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Seasonal Variation and Natural Attenuation of Trace Elements in the Stream
Water Affected by Mine Drainage from the Abandoned Indae Mine Areas

Min-Ju Kang'?, Pyeong-Koo Lee'* and Sang-Hoon Choi?

'Department of Geological and Environmental Hazards, Korea Institute of Geoscience and Mineral Resources
“Department of Earth and Environmental Sciences, Chungbuk National University

Seasonal and spatial variations in the concentrations of trace elements, pH and Eh were found in a creek water-
shed affected by mine drainage and leachate from several waste rock dumps within the As-Pb-rich Indae mine site.
Because of mining activity dating back to about 40 years ago and rupture of the waste rock dumps, this creek was
heavily contaminated. Due to the influx of leachate and mine drainage, the water quality of upstream reach in this
creek was characterized by largest seasonal and spatial variations in concentrations of Zn(up to 5.830 mg/l), Cu(up
to 1.333 mg/l), Cd(up to 0.031 mg/l) and SO (up to 173 mg/l), relatively acidic pH values (3.8-5.1) and highly oxi-
dized condition. The most abundant metals in the leachate samples were in order of Zn(0.045-13.909 mg/)),
Fe(0.017-8.730 mg/l), Cu(0.010-4.154 mg/l) and Cd(n.d.-0.077 mg/l), with low pH(3.1-6.1), and high SO (up to
310 mg//). The mine drainage also contained high concentrations of Zn, Cu, Cd and SO,> and remained constantly
near-neutral pH values(6.5-7.0) in all the year. While the leachate and mine drainage might not affect short-term
fluctuations in flow, it may significantly influence the concentrations of chemicals in the stream. The abundance
and chemistry of Fe-(oxy)hydroxide within this creek indicated that the Fe-(oxy)hydroxide formation could be
responsible for some removal of trace elements from the creek waters. Spatial and seasonal variations along down-
stream reach of this creek were caused largely by the influx of water from uncontaminated tributaries. In addition,
the trace metal concentrations in this creek have been decreased nearly down to the background level at a short dis-
tance from the discharge points without any artificial treatments after hydrologic mixing in a tributary. The noncon-
servative(i.e. precipitation, adsorption, oxidation, dissolution etc.) and conservative(hydrologic mixing) reactions
constituted an efficient mechanism of natural attenuation which reduces considerably the transference of trace ele-
ments to rivers.

Key works : Trace elements, Mine drainage, Leachate, Waste rocks, Natural attenuation
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Fig. 1. Location map showing the studied area in relation to the Indae Mine district. Numbers indicate waster sample sites.
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Fig. 2. Boxplots of pH, Eh, EC, SO,* and concentrations of major cations in seasonal water samples of Indae Mine
creek(from May 2005 to February 2006).
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0.5 L/min, Nebulizer Flow 0.8 L/mino|2lch. AFEE A]
oFS analytical gradeMerck)3l 2, ICP 4] ARgH
FZ2NL 1000ppm stock solutionMerckyS 343}
o] AMg3IATE BA 89 Sol(Cl, NOy, SOS)% 3=
AAPA L] ICModel Dionex 120y 18315t}

4. &3 % &

41. =5 3 e +=F 8Y

719 2947 2 3G ERE Feves A
247 IDL, 2 2 ID3, 5 6)¢ pHe 77 35-
619 3.1-39 7 3.9tL0)|en, @7 Eh 174
532mV ® 303-559 mV(H 432+126 mV), EC
30-193 ps/emn 2 241-652 ps/cm(FE@ 286+213 ps/cm),
FAH(S02) 581mgl 2 85200 mglHT 116595 mg/
D olth(Table 1). AEF 38 vBdE 5 &
o] 71 Be PAE In@EHF 5.355+4.524 mgll,
0.045-13.338 mg/MelNe™ Fe (e 2.595+3.019 mg/
[, 0017-7.724 mg/l), Cu(Ba 1.703x1.598 mg/, 0.010-
4094 mgf), Mn(EF 02810232 mg/l, 0.006-0.663 mg/
D 2 Cd@& 0.031£0.025 mgl, n.d-0.073mgh)=
HwE 2o Fgo] AZE Aoz vehto), PhH
& 0.002+0.006 mg/, n.d.-0.023 mgMHe}t AsCHZ 0.018
+0.043 mg/, n.d.-0.123 mgh= HAZ HEIA <l
ShFig. 2). 3ula3e] FAEolA ZAEE vzdL
gpo] A AESoN AEE FFRTE AA s}
A Egkom(Fig 2), ol 28AZETH 3HAgo] X
59 26 9 4zt 43 F IS A
th 2716 2AEE JEFY] FELE A7l me ¥l
st & Aoz U eH(CV: 0.8-36), 53] Pbet
Aso] geke CV 7to] 22 363 240|UTHTable 1).

A 43N EeUoe FheID7e FEe A
719} 9719} Adgle]l W 4% AeE vERge
Fest AE AsPa CV gol o 0.7, pH 5.7-7.0,
Eh 87-165mV EC 438-487psiem 2 SOZ 237
279 mg/ke Kol gth(Table 1). Ziklollr] Zad
v FAae FFge &S A4 miN R
7n(4.405-10.110 mg/, H 6.791+2.040 mg/i)°] 713
=grom Mn(Hd 2.700£0.554 mgf, 2.137-3.671 mg/
D), Fe n.d-1457 mgl(&HF 0671£0.659 mgl), Cu nd.-
0138 mgl(H# 00690051 mgh) L Cd nd-0.035
mglC3F 0.023£0.012 mg/)o] AEHULL, Pb, As
B 2% A28 olsitk(Fig. 2). ol& Bk}
HFAL ZnF Cd LPE TEEAYE FR 29Y

IS A|AJBITE ikl SalE Ca(E+ 7410+
6.14 mghHY Mg(E+ 7.82+0.88 mghe] TFHe I&
2] Casl Mg @ 7.50+7.20 mgl=} 2.1141.25
mgHETh 3-8 Z71E0. 2 (Fig. 3), ol& Fihia<}
mobe] et HE I 2 Wes )t BkeEia)
g2l Aoz siMErt. bk Fiae] pHoE Al
A9l Jge vA] ¥3 P} FA44E Hold v|FY
&9] g A7l wE WEE HelA] ¥v A2 A
Uil A wy g A3l (AMDYH S8V A
el e eiEFERe] Skl 7Ilske A
o2 #Agdr, o= A&l Hehile] pH 2 Eh
£ vugt Aoz FHo 7FseA Sch(Fig. 4).
Z, Bhpe] pHt Adsshe g il gsie
Fert A BREa AT bl gal=lo] 3l
A PEYArE FEERY] i) Ao sjME

42, 2%lo=2E 720 WE X|Ere| +EHS
£4

AuiAt A AR AL, AEe Fihr o
ko2 slFHlke R yHAM A 84e] pHe 2H4sial
(B 45:09, 3.8-7.0), En(H#F 326£131mV, 91-
498mV), EC(¥ & 235:84mV, 86423mV) % SO
@7 136258 mgfl, 31-275 mgh)ot In(EH 4.435+0.933
mgl, 16986591 mgl), Mn(FF 0.707+0.429 mg/,
0.131-1.717 mg/l), Fe(FT 0.142+0.118 mg/l, nd-
0456 mg/l) 2 Cd@EZ 0.018£0.010 mg/, n.d.-0.031
mgh) 5 vlFdhe] e Ivise Age] FHElR
2 FAY ool AslEe el WErh(Fig.
5). GF PLoA Fe TR Zhadle Hao] #aEH
dom, o= ABlAREe ANk 28 Zoe #
cHETh o] 27 AR 458 S0l Zn, Fe 2
Cd9] e A2} Bihlret Fe g Ko
I UckFg. 2, 3). 28y 8F Cu 3 0.036-
1.333 mg/i@ T 0.771£0.365 mgHO2 Fajre] &
FHo o B 7108 Jehgon, ol oAl |
gog Zutd Zow AUt 2). A&+ 2
2hfgolA A= AEIA ol5lo|E Pbe} As T
& 7}z B 0.012£0.019 mgl(n.d.-0.077 mgh)st 0.005
+0.020 mg/(n.d-0.108 mg/f)°] HEH A M (Table 1), ©]
= oM ARE 2 AFSe HFae] ke
o3 ko m WACHTH CV e FAES A, Zn,
Cu 2 Cd& 02052 AEAH A7) £ 9]0 nj&
&her wislr} vlokst whE, Phel Ase Zk7b 163 4.3
o= AIBAH A7l ME el WS} uie- & A
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Fig. 3. Boxplots of concentrations of metals in seasonal water samples of Indae Mine creek(from May 2005 to February
2006).

o2 JelgtiTable 1). T3+ A EF0] £38]E Ca, %A 81N AESFE D167 ID19%} 2-& Zak
Mg 2 Na g2 Jihise] 3oz =& dFs AN AHIA B2 AEFel §FE F pHe 54
Ho|x 9lowztzt B 24.57+19.65 mg/l, 348+0.1.60 3 2715l SO2 2 vigkdA FeRe T 7hAE
mgf, 2.66+0.0.79 mgh), Sie] TS FALSIHATHEIg. 3). o} (Fig. 5). 39 7% pH7F Ha 55£1.1(4.2-7.4),
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Fig. 4. Relationship of Eh(mV) versus pH of leachate and
mine drainage.

Eh B 265:94 mV(93-446 mV) 2 SO HF
50+49 mg/(13-286 mg/MeIAT}. PlHFALe] §3FE Zn
00385364 mg/(8 & 14841353 mgl), Cu n.d-0.834
mgl(H & 0216:0215mgh, Mn n.d-1.242 mgi(8 &
0.208+0.244 mg/l), Fe n.d-0.082 mgl(H# 0.020+0.019
mgf), Cd nd-0.025 mgl(Ea 0.004+0.006 mg/)]
TH(Table 1). Zn9] HEo] A3 1 mglhct &
AL 5821 3ol AHE 14U XA-9] Fo] =
7] wiRolc}, T3 Zno} SOZ9] Fafo] YR A
of ¥/ AEFATHFig. 5). ol sHHFAY f3ko)
7190 wlwste A 24ag R 7]Qle ﬁ_i i
gE, 9710 Sl g AAAZY GIrF W FA
2T F UeS AXNS ARAY ID8RE D13
AMANAT HEHUR Pbe} Ase o] 7749 AR
2! ID14%} ID15eIAMRE HEHUL 2 ShFe] A8
F AN AEEA SdtH(Table 1). WA 24
=7 @& AXF(IDI6)Y] FrdFe]l B2 IDITREE
AFFe S A 2d9] Fa AU HFe=
HE A AEde) Frhlee] ddol AY gle
Ro= e

43, OZEA Y I SRESIEL 8T

A Aol RGP WAE B 2
3 FEEe S} ol sk 299 SRAEA Y
AFSF D A pholM §2HT Y= Frujse £2
£ @RS $RNE F AR APRIINE, 8
eB FA/1E” ¥ odE MBHEIIE £ A
Azt vwsl] 84 5 viFdae] 2dd=s
ST Table 1).

A 2 9 34N HAshe HETY AL,
T FA7IERRE A7ES 71E)) vaskd Cvt
7% 233 Ase GF- AlROARE 71EE 2348
S Pbe 71EE 28K Weth SHEEWES S
71E2CRAG 3} B w3 A, Zn B Cde 29} 394
A A= HEF BF 71ES 29815994 Cu

3Rl BT AESo Myt 2389 As
3G & IF- A FAMTE 71EE 231N &
A Pbe BE ABIA 718E 2994 23Ut He
A71EH H13 Ate L9EAuESH ST ER
)z FA3 AAE By
Fhilge] A, ARG IEREY ARG
&)t vl 23 63F AMEE AL )¢ 7]
o] AHF} NE BF Cdﬂ* 71Eg 293193 Phet
AsE 7R W2 g Bvh LEEAEEE
NNEGAANG)= vl 7§—°r, 63 AEE AQsh
T719} 719 QA s BE A BN Zns} Cdo} 71&
o 233l9.0m Cy Pb @ AsE 2% 7|&EHT}
2 o] AEHT). HeE FA7I1E H|askE 2
HEZuEHE71EEAAA)] o FUsiT

A x| B, 6@—?’%’37]%(*}%‘91 AAB371E)
3 vlWEA Phe Bahlol] B3e e DG
570 )=} [D9GEN 560 mellA] &N A|E7 $7]0)
T 71ES 233819 Cd A4S, AZlole $ihiez
REl 93e we D8EIE 570 myiE ID17(Hw
355 my7kA] 71EE 23sien, $rlde 2 4%
ol AEo] I3 = ID4ENE 670 m)lAFE
D172 355 m7HA] 7152 A8t} Ase] 7%,
A7 = vk YoM AHFHF AISAD18, siE 325
meI T 712 23E9en $)dls 5 HAR A
B2 = A9 IDIEY 560 melAEE D13
@ 490 mellA AT A Ee v oA AHE
ID18GEIE 325 meIM et 7158 29319t 2983
&S 871 2(AEAA )t Hwst B Phe BE 4§
AddAM 7188 23314 43ith. Zne 9719k 7))
EF ID4EE 670 mpel A58 ID17(6He 355 my7hA)

715E 2Hs9Th CdY A% #A719E D8
570 mpell A58 ID13ENE 490 mykA] 7158 273}
A $700le IDYENE 670 mel A FE ID13GEHE
490 my7HA 715E 23319 Ase 7] § 9F- 7]
75, 2005, 8. 5l AMFE A= F IDIENE 560
mRt 715S 23St HegrdriEs viud A4
%, Zng} Cde $719 ID4ERE 670 myol M S-El
ID17@EE 355 m) HHolA 71&S 2L Cust

X M s rlr

_4-0
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Fig. 5. pH, Eh, EC, SO,Z, and concentrations of metals in seasonal water samples at each site of Indae Mine creek.
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Pbe ID8ERE 570 mpel e ID13@ENE 490 my7IAl
7138 2A3th 398 Ase ID9ENE 560 myell
B ID13@EHE 490 my7kA ¢F ID18ENE 325 myoll ATt
7154 2k A7)ele Zn7t ID4EE 670 myell
A IDITE7IA 71EE 233190 Cde F4h
ol gL W= site 8IAFEE Ao IDI7ENE
B5m7HA 71EE I8t 2y Ase 13
(2005. 5. 25) ABANFANARE S QoA HHg A
E¢l ID18GENY 325 m)ellA] 7152 Z#HsI5Th

U ST RY] ARESIE), LEEE
&5 2715 AY) 2 HeEedr|Ed e, 7
Lhiller 2 A 3P| w4 T vias A, #
Ao] FAJE FLA G o ZRE AT AEge} FA)
ol o8] e¥E FAe IDAGEIT 670 m)lA FE
ID17@NE 355 my7kA|elH, 2718 o} 7]dl= o
£ vFedel gt 2ol vkE kX FilsA] ¢
£ Aoz IddEt Ase $7)d) 5EARe] gEe
FAe] gF AFolA 71EE 2o, bt
oA AH3 AZeME $7)9 A7l BT V)&
AT IHER ukS HolX AFHE A5
e FAEE o3 ggko = FYPHr}

o dlo A= ]
o g

>
o

44. 4 7 R STA vl HTE s
82 Fa5 SEE

AN Fiert fE2HE BAYFADDt &
9 Frhee) kAT EfHIR Z(ID8) W 5
Hage] JHE 52 ARSE AFHT AFADY) F
P Aol HAE AAEE AF sl XAFHES 2
A AAS Ad, JXES B vREe A
gl dlo] =a}o] E (ferrihydrite)et A Folgjlow, o
B 19 Evho] E (schwertmannite)’} #HEE 1T

ARENN AZE L F o) 7MY =&
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Yie CwoloH, Yol AHE FAEAD7)PI
AE 19,000 uglg, DS AAEL 25900 pgg 2
ID9e] FHEL 14,900 pg/gel HEHUT Zn FF
D7, ID8 ¥ ID97t Z+zh 17,400 ngrg, 17,200 pg/g 2
2,900 pg/ge] HAEEHUTHTable 2). AL Cus} Zn
TR AR Hhlret FRE o|F SRE M
A FRHeR Zasie AFe] FEEUCt 22y Pb
o] AL D7z IDS Ao AFT AAZNAM 2
=9 kb 298 2 580 ug/@Eth ID9 XHelA
ANFHE AHE(1,300 pg/gelX A& Fgol oF 24
vl AT 22 702 FRIFHJYOH, o]z Pb LHH]
aklg 0)9) A ] wlFAE X Fe] s
o2 3 gaie Pt ksl Eel] §3kd 492
At 3H FAAENN AEE Ase] FEE I
A HA A AR EEks Holx glen, 7,000-
8,500 pg/gll o2& Ao yehdtl ol9] HAE
M A2E Cd TS 148-246 pg/gst Ao eyt
on, Fihret AFE F RE A Tade
ZAgro] FFAEAH(Table 2).

D7, ID8 2 ID9IMS] AT Alge] mekals o
Zt 7k A8 AH K- FABM gErlel
BHAFE BAA S (distribution coefficient: KD =[MS]
AMLDE E8% 4 3ok 9714 MSI MLE 7+
Z+ A AAE S v g AR
9] g3iE wFAAd TS vellie Aotk AR
o g3l vEdA ggols FRol=FHEZ EA8
< vEA FFE Y QS F dong HR
7)3-2HA 4*(apparent distribution coefficient)olth. &
3] A% Fe 3% E20|= FHz2 A &
o] B2 ZloT ¢EjA UoHZ Feo] ZAHI|EAHA
T L ALK EUATHBuUffle et al., 1995; Lee of
al., 1997). AE5A Phel As gHEe] HAEHA ¥

Table 2. The total concentrations(g/g) and log Ky, values of trace elements for precipitates in the creek.

Mn Zn Cd Cu Pb As
precipitate(mg/kg) 11,000 17,400 246 19,000 298 8,500
ID7 water(mg//) 2410 6.306 0.024 0.095 n.d. n.d.
log Kp(I’kg) 3.65 3.44 4.01 5.30 - -
precipitate(mg/kg) 4,600 17,200 216 26,000 580 7,300
1D 8 water(mg/) 1.348 4.959 0.021 0.494 nd. n.d.
log Kp(I/kg) 3.53 3.54 4.01 472 - -
precipitate(mg/kg) 378 2,900 148 15,000 1,300 7,000
ID9 water(mg//) 1.099 4.575 0.019 0.597 n.d. n.d.
log Kp(l/kg) 2.54 2.81 3.89 4.40 - -
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oug Phot Aso| BRI 3hE AE 5 R
9\’12“1 (Table 2), o= F Uit =25 737‘4501] oJsf
&g AABH, Cu, Zn 2 Cdoll ¥l
Jﬁf}a} AAE o8 deHHoz Fao] o dHEe
< AAIZ). Zn, Cu B Cdol 7% e §3
ol vig 22 o= L]'EP/?\LZ]”} &3e e
2 ZA)5hs ggol Ase} Pholl viwshd A3 &9t
tHTable 1). Znsk Cde] AR71A% ghe] Aolrt
37 ke B8R Zn?t Cd ol&e] AAEH vlw3d w2
A BFg olFe AL AN Cus =8A ¥
*JEM °]—r7‘]‘+ T2 o] A} L olF
. ARINRIASF @E ol

Y

UE

&3 7} v)Rdae] A ol FE(mobility)E st
A e 7th: Mn>Zn>Cd>Cu>Pb=As. o|2|3k
A Frhlset X ESol £39 R Xtk
Aset Po7} HAES) sl A3 AARAG Zn,
Cu g Cd= sk AA=RAE Rske A& e
th &, Bl Agad ald SEE5 T g
47t QP90 E 7k A4 HellA Jd 2 FA
Sl o5 AdH R Azhelo] 85 FFol TRl
Aa3AG EA AARL L vt 22
U el o3 AAAE2 vt dgast dFd"
A Fo oA YepdtislE, 1HAe g
AL 2T Ao G g3 A o

Table 3. The total concentrations(pug/g) of trace elements in the waste rocks from Indae mine.

Fe Mn Zn Cd Cu Pb As

mean 79,513 377 1,562 471 523 2,582 19,104

Min 73,105 307 1,193 317 278 1,432 13,119
wasterock  pray 84,144 423 2,473 815 1,013 3,820 31,413
dugf ! Median 80,402 389 1,291 375 400 2,538 15,942
Stdev 4,625 56 610 234 333 1,022 8,519

cv 0.06 0.15 0.39 0.50 0.64 0.40 0.45

mean 87,834 504 2,403 463 685 2,230 19,401

Min 23,003 87 221 82 132 311 3,348

waste rock  ppay 124,459 1,750 12,750 1,516 2,107 5,649 60,876
du?g 2 Median 89,544 370 1,119 368 552 1,893 15,738
Stdev 23,003 482 3,723 407 544 1,476 16,294

Ccv 0.26 0.96 1.55 0.88 0.79 0.66 0.84

mean 64,527 141 406 762 470 4,166 32,441

Min 40,402 39 112 213 131 762 9,253

waste rock © ppay 108,393 419 1,938 1,584 1,061 8,169 64,035
d‘élln% 3 Median 62,595 122 304 689 451 3,995 30,297
Stdev 16,409 88 439 349 230 2,144 13,389

Ccv 0.25 0.62 1.08 0.46 0.49 0.51 0.41

mean 72,518 1,364 1,222 95 458 539 3,996

Min 41,919 252 65 3 ‘199 142 105

W‘:}‘; “’Zk Max 85,784 3,217 1,708 181 598 907 7,691
(4])) Median 81,184 994 1,558 99 518 552 4,093
Stdev 20,582 1,286 777 81 182 361 3,520

Ccv 0.28 0.94 0.64 0.85 0.40 0.67 0.88

mean 72,962 406 1,129 573 527 3,065 24215

Min 40,402 39 65 3 131 142 105

Max 124,459 3217 12,750 1,584 2,107 8,169 64,035

Total Median 73,360 177 449 514 457 2,756 22,856
Stdev 20,581 615 2,179 406 362 2,159 16,371

Ccv 0.28 1.52 1.93 0.71 0.69 0.70 0.68
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& 530 pg/g)o 2, 28| AEE o] WA
690 ug/g(130-2,100 pg/g)o = HA7 FollA 7P wA
HEFHRAH(Table 3).

QuiEAke] BB o] T nFUhe]
&AE As>Pb>Zn>Cd> Cu>olgith 94 Feko)
w2 A4 e Asel A, 3> Ag> 1
HA4> 49474, Phiz 3HAES 1924 > 20 4>
497, Zne 28147 190470 > 4|2 30 A
Cd 391473> 19144 291499 >494%, Cue 29
4> 1984 > 343> o2 el
(Table 3).

4.6. Dl 2o X258 M XAX 2t

HF4o)Me Aset Pb &l Zn, Cu 2 Cd TF
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Fig. 6. Relationship of Eh(mV) versus Zn, Cd, and Cu concentrations.
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