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Mobility of Transition Metals by Change of Redox Condition in Dump Tailings
from the Dukum Mine, Korea
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Tailings of Dukum mine in the vadose and saturated zone were investigated to reveal the mobility of metal elements
and the condition of mineralogical solubility according to redox environments throughout the geochemical analysis, ther-
modynamic modelling, and mineralogical study for solid-samples and water samples(vadose zone; distilled water: tail-
ings=5:1 reacted, saturated zone; pore-water extracted). In the vadose zone, sulfide oxidation has generated low-pH
(2.72~6.91) condition and high concentration levels of SO,2(561~1430 mg/L) and other metals(Zn:0.12~157 mg/L,
Pb:0.06~0.83 mg/L, Cd:0.06~1.35 mg/L). Jarosite(KFe3(SO,4),(OH)) and gypsum(CaSO, - 2H,0) were identified on XRD
patterns and thermodynamics modelling. In the saturated zone, concentration of metal ions decreased because pH values
were neutral(7.25~8.10). But Fe and Mn susceptible to redox potential increased by low-pe values(7.40~3.40) as the depth
increased. Rhodochrosite(MnCQOs) identified by XRD and thermodynamics modelling suggested that Mn** or Mn®* was
reduced to Mn?*. Along pH conditions, concentrations of dissolved metal ions has been most abundant in vadose zone
throughout borehole samples. It was observed that pH had more effect on metal solubilities than redox potential. How-
ever, the release of co-precipitated heavy metals following the dissolution of Fe-Mn oxyhydroxides could be the mecha-
nism by which reduced condition affected heavy metal solubility considering the decrease of pe as depth increased in the
saturated zone.

Key words : tailings, redox, transition metal, solubility, saturated index
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Fig. 1. Location maps of tailings where core sample was
collected for this study.
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FFig. 2. Schematic diagram showing sample for porewater
and bulk, with respect to the tailings cross section. For each
sampled zone within in the cross-section, porewater
samples and bulk samples in select on unsaturation zone(A
and B) and saturation zone(C, D and E) analyses for each
depth increment.
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Fig. 3a. X-ray diffraction patterns for the bulk samples
from unsaturation zone (Al and B1) to saturation zone(Cl,
D4 and E2). Qz: quartz, Fd: feldspar, Mi: mica, Py: pyrite,
Ka: Kaolinite Ja: jarosite, Ga: galena, Sph: sphalerite, Rh:
rhodochrosite and Fer: ferrihydrite.
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Fig. 4. Pore water chemistry profiles for DE-2. Dash line is
unsaturation/saturation boundary within the tailings.
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Table 1. Chemical composition of tailings pore-water from the Dukum mine(All values in mg/L).

289

Sample  Depth

No. (cm) pH pe Ca K Na Mg Mn Fe Zn Pb Cd F Cl SO,
Al 0~30 272 1311 167 131 006 252 1058 720 158 005 135 462 331 109
A2 30~50 634 836 483 6.00 0.06 205 1195 <0.08 952 038 050 204 000 1430
A A3 50~75 6.66 811 337 113 127 103 518 021 425 038 018 000 336 780
A4 75~100 691 626 430 147 152 133 358 010 235 006 008 174 115 914
A5 100~130 6.88 7.86 282 795 072 766 150 <008 144 083 <004 167 118 56l
Bl 130~150 7.19 7.60 372 142 1354 114 229 <008 279 004 017 230 160 691
B B2 150~183 7.66 7.60 237 970 086 634 170 <0.08 <0.04 004 <004 295 299 424
B3 183~200 741 804 400 918 056 436 197 009 081 <004 006 230 265 952
B4 200~230 753 754 145 11.8 1.15 392 353 032 012 <004 004 244 2838 286
Cl 230~260 8.10 668 656 242 260 607 273 <0.08 <0.04 <0.04 004 374 192 1360
C C2 260~280 8.06 607 709 671 342 531 4.19 <0.08 <0.04 <0.04 <0.04 398 674 1400
C3 280~300 800 6.00 729 965 44.1 559 106 <0.08 <0.04 <004 <0.04 431 792 1500
DI 300~330 737 740 7i1 138 816 594 382 <0.08 <0.04 <0.04 <0.04 368 168 1590
D D2 330~365 725 7.07 687 152 139 474 815 <0.08 007 <0.04 <004 344 256 1610
D3 365~400 727 698 702 101 506 467 126 <0.08 0.13 0.05 <004 103 391 1840
D4 400~445 735 683 676 117 479 383 625 <008 0.18 005 <004 754 386 1590
- El 445~480 736 340 648 979 872 361 726 056 004 <004 0.04 320 516 1640
E2 480~500 7.38 459 613 158 249 324 835 338 <004 <0.04 <0.04 0.00 460 1470

*Detection limit(ppm); Fe:0.08, Mn:0.028, Zn:0.04, Pb:0.04, Cd:0.04

Table 2. Equilibrium reactions of [ron and Manganese species at 25°C used in pH-pe diagram calculations.

Equilibrium reaction log K° Reference

Fe’t+e = Fe?* 13.04 Lindsay(1979)
Fe(OH)y(ferrihydrite)+3H +¢~ < Fe?*+3H,0 3.54 Lindsay(1979)
KFe3(SO4)2(OH)g(jarosite)+6H* == K*+3Fe*'+2S0,2+6H,0 -12.51 Lindsay(1979)
FeS,(pyrite)+2H*+2e” =2 Fe**+2HS" -18.48 Parkhurst(1999)
KFe3(SO4)(OH)4(jarosite)+6H " =2 K*+3Fe**+2S0,2 +6H,0 -12.51 Lindsay(1979)
KFe,(SO,),(OH)q(jarosite)+6H *+3e™ =2 K'+3Fe?"+280,2+6H,0 0.53 Lindsay(1979)
KFe3(S0,4),(OH)g(jarosite)+H,0 <= 3Fe(OH)3(ferrihydrite)+K++ZSO42'+3H+ -16.05 Lindsay(1979)
B-MnO,(pyrolusite)+4H +2e” == Mn**+2H,0 41.89 Lindsay(1979)
8-MnO, g(biressite)+3.6H +&~ == Mn?*+1.8H,0 35.38 Lindsay(1979)
MnOOH(manganite}+3H +e~ = Mn2++2HzO 25.27 Lindsay(1979)
MnCOs(rhodochrosite)+H* Mn*+HCO; 0.32 Fetter(1999)
B-MnO,(pyrolusite)}+H +e~ = MnOOH(manganite) 16.62 Lindsay(1979)
3MnOOH(manganite)+H *+¢~ = Mn;0, (hausmanite)+2H,0 -12.78 Lindsay(1979)
Mn;0,(hausmanite)+8H*+3C0-2+2¢™ =2 3MnCO;(rhodochrosite)+4H,0 38.79 Lindsay(1979)
MnOOH(manganite)+HCO ;+2H"*+e~ 7= MnCOs(rhodochrosite)+2H,0 6.4 Lindsay(1979)
Mn(OH),(pyrochroite}+2H*+C052~ == MnCO;(thodochrosite)+2H,0 25.96 Fetter(1999)
Mn;0,(hausmanite)+2H*+2e+2H,0 == 3Mn(OH),(pyrochroite) 17.46 Lindsay(1979)

Ark(Table 1). ol L¥99 EYA S84 S3l= A A AHE BEolE 7 dae I

3le] ezl 4ks). 33} pHE o) 8-3le] AUy

< 733 Chuan ef al(1996)7} TU3+ Axjolc),
Fig. 320l 71&¥ XRDEAHH 5Y-77F 3559 3 o AEAAEE FLIHF

FZ Table 301 F)stATt. FF5] 2% x
s LrkElUEle] dhake EUAdQl ZEF F(2002)

7 BT 4
JH= <
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Table 3. Saturation indices of some mineral phases for the tailings porewater calculated waing PHREEQC?2. Samples are the

same as those in Fig. 3a.

. - Al Bl C1 D4 E2
Mineral phase Composition
Vadose zone Saturated zone

Gypsum CaS0,-2H,0 -0.63 -0.39 -0.07 -0.05 -0.07
Ferrihydrite Fe(OH); -2.96 1.37 1.47 -1.24 324
Jarosite KFe3(SO4),(OH) -2.52 -2.23 - - -
Siderite FeCO; - - - - -0.27
Pyrolusite B-MnO, - -1.15 -0.45 -1.81 -
Bimessite 8-MnO, - -3.88 -2.61 - -
Manganite MnOOH - 0.10 0.89 0.05 -1.96
Hasmannite Mn;0, - 0.5 2.65 0.95 -2.87
Rhodochrosite MnCO4 - - 1.02 2.04 220

4 5 9

EAONA pHSt pe §2-2%, AA-84, vt
A 22T 4Hekake) kg HgAos L mA
E 9% Wyolt). &3 pHE pelth 54313
galzel o B2 YIS wHAR A} 8
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Aol d] ATt Sposito(1989)] sl AR Akt
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soils, pe<+2). E%] 28RNl o3 7Pt F8
3 gleky 9452 C N, 0, S, Mn =282 Feo|th
(McLean and Bledsoe, 1992). Wb, 2 A7AS
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A1, Sulfur Species
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Ase 7FE 71851 84 F shol
AR e] 79 Lukats OiREe xHsle I3k
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Yolr], 2IEALEY olBA Tl wE dAed
To] Z7} ¥ B kgl mE AuiAe] Js) 5
o gARA 7} whlEtHLindsay, 1979; McGregor et
al., 1998).
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XRDel| olsfl BAE Fa3E9 4, By 28
2 Mol 5 shsltEo] Abslahge] pHatel ¥

S O PLE AAFY. e ARl TRETE
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£ =tHFig. 4).

gre SPollx PRI 9] w9l PR EAfsiH
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7}A) #E9 BAz760A ST, HS 287 HpSe) 3
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4.2, Manganese Species
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Ho oo 2 off 7



HgAat o] Akg) - B9 29 wE doldh] ol 291

(1960)218) 32¢+E DCB Ae2]He o83t DXRDE
£38 Az 57 (2.85R)S &8I HFig. 3b).

pH E& ped) Wslo] ojsf HisEe o]
7] W) AAHZE(ONeill, 1993) Mn2] F=7t Fe
Bt} EoH(Table 1). H|EshHoME W& pHol €3]
F&oleo Fert AN Anr) ZejRe| wet pHel
1R Q8 &) T E3 Zo{ErkFig. 4).
Ak, pHE] <A}l wjsl meFeRAr Aert F7Htel
e} pepkd] AR <18l Fest Mn ol 23} o
Al HAAE $FEY Aol TS vAL ASS
Table 13 Fig. 45 53l & F Utk ol &dzxo
FEAE A E FEsl] whEelvh. Shdxgdot
#) Fe-Mn St3bEe] A)ga|9t S2Hd T4 &
= e g gallnd J3ks 5 43 89 A
Fo 28 MAYFelty HFAHOE, Chuan e
al.(1996)¢] Adgog Fe-Mn $4H8HEe] A &sl=
Shelz Aol 4 g Aolshe T 1A
Yzog Agtalgint. Byt opa), glz7ioe] Fe-
Mn F4kHEe) E8)o] that =20 Bo| RiHo &
tHZinder et al, 1986; Stumm and Sulzberger,
1992; Stumm and Morgan, 1996; Al ef al, 1997).

Ag. 5. pH-pe diagram for the system Mn-CO,-H,O at 25°C
and Ibar pressure, assuming >Mn(aq)=10">*2 mol/kg at solid/
solution boundariesand ¥CO,=107>" mol’kg on F(480-500
cm). First, dashed line(—-) is solid/solution boun-dary for
3 Mn(aq)=10">?® mol/kg on B(130-150 cm). Second, dashed
line(--~.-) is solid/solution boundary for ¥Mn(aqy=10"*3
mol/kg on C(480-500 cm). A circle symbols are chemical
parameters(pe-pH) in the vadose zone. A square symbols are
chemical parameters in the saturated zone. Figure is modified
after Hem(1985).

= AAY FFEE0) FRoE X FYE EYF
U} AskeE wEEu (Alloway, 1990), 18 549
e AA-ganks, SubAnky, 84 Ag 1
23 Fa-gAnkgol 9 Aol € rh(Blowes and
Jambor, 1990). §3], et A shpol] E3hE 20
= PRl o3l AolE RS 7 HAS 20kmeld
ojm F=9]¥73el ulet Agsf 2 Uk

4.3. Iron Species

pH E=T ped] W3t oJs) AlojHe dilst=2 4
o W3tz AW e F35 YD GONel,
1993). Table 104 pH} pe 7ol wel Fed %
HslE & ¥ojEch pHe Sl uet Helgae] &
557 A Uehles 22 Fe?t Mno| &9 9
&= pH7} Eoldd| wel S7ket=2® pH/b %2
FEoleEo] A F&8l] miolr). AkskE X E
91 B AYol|A 8|8 Feol Fe®*9} Fe(ll) 771813
EL oF pH 30304 A)g3l=o] ol F=™ Fe(lll=
o pH 3~804 F=2o|= AojH 4tsk==, oF pH 5
ool M= Aold-f71BtER Aot AHEF 17

Oxidized

@] KFes(SO,)z(OH).
A (jarosite)

|
|
|
i

< Fe(OH),
< (ferrihydrite)

AQ. 6. pH-pe diagram for the system Fe-SO,-H,O at 25°C and
1bar pressure, assuming Y. Fe(aq)=10"> mol/kg at solid/solu-
tion boundaries, ¥ S(aq)=10"2 molkg and TK=10"*5 molkg
on A(>30 cmy). Short dashed line is solid/solution boundary for
S Fe(aq=107%! molkg, ES(aq=107">" molkg, TK=10"*
mol/kg on B(130-150 cm). Long dashed line is solid/solution
boundary for ¥ Fe(aq)=10" molkg, T S(aq)=10" molkg, ¥
K=10">*mol/kg on E(480-500 cm). A circle symbols are che-
mical parameters(pH-pe) in the vadose zone. A square symbols
are chemical parameters in the saturated zone. Figure is
modified after Hem(1985).
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3 EFM fsdrh. 28z, Sz 28 pH
70|58t M= Fe?*2 &85 o] ©]%F ¥ rhLangmuir,
1997). Fe-Mn "E@]—%-"J o2 Qlale] Tut YA E
At FEE F942 Fe-Mn A3lE9] A8z g4
Zof s wh=tHAlloway, 1990).

Fg. 4914 C, D Z8]x E770e] Axd 33tz
oA pedtol ZAaol wWat Fe9l Mn g9 718
Holy o]d) wE FF&e) AndAE ioﬁﬁ‘:} 3
Fo gz Ystdon AL A3, Fedd
o= Hzsto|=ato] E(ferrihydrite, Fe(OH)y), %
A 223 ARAelEZ EX. o8 FEAS
ol-§3to] pH-pe Tholobail g ¥ Az HAHHAL
gt AZAR|ER &Rl thi-Ee] 4=ellM wHz
stoj=gtolER EXFHE &4 5 AtkFg. 6). ol
XRD #4477}t FUslch(Figs. 3a and b). REZA}e]
Ex g4ke] 2ol gad BN F% IAgy
pH 4°)3t) Egelr T SO 9 Kte] &5%o)
ols) A=Al Bt A7 |% skt E3, Fadon
RE WEE Felto]o| Fedt2 Algluua apz@Ajo)
EZ PAE|E 3, zt2Alo|Ev} 3] FHA
WA= Shch(Lindsay, 1979). E3lUje] F50] &
2 ANA U7 7N e AR Oyg)e] 2wt
COx@el HFHoZ FA=He NS dsgier
AgER galse] Feita 23hE Y oA vaga 2
e g AHEo] MM FY Fe(lllslEEZ A
7435l @ch(Lindsay, 1979). ¥ A7Age] Zdhe
okl z7lo g FFA o] 3“*5111 Pl XRDQ} =
oazsl—ﬂ 7o 53}] Fe-d'ugr JAo = 1:}] Jﬂa]
sloj=ao) 27} B = Ah(Fig. 3a). 3A%, XRD
Azt o vlHE 21 WHEEEC| Fvle] YRMAlel
of FxlElo] A THYER EA] WiFel] oiF
¥ AAET} Yol 3 Ale] YoAA Heo| HEg 7
2E 37 FEr) b, DXRDE 348 Z3t #2
sto]=ejo| E(2.5A)F A|&<lstAvh(Fig. 3b).
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