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Mobility of Metals in Tailings using a Column Experiment from the
Guryong Copper Mine

Yonghee Moon, Yungoo Songl*, Hi-Soo Moon', and Yong-Seon Zhang

National Institute of Agricultural Science and Technology, Su-won 441-70, Korea

[Department of Earth System Sciences, Yonsei University, Seoul 120-749, Korea

The laboratory column experiments were used to transport of metal elements by infiltration-related dispersion
and/or diffusion in mine tailing of the Guryong gold mine. The mine tailing shows the neutral pH (for a pore
water) and contains quartz, chlorite, pyrite and calcite. Both a non-reactive solute (Cl" of 100 mg L'l) and a
reactive solute (IN HCI), were injected continuously through columns. The breakthrough curve in the
non-reactive experiment reached at a maximum under 1.5 pore volumes (PV). The longitudinal dispersion
(0.607 cm) and hydrodynamic dispersion coefficient (1.96x 107 cm’ sec'l) were calculated by the slope. In the
reactive experiment, the plateau curve was appeared in the pH values of 5.3, 4.5 and 1.7. The releases of metal
elements such as Fe, Mn, Al, Cu, Zn, Pb, and Cd were observed to be related to the pH buffering. High
concentrations of Mn, Cd and Zn were observed at the first pH plateau (4 PV and pH 5.3), whereas Fe, Cu, Al
and Pb were released as the pH decreased to 4.0 or less. The resulting order of metals mobility, based on the

effluent water, is Mn=Cd>Zn>Cu>Fe>AIl>Pb.
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&do] wjdz ol (transport)st= o= ©lF
(advection)@} ZAF (diffusion)o® FIAA F 7FX|7}
AUtk olfF= olEdt= Alskert §4S ek W
o|al, Ak g | g3fH o] 2ol EAMte] EHE
o] AFEoA Askr o]Fsh= Wijoltt koY
gt gHo] t3d wAE FHste] olFEE= I A
B4 E o] vt Yolx= &4t (dispersion)¥}, 829
o5& A (retardation) Al7l= &E24-3k8k4 144
Ex Ut} (Fetter, 1999). 3u| FE0l29 o5
Alojgt= HAYZ et odfl= 2H9 5 E S5
%9 AsE dSst=dl 8% I dth (Jurjovec
et al., 2002). LYY olF st it} o
ol oJgt Euld ol mut ofe}t FEe] A} 83,
T ear ARkl 22 3kekA Kol o) A
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oJ¥lt}t (Blowes and Jambor, 1990; Jambor, 1994;
Jurjovec et al,, 2002; McGregor et al,, 1998; Moon
et al,, 2003), 53], 29| ol Fn|e| FJF=]
ol&] =A kS HF=t} (Stollenwerk, 1994; Brown
et al., 1998; Moon et al., 2008a). <& 5W, A3
ARl AHdgAhileE watdgETte] Bhgol o3l S35t
Fal, A3l (gypsum)@f AZARIE (jarosite) #2 O]
ZEe] Ao 93 29-% (contaminated plume)
9] o]xzo] HAL7|E 3t} (Al et al,, 1997; Jambor
1994; Moon et al,, 2008a and b),

B Ao} AskrolAle] ALgTRe] o] 5}
sl et ol ulg AAH WAL B} o)
o ZAIE siAsty] flalf Wh=A] Hasieh 7 A
Q1 g4l Buls AMdEAhlE PS4
(pyrite)o] oFF THE A Jom oA HA 9
Abstol| ol AAE AHE- (acid plume)o] 4 - 2]
oz ik gE 59 olFHAUELR AZIR o]
Feteh webA AR W FEY AR ALY Y

HA e ofE ARE olgstel, o] Bel sfa
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pyrite zone2 2 YPFulE hxET 4= Q= AP ALY
YA o2 AlzE At (Fig. 1). GM1 Al&
= A ®EHA $F o7 370-400 cm H7rolm, GM2
L 430-500 em T7F AlRolch AMHE AR 407T0]
3 oHold AZAZ F 1094 2 mm)E AQstol
olgaiich. Wule] YEi Amaay]
analyzer, Mastersizer 2000, Malvern)S ©]-&3}o]
Ao, s SR Fo FeAld
KSTZ (Report KSF-2322)0& AlYox E4=47]
£ AFsinh. 43 A & fE24E A S35
Darcy WZgAlolA el gE ALbstdlen,

AR FFE (porosity) = AHAHEES T3l AA4LE
t} (Fetter, 1999). pHE Fu|A| 59} €o|234E 1
H]& (International standard method)Z 24A|7F

SAA S5k AFA R Higt o
HUase F FEFE X-A #3871 X-ray fluore-
7ZNX-100e, Rigaku)E ©o]&3}ct A&
THYE BHS I X-H HEEA7] (X-ray diff-
raction, MXP-3 system, Mac—Science)?] EXx7A
2 40 kV 30 mAo|A SHATAS}E Ao ot Cu-K
a T (A =1.54050A)& AMESIOm, 3~50°

20 FRrellAl 0,027 FARMATL 17 min FAGER
SAskh B EY S SIROQUANT Version
9.5 Z2IWS olgsto] FHsHATt (Taylor and Zhu
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Fig. 1. Schematic diagram showing the location of a tailing sample used for column experiment in this study.
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Fig. 2. Schematic diagram of column leaching test equip-
ment with peristaltic pump.

HISHSA TBAE R o] AgE A U7
3.0 cm, Z°] 10.0 cm 181 ¥3] 70,65 cm’o]n],
AA Aol sl BwA =zt HFAE (15~20 mesh,
Junsei Chemical Co,, Ltd, Japan)& 3:4 H|&2 &%
skolct (Fig. 2). %‘%*8 AY o]dol SFHTE o838l &
=o] ZolEes AAEE stk AEHE (peristaltic
pump) ©}45iof NaOl Ao 2AR Uik
4 84 (NaCl 100 mg L', Showa Co. Japan)Z
0.196 ml min '¢] AAFH Tor L0828l 8o
o FoIgRE okleld 1% W okl EEY
(flow—path)ol] W2 Zpo]& 243} dh3ict wiEH
‘NS AxEE ARt § ol2azutEd#d (ion
chromatograph, 350 Alltech)E ©o|&3}d] & =
gkt A% FEe F=olgSA  (breakthrough
curve)o] TIFE AlF o5 slolr) FEold 24l
omnE A 2988 BAM 2ol (rifai
equation)} & o[ o Fu] EARS] FEAA|
+ (@ V& T3 (Fetter, 1988).

FIF 021\4
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Table 1. Analysis results of collected samples from deo-
xidized core samples in Guryong copper mine tailings.

. . Sample No.
Physical properties
GM1 GM2

Clay (%) 2.28 2.11
Silt (%) 22.20 28.78
Sand (%) 75.51 69.11
Porosity 0.43 0.38
Particle density (g cm'3) 2.988 2.572
Hydraulic conductivity (cm s')  5.97x10°  2.93x10°
Longitudinal

.0 ngltL.ldma 0.607 0.575
dispersion (a 1, cm)
Hydrodynamic dispersion 1.96x107 L 44x107

coefficient (Dy, m’ s‘l)
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01146} OAoi olsl & oA 7]-7_:l|9_§ ABEE FF
stk AlEAH A 15 3=
PP AAsE, AR A 24 prs S
%3l (6107BN, Thermo Orion), O] 2 2|5}
0.45 un WHEHQ! 2 ofHsio] YHEHY & 7|23
slelple] fEAd Sexet A4 $E Byl
(inductively coupled plasma atomic emission spec—
trometer, 138 Ultrace, Jobin Yvon)& ©]&3}% &
=2 2359

2o EMAH
GM1T} GM2o] E2|-sishd W PEsHH S4S B4
gt Aut Aol fARRE g E?_]E]— (Table 1, 2, and 3).
A= B35 HH, uAR 3ol Z47F 22,20% (GMD),
28.78% (GM2)o]aL X o] gtk 75 51% (GM1) “1&]
1 69.11% (GM2)2 Bxsla 9k Al=e] M1 Yt
W=l 2988 g cm “O|i GM2: 2572 g cm ‘O&
249t SEAEE g ZH2F 5.97x10° cm sec |
2.93x107° cm sec 'o|H, FLEL ZHzb 0,43 81
0.38% A=}t A& U F FEES AY (quartz:
12.7 wt. %, 18.8 wt.%), AF44 (albite: 13.8 wt. %,
7.9 wt. %), ZEA (pyrite: 36.8 wt.%, 33.3 wt.%)
a2]3l YA (chlorite: 24.1 wt.%, 26.6 wt.%)©°]
a1, WA (calcite)o] Z¥ZF 7.7 wt %2}t 7.5 wt. %R
A 9 FFEUT (Fig, 3, Table 2). FmA|&2]

)

Table 2. Minerals quantitative analysis results for sam-
ples from Guryong copper mine tailings.

) » Sample No.
Mineral composition (wt. %)

GM1 GM2

Pyrite 36.8 333

Chlorite 24.1 26.6

Quartz 12.7 18.8

Albite 13.8 7.9

Calcite 7.7 7.1

Mica 3.6 5.6
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Fig. 3. The major and secondary minerals identified
results of GM1 and GM2 samples by X-ray diffraction
(Abbreviations: Qz; quartz, Chl; chlorite, Cc; -calcite,
Mc; mica, Al; albite, and Py; pyrite).

Table 3. Major elemental analysis of samples from Gur-
yong copper mine tailings.

) . Sample No.
Chemical composition

GM1 GM2
SiOy (Wt.%) 39.5 40.6
ALO; 19.6 19.9
Fe,03 14.0 13.5
SOs 10.9 9.83
MgO 3.93 4.08
CaO 4.18 3.75
Na,O 1.11 0.63
KO 343 4.05
MnO 0.35 0.36
Cu (mg kg') 253 165
Zn 223 164
Pb 48.3 31.6

Bl ke Si0, (395 wt.%, 40.6 wt. %)2f
Al,Os (19.6 wt.% 19.9 wt.%)7} tF ISE T
Fep032} S039] FHege 10 wt.% o)A UEhstth e
(Cu), & (Pb) 123l o} (Zn)o FHF= tha =7
B35}t (Table 3).
" g vekeAd ZHY AN o"‘% e
A AAE S Fig. 4°] =ASHITH

Ao AA| B3] (70,65 cm’)= A|EQ}F 4
o] theF 3:4ugo|H, AlRQ] FE2 27} 0.43 (GMY),
0.38 (GM2)o]1 Agrje] ZIEL 0 450]t} wlzhA
Ay AP F3 A AR PV Z7F 31,18 cm®
(GM2)olt}, HAMA|= H¥hEA

(GM1), 29.67 cm®
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Fig. 4. GM1 and GM2 concentrations of CI' in column
outflow.

Ad AdoA d3folof thgh FEolg3Ae] 7]e7]
2RE ALk (Fig, 4). d3fol29] &%+ di=f
1.5 PVe} 0.74 PVOlA HFPo| wgsiglon], =7
PE H3Pel T (Cooll et &% Fool2 sk
(©9] HIZ} 0.5d weo] FA7|E7I2 FTEAF AP
(longitudinal dispersion)®} F=g]ddstd ZBEALAS:
(hydrodynamic dispersion coefficient)®] HAte] &

st Aszdld Agel dolst 10.0 cmoluz

~

W

o esfolalel Heistel HEAASI} Selefsta F
BAASRE T8 5 9T AA] A eaole o
=1 2
L
QT
47(1/02 X —2
5
D=V Xay
A7\, Di=E]dsty] FEAE, o 1=FEA] S,
V,=C/Cy7} 0.5 u] 32531 (pore volume, PV),
S=C/C7F 0.5¢ o HA 717, v=A" WolA9
B, Ll Aol § osnd zn*m
HHRS] 84l ¢sto]

1.96x1077 m” sec o]t} GM2:
1.44x 10" m” sec 'o]t} (Table 1).
e AHAES pH 12 FAH FArgdat 4
7F A9l WYER] ok AlRo] vhgef s A4
E59] B4 42 Fig. 59 Z=AEIAT AEolA
¥ pH #2 WigF pH 5.3, 4.5 1831 1.5¢1 279
A A AT (plateau curve)o] UERGTE pHE| W3}
of WE F&0leEe fEEEE Aury, Wity of
o il shEgo] A RA A AxAR 4 PVolstoA
SEH7] AR, Hib et FHA A4

Ao o B



g2E0l}, I YRS AN AATA K 85
7] A=t
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MAZ Fol BEwA oGEA e Bt AolA Hek

AnHon equde BAuge Bl st §

Asge) fAE debd s EEes FRu
[e]

EHO].q z]ﬂmskoi uw\ﬂo} H/ﬂ-% %]—E*/ﬂ' (Lateral
dispersion)o|2} Stc} (Fetter, 1999), wahA F+&EF
A o W e g¥o]l fdEe] #AtEE &
= Aikslz] flsl vlwked A-AdEE A

7] FYE dotolR Feof tizt &% %ﬂﬂol% %‘—E
o] H|7} 0.5¢ wjo] HFA7&719 Fhew

Al 29] ét‘x}x]*h 0.607 cmo|al, =& Aty 28
AA = 196><10 m? sec 'o|t}. GM2E 0.575 cm
o]J_, 1.44x10"" m” sec 'o]t} (Table 1).

oo} HReA] gX7ko] AEHS BXAS Ay pH
5.5, 4.6 and 1,794 AdxAlo] &= UL}t Johnson
et al. (2000)¥} Jurjovec et al. (2002)%] Ay A™
4% E BPATOINE oloh T pH AARA] B
ST, olelat AAE wHg-golst Fu] f FaE
PEe] oleh WA Tt pH AFLE oJF
Ajolo] pho] YIS 71 WOl Wz SRS OlEES
A3} 71 = stct (McGregor et al, 1998). pHe} 3=

53] (pore volume, PV)ol W2 F40l259] §2 %
== AyEY (Fig, 5), AWA &=2l W7k (Mn,

Maximum 68.9 mg L~ J,]— ZIEH (Cd, 0,064 mg L~ D)
= pH 5.5 o4, 4 PV olsfollA Ao &ZEglom
pH 4.5 oJstollAl 8&7o] G4 &Eol&qlth ofd
= 2.5 PVOlA B=E7] AZSHA pH 4 504 Z[oh
(3.33 mg L) &&=o0 10 PVolsloflr] &&Fo]
Hastylel, 5% ofde B FEo] X-A I EA
ofaf FRIE|R= FUARE FAPAAEM] 7 (scanning
electronic microscopic, SEM) % EDS (energy dis—
persive x—ray spectroscopy)®] &3 = (Moon
et al,, 2008A) Ado}¢14l (sphalerite, ZnS)o & F4
Hoh F9A §&l &ske A Fel= pH 5.5,
6.0 PVolA 8ZE7] ARSI e & AFAY
oA AZdE AYeR AT Ex= Fe4 (CuFeSy)O|
FAFER Z2A5H= 22 Kim and Oh (1966)9] <]
of Huwa glovy, Fu] Wolds X-A 3EEA
ofsl &HIskA] B3I, SHAINE M RA AT oA

2] (0.032 wt.%)7} vk EA E A o 5+ ok
(Table 3). AWA &= Y3 dFn|EL pH 49]
sk, 12 PVoliolA &&%7] AlZsiict %—%% =)
B35S SEM Y EDSO| 98l e w4 (galena,
Pbs)oz AJZF EHtr} (Moon et al,, 2008a), GM1 A
d1t GM2 HY ] WA §EAHE dde a50l=9
BEFEole the Zo|7h IANE SEAM T Ey
= A9 fAksiot (Fig, 5). ol#tt Aas & w5
o2l AFeAE U Atk ER, FHAE W 24
ole5e] 858 pHe| Mslo] e} TR o
olsr] Asignt Wk} lERel A go| skl
onf, Ay g a9il GFulEy gol 47 AsS
Zol ske= ZoezZ yeldtt Blowes and Jambor
(1990)9] Hi1of oJ5hd, HH Waite Amulet A F
njoA= Fa5Y AEEA7E Zn)Ni=Co)Ph)yCu
0|12, Dubrovsky (1986)= 2EZ e ATLE
22 Tjo| A Co=Ni)Zn)Pby)Cu <=OF o]=alr}a
B B x|l ured Ay Aoz b
¥ F&ol2 AsS Qs Fig. 59F o] Mn=
CHZnyCwyFe)A)Pb O 2 o|FHU= AS & +

%Oi' A

TS| A BEUS  FEUA Fv] o) AEY
pHE| WSFe BEA] Aol ofs) AR}
AN AL pH 24011 SRR Yel2S pH
6—-8%2 Z=3}IEtt (Moon et al,, 2008b), A7) &
Ste= Aee 2A F AR & 5 dnh A A
T Fedell ozt Aol EX= B W H3EET
o] ¥hgof 93k ZAitoltt (Hounslow, 1995). £ ATt
Aole FA49 o] 2 Aoz AT WwHow
Agsel Fole] Bolsh R 2 ol
& TP BHERE, T4 vhls LRuE A5
St 4ukE, Fatel ol AgTEe] o o)
F3p} Psalch Aol AR, HUM, AL
neh g THIRE) o) pHel 4SS fEsh,
53] =yA9 &dl= pH &FAgol A 7ot

(Alpers and Nordostrom, 1990; Brandt et al,,
2003), Fno] H4d 2 AFEAZH (Table 2, Fig,
3, APRA, BUM, 2w, weldel FREdd ¢
T APRARSE sk 4o thek sk sl
AL ofgfel Pol Aks EL Fe¥o] ofa) HejEich
(Blowes and Jamber, 1990).

FeSs + 7/205 + HyO — Fe?* + 250,% + 2H" (1)

FeS, + 14Fe®" + 8H,0 — 15Fe* + 250.% + 16H" (2)



280 783 - %
7
R. O-GM1
6§ 1% ®GM2
Ooq,
5 A O Cb
T 4 .\O@Q
®0
3 *3
.
2 %
1 T
0.08
006 e
- '
=
Eo.04 - d
0
= .
0024 oD%
o
& " Noung,
0 * T T T
500 o
400 @’0@
- o )
._] -
Eﬂsoo .o,
E °
& 200 o ©
o 0
100 e
e _J
0 e |
250
200 L
- e 3
3150 o
g **
= 100 | .
o
50 o
e ©
0

Pore Volumn

Mn (mg/L)

Zn (mg/L)

Cu (mg/L)

Pb (mg/L)

B4 - g4
80
™
w{ o©®e
&
o&cpo@o
40 -
(

000 P @
0] 0 Oon * , o
0 - T
4

e
3_
* o
o. o g
2 o
O
CC)(;%CO
14 .o oo °©
®°
OM\ T T
9
B ] .
7 4 *
o
6 - %
5 4 b »
4 1 (€3]
3 o* ©
e ® o,
2 o o
1 L
1 &P
0 -wmows @0 O
2.5 . 2
°
'2_
™
15 ® o
1_
(e}
0.5 Oo
™
ow
0 4 8 12 16

Pore Volumn

Fig. 5. Measured concentrations of Mn, Fe and Al and those of pH in column outflow GMI1 (open circles), and GM2

(filled circles).

93412 pH 4 olste] oA FIpgEo
ABHRE-o] 5= Yol (Nordstrom, 1982), ©ol& &

= s FEeE AL FYUI oA ZIEgH
RS Ao 4] Fe?t, 80,7 @i HY 7} 1:2:2
Y ET ol &ofo]leE2 offiet 2 whE
dibekEs AAEAY dieE B e AR
(hematite, Fe203), fH|Z=FIJolE
(schwertmannit, ©JAF&Ql 3}8HA]l: FegOg(OH)6S04) 2}
L2 o|APFER &4 gt (Moon et al., 2007).

Fe** +1/20, + 5H,0 — 2Fe(0H); + 4H"

AZARO|E (KFe3(SO4)2(0H)s) 59| olatgsda=
Aol ngor ZAE|E AW Ao S0.” 7t
HEdon g Aoz Az,



A pHE F8hA7]eT)
0 THREe Ao, 2
NAE A AeA2Ale] Ful W TAE WA
%]—%XP‘Q.OE j}_lO]E]- 3'6]—13] LH ]_

2 3 WelaY Fohee ool go| £ xAo

2 A7 =t} (Dubrovsky et al,, 1984),
CaCOs + 2H" — Ca”" + CO, + Hy0 (pH{(6.5) (4)
CaCOs + H" — Ca”" + HCO® (pH)6.5) (5)
sgn|e] Abslatgo] o3 gaiE Ca’'= FEA At

ShEgol o) AYHE S04 9 Wl oA e R E
ol A1z HAEYLE Moon et al,, 2008a), E A+
=0

Aolo] o) ) 4 e HE 3o AUSE B8
Mol APl WA Ak pH 6.5 olste] WA

g g% l 2 pH 4.7 016‘}01%1 H
BallEaL pH 4.7 ool HEA
Hrh, pH 4.70]stofA] 83lE Al(OH)s
= FEAY Akt o APE AT ot wHS
Ala} o] AZFETh (Stollenwerk, 1994).

Al(OH)s + 2H" + SO,”” — AIOHSO, + 2H;0 (6)

[

Nordstrom (1982)& pH 5.3 ©]&le] &9 1 &=
9] %X/l AIOHSO, FEo) 23 A= A 1
At AMEEES S #8EAL pHYE W2 18 P
o] el dl ¥4 A dAGAoA= HESellA %I
FHE9 F=7F 5439 SV (Fig. 5).

-

/| =2
dpare] ol H HAsE A egeel B4
U FE5 AT BASY] 9o Al Al 4
2 sapsteleh. AES 91 AEE 28 YA FulAE
S = | TR s

A4S WA B Ao
=
=

Aol AEE ARE FEAY A} 7
o

2] :
FAmAL Aol AMEE A|RE pH7F 7.590 £40]
H

AL A WA (calcite)o] FFEUTE FSES

gat gn] W fao] olsA 281

0.433} 0.380]aL ApPA L] Fhefo] Er} HIRESA HE
Ag Ay, gaolof didh srolgTAle] 7|2 R
E Ak FEAA|S (@ )+ 0.607 cmo]il 28] 95}
2 FEAMAS (D)= 1.96%10 m” sec o]tk pHE}
PVol mE g&0l259] §EsEE AuEH, WA
o] W7t (68.9 mg L )T} 7I=E (0.064 mg L7
pH 5.5 o4o]al 4 PV ol3l}l oA Hd &=
=gl pH 4. 505to| A GETFo] FHsHA FolE4
ofd2 2.5 PVl &&=|7] Al&ljA pH 4, 5004
Bl <3.33 mg L) §&Een 10 PV olslold 7t
asigict, FHA §E7tol &sk= d3 412]= pH 5.5
o]3 6.0 PVOA |&E]7] ARSI AHA SE7
Q1 gt FulES pH 40|5l0]al 12 PVolidollA &=
Q7 /\]x]—gl.c‘ﬂq. tl]-,—/\% 7434 Alsl__q 734__ .‘TLEJJ—A]—
u] Y 3£0] Mn=Cd)Zn)Cu)Fe)Al)Pb £+O0F &
SHt= A4S AAE olggt FAFE W S50l
259 &2 pHO| Higlol| wep TAHOR M o]F
o Agsiloh, W 7tEge] A 2ol shelem,
Hyp ] 12l dRujEd gol 2447 A ol ot
= AR Ueyt} ols a&0l259 AsS Alolst
= H FEe] o 2dEr|E gt
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At At
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