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Abstract

We investigated acid mine drainage (AMD) of Bongyang abandoned coal mine, Danyang, Chungbuk
Province with emphasis on geochemical contaminants in AMD and precipitates using chemical
analyses, XRD, SEM, IR, and *’Al NMR. Water chemistry changes with pH and oversaturation of
chemical species. According to calculation of saturation index, the AMD is saturated with various Fe,
Al minerals. Orange or orcher precipitates are composed of schwertmannite and goethite, associated
with Leptothrix orchracea bacteria, whereas whitish precipitates are composed mostly of alumimous
minerals such as basaluminite with poor crystallinity. The whitish precipitates include trace
Aljs-Tridecamer. It is important to control the precipitation and solubility of aluminous species for

ensuring remediation and control for the AMD discharged from the Bongyang abandoned coal mine.
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F90]: Zofebd, 2 EnfLo] E) ulAYRHU0|E, Leptothrix orchracea, Al-Z&A] Aljs-Tridecamer

ME
H|ebZ abandoned coal mine) 0 & 5] BAIGH= AP 3AH4(acid mine drainage, AMD)S! @ & -§-&5= A7
eh o] ot ke 71 4= qlom, Azt A 0 & Qe wegolut shdol] AR H x5 0] 271 AN O V8-S

AL, AR 3 & 5 ok AMDO] 2 el 4, & dF e -85 o] ol 55k, 23S pH, Eh
Bl 74510 A 2tetbA], P AE e 2 (microbial) 28] ofsto] shgofl IH . of Mol H, AT kg, itol-2
H|A(As), T-8](Cu), 7FEE(Cd) 50 -2 5ol 42-8-% (coprecipitation) oAU, S2FEHA] 27| 2] 342 AJofo}A|
Fltk(Carlson et al., 2002). Wb AMD $AIE Tt 574 Aol -8 = o] 5otAU, 1702 == d/4d9] o]
= A Q1 RS -5k ] 2le1A F-8.5H(Foos, 1997). HEHE9] AMDOlA
o] mEX|o] glom, o] 52 THY’t Fe, Al 2RtE= A EIthKim et al., 2002, 2003; Woo et al., 2016; Lim et al., 2019).
O 5415 B Satstablel B2 S Al GAtol 2] glefo] B, pHr WS tize] AMDS] HE O B2
SFH(Rose and Elliott, 2000; Lee et al., 2002). £5] A7} ufl-¢- -2 3F-E21 47H] 2 EnhLto| E(schwertmannite )= 3
Aol o] FE AR R E A== thE4]] 3FE°]thBigham et al., 1990, 1996; Bigham and Nordstrom, 2000;
Yu et al., 1999; Choo and Lee, 2002; Kim et al., 2002, 2003; Choo et al., 2004, 2007, 2008; Lee and Kim, 2008).

U] AMD ol A= P A(FeS,) o] AFeFalg-0] AikE<l A o] Agda 7]ofwof HFE o] & ko] . =
FEAT L2 PRk O 4I5S 5ot ST = A Qlollk ka0 AE e AR[she Fe] S0] mie- T attl=
7ok, o] & Thlet SHo] Qlok TR, Hehgo] Moo= Aehs eksto] il Al Si d=o] ZgtE o] Q17
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A /5ol Al &2 2FE5HA] 9 2 o 5] EARI. 152t BeliAlgthe T4 082 =7 H 2Foll A AMD ¥elE
ZIRgsl] oLy, oflit Bl - o] S 0 & Qoo At o wlsgAke] 79 Aol @ A AIAVE A7 GIAL, B
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Fig. 1. Geological map of the Bongyang abandoned coal mine, Danyang, Chungbuk.
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Fig. 2. Sampling sites near the Bongyang coal mine and its acid mine drainage (AMD). Sites BY-3 and BY-9 are located at
the confluence of the creek and stream.
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Fig. 3. Bongyang abandoned coal mine. (a) Outflow from the pitmouth of the abandoned coal mine. (b) Ochreous
precipitates in stream near the pitmouth. (c) Ochreous precipitates mixed with green algae in stream near the pitmouth.

(d) Abandoned coal and rock dump.

Fig. 4. Precipitates in middle stream. (a) White precipitates (BY-5). (b) Reservoir damfor AMD (BY-6-1). (c) Outflow from
the dam. (d) The confluence of the main creek and outflow (BY-6).
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Az @A AR sk AR el TN R UET fmSeanky &

=5 FEA71(ICP, ICAP-7600), =2
SRERH IR 7| (ICP-MS, NexION) 2 o122 B4514.0 0, ol &8 of} 5 2185 Bel 2)5le] o] 2z2utE

J2f=)(IC, ICS-5000, Dionex)2 45t

o

SPYEIAE A Aol el ahe AREE AsHg 2Tl 2 Ahgstel AFtskpor], A 7271 olg5t
PABEL 5

o] 40°C Slol|l A 24A3F o Zo] X SOl ol =S A5kl = =] vMxA, 2 FH, o
aYotqict. 7|2t AT A AlE of| 4] ZaTol e AAYES FARIAFAR]|7(Ultra High Resolution Field
Emission Scanning Electron Microscope, Hitachi S-4800 UHR FE-SEM), AAFES AR A (Field Emission
Scanning Electron Microscope, Hitachi S-4200 FE-SEM)< ©]-85}0d X7&9] Zu|q|z2]1} stk d-S 4=35} 3Tt
AlEe @28(08) 22 FESF M, 20 kV/10 nA 235114 40~77F Hik&= YESIRIT:. ook FARIARAn|
789 oA ZAT 2~ # E & (energy-dispersive spectrum, EDS)& ©]-8-3t nIAIA%] ARl iRt SfekE A AAISHIH.
X-A 2EEA7|(MF-XRD)E o-85to] J3&E9] B el A E 2412 3851910, 5~655= 260 HellA
Cu BFS ARESIGIT] =40 BAPARIEA w412 flote] A e)dEd+=4(Fourie transform Infrared spectroscopy,
PerkinElmer IR Frontier model)2 ©]-85}1%] 650~4,000 cm™ m=r(wavenumber) H9], ST 0.4 cm™ 2 45140}
HAE U d5rlg 332 0] QAee] o] 254 4 flote] HEtietal 354 A5Te] A sixbr ] g

7](Solid-state nuclear magnetic resonance spectroscopy, 400 MHz Bruker AVANCE III HD 400 model) & A8}t
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A¥st9det. 01 $1te] US EPA ©] MINTEQA2E 7%t Visual MINTEQ v.3.1-& AM8-511 0 1, pH, Eh 2 4-43}8t %

AMDe| +-ZEdut 0| 2akF

U] wdel A fE 5= AMD= pH7E3.3.02 AHdolH, shibde] 3R & shR e 245 15ste] kR
o= 7.042 F4JL HRITK Table 1, Fig. 5). 0183 548 ZAA| & H].Q F5142] pH 7.36 20} 55] W2 Zo] E4o]
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Table 1. Physicochemical properties of the Bongyang AMD. Chemical concentration unit is mg/L unless otherwise noted

BY-0 BY-l BY-2 BY-3 BY-4 BY-5 BY-6l BY-6 BY-7 BY-8 BY-9 Remarks
pH 736 330 376 611 583 503 525 58 672 680  7.04
Eh 59 590 560 318 330 371 348 294 263 250 251 mV
EC 8 1900 877 126 157 268 339 256 273 274 268 pSlem
Na 218 789 309 276 279 272 273 259 240 227 237
K 015 170 065 018 019 021 024 022 110  LI3 138
Ca 875 10030 4458 1244 1527 1584 1730 1813 2505 2696  28.19
Mg 11 3629 2485 269 453 478 493 48 506 525 533
Si 677 1683 1794 851 733 7133 720 736 742 743 694 oL
m;
Fe 0.14 228 166 017 024 042 051 047 051 052 048
Al 0.13 2194 1844 055 177 122 031 020 016 016  0.I8
Mn 020 478 327 024 043 043 038 039 037 037 007
SO, 1441 557.00 39835 2930 4500 9895 13590 9125 8310 8235 6735
Cl 545 160 427 419 454 447 170 48 465 542 583
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Fig. 5. Physicochemical variations in AMD water.
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Fig. 6 Eh-pH tho]ot1qlo]] TeA[Rt 21 0 2 4] A o] 2o] tefsA| £ T 5 335 HolErh AMD2] 4 o] 22 4t
slehel A el|et pHoll wheba] 2Felg chemical species)> E2H o =T, 28 'IT'_E'F(BY'I) 2710 gt YA 47

1EEUM«>1E7474W #3200l 2151271 efolsl, B AHBY-0/ Solol =2fol =iy
ofo] 39lct, 1 9] tie] AR E-L 2787} Ful 2 Enpiio]E A o] wA|Fc)
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Fig. 6. Eh-pH diagram of stream waters showing stability fields of iron and oxyhydrous sulphate minerals. Sch:
schwertmannite, Fh: ferrihydrite. BY-0: fresh water, BY-1: outflow of pitmouth of Bongyang abandoned coal mine. Sample
numbers from BY-2 to BY-9 are omitted.

AMD2| Z2}2|0} SlotE R E

LF0|29] F L5 o] g5} AS}R|4x(saturation index) 2} 3F8l5{chemical species) = AR Aib= tioket FE%

[e) [e] h s
o] -§Eol 29| 2|72l zzdof webA TS HofErt. o= 8020 A E =Rl EE 5k (activity) 5 T2 B=
o] B d=roll Bluste] o] 24Q1 Bl welslk= A o &, 4| tollA] BYPHEsS Foto] 45 F=o] A 4
%22 YEFHTK Table 2, Fig. 7).
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TARIAFHE{AI(OH); |2 787 & (BY-1) o= EX3VIE o™, 2|iPda FREHA Zalde]of =Erich 1
AUt FolR=E 7HAA B A5 23}, Bt JHiE Ho|tt obr 7HHA ZEPIEIE A&3I) Akt tdEm|
& LEQ] HiAYE L] E(basaluminite: AL(SO4)(OH)yo - 4-5SH,0)= 737 55422} 1 2] sl(BY-2)2 Al2JslH, 3]

AP ATE 71A =2 EoVIHIE ‘%EME} ARl T*Pﬁ%é}"a*—erﬂh‘s‘r F=2<] A (alunite) Y} 4Fold T o 1
B8 ol A7 18] 442 Y FobA BEAMD 2 BY-1, BY-2 4B AGel, w2
wpgele Lec, ]2 Hof A ulo] GRS FRES WS pHOlE Safslo] BRSEOL, pHt 50
2 Z7FopA gollrt v A AAslol a-%% s % Bl o] qlofo]  A7A S thgel SAb e
2hA] 314 U)7] 3]eRa o] XA o] thek SA = A che

Q) 441512 TEER) SSIOI= oI, 29 goetite) 2 4 500l A S TS 1o 2708 4
U= HojEr) TR A8 X (hematite), A=A E(K-jarosite) &= Y7 M A Q6P =& 2ot 5 LRt
Table 2. Saturation indices of Bongyang AMD water calculated by Visual MINTEQ. S.I.: saturation index

Sites BY-0 BY-1 BY-2 BY-3 BY-4 BY-5 BY-6 BY-6-1 BY-7 BY-8 BY-9
Minerals S.I. S.I. S.I. S.I. S.I. S.I. S.I. S.I. S.I. S.L S.L

Al(OH);(am) -0.35 -5.36 -4.28 0.58 0.80 -1.31 -0.18 -1.39 0.22 0.18 0.08
ALOs(s) 1.14 -8.76 -6.72 3.11 3.44 -0.78 1.48 -0.95 2.28 2.19 1.99
Basaluminite 327 -10.16 -5.51 6.99 9.91 3.41 6.27 2.76 5.07 5.72 4.75
AIOHSO4(s) -3.15 -0.57 -0.14 -1.23 0.05 -0.14 -0.66 -0.53 -3.06 -2.28 -2.95
Alunite 0.69 -1.88 -0.19 4.62 6.83 3.59 4.51 3.01 1.70 3.30 2.19
Anhydrite -2.13 -1.22 -1.61 -2.86 -2.65 -2.36 -2.32 -2.21 -3.15 -2.20 -2.26
Boehmite 1.85 -3.13 -2.08 2.80 3.00 0.90 2.02 0.81 242 2.38 2.28
Chalcedony 0.32 0.33 0.42 0.03 0.02 0.03 0.03 0.02 0.03 0.03 0.00
Cristobalite 0.12 0.13 0.22 -0.17 -0.18 -0.17 -0.17 -0.18 -0.17 -0.17 -0.20
Diaspore 3.60 -1.43 -0.33 4.51 4.75 2.64 3.77 2.56 4.17 4.13 4.03
Fe(OH),,Cl3 7.24 5.29 5.28 6.35 6.42 6.07 6.717 6.187 7.373 7.45 7.593
Fex(SOs)s -33.32 -1488 -1854 2990 -29.74 -25.14 -2831 -2542 -3487 -32.24  -33.53
Ferrihydrite 4.07 1.36 1.06 3.12 2.80 221 3.10 2.53 4.02 4.10 431
Gibbsite 2.73 -2.30 -1.20 3.64 3.88 1.77 2.90 1.69 3.30 3.26 3.15
Goethite 6.90 4.07 3.88 5.83 5.63 5.04 5.93 5.36 6.85 6.93 7.14
Gypsum -1.86 -0.97 -1.33 -2.61 -2.38 -2.08 -2.05 -1.93 -2.88 -1.93 -1.99
Halloysite 4.86 -5.13 -2.80 6.15 6.57 237 4.62 2.18 543 5.35 5.08
Hematite 16.17 10.53 -2.05 14.06 13.63 12.46 14.23 13.09 16.07 16.24 16.65
Imogolite 4.69 -5.33 -3.07 6.24 6.70 249 4.74 231 5.55 5.46 523
Kaolinite 7.10 -2.99 -0.56 8.29 8.81 4.61 6.86 442 7.67 7.59 7.32
K-Jarosite 0.98 5.06 2.85 -0.96 -0.14 1.18 1.37 1.79 0.13 2.10 1.91
Lepidocrocite 6.20 3.19 3.19 4.95 493 434 5.23 4.66 6.15 6.23 6.44
Maghemite 8.75 2.73 2.73 6.26 6.21 5.04 6.81 5.67 8.66 8.82 9.23
Magnesioferrite 7.48 -4.29 -4.32 3.96 2.73 -0.06 3.34 1.00 7.02 7.30 8.21
Quartz 0.78 0.78 0.87 0.48 0.48 0.48 0.49 0.48 0.49 0.49 0.46

SiOy(am) -0.51 -0.48 -0.41 -0.78 -0.80 -0.80 -0.80 -0.81 -0.79 -0.79 -0.82
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Fig. 7. Saturation index of chemical species in AMD calculated by Visual MINTEQ.
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Table 3. Chemical species percentage in AMD waters calculated by Visual MINTEQ

2/JE7E 7P -SAlohH, G Ak
0]2 CaS0,(aq) 22 EAst=t|, <=

BY-0 BY-l BY-2 BY-3 BY4 BY-5 BY-6 BY61 BY-7 BY-8 BY-9
SO, SO~ 9843 6472 7293 9403 9174 9095 92.86 9322  89.52  90.66  90.11
HSO, 2.18 0.79 0.06 0.04
AISO," 1078 12.87 0.06 1.41 2.66 0.14 0.48
Al(SOy), 269 245 0.05 0.19 0.05
FeSO," 3.58 0.15 0.06
Fe(SOy)y 0.22 1.70
MnSO.4(aq) 0.02 0.29 0.26 0.05 0.08 0.07 0.06  4.40 0.07 0.06 0.01
MgSO4(aq) 0.23 514 457 1.29 1.89 1.74 1.82 0.05 2.18 1.92 1.99
CaSO4(aq) 128 1031 5.93 450 477 4.28 5.05 8.17 731 7.83
NaSO,~ 0.03 0.07 0.04 0.05 0.05 0.05 0.05 0.04 0.04 0.04
KSO, 0.01 0.01 0.01 0.01 0.02
H,4Si0,S0,> 0.01 0.01
MgSO4(aq) 19.95
Fe Fe* 3.43 1.63
FeOH* 0.04 3492 4470 0.47 1.00 6.15 1.00 3.87 0.13 0.11 0.06
Fe(OH)," 98.83 890 3205 99.46 9897 9377 9897 96.09 99.64  99.61  99.43
Fe(OH)s(aq) 0.8 0.07 0.03 0.03 0.22 0.26 0.45
Fe(OH)y 0.26 0.01 0.02 0.06
Fe,(OH),* 0.38 0.04
Fe;(OH),™ 0.01
FeSO4" 50.79  20.99 0.07
Fe(SOy)y 1.56 0.59 0.03
Al AP 1336 14.07 0.82 6.66  20.79 627 1551 0.04 0.02
AlH;Si0,* 0.04 0.08 1.07 239 1.13 222 1.33 0.12 0.08 0.02
AIOH* 0.03 0.14 0.35 853 2529 1190 2324 1431 121 0.80 0.19
AI(OH)," 1.34 48.66 4430 321 40.50 629 1655  12.69 5.13
Al(OH)(aq)  7.57 24.05 7.88 0.09 7.30 029 2290 2080 14.64
AI(OH); 91.06 1589 263 2.52 0.03  59.17 6555  80.02
AlL(OH),"" 0.29 0.05 0.03 0.02
AISO," 76.87  78.08 096 10.05 60.70 1735  59.36 0.01 0.06
Al(SOy), 9.59 742 0.01 017 213 058  2.87

H2 BY-1, BY-20X 1t 477} 37Pdol2 AJelz EAIsIH, tife aiteldol 2 ez ARt SelsH:

BY-10f|A%t 4 9] 51%7} 4t

Fdo] 2] Fesoy 2 21,



AZ0) 52 A& A5} SR AL F3EE| o] pH 4.5~5 o) gl EgofAls o] dojdti(Nordstrom and Ball,
1986). 2 A=A FFrlE2 B o] 2o HIsto] B thelel slokE0 2 EAflsk=t, thi-= Al(OH)4, Al (OH),"
AIOH*, AI(OH), ¥} 2+ 5418t 2 n] 0| &3} SRR R0]. 2 AISO,", 18] 1 Q= 45 F2njzol (AP ©
2 ZARIT o] F40] ARt dFnlEel-2 2P AR Bl A1} Mok T A 2138 Alelshd
shtd Al oet g 22tk

dFnlE 2FetE & 7N o SR HEC (AP ) Y] &2 0.02~20.79% 5 AFA[5tH, 787 §-572] Gk Aot
Al ¥H= 213 R1 BY-1, BY-21} #AY Ui 2] S]ul A 2] 7d-5-0] dito] 45t 2|3 Sol|A] AJtA 0 &2 =7 vrehdth

AND HHZB0| BBZ £AL: X-M SHEA (XRD) U Mol Hauy Za}
Lol 80} 2.0] 510} pH, Fh 53} 28 51518} B0 wheb W1g 4 glom), Astdom BEgon
sl o) oy, Barshel A4Ech 1), Baulgo] Eie] el 2, s1Hle]
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7} itk o= AMDZHA A Q] 23i0] ohuf2H JA] Hslshe Al ol B2 oS5x] ek A sFdRteell A e 2

2 Aol h wgsi gk
oot el i ] B 0 ofSe) YRS Selsich A7 FEAABY-1 B2
2 Fig. 3004 = 247 01X A2 njid], o] 52 tFo R X-41 842 H(XRD)S A5 rkFig, 8). o] HHEE
b R A 2 WA, elslo|elol 29} e 415} o] 2 o}, S1AA| WA} 2 A
E402 o g YREE U8 HitHe] gl 202 nelsir),

e BY-1
G
F
G
G
e G
F
) I T | T | T | T | T | 1
10 20 30 40 50 60
CuKuo: (920)

Fig. 8. Powder X-ray diffraction pattern of ocher deposition (BY-1) downstream near pitmouth of Bongyang abandoned
coal mine shows poorly crystallized iron oxyhydroxides including goethite (G) and ferrihydrite (F).

& QA SRS Slabdel H7dE WA x| o] e v o] EXdo] e Zfetd], of= HiAd R Lol
E 2 2RI=IHFig. 9). BY-4, BY-5, BY-6°M o B L7t S7skARE A2 0 = vl AgFn|ue]| EQ) A=
¢ St Bl AT O] Lo] Ex= Table 2044 H o4 ARPS o 2 & 2 Stbd pA|of A azeld 2o = Uetdes
o, AA HE0] FaFe viadFoue| ER SRIFSIT) =y, EopA|ad el JHE Hel o FEF, 53
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Powder X-ray diffraction patterns of ocher precipitates downstream of the Bongyang abandoned coal mine show
poorly crystallized Al-hydroxysulfate mineral called basaluminite. Q: quartz as impurity.

Sh, A A B4 mioks flote] Aol idgi A Ake] Z4-9(Fig. 10), T 3400 cm™ H9Jollx] & S441-2 4t
719] A1%%1"6(OH stretching vibration)©|™, 1650 em™ 0] F42 =417]9] #3151 5 (bending vibration)©]H,
980~1100 cm™ §9]9] -S54 o]F+=2](doublet) & H o] F=H], ol 52 FAto](S0,) 2] AEX1 53t Al-O A5
of siigglct. o FEe) 2 W] o @A%= A1) AR(BY-6)0l4 7FF eFoiA| vrebdtt. o] 22 Z el
=]

3 FTAE AT oo | ES] ST Feljitt.
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Fig. 10. Fourier transform Infrared (FTIR) spectra of aluminous white precipitates. Peaks 1: OH stretching vibrations, 2: OH
bending vibrations, 3: SO4 stretching, Al-O stretching vibrations.

2| 0[N L2, 5leHy £ ARMZR0|IE EA 2}

5] AMD Hj9] oFd 332 AJetel Hh-g-o] AitE s A, 8E0| 252 §olle Hstol wepa afo = A
A2 0] -2 TARRE BT o] 20] AA Tz A ER= 1Pgole) 17T
Wk o] o] §EEO] QleA]ete, A|F A Hgo] dofuh= A mii
of| tF9] 7-9- of2feh =2 AAH L ol @AY, rlo] A=A E B e n|E 0] Zr A A JRT= A5

+ o] ok A AE 0] B FAPAARARZ(SEM) & 817t /gt H 2Fel A2 w851t
7“:rL ZT(BY-1)o4 &o] FAEl= eAxM o] JHE9] e, ol | ofotd A =rF w2 A
A7 B ES AtsHAIRE i A E A} w2jslo| Egto| Eolrt. o A&
3’4‘, AR FE S (tubular) = A Holi= Z % (sheath) o] HHTE|2]ore] A7}
25 & 4= QJth(Fig. 11). ol &2 Z4ks} | 2loke] AE<] Leptothrix orchracea{1Hl], WH-<} EH
ofli= 44 ‘4'5:‘313 5-7]?_] ]7@7.%_]-/] e Hpitslzo] 1 o] HFAE ol 71 Z&tE] o] Qlrt. E6] whajd Tl A=
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=t} 5914 71](urch1n) EEt ‘%‘: S 0] ﬁéﬂii ?:‘?—i‘- 75@94 HEAIE B/doke Tl 2 Enhfo] EoF 3 o] o] 5 HH|2]
1

E
i,
ié




2% Cio BOTERY A0 £ O 0| S H, YR0|E0| HESFHOE - 177

Fig. 11. SEM micrographs of dark yellowish orange mass (BY-1) found in ochre deposition near pitmouth of Bongyang
abandoned coal mine. (a) Aggregate of thin fibers or filamentous mass of Leptothrix ochracea. (b) Broken inner surface
coating of iron oxyhydroxides with amorphous or irregular-shapes iron particles attached to the bacteria. (c) Urchin-like
of aggregates showing abundant schwertmannite and lesser goethite. (d) EDS analysis on the yellow circle area of (c)
showing chemical compositions of schwertmannite and goethite. (e) Urchin-like schwertmannite shows crystals with a
few tens of nanometers in width. (f) EDS analysis on the yellow circle area of (e) showing schwertmannite and lesser
goethite. Magnifications: (a) 300%, (b) 500%, (c) 15,000%, (e) 50,000 %.

T ZERR}O|E= G4t SolPdAt, HHERd 5] AMD =oM% <1 BE QItk(Yu et al., 1999; Choo
and Lee, 2002; Kim et al., 2002, 2003; Choo et al., 2004, 2007, 2008). oA EFE(EDS) 23| 2JobH, o5 Uie
YA Aot Hol 71 F-RohH, 3, eart pREEnh 7B-fE A3 9] @ #AIA M H2E A=l BY-1-2 AUt
o} fFH| 2 Enfo| EV} F-RSIH, 3ol U gHiE| o] Qe HolErh

AMDO||A HE|2jofet T 4A41ebd = aeikaledibd o] A4S Thelet 218 o) ofsto] doju=t], o3 3-&E2] A
‘Jolut A sh= SFotA] i o]of| e HiE|2{otet £h2 n] A= (microbial ) /3@ 2F-8-0] 27t @ 4-o|th(Little et al.,
1998; Banfield et al., 2000; Baker and Banfield, 2003; Johnson and Hallberg, 2003). 55| 4Hd2H4 5}oll A Thiobacillus
ferroxidans= & 4151 E0 U Aol =20] 7S X AZITK Fortin et al., 1996; Chan et al., 2016). 5 pHO]|
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A= Leptothrix 2} Gallionella®]] 2J5+ 2714 o AFs}al8-2 oFot sHl gt of A &= iEASHTH Konhauser, 1997; Fleming et
al., 2011). 2 A|72] -9, vkl =] Bf AMD(cf, Kim et al., 2002)°]14] £35] ®7A %= Gallionellat= §l.o™, 71
tjA1o] Leptothrix7} A 5= Zlo] Eolaltt,
HIAY 2] 1AL O] 2745 -0] 77, 78T HHBY- 1213 ollA] g ol @AM AEihe gl AolRt niAlS
Ao HolErh o E E9 AT e FEe] 353 BY-3, BY-5, BY-69] 7 Hd
AHE/d< ERdIThFig. 12). EDS 24 FM] oJshd sftzd> Al>0>S2 ;LHEJ
mjo] ik 2 A= T2 ujAL }EDIWO]—E TE 0] a2 ofulsh=t, ol ?:’ﬂ%i‘-ﬂ{Fig 9)°t= & A
Qitt. 1y o] & AlmolAE A E| ool -2 n A E o] EAl= ER1EA] ihr/]’ O]% 4, S-S -85k HE|Eot
7HE 4 Q= g30] of 7] wilzoe e wibA 2k Sk oM s JxdEe] A3/l HatE|Roret &
nESH 7]of= glokar shekEe), WA i) S]eiAl 22 skl Sl ‘Q-Er—U]L;% B0 A= W
™, 2442 21732 tF-2 100~200 nm=ZA] B 2] oS o] F+= Zlo] EAolo}. ezl E-J o= & o,
o|dl IdFulE FE2 AE LIS WA, 719] v 7Pk S5 Helth

2 o -
?9,
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o
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1 ﬂslla
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Fig. 12. SEM micrographs of whitish precipitates downstream of Bongyang abandoned coal mine. (a) BY-3, (b) EDS
pattern on the yellow circle area of (a), (c) BY-5, (d) EDS pattern on the yellow circle area of (c), (e) and (f) BY-6. All
magnification is 20,000 X.
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HjAQ20|LI0| EA 2IHE | L HATZ (nanocrystalline structure) S2: 321713 (Al NVR) 24 Z 1t

¥ AINMR-2 A7 30| 4] THA=] A A Z(short-ordering) S Thetoh=t] -F-§-2td, &Fu|E2] vl $i4of wHatA] s}t
] o] (chemical shift)= th¥stA| LePdth. o5 EH AFHA| 21 (tetrahedral site, Al'Y)2] A19] 73-9- 50~90 ppm, L
HA| ZF2](octahedral site, A1V Al 0~15 ppm 9], AlYE 30~41 ppmO|thFurrer et al., 2002; Kim et al., 2011;
Carrero et al., 2017a, 2017b). WEbA SR E3E0] 745, AFAARF] o] Al BHAA}E O] AlS okt 79
-8-5Ith(Brown et al., 2003; Hiradate, 2004, 2005). 22| =0 4tebd=olA DAk o] Al -5~15 ppm H
oA Lehte T 2197 24 v, AP O] AL 50 ppm ool A LR TH(Paris et al., 2007).

2 AR o] Wil Wi z] S|a A 2 E o] AJAdo] FElgh AR H(BY-4, BY-5, BY-6)0l|49] &2 Al NMR
TheRt 31k o] 5gks Hol=t|, 7P 73t m]3+= 4.64~5.36 ppmollA] UERFH, o] ZHA=tE] <] Alo] SlidE Tt
(Fig. 13). 1 £]01] 32.49~33.74 ppm, 59.50~60.35 ppm HLollA] oFst w77} ZFQlEI Tt 32.49~33.74 ppm H = 5H19]
Al°] 551, 59.50~60.35 ppm H912] 1 F+= Al-F5ZA|Y Alys-Tridecamer ©f ST o= 24 &7} - 7] of
2ol HiALGF R EQ A& EAeh= 21 0 & HRIth o] Al-SHAl= 74 HE 2417 AMDOA &= AFEo] SRl HE 9
om, 5] ol HEE AMD ] A HxdEol| A @4 7Hs/do] E=hKim et al., 2011). “LEu R0 -9, =]
HgRg AMD U] SR Z o tfet et FA]o] fE] 2] gfobA, of S| o] 5 AHEe] e A A A
7h QAo = o]o B2 HHEL2 AR o] vl B, Wi 27 0 2 A4 x]7] miiZof] XRDU A1 4]
o == o] o ¢ u R, ZH|E0] HAFAR|FFolut NMRYF -2 #goH4] A7t Q4 Th

O

o

BY-4 BY-5 BY-6
0 S g
n m ~
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Fig. 13. ?’AI NMR spectra of white precipitates in the AMD. Ali3-Tridecamer at 60 ppm and 5 coordination in amorphous
alumium complex at 32.5~34.3 ppm. 6 coordination in aluminum complex at 4.6~5.4 ppm.

= dFrES 40| AotE = AH AL} QI ofl u-- S8 5FH(Mortula et al., 2009). -8<& &1 5= pH

57, FheeiolE e} 2o deuks FIE TR

2 S 4= QIth(Bigham and Nordstrom, 2000).
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Fig. 14. Powder X-ray diffraction patterns of waste coal rocks at Bongyang abandoned coal mine. Note the presence of

coal as amorphous phase in the range 20~35° 26. C: calcite, K: kaolinte, M: muscovite, and Q: quartz.
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wa ] S]aao] 21 Bo] T Wk, o] S S4o] 2 ARnl A do] 55 o] Fv|, 7H el HEE

2 HjAUdFO[Uo]|Eol, o] 70| A= ufl¢- Ut o] el Sr2n|EgEo A= AR] Al-5 8 Aljs-Tridecamer

7} ZEo] Gt Ml AL o £ 0] S vhe AT Q1A 0 2 WA T o] iz A0 2 Btk ok
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