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ABSTRACT: Earthquakes are generated by the dynamic propagation of ruptures along faults, and the resulting deformation structures can
be preserved within fault cores and damage zones. This study investigates the formation of seismic slip indicators and the development and
evolution of pulverized rocks in the Quaternary strike-slip fault zone at two localities in Geumsan-ri, Yangsan, Korea. At Site 1, a fault with
an orientation of N26°E/83°NW juxtaposes Quaternary sediments in the southeast against Cretaceous granite in the northwest. Clay-rich
gouge is injected from the slip zone into the sediments, with a width-to-length ratio (aspect ratio) of approximately 0.3. Within the granite
on the northwestern side of the fault, healed fractures and open fractures occur at high density, together with deformation bands and folded
deformation bands. At Site 2, a fault with an orientation of N60°E/87°SE is developed within Cretaceous granite. Here, pulverized rocks
are concentrated in the northwestern side, containing both healed and open microfractures, whereas only healed fractures are developed in
the southeastern side. The gouge injection structure at Site 1, with its high aspect ratio, is interpreted to have formed not only by fluid overpressure
induced by frictional heating but also through the contribution of dynamic tensile stresses. Pulverized rocks at both sites evolved through
three pathways during repeated seismic slip: (1) pulverization-successive pulverization, (2) pulverization-fracture healing, and (3)
pulverization-fracture healing-pulverization. Fracture healing during interseismic periods served as a critical factor in determining the

Copyright © The Geological Society of Korea 2026
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occurrence and location of subsequent pulverization. The asymmetric distribution of pulverized rocks is attributed to bimaterial interface effects
and lithological property contrasts, but it can also occur in homogeneous rocks depending on rupture directivity and stress field distribution.
This study suggests that fracture healing within damage zones can control subsequent pulverization and location, thereby contributing to the

development of long-term fault zone evolution models.
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4ol S2E o] YA =D, A2 T3
A](fault patch)ol A vl EHo] AAE H, 7]& @3- et
52 vl 5+¥(dynamic frictional rupture)o| 3= HA B
AR} BhE SER Aseis T AHE 9 T 2o
Lol e ge Az Bek 3ate] wao] WEE L, B 0|
Aol A F2 uhavlodnt Betet ot ThazbEeks)
WA Y Z(e.g., melt lubrication, flash heating, pore fluid
pressurization £)2] ZHE-2 ks WE £ 2 u|EdY
o] 2FABSICHe.g., Noda and Shimamoto, 2005; Rice, 2006;
Han et al., 2010, 2011; Di Toro et al., 2011; Goldsby and
Tullis, 2011; Yao et al., 2023). 3}A A ZAA g=2u]EES %]
Aloh= F2= 3A W3 (fault core)d} A ) (fault dam-
age zone)o| A ERIHETE G A= hEH o2 TFH
ol ks SrEelAL Fe 2 Blw srEeeiolE
(pseudotachylyte), 7127 BH] ) 272 So] Taw
o}, el eol S T 20| 14 v B Eot v}
B84 5 228l W2Eol FHE, B 05 Al Py
ol eIslo] TS ol Erk(Kirkpatrick et al., 2012;
Kirkpatrick and Rowe, 2013; Han, 2017). ©&H]X] F¢]
F2E 23} UAAAE Ee BEulA7L 14 vl
o7k vl 27l ko] SJ) R g o= Fg)
=] 2SI Ferri ef al., 2010, 2011; Lin, 2011; Ujiie et
al., 2013; Rowe and Griffith, 2015; Han et al., 2020). ©]
E TRe BT 1& nEYY npvtE S e stug
QEH A2A 0] BY AR WolSol ). Fto|
7h&E|Uo| E(kaolinite) 5 L= 3 11 Hek A A
75 $3l 0| EHdh(principal slip zone)&] A4 2 EA)
E3E A2 vEE Y AA| 27 E 4= Aok ARk v
It Woo et al., 2023).

3 & tolA = E4i ¢ (pulverized rock)o] &2 Q1
A%V vlEE AA| 22 g2iA Itk(Brune, 2001; Ben-Zion
and Shi, 2005; Doan and Gary, 2009; Mitchell et al., 2011).
EHYS AR 5 AT (rupture tip)of|A &Aooz W
ek o) B W ola) BAE, Yol o
9] &} m]Athd(extension microfracture)o] EsFA| Tk
12} 38 (grain rolling) g0l $HH9] 13 2& Mz
(Rockwell et al., 2009; Mitchell et al., 2011; Rempe et al.,

2013). EZE, ofQloflA o2 FARS o 715 22 A%
= HQltk o]2j3t £ A A, vhEk nlE R (frictional
sliding), 9% 7F4~(grain size reduction)E Hel= Y4t
Q) TS} F3EHA FF2Ethe.g., Blenkinsop, 1991;
Sibson, 1977). E28Kpulverization) H|AUZ O 2= (1) 9]
ZE4(bi-material) A4 2HE AHFET} 55 wet A
2 it BeFe 2 AuEHA 52 WP H(dynamic strain
field)o] v H A o= Fxsty opgd AHR FHY 53]
S2lo| F23] 7TAsh= 53 3154 (dynamic unloading;
Ben-Zion and Shi, 2005; Dor et al., 2006a %), (2) 23t
3} H(supershear rupture) A] B}S} AH(Mach front) 4o
75254 550 WAt )4 QY fragmentation) 7+ %
W)= 5% 943K dynamic fragmentation; Doan and Gary,
2009 5), (3) 5+ AwseA] AR AAH Qg H O
P nagtdo] FAEE YA I 2 wek(transient
tensile stress perturbation; Xu and Ben-Zion, 2017 -5), (4)
ZHA] A (interseismic period) <12 7|A| 323} o]F FX|Z
(coseismic period) 5212 §23t 7 (decompression).S.
2 3= 7147 S8 Aol AR (in situ)ofl A &4
B 223 714 7 (rapid gas decompression; Mitchell
etal., 2013 5) =& Fo| A= ek

o] gt Eajet = 32 Split-Hopkinson Pressure Bar
(SHPB) A9} 2] BElgs F3l o]FoiA itk o5 SHPB
482 A9, 32 B5L G Azl Hobstel g Fe
A7k ROl sk B4 Tl ASS FUsiehs A
Yo, o] HgtE =y aHE A HFEY o
A HPYEY FE 4 S-S 185t ol 85 Aot
(Dor et al., 2006a, 2006b; Doan and Billi, 2011; Yuan et
al., 2011; Xu and Ben-Zion, 2017; Griffith et al., 2018).
g 7]E Ate Q1 24 A 2ol S E
Ko, FHE 47 o] AR A ato] whet o g A 3
E(healing)} FH(sealing)S 72, o]2|gt B7go] A&
23K successive pulverization)Q} T4 Th= njZof o]
P A=A AT FHEA Foheh A=
Park et al. (2020, 2022)°0] AFA] L] A47] G52 24
ool et oFe] 9 mlA|l 7R WES Bustglo),
#ere] 23 HAUES A= JA SRR A 4T

2 AGs A A LY FAF @A Erd
AW DZHE o2 =3613ict o35 Han et al. (2023)
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1983; Chang et al., 1990; Hwang et al., 2004, 2007a, 2007b;
3% la). A3 Ao W=, FiES SS5to A2
T2, A BA 4 Al 24 29E FHE o wopr) @
AL 5, LA 95T &5, T7] vho| @A o] % FHa
F 25 A7) 9 FUS 53 202 A EtHCheon
etal., 2017,2019).

FAEZS] 2 (segment) Tl tisfiA= SAE 3H
AsNx7F A8k} Lee and Jin (1991)2 1264 2] A} R

ok Lkt ZAk2 T4D| 25 At 185

21D 1479 A7) AN AmE ZAZ HHESS 57 F
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oh dhe QRS HEER O 2 570 BE g LREI T o] &
Choi et al. (2017)& 2| A%}, A8}, 1A A8}, 7518
A EAS St 3709 8 REAER, T8 9 A9
7He} AR B = AASHAT 2 dAtolla= 29 4
AT, Choi et al. (2017)2] EFAAS w2, A1
A9 g5 249 dio] gtk

FARES TR B TR JE QAT 55 1
A47] & 582 Es7] T 2APF o 3 E ST
(Choi et al., 2012; Lim et al., 2021; Ryoo et al., 2021;
Han et al., 2023). ©] 78] Han ef al. (2023)2 AANE =
FAHA] T4 ool ‘FARIR B skt &
Aol Al 322 &3 efrof] Rt F2A1E s 9 i x| XSt
2 A4S AXE A1), 9552 W] S A
EAES Aoty dols &S TS % TS
@32 SRIETE ti 3t ¥ EFE et 2]
Q1 A 54 Aak= A=A ke, EaEalE oF 600
mo]| |25k 7HiEake] 2-55H A4 A Y
fFAME S 2AZ(3HE la), 111 +£7 ka B} FZo] &5
A47] 502 A = et o A= A A
o SAPE A7) =2E 95 =55 g e R a3y
9Jth. =% Han ef al. (2023)9] “FAte] ©=-1° X H1}
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Rhyolitic rocks

Andesitic rocks
— Intusion & Extrusion —
w fcheonn
B tioh
/. Fault

7" Inferred fault

Fig. 1. (a) Satellite image showing the locations of Quaternary faults (red circles) along the southern segment of the Yangsan
Fault (Choi et al., 2017). (b) Geological map of the boxed area in (a), with study sites marked by white stars. Site 1 corresponds
to the “Geumsanri fault-1” reported by Han ef al. (2023). Modified from Son et al. (1978), Lee et al. (2022), and Han et al. (2023).
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22 ARE AFAIZ ARSI Y(rock-slab) H Hf
H Ant Aols 2 FYULE QIS AR &4 FAas)s)
7] S8 7S ARESEE o1, A7 (Epson Perfection
V800 Photo)2 JAIE=(1200 dpi)e] FZREAL o|u|X &
B E313leh mAlTt 2= B8R (Olympus BX53)2. 2
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oA B3 A7) (energy dispersive X-ray spectro-
scopy; EDS; Oxford X-Max 50)7} A2 A A WAL AR};
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240/E, Proxxon)& HAsFAI(Kim ef al., 2017), TH3H)|
A& oAl ER, AiA o8 Frrt w2 B4 s &
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HtFch BUARE 50T 2Bo|A oF 24A7F A%FH &
Ak, AAale] XAl SRy (Xray diffrac-
tometer (XRD); Bruker D8 Advance A25)2 EA31G o,
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FAF AIZF 0252 S SRR B R
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2T IY 2a). 24 SIS SH) I 2A S BE
sht o= F2d 7IEAH HAA EAE0 fARE 2%
& Hol= AF A Y] EAS BATH 1Y 2b =
SN MR, & FHO 24 3P Yol o]
WA HEu](deformation band)7} Ao 2 T3t 19
2b0] W7 ShAbsE). v B A St B4 3 FA
= 9F20 cm Z3}+ N26°E/83°NW Z1A| €] ThEo] whetai
I Bate] FAE AAF o2 AR 9] 7]ehE Holal
YR ARoA K FHS BRIk E2hHIt 24(208°/
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Ho| Eldt &3t EHE A A= DG3HIA7} E
AEE FYUE=U(TE 229 o) 3HAE), o] = St
Lo A B2 ggs| 1A

R AT, S R v Bl E, £
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F9| A ol Aopdl) T3] 7], ¢F 2.5 cm ZO] M T3
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Unconsolidated sediments Fault gouge | Cataclasite & Pulverized granite

Fig. 2. (a) Outcrop photograph of site 1, showing a fault at the boundary between unconsolidated sediments and pulverized granite
with deformation bands (DB), where fault gouge is injected into the sediments (blue arrow). (b) Close-up photograph of the boxed
area in (a). The pulverized granite preserves its primary texture (green arrow), while deformation bands form an anastomosing
network within it (red arrow). (¢) Horizontal-section slab image of the boxed area in (a). Yellow and ivory gouges show S-foliation
indicating dextral slip (red arrows).
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Fault gouge " Former pulverized granite

Pulverized granite I

Fig. 3. (a) Outcrop photograph of site 2, showing a fault developed along the interface between pulverized granite with deformation
bands (DB) and foliated cataclasite. (b) Close-up view of a deformation band. (c) Outcrop photograph of foliated cataclasite between
the former pulverized granite and the fault, defined by aligned fractures (red arrow) and Fe-oxide precipitation along the granite
boundary (blue arrow). (d) Horizontal-section slab image of the boxed area in (c). The boundary between the reddish brown gouge
and the ivory gouge is straight (blue arrow).
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Fig. 4. Microstructures of the site 1 fault core (boxed area in Fig. 2¢). (a) Photomicrograph of cataclasite shows the development
of cataclastic texture overprinting the texture of pulverized granite. Photomicrographs of the brown (b) and white (c) gouges,
characterized by a high content of clay minerals relative to clasts and cataclasis structure. (d) Photomicrograph of the yellow and
ivory gouges, dominated by clay minerals with few microclasts, showing an ultracataclasis structure. (¢) Photomicrograph of
gouge injection, where fault gouge is injected into the unconsolidated sediments (gypsum plate inserted). XPL: crossed-polarized

light.
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Fig. 5. Images showing the microstructures of the site 2 fault core. (a) Overview of the ivory and reddish brown gouges. Both
gouges exhibit cataclasis structure, and the ivory gouge shows S-foliation indicating a dextral sense of slip. The boundary between
the two gouges shows a marked decrease in clast content (boxed area in Fig. 3d). (b) Close-up view of the boundary (boxed area
in (a); gypsum plate inserted), revealing a ~50 um-thick strongly foliated zone defined by the preferred orientation of clay minerals
(red arrow). (c-e) Back-scattered electron (BSE) images of the boxed area in (b) and corresponding EDS data (yellow circle in
(d)), showing that the strongly foliated zone represents the principal slip zone (PSZ), mainly composed of smectite (Sme) with
minor quartz (Qz) and plagioclase (P1). XPL: crossed-polarized light.
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Fig. 6. Images showing the microstructures of the damage zones of site 1 and site 2. (a) Plane polarized light (PPL) image of pulv-
erized granite at site 1, showing randomly oriented open microfractures without shear oftset (red arrow). Most open microfractures
are mainly filled with clay minerals (inset). (b) Photomicrograph of the quartz (Qz) from site 1 displaying healed fractures identified
along fluid inclusion trails (green arrow). (¢) Cathodoluminescence (CL) image of the boxed area in (b), where healed fractures
exhibit strong luminescence at 560-700 nm (black arrows), crosscut by open microfractures (blue arrow). (d) Crossed-polarized
light (XPL) image of pulverized granite of site 2, preserving the primary granitic texture with randomly oriented open micro-
fractures lacking shear offset (red arrow). (¢) Photomicrograph of the Qz at site 2 showing healed fractures identified along fluid
inclusion trails (green arrow). (f) CL image of the boxed area in (e), where total CL counts clearly show a distinct luminescence
contrast between healed and open microfractures (black arrows). (g) Photomicrograph of the Qz at site 2 with numerous healed
fractures along fluid inclusion trails (green arrow). (h) CL image of (g), where total CL counts reveal a distinct luminescence

contrast between healed fractures and adjacent quartz (black arrows). (i) XPL image of pulverized granite (PG) at site 1, showing
deformation bands (DB) with drag folds (dashed line).
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Fig. 7. X-ray diffraction patterns of granite, pulverized granite, and fault gouges. The granite consistently exhibits a typical granitic
composition of quartz (Qz), plagioclase (P1), K-feldspar (Kfs), and biotite (Bt). Pulverized granites show a similar composition
except for the absence of Bt. Fault gouges commonly contain Qz, P1, and Kfs, together with abundant clay minerals such as smectite
(Sme), illite (I1t), and illite-smectite mixed-layer minerals (I/S), while minor chlorite (Chl), kaolinite (KIn), hematite (Hem), and
gypsum (Gp) are identified in some samples. The labels X2 and X3 indicate that the XRD intensities were multiplied by two and

three, respectively, to enhance peak contrast.



A& 7HITHHY 6a,
6d). A i SR ol2Rt EAE S55tEE £4Y
3Pere 2 Ak g, o AtollAE ARt Aol
o2 o 315 2 RPEMS G5l wet (1) 242
SHsuccessive pulverization), (2) S&3kE 3]E(fracture
healing), (3) 439 3 E-A 243} 5 thet F=E
w=m A3HeF 4 Qleo] HRIEATHH 8).

(1) E2sh-AEafst 22 Alle 19 2 -olA gle
oHY Sa). 1 A ) S ) AATAL B
Szt ol Al 2kt Bk WY FR(AYY, TY 43
e AR © S Bol AR o, A neel
HEE A 9RAIS AARBHH 1 2, 4e, 6a, 6i; Doan and d’Hour,
2012; Aben et al., 2016; Smith and Griffith, 2022a). |
o, 27894 eAolx HEPg e W2 v|A| @9 9E9 e
Y QZ 5l2Z(e.g., Brune, 2001; Agosta and Aydin, 2006),
B o Myus 7] 54 ol T UE AT 1)
¥h37 )Z0] ola) W4T Ao SEck 2 2b, 6i)

S

7

T3 B0 T B AAShe ©EHIAY] AR ui gt
FUFE HHTH de), 5 THEY BFY] T 32
24 o]Fof= AR ©F vEH o] WA SS HolE
tH2E 6i). o]2|gt BHEA &3 S5 B4 o] % &4
O AEHE LY 7HsA0] dlet o= SHPB AF 2
et Fhsh=t), 27| &4 o HE =7 24 A
T HA Y fa A=} oA HFEC] RolA Tt
shsoll A AEaf7E -golsi kL H i E It Doan and
d’Hour, 2012; Aben et al., 2016 5). 2314, 1H XA
o d¥l T2 T A9 A= vhEE Ha3ke
2 4R 7Fs /3ol Erh

(2) M3k 35 H2= 29 A 5 Y
of| A TEETHIH 3a, 8b). o|Xoll= &4 71€ Ed &
2 gl 35 o] YR lom, Mok HP o &4
< YEHA] §=tHIE 6g, 6h). o]= 27] £243} o|F
@ 3Eo] AP, 1 At F7HA Q1 Eass A
512 g2 A s A AR

() EH3-9E IE-HEHS} FE2e= 11T 29 ZH

o

o Case 3:
NW part of site 1 & 2

Fig. 8. Schematic model illustrating three cases of pulverized damage zone evolution over time. (a) Case 1: pulverization-successive
pulverization; successive pulverization occurs as dynamic rupture propagates through previously pulverized rock, leading to an
increase in open microfracture density. (b) Case 2: pulverization-fracture healing; during the interseismic period, open micro-
fractures in the pulverized rock are fully healed, and no further pulverization develops. (c) Case 3: pulverization-fracture heal-
ing-pulverization; pulverization takes place in previously healed rock, resulting in increased open microfracture density.
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