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Donghwa Yun, Raehee Han, Sangwoo Woo, Hyeon-Je Park, Jisu Lee and Moon Son, 2021, Deformation bands
in the Eoil Basin, Gyeongju, Korea: Field occurrence and structural characteristics. Journal of the
Geological Society of Korea. v. 57, no. 3, p. 275-291

ABSTRACT: Due to brittle deformation, fractures and deformation bands may form in non-porous rocks and porous
rocks, respectively, and some of them may evolve into faults. We conducted structural observation and material
analysis on deformation bands in the semi-consolidated, porous sediments of the Eoil Basin, Gyeongju, SE Korea,
to understand their structural evolution into faults. According to the outcrop-scale observation, the deformation
bands are shear bands in terms of kinematic classification. Most of the identified shear bands are several millimeters
wide, and the apparent shear displacement along them is less than 10 cm. Microstructural observation of the typical
shear band confirms that it has a protocataclasis structure with a high clast vs. matrix ratio despite grain size reduction
due to mechanical crushing. At the outcrop, the shear band's width appears to increase as the apparent displacement
increases, and a small number of the shear bands change to faulted deformation bands (or faults) which are as wide
as up to ~3 cm and have slickensides (or smooth slip surfaces). The increase in the band's width with the displacement
increase may be due to the strain-hardening behavior associated with the protocataclasis structure. In the faulted
deformation bands, principal slip zones (PSZs) with a width of several tens of um, where shear strain is localized,
are developed. The PSZs are composed of ultrafine grains of quartz, feldspar, and clay minerals (mostly smectite).
The observation implies that the formation of ultrafine particles by ultracataclasis or the formation of clay minerals
with low frictional strength may contribute to the strain-softening behavior and the shear localization in the PSZs
(or the evolution of the shear bands into faults), whereas the development of the protocataclasis structure in the
shear band of small displacement may cause the strain-hardening behavior and increase in the band thickness.
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1. ME

W u](deformation bands)= FE E= ¢4 9
Wgoz ) P ol FEe] g 2= oy
FE2A, 244028 vhA] A Bt o]2]
o) e 24 i Ao Hxst 2y
202 FojxHA ThEo]d 4= 9l3l(e.g,, Blenkinsop,
2000), Lol A 2] Mt (shear bands)*H A
AGHF Y] A3z A & O t(e.g, Trouw
et al.,, 2010), ARA|ZHO] AR, 3, A3H T2
22 oA ST v A YA v QAERE
o] 22 PR3N strain localization) 2] A2 7}
7 &5HA BAEthH(Aydin, 1978). ol & & A+
of| A 9] AT W mhR| ko] A5t HP W = A,
D55 BHste] 2 TF9| &/4d(damage
zones) Z-2 23 tfj(process zones) oA WEs}7] Al
23t Ed4H Lotk (Fossen et al., 2007).
EFRAA MY R 2 WG om
u]ehE Holu} 4 mmoA] 4 cme] E& 7px|d],
of2) 7|7k 24 Fef2 AL shelAl ofel )
2 2]l B8 Holv]w StHAydin, 1978; Aydin
and Johnson 1978; Fossen et al., 2007). HEu]=
53k v7]U0] tfe} Qe (compaction bands),
2} u] (dilation bands), et (shear deformation
bands; SDB) ¥ & o] HEEAJSZ 2= sto|B
2|= W& (hybrid deformation bands)Z E&F4%
t}(Fossen et al., 2007, 2011; Fossen, 2010). o] & &
ofjof| A &3] T|HE = Adw= YAt I 4
AAA B ogt Wy Hat opa} At
1} (cataclasis) S FHFsh wEslr| & gt
BFuo] tet ol ATES AR o] Sejsty
=47 0p 240 WY, 183 Wagel B3
o] 4 5ol s #Eieck. He, HRuE
Botof Ha) Ahe] CHE(YeHo R We) g
& 7V 4= glof M o] ] we HAE ) §
A2 W3 55 v AfAEs 4 2AE
SH2] S| A7t Wol g E| ol Heynekamp
et al., 1999; Lothe et al., 2002; Sample et al., 2006;
Sternlof et al., 2006; Tueckmantel et al., 2012; Torabi
et al., 2013; Ballas et al., 2015). T} EHL(E=
w430 AR pAstel, Wayel B4 Lo
oz 18t flAUZE ojshshnAt she A7Eol

o

T R RS

s

SaE9ict. 1 A}, B3] ZAo 1E Yol &
b AfER Qs thEd Bl WEY W4
o] 7Rs8f|-th= A (Fossen, 2010), 271 A}59] &
Tl AARe ZAANE 4, 298 daist
ops st Ego] male] 2x|sklocalization)] -]
shol g ATk 7, A Anrks 342
Aol 415 0.2 w7k wASHE Aol 9l
w YA oR R 3B 24NN U3 3 B
B $-3(grain contact stress)o] ZA| TAYsct= A
o] B EcHDunn et al., 1973; Mair ef al., 2000,
2002a, 2002b; Du Bernard et al., 2002; Rotevatn et
al., 2008; Eichhubl et al., 2010; Kaproth et al., 2010;
Exner and Tschegg, 2012; Ballas et al., 2013, 2015).
WYYl GAE F ASH oz dego] Ay
W, 241 A T2 TS 017 ok 9 waE
A3t Aot whgo] e oK o2 FAT A=
BES 247 WF o(core)o] W3t 5 ik
w1 o) o] nfZelo] }EEhs ZniZe principal
slip zones; PSZ)7} &3t 79 o] & T34 HY
w|(faulted deformation bands; FDB), 1|&58u(slipped
bands), T]4&TE(micro faults), B+ 7Hd3] o5
(faults)o]2tal -2 +=1|(Fossen and Hesthammer,
1997; Fossen et al., 2007; Pizzati et al., 2020), Z7]
Ao HPW 2R o9 3] HFTE 235t
=77t o EASIA Y g WAUS
¢1520] 9lo] B4l FBo|c(Aydin and Johnson,
1978, 1983; Schultz, 2019). 7|&2] 2 AFE0f A
EERE EEE REEE ERISER e
A A1 E v 1t} 71, Aydin and Johnson (1978)-2
SORL EEE PECETPIRE TRt
o7} sk HEu] 7% (deformation band cluster)
SAE AH AR U7} 7P A o2 dddt 4
< uje} ujZY o] Wekghe F45IT). Rotevatn
et al. (2008)2 Aydin and Johnson (1978) 9] =@t}
= 29, 23| ofd 53 A "y FoA 3
212 Q1 w4 £ u]EYHo| THEolA| 1L A7 E wht
nEdo] A&E 4 Stk 22 AT o]
Q9] Aol M= W mdo] AAE7| & stH o
(Schultz and Siddharthan, 2005; Nicol et al., 2013),
AP O T3 HF T2 23 vAHYZ 7]5t
sto] GFUES AYste A= oF7HA| SE5

ol o] %] 7| Ft.
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2 7L 2 B304 Yept wyng
o2 Qa0 nE My AT 72, B
44 54 olafeln FIHORE Sofahd, ot
Foto] Mg wof o3t E| 239 2]}
3 slol P =RE T3 o2 Qa4 7
RS AASte A& HH 02 AIZE It I U
oA ST olA LI GFH EAS Harst
I o|F EYE &F &5 2 &5 A7IE AR
A+ (Hong and Lee, 2012; Jang and Lee, 2012), &
ARF A iS5 4o g oA e T2EMS F
3t A47] T2 = ATL(Choi et al., 2015), FHEkE
FE5RY 1-88% 29 A74Gwon and Kim, 2017)
oA HF W7} 71A, == o HPw o] A
3 (M) 729 BAEAE ANT AT SHE)
QAT B AFE BT o URA FAR vlo] 2
2oy BT PGS garoz ANsig
o} ahihe] B ol AR thE WeHER)
9IS Z& WA, 2 4 am vgke) HE WSS
ol tie] e ofja 441 om W91 B
24 Agw o2 A7k BEsnz 2 wslel A
dzey gEozel s A7 gt 2
R o I T30 47 238 =AY
917t 712 AFEA, ATA o) 4 I Aetwier
UE4 WA R A, (A) 72 9 2
=48 7)A}a o8 Ev2 Wgue] 724 s}
11 E ol

[N
ol
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2. O{ZEA| XEHNR

o o

A A7 oA FAEE o EZEAE0]

JUEAL 1 F St FelA ot
(Son et al., 2000; Kwon et al., 2011). o]LEZ]= A
Aoz S5 WFos AFH A=A dol=
oF 12 km, &2 5 kmo|| @ét=tl|, FFFolsH31
AAS =S BABADGZ L& dh= X+ (graben) 2t
HEX] L (half-graben) 9] FE|E Ho|1l o] ¢
£ AL SHEREE A7) vlo] e A9 ZHE A9
3 ojg Telw o] $ATOR HEskE 7]
ulo] 9 A 20| A %02 A THSon et al., 2000,
2013; Kwon et al., 2011). o] @ E A= BE A3
S5 FFolFESol J B gA 2EA =
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s, 25 SRR 51 ot o Ale 5
L2 A AEST A FGE S, shba e
W 54 HHER ojolxl odRo] F2 A1
Row, A 2ER 0 B9 I, ZAEHA R A
Qroz 74 Hshg $79%0) $AE SH
(Son et al., 2000, 2013; Kwon et al., 2011). EA] &
MZAAGSI EA] Y7ol Bgdt G52 olES
P H2e) AAE R B A ] A
2 A& (tilting)F o] FAMER(homocline)E o]
T A A24E FAzHo] THasks Aol Ut
ol w2t BAFAI7AE dE22 A EHUATHSon
et al., 2000, 2005). O} EA] Vo] Hrett 43
T, Boe] Wiy Te)m gue] wepga B
AE AT AL ARA-FHE PP B4 2
24-& Z| A EFcHSon et al., 2000). $HA 22| 2 5HA,
4ot ATolN £2E AL F ol
AL BN 94 Aes Al $EE A
A CESRE R REEL BREE
AYEX|(pull-apart basin)Z &4 EcHSon et al.,
2000, 2005, 2013). £ AT AR A2l AZ=A] =
A = AYEA T FA 28R 9 FATFol 3
Fohs RO R2A|, /NG H ERfub= AR, o]
S WollA] th=e] Wy w7t epdth( 1™ 1).

3. Aty

W ol tfgt opelzAlE o) Whe) 5
AR P25 T, 29K 9 7Rk on, 5, W
Hul, =S (slickensides) ¥ T4l (slickenline)
o AilE s ofLd WITE wat of2
U Holt HAFozE 21| ¥slS 24t
o #7HHoR AEae 999 WgYs e
v S AR AN 2E AF AT
WAy W olE FEt BY A B o1F St A
£ 7% ¥ AU BN olgelo] AR AW
w7lo] TN oRlol N THETRT BEx
Ao gHell T4 Mam o] 29 Wauo] ot
NS Eabohs e AT T QP
i, ofelollA] THEZAIE QAT
g ThE 20l SholE W) SRt
eETro R ML ACE sl Antel
Aot Aok ARE250C 2B oA <F 2447t &
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A AzEHYOH, A& A2 A EHo] HEHE F&
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S AL A ZAIE ol &3l F7HE o= AR
t}. o]F 27HAQl A= A3t dAvkg B8l &t
k-2 2-S ARl o™, 27U (Epson Perfection
V800 Photo)Z o]-&aFe] TaAH%(1200 dpi)e]
ZEAE oluA|E YISt AlRo) AT Y
up A o] AA ol ot 2 H EE &S
W2517] S8l & Al AR5 ARk

HoF 22T MY vt PAH o2 FIE
u]7(Olympus BX53) 0.2 B4l 11, B} 22 f
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Fig. 1. Location and geology of the study area. (a)
Satellite image showing the study area including major
tectonic faults and the Eoil Basin in SE Korea (modified
from Son ez al., 2013). (b) Geological map of the Eoil
Basin. The study site indicated by the solid star is lo-
cated in the southwestern part of the basin (modified
from Son et al., 2000, 2005, 2013).
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B9 270l 72 9 2L AR
FEARAET] oUIAENG HFE7)(energy
dispersive X-ray spectroscopy; EDS; Oxford X-Max
50)7F 2+ AAAL AR w4 7] (field emis-
sion electron probe micro-analyzer; FE-EPMA; JEOL
JXA-8530F PLUS)E o]-&3f A5}ttt 2448 vt
Ho| Bhamy F 7} 15 kV, W AR 10 nA
27104 AR

MR uel mote] YR B4 vl B
Si5tel X4 SlBEAE ANST. FEA R W
Fujel I FH 2oS Z3ske &9 ol A7t
3 X E 4143t & oto]| 2 2= H(micro-drill; FBS
240/, Proxxon)<x ]85t E4-& Foljl= ¥4
6 2 FESIHTHKIm et al,, 2017). 0]F o}A|IO|EE
ol ) 1587k B3k 50T © HollA] oF 24x]7H
U AxsIe: FA4S Fd=Eicta 35
] X-A 3" EY7](Xray diffractometer (XRD);
Bruker D8 Advance A25)E ©|-83}¢] 40 kV, 40
mA, 470°(20) T2k FAZFA 0,027, 7 2
AN 022, UARES o3 72 ko] X-A
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I ol
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sho, Afel, 2h44 olgl, 84} ojet B ejete] wE i
LRt 2 2). Z)0) A N4O-50°W/35-40°SW
ojt}. o= 4] 7l o]Fe] MP w7} 117H(>65°) 9
AR HASE 7I=A 2 ddsh, gl REo |
Pl Zw7] ¥el7h A E B Heh (shear de-
formation bands)ef sfFEct o2 AjFoz Z
o] Wil dFgo] Fom G| wEIt A 7|
o B3 WMYYE PRAHTY 2). Tt
A ] BEEE HYgT o] AMeRs (1) o
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ot 2 B7](branching)dtct= H(I9 3b), (3) &
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H ¥ (protocataclasis) ] EX-& HIch(T Y 4f). ¥
HE AL Bee oF 0.7 mm ofah 27]¢] ofzHg 4
o, AHH YRS 7 ANE AL Aok S

Fig. 2. (a) Overview of the studied outcrop. (b) Schematic illustration of the studied outcrop showing the locations
of studied deformation bands and the spatial distribution of sedimentary rocks. Many deformation bands are observed
in the outcrop, but some notable deformation bands are only displayed. SDB: shear deformation band; FDB: faulted
deformation band.
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Fig. 3. Outcrop photographs showing the representative field occurrence of deformation bands. (a) Conjugate de-
formation band sets (white arrows). (b) Branching of deformation bands (black arrows) from the faulted deformation
band 1 (FDBI in Fig. 2). (c) Oxide concentration zone near the faulted deformation band 2 (FDB2 in Fig. 2). The
oxide concentration zone (white arrow) appears to be dragged near the deformation band (yellow arrow).

Table 1. Characteristics of shear deformation bands (SDB) and faulted deformation bands (FDB).

Sample (Stike/Dip) Thickness (em) et tom) _ stckeniine
SDB NI5°E/90° 04-0.7 9 -
FDBI NO7°W/83°NE 0227 16 85°N
FDB2 NOS°W/82°NE 04-1.1 35 -
FDB3 NI10°E/70°SE 0.6-1.1 33 85°N
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Fig. 4. Outcrop photograph (a) and schematic illustration (b) of the shear deformation bands (SDB). (c¢) Slab image
of the boxed area in Fig. 4b. Two shear bands of about 0.4-0.7 cm width are observed. Both the shear band boundaries
are rough. (d) Photomicrograph of the sandstone (SS) and SDB. Note that the shear bands are composed of finer
grains than the SS. (e) Photomicrograph of the SS. (f) Photomicrograph of the SDB showing a protocataclasis
structure. (g) Photomicrograph of the deformed sandstone (DS) showing its larger grain size and a smaller number
of fractured grains than the SDB. PMS: purple mudstone; XPL: crossed-polarized light; PPL: plane-polarized light.
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Fig. 5. (a) Photomicrograph of the boxed area in Fig. 4c. The matrix of oxide concentration zone is composed of
(dark) reddish materials. (b, c) Back-scattered electron (BSE) images of the boxed area in Fig. 5a, showing the ultra-
fine grains in the matrix. The reddish materials consist mainly of clay minerals and bright grains. (d) The energy-dis-
persive X-ray spectroscopy (EDS) data, obtained from the yellow-boxed area in Fig. Sc, show typical element peaks
from smectite as well as high Fe peaks, which indicates the presence of smectite and Fe-oxides (or Fe-hydroxides).

PPL: plane-polarized light.
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Fig. 6. (a) Outcrop photograph of the faulted deformation band 1 (FDB1), which has a slickenside. Normal sense
of shear with a minor sinistral strike-slip component is inferred. (b) Slab image of the FDB1. The boundaries between
the deformed sandstone (DS) and the faulted deformation band (FDB) are curvy. In the FDB, one of the boundaries
of the core, which has much finer grains than the neighboring areas, is very sharp (indicated by the blue arrow).
(c) Overview of the microstructures of the FDB and its core (FDB core). (d) Photomicrograph showing a cataclasis
structure in the FDB. (¢) Photomicrograph of an ultracataclasis structure in the FDB core. The FDB core has a strong
foliation (yellow arrow) and a much smaller grain size and content than the FDB. (f) Close-up view of the FDB
core (boxed area in Fig. 6e; gypsum plate inserted). A ca. 100 um-thick strongly foliated zone defined by the preferred
orientation of clay minerals is inferred as a principal slip zone (PSZ) (black arrow). (g) Back-scattered electron
(BSE) image of the boxed area in Fig. 6f. A strongly foliated zone is mainly composed of smectite, and the amount
of quartz and feldspar grains is small. (h) BSE image, for the boxed area in Fig. 6g, showing a ca. 3-5 mm-thick
Y-direction foliation (yellow arrow). XPL: crossed-polarized light; PPL: plane-polarized light; Qz: quartz; Kfs:
K-feldspar; Sme: smectite.
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Fig. 7. (a, b) Outcrop photograph and slab image of the faulted deformation band 2 (FDBZ), respectively. The FDB2
shows a much smaller grain size than the deformed sandstone (DS). Thin bands of black materials (yellow arrow
in Fig. 7a) are observed along the FDB. (c) Photomicrograph of the sandstone (SS), which preserves a primary sedi-
mentary texture. (d) Photomicrograph of the DS showing a protocataclasis structure. (e, f) Photomicrographs of
the faulted deformation band and its neighboring rock. The FDB has less grain content than the DS. The FDB shows
a cataclasis structure, while the faulted deformation band core (FDB core) has an ultracataclasis structure. The FDB
core has a well-foliated narrow zone (orange arrow). XPL: crossed-polarized light; PPL: plane-polarized light.
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Fig. 8. (a) Photomicrograph showing a strong preferred orientation of clay minerals in the faulted deformation band
core (FDB core). Gypsum plated inserted. (b, ¢) Back-scattered electron (BSE) images of the boxed area in Fig.
8a. A ca. 15-20 um-thick principal slip zone (PSZ; yellow arrows), where the grain content is significantly smaller
than its surrounding parts, is observed in the FDB core. The PSZ is mainly composed of smectite. XPL: crossed-polar-
ized light. Qz: quartz; Kfs: K-feldspar; Pl: plagioclase; Sme: smectite.
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Fig. 9. (a) Photomicrograph showing the black materi-
als in the faulted deformation band core (FDB core) (see
Fig. 7e for the location). The black materials are classi-
fied into a light brown zone and a black zone. (b)
Back-scattered electron (BSE) image of the boxed area
in Fig. 9a. The black zone looks brighter than the light
brown zone. (¢, d) Images of the element mapping con-
ducted at the same area as (b). Manganese (Mn) and iron
(Fe) are enriched in the black zone and the light brown
zone, respectively. PPL: plane-polarized light.

- Bhas| - AP

US| OfR|% - & 2

(Y 11). 7 F3 Aoke FEHOE 49, A4,
K4 73t 5e vl HERE w2t w |
Ehth. whel 320] ©a4 WRT 49, Aokt v

) AFAA RO KA 13 wott Avlelol
E 137} 7 eRdeh olef 14 daks oAl
u i ol A MR ujso] HERE Shero] 3
7he Ak Q7] g,

5. EQ 9 A=

2 Aol T EE st vl oA oY
A EASO| et =Tt Eo|A] vl R bR 9] S
23 9 B8NS Bl AR dEEE A=
(At el &34 W o &, 7] UL, o4
A=, EHH -7 Zo))F Hol= P o 4t
A 724, 2424 §45 5o 9 H|wsigin

AT =50 Al Ay}, 2okl vk
Ao 2 1E ofstA My H A Aty =
378 M= HolF o2 Hash=d], o= Atell
A AIZHE ®igo] Al XggE o] EPEP Ao
gAY I dRE o & A9y —’F—‘LO}”W
G544 HP W= A3 HE2 A AR olet o
g5 7HA] A2 (1) Adu]e] Fo] ﬁ%—@i‘ﬁ?‘é
o] FAof| W} F7eke oot (2) HIEHHS 2

A =AY 2R nEHHE 2= G HE
w 29| sk o] Tt Aojoh. oA AgH A
S HP Y YA oA TF o= o Ied7}x]
Ul n = W ol (deformation history)S E
Febvl, Wekg 2 Aol St A7 S S4e
A) ghee.

293} Ash el FH RESA v RR (e 2
2| &) Zpol= At W AR = W ARpel H]s)
o &1 7k P Zdethe Aot o v E
E4of A o] 2-gst= TFoA YA A
AR 7} st YA FEFIA 9 S-S
(stress concentration) 0.2 ?135}o] mhafj 280 F1k
Ao 2 WA= u|gith(Aydin, 1978; Zhang
et al., 1990; Schultz, 2019). ¥ ¢|2Fo] A& Ql Mk
W8] -9, 27|9A S 24 o] Ao}, 1
A s w2t Ad-gEug o] ALSEH Add
3o A shE YAER A o AT o
AR, o2 Q18] ek 2383 A7)




o

@, 2 SRS B Sk o1l g
& 194 | & 892 470 g 3 sy
7+3H(strain hardening)E ©F7] o]—»— o A
JtH(Antonellini et al., 1994; Gu and Wong, 1994;
Kaproth et al., 2010; Schultz, 2019). o]&]38t -5

(o)

2% ofUER U u):

e 724 £Y 287

P74} A5 27142 WMol 71| MRS v
o eel] e o st ezl B3l 7

55 EPY 1Y BAZN AEA AND 4 2
£2 it o)) mat of7] = WE el o] 5 (shift)
o] ol Aol B2

At Fo] F7tof digt

Fig. 10. (a, b) Outcrop photograph and slab image of the faulted deformation band 3 (FDB3). The ~0.8-cm-wide
FDB3 is surrounded by the deformed sandstone (DS) and has a core (FDB core). (c) Photomicrograph of the FDB3
showing that the grain size progressively decreases from the DS to the FDB core. (d) Close-up view of a very narrow
zone showing a significant decrease in grain content and clay minerals' preferred orientation is identified (yellow
arrow). (e) Back-scattered electron (BSE) image of the white-boxed areas in (d). Again, clast content is low in this
zone. (f) BSE image of the boxed area in the inset of (d). A ca. 5-6 pm-thick principal slip zone (PSZ), mainly composed
of smectite, is observed. XPL: crossed-polarized light. Qz: quartz; Sme: smectite.
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Fig. 11. (a) X-ray diffraction patterns of the power specimens taken from the faulted deformation bands (FDB-DB)
and their neighboring sandstones (FDB-SS). Note that the FDB-SS specimens are mainly quartz and feldspar, where-
as the FDB-DB specimens are composed of quartz and smectite. (b) Close-up view of the boxed area in (a).
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