph of an area of the FG showing gouge injection (gypsum
plate inserted). (f) Photomicrograph of the boundary between the FG and LRG (gypsum plate inserted). (g) BSE
image of the boxed area in (f). A~500 wm thick PSZ is developed, showing a strong foliation parallel to the Y-shear
direction (double-headed red arrows). (h) Close-up view of the boxed area in (g). The PSZ mainly consists of sub-
micron-sized smectite grains, which show a preferred orientation. QS*, Quaternary sediments about 1 cm away

from the fault.
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Fig. 9. Microstructures of the fault rocks at Location 3-1. (a) Photomicrograph of the Quaternary sediment (QS)
about 5 cm away from the fault. (b) Scanned thin-section image of the boxed area in Fig. 6e. (¢) The boundary between
the QS™ and fault gouge (FG). The QS* consists of smaller grains than the QS and shows a preferred orientation
of clay minerals (gypsum plate inserted). (d) Photomicrograph of the deformed mafic dike (DMD). (¢) BSE image
of the boxed area in (d). The DMD mainly consists of smectite. Some fractures in the DMD are filled with much
smaller smectite grains than in the DMD. (f) Photomicrograph of the boundary between the FG and DMD. The
FG shows a preferred orientation of clay minerals (gypsum plate inserted). (g) BSE image of the boxed area in (f).
In the FG, no PSZ is observed, but many gouge clasts (GCs) are present. (g) Close-up view of the boxed area in
(f) showing the matrix part of the FG. QS™: Quaternary sediments about 1 cm away from the fault. (h) Close-up

view of the boxed area in (g) showing the GCs.
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Fig. 10. Microstructures of the gouge injections at Locations 2 and 3-2. (a) Scanned thin-section image of the boxed
area in Fig. 6g. The fault gouge (FG) is injected into the laumontite-rich gouge (LRG). (b) Photomicrograph of
the tip of the gouge injection (boxed area in (a)), where a U-shaped alignment of clay minerals is observed (gypsum
plate inserted). (c) The gouge injection mainly consists of clay minerals and clasts of quartz and feldspar (boxed
area in (a)). (d) Scanned thin-section image of the boxed area in Fig. 6h. The FG is injected into the deformed mafic
dike (DMD) and mafic dike (MD). (¢) Photomicrograph of the tip of the gouge injection (boxed area in (d)) showing
a U-shaped alignment of clay minerals (gypsum plate inserted). (f) The gouge injection includes quartz, mudstone,
and granitic rock clasts that exist in neither the DMD nor MD. QS, Quaternary sediments.
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