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ABSTRACT : Arsenic and heavy metals leached out as a result of oxidation of tailings exposed to the
surface pose a serious environmental contamination of mine areas. This study investigated how arsenic
behavior is controlled by a variety of processes, such as oxidation of sulfides and formation or alteration of
secondary minerals, based on mineralogical methods. The study was carried out using the tailing samples
obtained from Nakdong mine located in Jeongseongun, Gangwondo. After separating magnetic and
non-magnetic minerals using pretreated tailing samples, each mineral sample was classified according to
their colors and metallic lusters observed by the stereoscopic microscope. Subsequently, the mineralogical
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properties were determined using various instrumental analyses, such as x-ray diffractometer (XRD), energy
dispersive spectroscopy (EDS), and electron probe micro analyzer (EPMA). The literature review confirmed
that various ore minerals were identified in the Nakdong ore deposits. In this study, however, there were
observed a few original ore minerals as well as secondary and/or tertiary minerals newly formed as a result
of weathering including oxidation. In particular, we did not recognize pyrrhotite which has been known to
originally exist in a large abundance, but peculiarly colloform-type iron (oxy)hydroxides were identified,
which indicates most of pyrrhotite has been altered by rapid weathering due to its large reactivity. In
addition, a secondary scorodites filling the fissure of weathered primary arsenopyrites were identified, and it
is speculated that arsenic is immobilized through such a alteration reaction. Also, we observed tertiary iron
(oxy)hydroxides were formed as a result of re-alteration of secondary jarosites, and it suggests that the
environment of tailing has been changed to high pH from low pH condition which was initiated and
developed by oxidation reactions of diverse primary ore minerals. The environmental change is mainly
attributed to interactions between secondary minerals and parental rocks around the mine. As a result, not
only was the stability of secondary minerals declined, but tertiary minerals were newly formed. As such a
process goes through, arsenic which was immobilized is likely to re-dissolve and disperse into surrounding

environments.

Key words : mineralogical study, Nakdong tailing, arsenic, immobilization, re-dissolution

Calas 2006; Wang and Mulligan 2006).

UukA QL H| g4k AR 334kl (acid mine drai-
nage, AMD)°l| &J3l] BlAY Fg&0] 25+ A
o7 deA ot Rl s HEE] Yo &
ot = 4A-#A B-E(acid-generating minerals,
AGM)2| 4tsiukg-o 2 9ls) HhyEm, o2 Qg
Fu W Hla 2 FE&o|o] A&EHOE £
T 2 Fv 29 dkgste] o)Ak FES
A48 Ack(Plumlee, 1998). o]H HlA 2 FF
£829 ddE 37| 98 BE ATt o] F4A
WAk =Y old AFELS T2 AEHH W
He SHOE FFAG e LHRAT} o] Fo
HoU(Jung e al., 2001; G <], 2002), HZ
ATEL A5et uhylo] FESZ A FdstA i}
HE AR 3 CHEZAL o] FolA 1 Ut
(Ahn et al., 2005; 7RI, 2003; ©]FE T <], 2003;
AT 91, 2004; ©1BT <, 2004; FUFk 0]
T, 2005; AR 9, 2008; AEA 9], 2009). 3]
AMe HFAAHY Aoy, AxT, EFY &4
of Az Yoz Agse i 9 T4
Aso g FESH dAFEo] S P

=

i_‘

U Th(Jambor, 1994; Manning and Goldberg, 1997;
McGregor et al., 1998; Dold and Fontbote, 2002;
Harvey et al., 2003; Bluteau et al., 2007; Craig et
al., 2009).
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FE FH FaE o] vk AFo| AgE o
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Table 1. Introduction of the Nakdong mine

Location

Period of operation
Target element

Amount of tailing dumps 10,048 m’
Geological feature
Ore deposit form

Major Petrology

Abundant ore minerals

Nakdongri, Nammyun, Jungseongun, Gangwondo
Japanese invasion period ~ 1971

Arsenic, Bismuth, Iron, Gold, Silver

Jeseon System, Great limestone series in Maggol and the Hwajeol formation
Maggol formation and intruded acidic and basic dike

Black shale, Sandy shale, sandstone, limestone

Pymhotite, Pyrite, Arsenopyrite, Bismuthinite, Chalcopyrite, Sphalerite, Galena

o] F Aoz (T4

Source :
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Table 2. Physicochemical properties, elemental con-
centrations, and mineralogy within the tailing sam-
ples used

Property Value Mineralogy
pH 5.58
Texture (%)
Sand 88.5
Silt 10.2
Clay 1.3
Element Cor(l:;egn/‘g;‘;ion Primary Secondary
Al 31,980 Quartz Illite
Cd 4.34 Muscovite Kaolinite
Cu 165 Calcite  Montmorillonite
Pb 74.0 Hematite Jarosite
Zn 2354 Magnetite Scorodite
Co 27.44 Pyrite Goethite
Cr 46.94 Arsenopyrite
Ni 31.50
Mn 945.6
Fe 105,100
As 4,780

* Sand 50~2,000 um; silt 5~50 um; clay <5 um
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Fig. 1. X-ray diffractogram of bulk tailing samples
(A), non-magnetic mineral samples (B) and mag-
netic mineral samples (C). Abbreviations: Q: quartz,
Mv: muscovite, Ka: kaolinite, Mo: montmorillonite,
I: illite, S: calcite, G: galena, P:
pyrite, Ap: arsenopyrite, Mn: magnetite, He: hema-
tite, Gt: goethite, J: jarosite.
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25 A5 AAEBFEA(AAS-GF, AA-6300 &
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S Zt}o| E(scorodite, FeAsO, - 2H,0)9} A2 Ao E
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Table 3. Results of separate metallic luster (ml) and mineral color from magnetic and non-magnetic samples

Magnetic Non-magnetic
0~0.1 ~02 ~03 ~04 ~05 ~06 ~0.7 ~08 H I L
Black ml L [ L () o () 0 () [ O L))
Black (D) [ D) (D) 0
White ml L) 0 o
White O [ O
Silver ml (D) D) (D) D) (] (D) [ D)
Gold ml () O L)) )
Red ml (D) O
Red o [ L)) [ ) L)) O [ )
Gray ml o O
Yellow ml O O
Old gold ml O ()} O

— Abundance : @ > © > O

— Magpetic strength (AMPS) : 0~0.1, 0.1~0.2, 0.2~0.3, 0.3~0.4, 0.4~0.5, 0.5~0.6, 0.6~0.7, 0.7~0.8

— Distribution grade of mineral color :
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Fig. 2. Back-scattered electron (BSE) images (top) and the energy dispersive spectroscopy (EDS) spectra
of iron (oxy)hydroxide, pyrite, arsenopyrite, and jarosite.

UFE A (AhFatsdEe] nEH o] AA HlA
o] o] 7Tl €A ) THCourtin-Nomade
et al., 2003). ©] A ¥ tis) FF £ A3, Ui
Hol Ho|Hol HlA e o 2~6%E 9F9 <
1% Bt} vlazd =A Yepd 28 gQlstyor
(F 4, H BHAAE fA3E A7 YERSTH
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£ EUE S, Fe, As, 09 ¥423FS
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Fig. 3. Ternary diagram for S-Fe-As, S-O-As, and
d 4). FEH EDS 443, Fe-O0 AZ U Fe.As-O from EPMA data.
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Table 4. EPMA data (wt%) for arsenopyrite(AP), Amorphous iron (oxy)hydroxides(Al), Crystalline Iron
(oxy)hydroxides(CI), scorodite(SC), and jarosite(JR)

Minerals Sample No. S Fe As O Al Si Ca K Total EDSa
AP-01 2178 36.15 41.12 0.3  0.08 - 0.02 - 99.28 A
AP-02 21.62 36.00 40.86 0.04 - - 0.03 - 98.55 A
Arsenopyrite AP-03 2233 3583 3991 153 098 0.01 0.0l - 10060 A
AP-04 2239 3644 4064 0.03 - - 0.05 - 99.55 A
AP-05 2192 36.53 4111 0.04 - 0.01 0.08 - 99.67 A
Al-01 035 5160 425 2208 180 1.09 1.17 - 82.33 A
AI-02 0.63 5310 533 3422 249 159 146 - 98.80 A
AI-03 0.61 5592 340 3634 1.88 138 0.86 - 10039 C
Al-04 020 5674 252 3619 253 1.01 0.69 - 99.88 C
Al-05 0.76 5339 510 3451 273 1.93  0.88 - 99.29 A
Amorphous AI-06 036 5433 359 3479 344 119 1.03 - 98.73 A
Iron (oxy)hydroxides AI-07 041 5240 529 3127 280 1.08 0.86 - 94.10 C
AI-08 0.55 5283 572 3480 266 148 1.10 - 99.14 A
Al-09 034 5722 221 3564 099 086 034 - 97.59 C
AI-10 044 5380 528 2932 230 115 088 - 93.17 A
Al-11 0.54 5505 345 3281 1.66 099 0.60 - 95.10 C
Al-12 044 5558 332 339 129 088 0.2 - 96.00 C
CI-01 023 5778 160 3675 179 123 043 - 99.80 B
CI-02 027 5526 186 2944 153 076 032 - 89.44 B
CI-03 024 5265 173 2844 207 067 030 - 86.10 B
Crystalline CI-04 026 5789 193 3475 138 089 029 - 97.40 B
Iron (oxy)hydroxides CI-05 026 5721 160 3491 144 093 027 - 96.62 B
CI-06 0.19 5686 138 3320 215 094 029 - 95.02 B
CI-07 0.16 5675 165 3269 195 1.00 037 - 94.57 B
CI-08 025 5657 146 3417 141 1.00 028 - 95.13 B
SC-01 0.07 21.79 3518 2996 0.63 0.01 - - 87.64 B
SC-02 0.10 2144 3634 3495 092 0.00 - - 93.76 B
SC-03 1.67 2282 31.16 30.08 147 0.19 - - 87.38 B
Scorodite SC-04 0.11 21.64 3236 30.80 1.07 0.01 - - 85.98 B
SC-05 0.63 22.19 31.09 2833 142 001 - - 83.67 B
SC-06 1.88 2225 30.14 3065 092 0.17 - - 86.01 B
SC-07 031 20.68 3095 2840 1.85 0.03 - - 82.22 B
JR-01 11.38 3054 1.08 46.17 - - - 582 9499 A
JR-02 11.01 26.81 096 4543 - - - 6.09  90.30 A
JR-03 1048 2565 130 46.09 - - - 631 89.83 A
JR-04 1045 26.57 127 4553 - - - 5.68 89.50 A
JR-05 11.05 26.83 083 46.07 - - - 446 89.24 A
JR-06 10.62 2527 1.17 4554 - - - 6.01 886l B
Jarosite JR-07 10.76  26.07 1.00 45.06 - - - 6.13  89.02 B
JR-08 11.56 27.78 0.71 46.59 - - - 531 9195 B
JR-09 10.88 29.04 123 4544 - - - 6.04 92.63 B
JR-10 9.92 2907 175 43.93 - - - 543 90.10 B
JR-11 646 3348 3.06 4040 - - - 426  87.66 C
JR-12 027 4371 653 31.53 - - 0.13 011 8228 C
JR-13 3.66 4159 646 3492 - - 021 093 87.77 C

* Points for EDS analyses for each mineral given in Fig. 2. In the case of scorodite, EDS analyses were performed in arsenopyrite
sample in Fig. 2.
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Fig. 4. Back-scattered electron (BSE) images (top) and the electron probe micro-analysis (EPMA) X-ray
maps showing the distributions of S, Fe, As, S, O, Ca, Si, and K within iron (oxy)hydroxide, pyrite,

arsenopyrite, and jarosite.

= 23200|EZ} dubd oz d#A ) th(Juillot
et al., 1999; Harvey et al., 2006; Bluteau and Demo-
poulos, 2007). H-&334+e] FH] W fFHIEMLE
A9l 7pgAE o] 2F2H0|ER FHE AL &

O|EE IRISIHOH (Y 4), AFE ZAFE AAh
9] ghego] Frlete A AT EPMA A%
BEAA3 W AE 30.14~36.34 wi%Z dHbAQl A
FZTo|Eot FASHAIRE -2 20.68~22.82 wt%

H ] BA YEPRTHEE 4). 22T Edf|A ¢
Fe/As & Hl= HIAZZHEH Y FEE A A5,
120 GHA o ulhe] Afe] o3 A &= 7}
/0] =0l 4 A Utk(Papassiopi ef al., 1996).
FHIEA Y 223 2F 2T EE (0.79~0.992
B 1RO FHFH0E BF3S o4 g Slglen, M
A2 ZA5E WA YEsT ol dE M 7
AR ZA4E BB A 2 FHY S A g

AZAEx 2 B3 pH 3 odtell A AA
B tEAHQL o]al FEo|th(Bigham er al., 1996).
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WA A B Y] FEE W glon,
WA e B2 ZAZA|EV} F3HE o} g
9] peakE AFEFAIAL(A, B) W49 peak’} A5
(O EDSEA Ao FRlstdom(asd 2),
Fe-OA|9] FEo| 5 o] F1 JYATE =3 N &
SoA AZAO|EY FEE ol H (hFAtstd
%i 015;].‘— 74 0 3?:}0]-8]— _/r: olol:q 1:::1 _,_j|7:l
T A= 5°‘o}7ﬂ YERTHIE 33 4). EPMA
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