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Armoring effect of limestone in acid mine drainage: Static immersion experiments

LEI Liang-qi, LIN Zhe-giong, MO Bin-ji, CHEN Si-nai, MO Jia and SHI Zhen-huan
(Faculty of Earth Science, Guilin University of Technology, Guilin 541004, China)

Abstract: The study of armoring effect is helpful to understanding the mechanism of acid mine drainage (AMD)
releasing from limestone-rich metal sulfide tailings (limestone tailings). By performing static experiments of
AMD immersing limestone particle materials, the authors studied the formation of secondary armor under acid
water saturation condition, similar to the circumstances in acidified tailings. The results show that Fe content in
AMD may be one of the main factors affecting the armoring effect of limestone. In high Fe concentration AMD
(1029~1 033 mg/L), the order of secondary precipitants is Al-rich phase—=>gypsum—>lepidocrocite (adsorbing
Zn, Cu and As) on the surface of limestone particles, and the precipitants make the limestone armored/ passivat-
ed, causing the solution to maintain acidity. By contrast, in low Fe concentration AMD (6.71~74.8 mg/L),
the secondary armor may not form, therefore limestone can be dissolved and release a large amount of CO3 ™,
which fully neutralizes H" in solution, so that the solution can reach neutral circumstances. Based on this study,
the authors hold that the limestone tailings with high Fe sulfide content (e.g. Fe 10.62%, S 5.70% ) could
have a higher risk of releasing AMD (and heavy metals), because the tailings could produce the acid water with
high Fe content through oxidation and the armoring effect of limestone could occur easily.
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K E AR 5 H Carmoring) s A2 T8 A K/
CaCO; SR YEH 111 % 7K Cacid mine drainages ] &
AMD, T2 % i A < Ja S AL AL 7 D ) B B
VDU VE B A6 18 A0 ACE % iR 25 2 B 2 2 A
T RHL 1 2 Bk v 0 s N 4k 4 BE AT, A A Bt
(passivation) ( Booth et al., 1997; Soloer et al.>
2008 - Fe ], BV R AT fE T Bk A
IAE RN (HVE & A K & mi =2, A
R4 AMD BB B vl etk . Bian, 763 E e g
AR AR A g B AT L, A K 5 R O fil A Y
B W LR AL S AMD V5 2 I % Ol R 77 4%,
20100, HFE BN 2 —, g /e R i A/ IR0 )=
R E A K TT IR AR A AR S A B T
TE R 7 25 1), IX Bl A 58 I A2 A A3 B v A A
(K5 b I8 Hh B ) d =5 B AR Rl RAT 55, 2011,
2014, 2015)-

KT A BFRAER, B3R 22 RH AMD i
B)RIE S5 Ccolumn experiment) 77 ¥ERATHEY, BL T i
1K 2+ Hi V8 (limestone drains) 40 3 AMD [ I 8 P
(Hammarstrom et al.»> 2003; Santomartino and Webb:
2007; Soler et al.» 2008; Offeddu ez al.» 2015, %)
THE AMD WU E I 45 AT N A A AL e/ R
WFFCIE EEAD W AR SR AL AMD i B B 10 41 K
() S8 77 0%, WF U R K M AN 45 A4 B Cln R A6 2 2R
BEA0 0 AL 5 B G 35 B 5 e R 3. DA ik A
WL FCI R AR CA A AR AT 400 8 2 R A Wt P DA B
SE S ADATE AL, A a8 D LA ACE R
PRI AMDC S H 43 8 D v e B b P AR B

1 FEahREE S S i e %
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IR SR B - R A
PLSCEAT R s o 3, 9F H FeCF 10.62% )~
SCFEI 5.70% )& BB CERER S, 2007; 7 R
A, 20110, B &= E 5 Fe WEE AMD 14 Jit 3
fitie AMD ZKFER KT W5 X . AEHIYTE X, nf
WAT KA KA AT/ IR A B i ME T 8 R 3 b
R H R AL ) AL SR ZL, AMD AN BT AR AT HE 3B
o IS T AR A, T R TR KV 7. 7E 0K
Hedh, BN AMD 1) pH i ECCH F %)% 54,
Iy IR 4 DANFBUE K pH H ) AMD /KFE, #£
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28 24 h W JEAE R S KRR
1.2 FERABRERH &

TERGURT X b 2 R SR ™ (1) 1 K4 T Qe 7
R EGRLA, DyOAE R SE R WO 78 K
e Sk b, AR SR R W W, 328 BRORC v A it B I A0 K
(CaCOy & B HDIBAL, F IS, I B bR A
FM AL, SRAF B LR . 5 PR ORI, B 2%
120 Hf CRA R, I 78 40 1A B 50 FE 900
gs ARG EXH B MBI, L BRAE A% , I —0
B il X AT S BRI, DL R S 50 B A ROk R 2
DA B AR 1R I
1.3 REXE R

BB 2 L BIR SAFH 4 A E RS0 R
o A 25 B K YL it 5 75BN FE A 43
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3.24) F1 N004 CpH = 2.89); B 4l/KFE, 6 /K #
NO03(pH = 2.32)F1 NOOS(pH=2.02). 5 A 417K
FEARLL AL, B A KFEH Fe & W B M, Ass Cds
PbZn Al &2 WHE; WA /KEEF CuuMn & EZE
FAAKGER D S REE Ag-Pb-Zn " ( Labastida

et al .» 2013) XEALHIN" (Takovleva et al . » 2015)
AT I AMD FHECEL, B 417KFEI) Fe & & B
B, As W E, Al K& Zns Ca W WA, JB T
Fe W AMDCE 1),

WL SLI AT Ja K FEXRT B CER2) ] WL, 2 7K FE (1 3

F1 RKEPpHERTESNER mg/L
Table 1 pH values and metal values in initial water samples
Feangis KRB pH Fe Al As Cd Pb Zn Cu Mn
A HKFE
N002 Tt 3.24 6.71 1.24 0.004 0.073 0.005 10.90 0.120 2.31
N004 A 2.89 74.8 0.32 0.280 0.018 0.023 2.12 0.014 0.50
B 4lKFE
N003 FRA (A 2.32 1029 3.54 64.9 1.14 0.250 22.0 0.120 1.92
NO005 AN FAREN 2.02 1033 3.56 65.7 1.15 0.260 22.3 0.120 1.94
AMDL1 2.18 705 22.0 34.0 1.40 - 165.0 - -
AMD2 2.60 911 - - C 2080 108

H: AMDI ¥ AW £HE Ag Pb-Zn W B (Labastida et al. » 2013); AMD2 8 A B ALY HIN R AT (lakovleva et al.» 2015)0

I TEIH B U, HZKREE ) pH S EC B %A= T A¢
s A ALK FE H S50 1 I R M CpH 43 il A 3.24
2.8 Ky ¥ECpH 23 A 7.35 F1 7.43), [A[ I EC
ORI TDSSAL BRAK 1 LG B ALK R TF IR
PECpH 433l ok 3.23 F1 3.01, A F+ ), BEC {H (R
TDS-SAL) FRIEEE Ko LR g Sk, 9206 45 ]I A
MM B DA A R e 4 R, 1T B 247K A
A B R R KR 4 R s B 4L KR
EC 5 A R PR AR, 2 WA JsUKBE i A K ) SR R g
TR SO~ VSR B 745D LU A 2 e
Mrilto

k2 RBETRKENGERSEITLL
Table 2 Colors and parameters of initial and terminal

water samples

T T EC/ TDS/ SAL/
mS*em ! g°L! 1012
JRKEE

A 41 N002 T 3.24 271 1.36 1.40
NO004 W 2,89  3.55 1.77 1.86
B 21 N003 FRELEL 2.32 19.10 9.54 11.30
N005  RFEZf 2,02 15.50 7.73 9.01

B KEE
A 41 FN002 Tt 7.35 1.04 0.52 0.50
FN004 vkt 7.43  2.55 1.28 1.32
B4l FN003  f#40fh 3.23  6.86 3.48 3.82
FN005 #E#4Lfs 3.01  6.34 3.17 3.46

IF: EC—H %, TDS R [ K, SAL—ER %

2.1.2 ik
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AR ERECI0YR 6/2) P A (10YR 5/4),
DY) W, R, G 45 % (] 1b 1) B4
IKFERIEJE I BURE CRRTAR B 410D FE 52w 5 oA
TNO003 F1 TN00S, B ta 73 7 A E# ta(SYR 5/6) K

- - |."-.
), . e

) I "3
-

S
lcm

.:
TNOO2
#eif s e, Bl

i B :

TNOO3 lem

BURHRFAIEX b

Characteristics of experimental materials

1
Fig. 1
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Fig. 2 Mineral components of experimental materials

by X-ray diffraction analysis
Cal—Tif#H; Gy—HE
Cal—calcite; Gy—gypsum

X PN o B 45 (R 3D W, Rk Ca
RS, CaO HIA 55.5%, Mt A KA CaO
R 53.8% (I KA, 2002), INEK I Ak A 4l
R Mg, 5 XATE i & G A 0B 4y
SRR 4 L BT (A HARBH CaO B 51D,
A s B AR B4 5 ORI B4y 2
B, FERIWA B 4RBH CaO B3 AT, T
Fe,O3CE Fe AHD AR I

it bR, &3 AMD B2I)E, A 41iRR S AR
Fe IR B A3, TE W3 AR A T AE B A BR[O
BT PIRR A T, BUA B TR Fe M, J5 8 R4 X
RIS o AR 5 3R IH G 4 P 1 B 20k AT
TEAE R IR O A DR AR
2.3 REGFEHEW

TERT WAEE TWINCE 3), TR 112 2%
BN (B 3a) 5 A A ORIV 121 35 H B A U5 IR L
TR IS (B 3b3c); 76 B ARk f A i |
MH S AT UL 2 e 45, B R IR K (B A% —> TR K
N IA T~ O tBANZ AT B 3d.3e)s

P ERET E BT B (GE 4) 8o, B 4130
RN AZ B4 B CaO A 5 IF 5 A K 5 TR R 1)
CaO 7 8 (K 3)FE, Kk B A1R0RHBURL I P A% N g
JE kR & WE STl CaO.SO; A &, 3 BER
LB Ca/S=1.19, 58 (CaSO,*2 H,O» Ca/S=1)
A ; AME TN BLE Fe AH(Fe, O N £

LR R (R ST, FIRE Fe AHI SO;
J Fe/ SCEEIR LLAELD PH 2 7 531 it 4 2 7 [schwert-
mannite, HA2EIN FegOy (O (SO, I(Bigham et al . »

F3 RS XFERAXESINER wg/ %
Table 3 Experimental materials components by X-ray fluorescence spectra analysis
JR Rk A K B Ak =R
RS

CA TN002 TN004 TN003 TNO005 TN004 TN003
Sio, 10.80 10.70 10.50 6.50 5.60 10.50 8.20
TiO, 0.01 0.00 0.00 0.03 0.03 0.00 0.01
ALO; 2.63 2.60 2.72 1.71 1.60 2.72 1.10
Fe, 04 0.59 0.59 0.98 29.10 30.10 0.98 26.90
MnO 0.06 0.13 0.12 0.06 0.07 0.12 0.09
MgO 0.64 0.67 0.63 0.19 0.17 0.64 0.10
CaO 55.50 58.50 58.40 27.80 27.60 58.40 29.80
Na,O 0.12 0.11 0.12 0.16 0.18 0.11 0.05
K,O 0.67 0.63 0.64 0.13 0.11 0.63 0.21
P,Os 0.03 0.04 0.04 0.3 0.32 0.03 0.31
Jugiy 71.05 73.97 74.15 65.98 65.78 74.13 66.77
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Fig. 3 Structure of experimental materials particles

shown by electron microscope photos

19945 Yu et al.» 1999), RVt B HE 2 A 11 SO, B i
B, Fe/ SHIBA, M #2180 Ko B R
KB LA (y-FeOOH) (R R &%, 2014, 2015
R, B AR BT LK & Fe AHAMZ 058 T RE 2
B ERR QT I

YRR A g F B 4O BoR, B 4108}
WORL R TH R B E Fe AHCLL FeO R 1) 2 40ERIR, B
FAEMCRATH (LA CaS A EDO IR, JF AR A H
(E 4b), 1IX K W& Fe FHM e T4 8 £/ DUGE, K
R ANE T
2.4 REGEHTESH

HE S B 0L, AN TN00S Rk 1) 41 )2 4 e 52
¥, H Fe, O3 (AMNZ B )—>S05 CaO( N Z A B D—
ALO;CE ALAD —CaOC A A1 ACED B3 T FR (1)
R A ShSe). B 6 dE— DR, B 2810k
IR (CaC & &) 4k, T E H Al>Ca.S(H 2 A
T)—>Fe O ZEF) IR AR AT . AE Lid 4
e, B ALARSE I A7 KA R T T & Fe AH I ES £1 2K
FEMEE(E 6d60), B E RAELYE R R HE
Al FHICE Fe #HH SOy 7 &I R BAL (K 5b), %
HI Y & AN & T 72 25 0 IR £ Chydroxysulfate) s 1 7
feJ8 T A ) Coxyhydroxides) o A SCHITIA £ 3K B
BN Z & Fe AHALFE M T BRI A LTI Fe &

x4 BARBRMEFRESNER wp/ %
Table 4 Components of terminal experimental materials of group B by electron microscope analysis
Rl TR A e R WEHNE A5
n=17 n=>5 n=10 n=11
THIE 5 7% FEME i % FEME i % VEME i %
SiO;, 0.678 0.795 0.337 0.414 0.631 0.469 0.900 0.247
ALO; 0.491 0.784 0.227 0.348 0.327 0.214 1.250 0.687
Fe,O; 0.291 0.337 0.848 0.296 1.980 1.120 68.100 4.940
MnO 0.073 0.101 0.055 0.058 0.028 0.029 0.077 0.055
MgO 0.555 0.336 0.407 0.261 0.155 0.095 1.440 0.729
CaO 53.900 4.660 50.700 4.120 32.300 5.240 1.070 0.553
Na,O 0.008 0.010 0.033 0.030 0.019 0.007 0.011 0.016
K,O 0.103 0.179 0.017 0.023 0.061 0.053 0.033 0.024
SOs 0.056 0.108 0.441 0.447 38.700 10.200 3.990 1.820
ZnO 0.024 0.029 0.032 0.039 0.031 0.034 0.564 0.195
CuO 0.022 0.028 0.008 0.014 0.023 0.029 0.276 0.167
psEil 56.20 53.11 74.26 77.71
Fe/SCEE/R L) 3.13 0.60 1.93 0.66 0.05 0.11 21.30 11.8

e IR
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x5 BHRBHIE re HSEUERY PHAKT FERFEAM XL wp/ %
Table 5 Component of Fe-rich phase in B group materials contrasts with that of lepidocrocite and schwertmannite
& Fe A" B L AT BRpy e ks & A
n=11 n=17 n=11
S EIE 5 7% FEIE 5 7% S EIE 7 7% PY4* PI3®
SiO, 0.900 0.247 0.648 0.124 0.973 0.468 * 0.08
ALO; 1.250 0.687 0.526 0.354 0.552 0.286 * *
Fe,05 68.10 4.94 60.70 6.84 64.20 5.490 62.6 67.3
MnO 0.077 0.055 0.930 0.085 0.927 0.129 * *
MgO 1.440 0.729 0.016 0.031 0.010 0.010 * 0.01
Ca0 1.070 0.553 0.024 0.009 0.024 0.012 * 0.02
Na,O 0.011 0.016 0.037 0.039 0.101 0.077 * 0.10
K,O 0.033 0.024 0.020 0.020 0.023 0.019 * 0.01
SO; 3.990 1.820 5.030 1.730 4.580 1.840 12.7 14.7
ZnO 0.564 0.195 0.879 0.164 0.857 0.129 * *
CuO 0.276 0.167 0.060 0.075 0.055 0.044 * *
Js¥ill 77.71 68.87 72.30
Fe/SCEE/RLE) 21.3 11.8 13.6 5.3 155 4.6 4.9 4.6

Ee WAL " B AR BURANZ W R B Fe BITTIE AT D8I 500 5F Ph-zn 87 TR O™ H ™ th O 2F Bk O R 75485 2014);
EJUTGR)T L Sn £ AR AL R I AT R (R R 545, 20150 38 Bigham (19945 PR Yu #(1999).
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4 DT RO B A0 7 RO 3 S o3 X LE
Fig. 4 Shapes and components of secondary participates by field emission scanning electron microscope and energy
dispersive spectrometer
a—BURHBURL R I IR 2 SRR AR AT s b— SRR DT M AE 1 R I A s o BCRA B R 2007, BT a Al Spec-
trum 8; d—ZHERRYTIE I BEIS 247, BT a Tl 2T Spectrum 6
a—fluff sphere-like and tabulate gypsum on the surface of limestone particles b—fluff sphere-like participates precipitating on a tabulate crystal and
eroding and replacing the crystal; ¢—EDS analysis of a tabulate crystal, test point is Spectrum 8 in Fig 4a; d~—EDS analysis of a {luff sphere-like

sediment, test point is Spectrum 6 in Fig. 4a
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Fig. 5 Test point and serial number (a) and electron microscope analysis components (b and ¢) change in an experimental

material particle

SR Furrer 55 (2002) F1 Kim(2015) 57 b 2
N R AMD HY AL AT BLEUE A A el 6 O 1 B
UCTE . & ALAHM S R B T BB 22, 76 X ATt 4y
HTCEE 2D B A REAS I H

BeAk, kM2 A5 ZnOs CuO ¥ P 2 £
TR AZ B JECEORE R AR Y I B v (R 4D,
INZ AEGRERIRE Fe AR H AsCE 4d), MEHR
WA BRI AsCE 4¢), R Zn Cu & As E
P Fe BV P E 46 0BT HL R I, ] fig
P K S A ) mT DL 2R 1T 4% 45 A IR B Cu
M As(Peacock and Sherman, 2004; Wang and Giammars
2015, FEPTIEAE AT Zn(Miller et al . » 2013).

3 iWie
AMD HA SRR CH) HY SO} WK #), I

f FesAlvZn Cu~As 5 HE 42 )& (Miller et al.» 2013;
Labastida er al.» 2013; lakovleva et al.,» 2015). &

AWFRERM, KA E RS AMD | Fe [f8 &
A%, W Skousen 45 (1995) N K, £ Fe>5~30
mg/L 11 AMD A7 K 5 IR A4 58 5 T 2R Wi San-
tomartino F1 Webb(2007) & t, 51 A7 K 7 B4k 1
AMD ] Fe % B N3 KT 1 mg/Lo RAEM UTTE
Y52 11T AMD PR E , W4T R Rt JB0Rs 2 41 by
THAE pH=3.5~4.2 %4F T £ i (Hammarstroma ez
al.» 2003; Santomartino and Webb, 2007), 1M Al &
AW AE pH > 5 I PLUE (Furrer et al.» 2002;
Kim» 20150 FEF BRI, X A SCi i s (1 45 1
Bl R

1E A HKFE Fe I8 2 8K(6.71~74.8 mg/
L, % 1D, TR 41K FE oK WA AR £ 76 A4 1, BRI
ATHEAF LR VAR, w78 0 RS v i H Y AT
WROE B PE(pH =7.35~7.43). 7EIE TNO04
(JFUKFE Fe & 74.8 mg/L, pH=2.89) " WA /b &
FEEMCE 200, RMUFAELBA T SOF- 5 Cc2' &
FAT WA, A0 TR AT -
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Fig. 6 Photo (a) of electron microscope and electron image (b—~g) of electron back scattered diffraction of an
experimental material particle CTN005)

B A KFEMI LR, B /KR Fe SR B ER
=(1029~1033 mg/L, & 1), I HA K AR
FLEMKE . 15 B KRR Z ], 71K/ T7 A
W Ca2 ™ J COF™ MY 1L, 75 A A i e
J pH AR = B BE A (COF ™ HAE i HY O Ca? ' ik
et WL, fEA K 3R pH EA AT RETH = 2 > 5,
5 AlMCAL ZEAYDIREDIE . B, A K ER
MRAEN Ca* W SOF 4G A E
VEo B AN Z AT E UTTE B % W 55 A0 ACH 1)
FET, BEL 1k T A0 K I Ak SRR AR, R AT K
W7o Z G, DA KA B PR RN CO3~ =AW,
ARER ot AR ) H, AR pH {E RS A L
TH(3.01~3.23, 3 20, 4R IR Ve Iz, A8 14k
BAE W IR SOF~ RSB FE , AT Tt s 2 40
DUUE— Tt BRT B A — e B Ik SOF W Fe IR
PEHE W (pH=2.8~3.) F AWM (LR 4%, 2009;

BOIASE, 2011, A % T A0 I 4R
DUBE IR I I & AL AHFUA 5 2, T2 e
FIR A AZ I IR AR AL T 45 44

SR, T Fe W FERE i S R B0tk 1) B A
R K Gy A A K 4 e AR AR L e A . AR, 5 Bk
[ R U8 A1 A HL X AT (& JB A L, A KCE BT Fe
i) & s (K R Fe 10.62%, S
5.70% ), T ILAT & 0 KRR ALY & A A0 5 7T AR K
11 Fe W IR MK, 5 5 806 KA B, B H
AP TR L PR KR TS J 1 I, N B 8

A A AR B2 IR ER ™ LR K CAMD) H
Fe PE PR AEAK Fe WM AMD 1, kA 58
R LLAR B A7 A 15 BLUR R I R R BT 78 73 h RN
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