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tgE o] Ok EXske Ao A Aol 9%
Sotrr] fs5l, FAA G Fxste FFAA QM Y H| Aol T3l XRD, pH,
XRF, SEM-EDS, ICP #4& AA3Ht A7Z27 =g F ?L FEZ A Y(quartz), FEA
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ABSTRACT : To investigate the role of fault gauge in the behavior of heavy metals caused by the acid
rock drainage in the area of pyrite-rich andesite, XRD, pH measurement, XRF, SEM-EDS, ICP, and
sequential extraction method were used. Bed rock consists of quartz, pyrophyllite, pyrite, illite, and
topaz, but the brown-colored fault gouge is composed of quartz, illite, chlorite, smectite, goethite, and
cacoxenite. The mineral composition of bed rock suggests that it is heavily altered by hydrothermal
activity. The concentrations of heavy metals in the bed rock are as follows, Zn > As > Cu > Pb > Cr
> Ni > Cd, and those in fault gouge are As > Zn > Pb > Cr > Cu > Ni > Cd. The concentrations of
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the heavy metals in the fault gouge are generally higher than those in the bed rock, especially for Pb,
As, and Cr, which were more than twice as those in the bed rock. It is believed that the difference in
the amount of heavy metals between the bed rock and the fault gouge is mainly due to the existence
of goethite which is the main mineral composition in the fault gouge and can play important role in
sequestering these metals by coprecipitation and adsorption. The low pH, caused by oxidation of pyrite,
also plays significant role in fixation of those metals. It is confirmed that the fractions of labile (step
1) and acid-soluble (step 2), which can be easily released into the environment, were higher in the bed
rock. Those fractions were relatively low in fault gauge, suggesting that fault gauge can play important
role as a sink of heavy metals to prevent those ones from being released in the area where the acid

rock drainage can have an influence.

Key words : fault gouge, acid rock drainage, mobility of heavy metal, goethite, sequential extraction
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e e s s ICE I
HE ofd a3zt PR EAL olH@
UEH5 Y F BE AFATIAE AR
o] 44T Wak ohfe} L= Y= dojuit
ot WEHES] HHA A3 Fe Ao A
e Yosle sHBEC] Uoluy] wielr)

(Chang and Choo, 1998, 1999; Chang, 2001). ©]
2A 25, 49, 74 5 ke agldl o3 FF
< Ue S JSARE oY Y HEAE8rF
of <J3] wIAIZ Wo]E i Chang and Choo,
1999). ol2fst 1.2 wtllA FAe] st &
ol FEFES e OS5 SHFdAE olxEE]
FAE A Yol FE A sl 2o 2
W3S 7} 9 A Hti(Chang er al, 2005; Song et
al, 2013).

ojg} Zo] TF HIAE ©FAEe s HR
8 7 ol ojytal A WSk @) ARE 2T
Q7] wel THRE, AB, vAEH, A, 2
= 5ol B3 olsle} ATe] FaAol Az
At Vrolijk et al., 1999). o] T, ©E
HZo] gt AFE2s deadids g G
& #A, G| F= AR YA 549
W3}, FERA, A W3 Fo| A HA
S 1(Chang and Chae, 2004; Chang et al, 2005;
Song et al, 2012), o] g A|gshd ATFE A
5 445 4} QItiShon et al, 2002; Song et al,
2013). 53] & AFAYR] it A A dF
Hdol ofs) AdE FHNES oheF 233 Mk
o] BX3= AHYOZ(Kim et al., 2002; Kim et

al, 2000), 3-dX9] F3lo] w2 g n|42}
s =0l Y3 A1 st dEE A
Holt}, vt B A Y3} o] 4 ule] 7t
A0l e AYedAe Gl A" B el
Aol FETA AT 9 oot HHH FEEY B2
o Asol tg AF= ALY A Fohth o]
e A2 gyt o] dFuA| o= tE2A &
A9 AR Q1% 22F FEQ] Aol o FEH
olggt F8 22 FEEE AEAO|E(jarosite,
KFe;(OH)s(SO4)2)9F 384 (goethite, FeOOH)©]
o 2 o] CH(Harries, 1997). ©|&3 2AFEEL &
2 398 52§32 58 9 3 TYeE F
slo] o3ty FEH 0|25 AL A= F
23 9ag 3 4= Atk Ponthieu et al., 2006).
2 AFE A Y Exsls F3EA it
o Aol dSHIR gk FETH A58
ATE T3t FEEE ol3l|9} HEo F7}
2 AEFZIHE ol 8std vA Y FEHEY &
AT @ Fa& Fxo vAe dFu|A e I
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Fig. 1. Geological map of the study area in the
southeastern part of Korea.
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Fig. 2. Outcrop of the fault. (a) Sampling point. (b)
Dark brown gouge zone.

T4 F=l A= F B AT EAS Hlske]
712 ATE i AlEAAM FARAR A
(Scanning electron microscope, SEM, Hitachi
S-4200) 412 B o 1R ouA] #4
X-41 Z*(Energy dispersive X-ray spectroscopy,
EDS) &4 AAsiith B5HIA AEE 60Tl
A 24A7F Ax2AR F Bg F8E Sl Ha
20084 Ho 35000012 sty #Asia
EDS £42 A8tk

FF&0 BAPP) AT dste] 2]
91l Claff er al. (2010)°] A&EFEHE o]
THTable 1). AlE9} F2AI%FS] HIE 1:400.8 A
T 0.5 g 20 g& ARSI FEME T ot
AIZ (i) labile (MgCly-extractable), (ii) acid-soluble
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Table 1. Summary of the sequential extraction procedure used to assess metal partitioning (Claff et al., 2010)

Fraction Extractant

Phase justification

1. Labile

1 M magnesium chloride, extracted for 1 h

Targets  readily  soluble salts  and

exchangeable ion

2. Acid-soluble

1 M hydrochloric acid extracted for 4 h

Dissolves minerals sensitive to low pH,
including carbonates and poorly ordered
sulfides and oxides

3. Organic extracted for 16 h

0.1 M sodium pyrophosphate, pH 10.4

Extracts iron bound to the more readily
available, “reactive” organic components

0.35 M acetic acid/ 0.2 M sodium citrate
sodium dithionite
(CBD) pH 4.8, extracted for 4 h

4. Crystalline iron

oxide (CBD) buffer

with  50g/L

A strong reducing agent which dissolves the
broadest range of crystalline iron oxide
minerals

5. Pyritic bound for 2 h

16 N concentrated nitric acid, extracted

Targets pyrite

6. Residual hot digest, EPA method 3050

Nitric acid/ hydrochloric acid/ peroxide

Removes most of the heavy metal present

G000 —

4000 —

2000 —

26 (CuKe)

Fig. 3. X-ray diffraction pattern of bed rock. Il: illite,
Py: pyrophyllite, Q: quartz, T: topaz, Pr: pyrite.

(HCl-extractable), (iii) organic (pyrophosphate-
extractable), (iv) crystalline oxide (citrate dithionite-
extractable), (v) pyritic (HNO;-extractable), LE]
3l (vi) residual (aqua regia-extractable)= e th
(Table 1). 7 B7lolA] 528 G2 248e)7]
£ o]83}e] 4000 pmelq 1087+ G4} 425
B 5 045 pm WA De|E olg3k] 4

Emission Spectro- photo meter, ICP-AES, 138
Ultrace, Jobin Yvon)¥ +52% Z2t2r) A2
A7) EA(Inductively Coupled Plasma Mass
Spectro -meter, ICP-MS, Elan DRC 2, Perkin
Elmer)S ©|83}d Fe, Pb, Cd, As, Zn, Cu, Ni,
Cr 871 ol thst EA sk

ZIt ¥ g0

o

=L

XRD #4 Ax 2ol F FHFER A9
(quartz), &4 (pyrophyllite), -2 4(pyrite), ¥}
o) E(illite), #S(topaz)°] THHTHFig. 3).
2 o] T3n|A] AlRo] 79 Y (quartz), YEto]
E(illite), =YX(chlorite), 2HE}O|E(smectite),
7@ X (goethite), 7FFAL}O] E(cacoxenite, Fe’'xAl
(PO4)1704(OH);; - 17(H,0))7} 8= ATHFig. 4).
mobollA FHE FE FOF Hol mete] I
A& Po] Wt AL & 5 Aok 53] AHA
I} 5o AU e oA Yeld 5 e
BEE FHAL 225-300CAA F2 Ve 3
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28 (CuKa)
Fig. 4. X-ray diffraction pattern of fault gauge. Ca:

cacoxenite, Sm: smectitie, Ch: chlorite, Go: goethite,
Q: quartz.

59 749 200C ool FHHE AL=E ¢y
Z ATHJohn et al., 2008). THEHIA| A 79| FE
% A 4(goethite, FeEOOH)S Zd 4] Akslo] 2
#2 APEE EH F=oltiHarries, 1997).
AN kst B oHgsh ditsdE
2 WAl =1 FHHo] AXM FEEY FEA
24 F93% 98-S Fh(Benjamin and Leckie,
1981; Schwertmen and Taylor, 1989). 7]& A+
of 2J3}H Mn, Ni, Cr 59 Y4Eo] Hd4 =4
o] 22 4 AL Ni, Zn, Cd, Cr, Pb3} 2&
A58 AEA Y F'E (8 & Qe Zlow
U4 Ji(Singh and Gilkes, 1992). I EZ
A AkslE s APE JEAL Fslol 9
8l AE & 55 A & 9FE = Ao

ek o=tk
SEM/EDS =41

202 A B5E A2 SEM/EDS £41< 4l
At B4 AsES 2 uAyy FA
AMog FAEOoH FrrHor Ao Ay
= 71EZ MU0l ES} XRD 407 #HEA] okgl
H 2AkZALo| EZF BAE| A THFig. 5). AFRAO|E9]
749 2tEEE gl Fo] XRD #4414 T = A

KBSI-DAEGU 20.0kV x30.0k SE(U)

Fig. 5. SEM images with EDS of the gouge sample.
(a) Jarosite. (b) Cacoxenite.

AE oz FerE AZA|EE pHYL 2.7
olgtE il ko] FHEE A4 A
At APEE tEHQl FEo|tkBigham er
al., 1996). metx AZALo|EL] EAlE A9
b Eiks] AREHATHE AS AAGTE =9
ARA|Ex AZAA 72 Y9 Kol 9 T55%
Aoz FFE FHA d¥s & 4 U
(Breemen and Harmsen, 1975; Dutrizac et al.,
1996; Lin et al., 1998; Lin et al., 2002; Smith et
al., 2006). 18U} ZARAL]EE pHYF W 27
oA kT FEo|7] wiEol pH7t EokAH HA
Saldtt IHEE FEEo] ARAIE ZAA T
ZUo] Kol2$ 835t S wl, AZAl|EY}
BallEH T2t BHHEA FEEo fEE T
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Table 2. Chemical compositions of the samples from XRF analysis

[wt%o]
sample ALO; CaO Fe,0;' K:O MgO MnO Na,O P,Os SiO, TiO, L.OI  Total pH
bed rock 17.7 0.382 4.93 0.551 0.132 0.004 0.248 0.202 71.2 0.758 3.47 99.6
gouge 9.39 0.015 534 0.615 0.199 0.015 0.074 7.02 12.0 0.188 17.2 100.1 4.85

JTHLin et al., 1998; Smith er al., 2006; Susan
et al., 2007). AZALO|E AHo] FRF o7 B3t
HeE e BY 3EA 9 4kslE gzl pHoll 9
3 AAZAP|EVE YA ESE AR Hojw, & A
29 pH 24 A pH 48% JEh )= Rog B
o} AZA|E A4 T Zolxl pHoll 93] dH-&
A &gt 2AZAL|EVY Rl 54 A 9

e T3S oleh AEth XRD B4l &
A Qe R ATAUIER Slsigion
0 EAQ YRS 2 e,

XRF 24

XRF #4743 =9F AgoAE ALOs CaO,
Na,O, SiOs, TiO,9] o] ©3H|A| AlFo| vl
of A Jehtal, @3HIAl AlRe A9 Fe0;,
K0, MgO, MnO, P,Os, L.O.19] 80| mot A
Fof Hlgte] FslE|o] UERGTHTable 2). T5H]
Aol =2 FFSE YERA Fe,05 K0, MgO,
MnO, P,0s, LOIE 71& A79 fARRE d3E
YUEPATHEvans and Chester, 1995; Shon er al,
2002; Chang et al, 2005; Song et al, 2013).
YAE2E F Fe0;, MgO, P,0s7} Bl Hlsto] o
SHIAANA FFo]l =4 Uehte Ae &5 &F
Al DAY s Aol oal &3l o] WUk
Zoll W FHoE fEAol w@HE da
(immobile elements)7} ©ZHIA|ol HA=7] wf&
O|ti(O’Hara, 1988; Evans and Chester, 1995;
Shon et al., 2002). 53] £ A5 Fed] &
o] 53.4 wt% oo 7 R AlFo) nlste] A53
ol YehtH oo} fARHA PE 7.02 wi% ©1%d
o7 BN F Yoyl @SHA] AR &
3] B2 &S AAske FE dlo] He FER
AL Astol| ol AAEE HEAH AV
o|E7} Utk Fedt Po] HFH TFHIA| AlFolA
44 7AYo E(cacoxenite, Fe*'y,
Al(PO4)1704(OH) 5 * 17(H,0))= F2 Q4kdo] A

FakslEol| AgtE o] AP EE FEo|tH(Hearn et
al, 1988). o] FEL ©F &5 A d42H8o] 7
HE= FoF 2 YaTo nisle] o]FAo] Ao
Fe, Po] F3=o] A4% ZoE AlsHTh

B2oF A5l 9EHlA] AR diste] A&
HE ALY 1 % S5 g 24
A 98l A4 28 6 A ARE th
O 2 Fe, Pb, Cd, As, Zn, Cu, Ni, Cre] 8717 &
49 FEE ICP-AES®} ICP-MSZ E4I3519]t}
A4 dA&FEH A HAE o &% S5
Z e 29kl AH$- Fe (42,591 ppm), Pb (19.8
ppm), Cd (261.89 ppb), As (25.5 ppm), Zn (87.6
ppm), Cu (24.4 ppm), Ni (5.48 ppm), Cr (11.6
ppm)E  YERFL, ©FHIA AR A Fe
(279,682 ppm), Pb (69,58 ppb), Cd (309.69 ppb),
As (93.9 ppm), Zn (75.1 ppm), Cu (17.4 ppm),
Ni (4.81 ppm), Cr (31.7 ppm)E ZAHFHAU}. FF
& T =M= 2L H$ Zn > As > Cu >
Pb > Cr > Ni > Cd & EJoH, G319
739~ As > Zn > Pb > Cr > Cu > Ni > Cd 2
2 Utk 7 AR S5 §59 aAe A
o|7} o F AR EF As, Zn, Pbo] Bo| &
Aok As & F Aok S5 TFE B9
Zn, Cu, Ni2] 7% o]z} =27 ekA|qk Az o
2 RSk o] EAghH, CdY A5 ESHIA
H Mgk 2ol 2 ] Wol] EAFE & Aok 2
I GFHA A S = Zol7}t AL FEEHS Al
Qg Pb, As, Cro] 7 28] 52 30 o]} &
Tt g3HA ] sRE e AS I F 3
ol Asé} Crol 739 Abshgoleo® EAsh &
o] 29] 74 FErH YA (point of zero
charge, PZC) ©|3}2] pHolA FEXH (+) 3}
£ 9A Ho] F o B2 FFo| dojdr} w3t

WY~ W\
7N1EATANE AsS FtAollA Habste, A

tlo e

~
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Fig. 6. Fractions of the sequential extracted heavy metals in the samples. Step 1: labile, step 2: acid-soluble,
step 3: organic, step 4: Crystalline oxide, step 5: pyritic, step 6: residual.

AhelEel skl FEREd & 4EA At
(Waychunas et al., 1993; Jain et al., 1999,
Sherman and Randall, 2003). w&}A] o] F A4
o] A5 A9 Fslol mE v pHoll B2 4
e e o wdEn) T3 2oy d3H|A|
= TFENA AolE BYoH TFH|IR F
TAFEQ AN Yo gudy 5§24 5
g g2 3 FEHOE Yol Folo FAAR
A & oS 3l(Ponthieu er al., 2006), AH3} =
AolA FFE2 EAGH A E FFE A= A
°F 4HA UtkBigham et al., 2002; Burton et
al., 2008). IHEE FAHFE F AEMo] iy
o™ TESHIA| AECA Pb, As, Cro] 2 &
TE T4 #EY AR Aol okl AlsHch

5 P8 S5 F ¥¥EUE T
4ol A ol wetA] JeFe W=tiDavis and
Leckie, 1978; Carignan and Tessier, 1998; Lee
and Touray, 1998). I8 B2 L& 7F A
W Fa49 o] & IR ¢ SRSty &
T UTHFig. 6). A A QI labile (step 1)<
AAZ7ol A 7HE Al FEE F e AE &
o] =& = T ol n¥ 7 JE9
o5l &EHh o YANME CuE A3
HEe F54 50 BUdA 2 HE&S AA
gty 2% 29 e 53 As (51.1%), Ni
(39.2%), Cr (35.5%)°] &< Bl&S AXsha, o
ZH)A] AT As (12.5%), Ni (14.4%), Cr
(11.6%)°] =& H&E yepdth  Acid-soluble
(step 2)2 W2 pHoll e BAHE3E vig4

.

e ey #dE 5458 §33 Wloth
T WA GAAE 29 75 Pb (17.7%), As
(12.5%), Cr (102%)°] E=2 Hl&<S AA|5H, &
SHIAY A9 Fe (26.6%), Cr (19.4%), Cd
(10.9%), Pb (10.9%)7} =2 H]&S XS} 1
L o] GACIA Pb, As, Cul 7% HIA| A]Foj
Hjgte] mobe] @ HIES AAee e B &
AL Fe, Cd, Cu®] 73-F Hid o= nx| AR
A B2 HES AATE ¢ 4 Utk Organic
(step 3) A= = 718 F2E T55°

5717 A"lelA 7152 &3l Al FEo] dojd
ot o] @AM E B2t B¢ Cd (51.7%), Cu
(16.9%), Ni (14.7%)°] =A1 Yehfr, G582
74% As (36.1%), Cd (35.2%) Cu (34.7%)7} =&
H &S 2Asta uok & Ae] Aie} o] 7]
& dFE Cue IEd AYETE w0 #
dHA At Alloway, 1990; Donisa et al., 2008).
Crystalline oxide (step 4) A= =2 A Aksl=
I e 4 AEEY Y SEEoE g% &
A3 oA FZ2Hk o] DAl e Y] 7
% Fe (53.3%), Cu (50.0%), Zn (32.00%)7} &<
HI &S ZA8taL, ©5H1A19] 79 Fe (30.1%), Cu
(25.5%), As (12.3%)7} A1 UERAT Pyritic
(step 5) A T AL FAka 3 o
oA PFE FEE AAolH, 48} S e}
W] et # AR Fus5 AL 9
< 3t} o] BAAE 29 S Fe (37.3%),
Zn (30.3%), Pb (15.5%)°] £& H] &S HoF
)R] 749 Pb (54.3%), Zn (48.6%), Cd
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(32.5%), Cr (28.9%)°] =A Yepdc). vpA9 o
AR residual (step 6)NA= o] TAA &3]
H2 %S WA BE, f71E 1da JAERE
T SalAZITh uiEE GAo A= 2ot A
Pb (51.8%), Cr (33.4%), Ni (25.4%), Zn (23.9%)
o A YehH, TFHIAE] 79 Ni (39.5%),
Pb (30.8%), Zn (26.2%), Cr (24.9%)°] %2 H|&
< AA st Uk

2o AR ESHIAl RS TP & Aole
labile (step 1)} acid-soluble (step 2)<= 3 T=
o] Bl & Apo|& thFEY FEEo] Byl o =
A dehde & & 5 lem 53] As, Ni, Cro)
79 o]y3st AgFo] /1 I Nidk CdIIA = o]

3t 7dko] BT Labiled}t acid-soluble F

DAY FEE2 AAEH L Wt wet A 5
AZ &2 F 71 wEl(Xian and

Shokohifard 1989; Carlsson et al. 2002; Favas et
al. 2011), thAH OS2 F TAA L] HlEo| H&
HA R A9 AAQ F5& 722 APl
oy AdEE G3HA e e FEE ko
o3t FuE Fol HHoE HA FEHA &

= FJHE EATS & F Ik olHS gL F
TE7F @E58IA o =39 As, Pb, Cre 7%
ot A g3lE FEE0] BSHIA Ul AN
FHEEA FY9 " ez HFHo o]E9
£20] A2 & JSES HAFET
2z E
ATe ANEE R HEe E2d = F
E ooz AAEGT d7FAYe d5Hded
olal] WA EA o] tFF EAlet g Z&
ZAe] gSH|A7F & e AT A 95
29l A$- 2= g FEAHEOZ FAE
o olof ot FFE&2 Asel o= F& Ao
2 5 9SS HoEg 2oy gEnixe] F 3
%) ME gstor moke Ay P4, &

B

4, delolE, B8 Fo= TAH0] e vk
of Be A pulA AR A MY, Yot
oE, B, zeelolE, FAY, 7AelE
(cacoxenite) 502 P50} Ik mare] 79
9% WAFZo] TFPHo] PR T 33
Hol B ATAN WA F AAYL
AN k. EEA e B FHHo] M B
o o JEEH ol AW F25 A% 3

e
<]
R
§;]_t‘ﬂ-
5)

PN
RS
A

3 4 deS AR

I 29k @EHRe g &
ojA & ApolE HolA| gyt
3% Zn > As > Cu>Pb > Cr > Ni > Cd
Hom, @3HAC] 49 As > Zn > Pb >
> Cu > Ni > Cd <02 Yehyity, 45 3o
AR AA RO Z As, Zn, Pbe] o] 7P &
g Hola ok B GSHIAE vl
HH 4F dos AR a5 TFE HAAH
o2 AR A FFez o & S UE
Y™ 53] Pb, As, Cre] Al F5500 oA & A
o|]F Holi gt} olHT YL HHA w2
HRSA TS Aol Jdon =3 Ao F3)
2 QIZH & pHAeA F=FHe] YA ofst
2 (+) AskE Ho] Ao o 2 EA s As
o} Cro] o gA 2 7+ e A 7=
gt AEFEH 2 34 A 822 T 3
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