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o AR 2T HEBA0) FREHo| 43 HHSHA 24 4 Y=AZ 5] Sla) TE3s XRD 717]
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Chang-Min Kim, Jong Ok Jeong, Dohee Gu and Raehee Han, 2017, Identification of materials in principal
slip zones of faults by X-ray diffraction analysis using a small amount of sample. Journal of the Geological
Society of Korea. v. 53, no. 6, p. 873-883

ABSTRACT: Fault materials in principal slip zones (PSZs), where the shear displacement is concentrated, are
one of the most important factors that control the frictional properties of a fault. Thus, the identification of mineral
composition of fault materials is essential to understanding the mechanical behaviors of faults. However, since
the PSZ of natural faults is commonly very thin (less than a few cm or mm), special attention should be paid to
the sampling and analysis of the materials in the PSZ. In this study, we designed X-ray diffraction (XRD) analyses
on the fault materials taken from a narrow PSZ using a high-resolution X-ray diffractometer to examine if mineral
composition can be reliably determined from a small amount of fault materials. The materials analyzed in the study
were taken from about 2-cm-thick PSZ and adjacent fault core of the Yangsan fault zone, Bogyeongsa area, Pohang.
Some slabs were prepared from the materials, and the powder specimens used in the XRD analyses were scraped
from the slabs with a micro-drill. Given the results of the XRD analyses performed by changing the amount of
the material, it follows that the minimum amount of sample needed for the reliable determination of mineral
composition is estimated to be about 2 mg. The mineral compositions determined by using the 2-mg-specimens
of the PSZ materials (PSZ-B and PSZ-R) and the brownish fault core material (BZ) confirm that the PSZ may be
composed of different minerals from the adjacent areas. The method developed in the study may be effectively
used for the materials not only in thin layers of natural fault materials but also in recovered experimental faults
or in thin faults found in drilling cores from which only a small amount of material can be collected.
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k0] ZulZ d(principal slip zone, PSZ)oll+&=
npan|Ze Ao choper Bl sfakal 2ol <J3)
Sojz1 £} B 2o} 0] A7kl mre} wiskeol
gHSo}21 AHE 5ol 3] £Afeket, o} B8] v
ZE7Z(fault materials)o|2} )& 4= it o] 24
2o B4 gk AR thegdR7iA 2
717} k¥l (e.g., Han et al., 2007a, 2007b; Viti,
2011; Siman-Tov et al., 2013) Wjuj 2 H]H A B2
EZ35H7| & $tth(e.g., Yund et al., 1990; Lin, 1994;
Kirkpatrick et al., 2013).

theFet tEEd ol tiet AE7kR o ATA " 2
N2 R FRIE Fa% AME &5 FrEEY
o] g EH o] &3 A3t Aol AHA FF
& &= Holth(e.g., Carpenter et al., 2009, 2011;
Ikari et al., 2011; Fujimoto and Sato, 2017). 7}5,
ZHolx] 28] WakEl= HEA TFH]A|(clay-rich fault
gouge) & °|F= FEE T 2HELO|E(smectite)=
Lo ARSI AL, AU, o, — 5017 22
< 0.3)S Hol, 7k&2 o] E (kaolinite)= Atth2]
02 2 ulARGH AR, AWSE, o, — 500 27
A n<0.65)= YeEtflE= A& Ethe.g., Ikari
et al., 2011). T3}, TFHol|A] 733t Bafjzk-golt &
Bolg o= AAEE A Bl v EE U
WAzt w1zl ek A4 A FAREY
3 (dynamic fault weakening)@4}o] QA3+ o
&9 SSuEHS 2 7Fe o] Erhe F
=9 AF-Z83=(e.g., Di Toro et al., 2004; Janssen
et al., 2010; Han et al., 2011; Hayward et al., 2016;
Hirono et al., 2016; Aretusini et al., 2017) GA] B
=) o]F o] F-E TS5 8l (fault core), 1L 5ol
HE HEAS7H AFEE PSZE o] R TR
o FHAEE B2 o Aol B30 elat
AFAT SeolA vl Fasitha & 4= gtk

G5 Hol Washs PSZE FH B Edae

U2 A, BE 9 SRR, vE 5k 4

A= Aoz dHA QUrHe.g., Chester and Cherster,
1998; Ishikawa et al., 2008; Oohashi et al., 2011;
Kim ef al., 2016). 0]t PSZ9] £ FAl= 4+ m,
WAE 4= ¥ m £.0 2 Wdsh= B3t (fault zone)
9] Zof vjs FE== gFobA], TR 4= cmoflA 1 mm
ojgte] F2 FYo 2 dtddlit}(e.g, Chester and
Cherster, 1998; Faulkner et al., 2003; Sibson, 2003;
De Paola et al., 2008; Smith et al., 2011). w2}tA,
PSZ9| =2 AHs| Hleide L F9o &
Atz EATHE A Fste] EAFoF st 7]Eodl=
A& AF 2 ofefgat B0 Hagt £ A1 A
o2 Qs o] 4| 9] FA o] A =g X] Zafigitt.
T EA7I7IEY 71 HEE 1Ess 717]
S°| HH3} 5 A o] 23t 77| E& &85 X dg}
2 A7=0] Wi 2IstA XY=L QlrKe.g, Wirth,
2009). £3], AAATHST} A o251 E YAk o
ZEA et e A Yo A Y FE3H D x| 5}8}
2 Aol A= o]t 7]7]E0] & 7] E skaL Jlrk
(Bestmann et al., 2011; De Paola et al., 2011; Janssen
et al., 2013; Kirkpatrick et al., 2013; Collettini et
al., 2014; Han et al., 2014; Kuo et al., 2016; Viola et
al., 2016; Lee et al., 2017; Scuderi et al., 2017). 218
U 71719] 5ol wotdaE 7t R Algs] 3t
A 1 3ol HAEE = Sl AR o, 284
O] EASHE, £ EAH|E 5o drlEe] EAF
t}. o]2gt SHo A X-A 3] -&4|(X-ray diffraction,
XRD)Z 7HHRE A 2EH| 2y 9 28, Atha o= 4
< BN, 283 et #Aulg o s B0
=94 EAL 11T 4 ok AHES 7R A
ol SR iAoz g2 FH(>2¢)9 A=
7t D s, ol (bulk) MEE L #A4 0= s
o)t 7t it Eefiso] At es o=
A ES EARITE 297] 2] AS7HR 9 @EE
Zof B3k XRD Aol A= PSZE 2313t Hr} §2
FeolA 2ol AHFH H BAE s e =2
24]0] o] R x| ZFH FHo] 3lrHe.g., Choo and
Chang, 2000). Z&u 2= XRD 7]7] GA] th=2] &



Ao| A|Z9 X-M BEEMS 5

98 7R E 1B AE7|E ol g3t TaF
(4= mg) AR R & AT &8 BAfo] 7hs3t 5=
Fo2 WS Y] YEe] XRDY BA A4S ol
M e TESHE S0 o] 2Hth,

B 7o) B3 XRD 24 Al $457 glE 3
ol HEY 9 o] & o83 EAH | TS S5t
7] $18l Esls XRDE &-&she] 244119] A=
Ao] EIEE= HA A RFE st Lot F2
Zo| PSZRRE 4vpe] BALS AR A ste] B4
3l A2 golg] AR EHE A A2 s}
o] 2431 Aol H|wEto 2N A 7ol SEZ A
e D52 tisf 282 4 s XRD B4H
= A A skaLA} gt

3 o FojBEie] BYEN 875
2. et BHAL X9 AMELSOHOIAM ZHE
C

Ea BA} QIT0) HEAGYE Were R e
She shaloll ks Byie] 2o Faol 5T
£ 30 sl QP he] A YT}

o2 Z =84} QltH(e.g., Chae and Chang, 1994;
79 1a). A7AGe) BETE wob] ZAEA s
Sl Sohs HHSST FAST S8k Shker
(o= 2hEE] 21eh) 2] AR lA 2F 220 m9)
Foz ddsiar glom, Yol oF 10 m £ &3
Sdj(fault core zone)7} TESHCHKim ef al., 2016;
TI% 1b). S-S dshe DESHIAIH(fault gouge

. Pangsa @ ; damage zone fault core  damage zone ;
Bogyeongsa- il | ESE
140(m) 120 100 80 60 40 2‘0¢‘ 0 20 40 | 60 80 | 100(m)
damage zone iBZ; BPZ i damage zone

subsidiary
fault

&
| Dacitictapilitur [N Sandstone [Tl Felfic and I Granit
blue fractured lens urple fractured lens blue & purple gouges brown gouge faulted
- (volcanic rock) -p(sgdimentary rock) | (Foﬁﬁtedﬂ’ g E (fo|ia"?ed)g e contact

d

ractures

dacitic iapiili tuff (damage zone) ' brown gouge zone (fault core)

Fig. 1. (a) Satellite image of the study area (http://map.naver.com) showing the trace of the Yangsan fault and the
study area (star). (b) Internal structure of the Yangsan fault, Bogyeongsa area (modified from Kim ez al., 2016).
BPZ, blue and purple gouges. BZ, brown gouge. PSZ, principal slip zone. (¢) Outcrop photograph of the boundary
between the dacitic lapilli tuff and brown gouge zone (BZ). (d) Dark brown layer (white arrows) developed along
the boundary between the damage zone and fault core.
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zones)& ZQ] 3tLtel BZ (brown gouge zone)2} 20 cm x 30 em 37] 9] AFH ol (bulk) A ZE
XA AT (EAe|ER 2HEE Y )9t RS, nld Ao Al &9 ukdS A5}
9 %ﬂlT(J% 10)& AHAI8] ¥t 23 N10°E/ 7] 918l AR = ol &A](Struers AH2] Epofix-set)E ©]
BCNW 2pAle] 4ol 717he AANE Wet 71&  gto] ofng wrke F SURe ) RS n
Aol M B e AU Ao A BY e Avke akue] T olujX|E U] 9]

o] ) 2 cme] Eo = P AHTY 1d). 3 ol ATWAYE AASIR.L (1 2a), 0]
o171 4o el vEge s e A
21 BHEQ A0 28 U B (chip) Weh= Zeh iR ARSIt BE &

G223 BEEATS) O B U ARl ) Aok A9 B4 4 2
8 B0 0| xot RAYS S| G BZ  mhAle FEUHEE BHABRE 412 AL o]
HAOlED ege] Soeke] AARE FUOR O g3te] BAWS dAnlsigch. ER HE BARL

e e

:Y-shd (=8 ;i __-g_Y—sﬁwear
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Fig. 2. Slab and microstructural images of the fault materials in the principal slip zone (PSZ) and brown gouge zone
(BZ). (a) Polished rock slab image showing the PSZ and BZ. The zones are composed of the fault materials of different
colors and structures. FC, fault core materials; PSZ-R, reddish materials in PSZ; PSZ-B, bluish materials in PSZ.
White boxes are the sampling area for the XRD analyses. Optical photomicrographs (cross polarized light; gypsum
plate inserted) and BSE (backscattered electron) images showing the microstructures of PSZ-R (b), PSZ-B (c), and
BZ (d).
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Table 1. Specifications of the multi-channel compound
silicon strip detector.

Items Specifications

192 strips

No. of channels
Active window 14.4 mm X 16 mm
75 micrometer

~3°26 at 500 mm
measurement circle

<680 eV at25C
>100,000,000 cps

Spatial resolution (pitch)
Angular coverage

Energy resolution

Max. global count rate

9] | ZYA(slickenline) o]l Fafsta THEHo
At W 7|E o2 AR E QU

e

I
e

N

2 HEYQ| D172y 8o

BZeo} S AR AFHTE S
Wil ool A et vke o] o 2 cm &
o 2 4o o= BARE wt A9
A2 BEEn 42 2249 iols ol 2
ol 3719 ESe] AHE mi¢- AU 22 7t
A, FeE AT Wi QRS 743t s gol B
7] whgel & 95 nEdel AT S
THEFS BT PSZ= AHSIATHTH 2a). PSZ
Witolls frad S48t ofyet A (2d 2a9)
PSZ-B 99) 9 AAM (2™ 229 PSZR 99) 9 =
Aol oF 1 mm Welo] F2 7= g2 o FH
= WEFTh GHAle] PSZR £ Bl 5
o4 % 4l um 2719] QHEgo] AHH R B}
T glom, 71 A%e gEnc ¥ e 270 HE
4 EE3E(opaque minerals)£=2 o]FojXc} A
A PR, )R 20190 Bak) HE
B2t ofuje} FHrh 2 umolA He]=E(micron)
o} 2719] YA} (granular)22]& 7= EEE]
o TUEITHIY 2b). 349 PSZ-B B2 L B}
)7 sjolA PSZ-Rol vla) Qg A7) ekt
glov, 7| Ase e ae FNE AR e s
T/dEeh Ty e EEy), PSZR 23
I AR o] 2 ofst 2719 A=A EhE
I 2u]P o HEFESol FEHUH(TH 20). &
HollA FHEEHE=BZ EE2 H 1 em 2719 W)
A, B3, St S22 o] FojRl s 4
ol Afashs R gElES olF = 249

3 o FojBEie] BYEN 877

AERRE o|RolA glom, AAdnA BAAT,
F2 o] TAo] AERE S| A1 AL QEs
Apo1Z -3 GIrH(Y 2d).

A% AT AR B3] AH(phase) B4
Slal A ATheta S5 A BA ] THPE X-Al 8]
H

SFHTHHY 3a). £ 7]7]9] S Y (measuring cir-
cle) 2] BEz] 22 560 mmo]H, 1.5418 A <] QJA}zhS
1AL Cu Kal B4 X418 AR ek X-A1 182
71 712F 02 X-A WAAR] (generator), 11U
2 n]E|(goniometer), AZ&7](detector) 2 FAE o] U
oh XA S A 3 kWe| 2o R shed
220~ 60 kV, 7IEAF =2 ~ 60 mAZ HAAo] 7}
53t Cu B9 X-Ad FE(HW 2.2 kW)7}F =2t
o et Y 2ulE = 523 9 theta/theta 75
ajolo, S| REXIEL2 560 mm, 2t A2}

=-60 ~ +158°, A& == 0.005°2 o]A Zu]of H]
3 ejdu] a9 Fefisol @A FEEUT HEvle
s B3t AlelE4HE7 ] (multi-channel compound
silicon strip detector; BrukerAl2] LYNXEYE XE)
£ Apgstgom Sage) Arzye oFde] 34
XAlE de 78 FHolt. & A&7 9434
glo] A2olA 2hFol 7t v A £ T A
g A o|TH(IE 1). 680 eV ] BTt ou A Edfs
S 2 YA I glo|k I = (high resolution) =
ZofA WAy 9l Kp-Ad& A|AT o= iz, 192779] A
g3 ARESt] B2 ARt FAY IEAAE de
Ao ST A7g SAsk=H| vl golstth &
FAE S A, 2F RS P 29T 5 %le
Al 2]Z & (low-background silicon sample hold-
er)E ARSI, o] EH= A2 9244 11
S =2 AAtEo] v g3 v w27t EEA
Qot A RS F417] Asiet

3.2 A|EEH|

PSZ W oA oA Tedh= PSZ-R9} PSZ-B G
o, BZ 280f|A ol ol A7]9 EE ALt
[, 1831 71E] Yol s AF TS =T
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FC 9¥(PSZ9} BZ E4& 255 3=

E74; fault core materials) 5 Z}2te] J (3 2a
o] 21 Afzk)o] o HRES XIS V)
nA W2 Fo| ARE IS 5 ¢l= BZSFC 49
2 ofelolAl 17 A2 T AcholA oF 24417t Bt
10°C o) Az 080N ARAZOH, 2H2t5 g o] A
EE 108 52 npo]a21}0]%) W(micronizing mill;
McCrone microscopes & accessories)& AME-5}+]
<5 um 719] Rk R Zch BZ 9 FC ezt
£ 28 = mm Z02 AEEE=PSZ A5 94
H S04 AR fAE wof T ujojlaz =1
(micro-drill; ProxxonA}2] FBS 240/E)2 &£349] &
HE Fio] A28 AT 3b). o1 F &
% opAlo|2o] Folehg T AT RLE 4o 10
B74<5 um 279] Ak BRI

3.3 By

717178 B4 753 YA RS o] 98 &
U EH(FO)E &2 Al m%E 221 1,500 mg,
150 mg, 2 mg, 1 mg, 0.5 mg & 2 -0} A& 4

AlStgnt 1 o]% AFH H2A RS 7€ 2 FC
40 gt HEZE AYFA 2L sHo=R
B A3 40 PsZ 24 9 ©edl 28] thgk XRD
HAEAE ANk A=) AHNRE 9
10 go) ARA R} 100 mle] ZR42 T35t
1087 239 AFst, 30+ &¢t viadg ez
@iks}od oF 1A AHAI T AR 2 em ] £
= AFsted 7,000 rpmoflA] 15&7F AAE2 513
2ol HEUAES Sefo|=2eks o mxa}
o) FeolA] Az 230 HEBE PEA

= ufo]3 2 =B (micro-tube)of] ¢F 2 mgQ] Al&
9} 15 mle] ZR5S Eastol(1 30) 1087 &
=3 Al & 1087t 297 (vortex) & ©]-85+] Al
2 o] AERRL 2o S19T, ol 3087 Az}

He A EENO AR 05 mE Sefo|=FgA
ol TxgE F 2o A Az AYFARE
ALt = B2 40 kv/40 mA, 4~70° 2-theta
TR FAREA 0.02°, AT A2 ek whet
Z247F02%, 05%, 122 AAsIGom(F 2), BE A]
FE 04 mm TAHES)(divergent slit)2 ©]-8-31%

Suspension
(1.5 ml distilled water
+ 2 mg powder)

“~~ Micro-tube

Fig. 3. (a) The high-resolution XRD diffractometer used in the study. (b) For the XRD analysis, a small amount

of the powder sample is collected from the slab surface using a micro-drill. (c) Photograph showing the suspension
(powder and distilled water) from which clay minerals in the fault materials are collected for the XRD analysis.
(d) The powder sample (not less than 2 mg) is placed on the low-background Si holder which has not a cavity.
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Table 2. Conditions of X-ray diffraction analyses.
Weicht XRD condition
ei
Sample ID £ Slitsize  Scan time Remarks
(mg) Holder
(mm) (sec)
Bulk sampling of fault core
FC-N 1500 LAH 0.4 0.2 materials (PSZ+brown gouge)
LBSH Bulk sampling of fault core
FC-150 150 (with cavity) 0.4 0.2 materials (PSZ+brown gouge)
LBSH Bulk sampling of fault core
FC-2 2 (without cavity) 0.4 0.5 materials (PSZ+brown gouge)
FC-1 | LBSH 04 1 Bulk sampling of fault core
(without cavity) ’ materials (PSZ+brown gouge)
LBSH Bulk sampling of fault core
FC-05 0.5 (without cavity) 0.4 ! materials (PSZ+brown gouge)
LBSH Small-amount sampling of
PSZ-R 2 (without cavity) 0.4 0.5 red materials in PSZ
LBSH Small-amount sampling of
PSZ-B 2 (without cavity) 0.4 0.5 blue materials in PSZ
LBSH Small-amount sampling of
Bz 2 (without cavity) 0.4 0.5 the matrix of brown gouge

LAH: Low-angle holder, LBSH: Low-background silicon holder.

th AELE AU A| RO BARAL 4~15° 2-theta
LA FAE 0.01°, FAIZE 122 A
ouf Uux] 278 FHRAL o7 243 P,
Az Fele Az ol ufet 1,500 mg e AZE
¢ (low-angle holder), 150 mg2 &o] &= A&
<t (low-background silicon holder with cavity),
2 mg oJ8l= 25 HHeH Al2lEZ & (low-background
silicon holder without cavity)E AFE3FHTHER 2;
I3 3d).

4. A 1}

4.1 1Folls XRD2| 4 A|ZE HSB

A gl o2 34 X-A9] #3E gotk7y] 9
3 PSZ B4 BZ EAS BT Lt =FCAEE
tjAake 2 1,500 mg (FC-N), 150 mg (FC-150), 2 mg
(FC-2), 1 mg (FC-1), 0.5 mg (FC-0.5)¢] z}7] t}2
P2 FUste] XRD AAAEAS AXSIHATHTH 4a).
1 Ay}, FCe AWEO|E TOF, 544, dfolE,
deto|E/ AHELO|E SRH5-3E Y I HE
FEST AQ, A4, el 5o BER o|FAA QL
om, FjH oz A7k AHA E3F ZFES] QL

o} A gl w2 3| dujee] HslE vlus] B,
FC-N#} FC-1502 A9 fARE SAfdS HEle
™, FC-29] 739 HA| 4 2 2 5] 3(peak) 2| 27|17} tf
4 Zr235Fg AR FC-N 9 FC-1503) ol $- -fAReE 3)
Aug oz PHEA ] 7Hed Ao Y =E 2
ojZr}. vhd, FC-1-& FC-29|| H]3)] Atz o2 Azt
of| 41 9] 7 Zk(background) i} A X1 Fo] Thas 4
Soh= AYE Holo, FC-0.59] 3|duiel 2 HH 9
o327} AR AR o] BV & =9 e
TF Hojgth 237] i £ 71719 Alg=rt
B H4 ARFFE oF 2 mgo g MASAT ®
%10 g (FC-N)Z+ 2 mg (FC-2) 2] FC E&oj|A] zzt
o9 A EFEY AUFAIE XRD #AZTH(TH
4b), FC-Noj| H]s}j FC-29] A Ztof| A 2 73 gko] ok
& E1, AEFEC] obd tE FEES 537t 1|
u3HA] AR = QA AHELO|E OF W mU Ao
2 A AEFESY AR w2 ks
o) 27E B gt

4.2 PS7Z SZ!1} ct=sH0| XRD 1} H|m
A Ao XRD 24 0] 7Fs3t H A 5521 2
mgS 7|&F2 2 PSZ WY& PSZ-B € PSZ-R £%,
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Fig. 4. Results of the XRD analyses performed by changing the amount of the materials. Bulk (a) and oriented
(b) samples. For FC-N, FC-150, FC-2, FC-1 and FC-0.5 samples, 1,500 mg, 150 mg, 2 mg, 1 mg, and 0.5 mg of
the powder sample were used, respectively.
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