TIEEXE, H3eH, M13, 27-38, 2003
Econ. Environ. Geol., 36(1), 27-38, 2003

S0 1Y d|ao| AESH - SIH £ H & 7isy Yot

OIEN* . YFE? . FHE - B!

Aok A FA <Dt 2l ee BF o

Mineralogical and chemical characterization of arsenic solid phases in weath-
ered mine tailings and their leaching potential
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Arsenic contamination around Au-Ag mining areas occurs mainly from the oxidation of arsenopyrite which is
frequently contained in mine tailings. In weathered tailings, oxidation of sulfide minerals typically results in the for-
mation of abundant ferric (oxy)hydroxides or (oxy)hydroxysulfates near the tailings surface, and arsenic may be
associated with these secondary precipitates. In this study, solid phases of arsenic in weathered tailings of some Au-
Ag mines were investigated through the SEM/EDS and sequential extraction analyses. The stability of As solid
phases and the leaching potential were assessed with the variation of pH and Eh conditions. Oxidation of sulfides
in the tailings samples was indicated by depletion of S molar concentrations compared to As and heavy metals.
Under XRD examinations, jarosite as an Fe-oxyhydroxysulfate was found in the tailings of Deokeum, Dongil and
Dadeok, and scorodite as an As-bearing crystalline mineral was identified from Dadeok which has the highest con-
centration of As (4.36 wt.%). Beudantite-like phases and some Pb-arsenates were also found under SEM/EDS anal-
ysis, and most of As phases were associated with Fe-(oxy)hydroxides and (oxy)hydroxysulfates despite a few
arsenopyrite from Samgwang and Gubong. Sequential extraction analysis also showed that As was present predomi-
nantly as coprecipitated with Fe hydroxides from Dongil, Dadeok and Myungbong (72~99%), and as sulfides (58%)
and Fe hydroxide-associated forms (40%) from Samgwang and Gubong. In the tailings leaching experiment, As
was released with high amounts by the dissolution of As-bearing Fe(oxy)hydroxysulfates in the lowest pH (2.7)
conditions of Deokeumn, and by desorption under alkaline conditions of Samgwang and Gubong. Higher leaching
rates of arsenite(+3) were found under acidic conditions, which pose a higher risk to water quality. Changes in pH
and Eh conditions coupled with microbial processes could influence the stabilities of the As solid phases, and thus,
lime amendments or landfilling of weathered tailings may result in enhanced As mobilization.
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Table 1. Sequential extraction procedure for As-bearing solid phases.

Step Extractant Target Phase Ref.

Mg IM MgCl,, pH8, 2h, 25°C ionically bound Keon et al. (2001)

PO, IM NaH,PO,, pHS, 16h, 25°C strongly adsorbed Keon er al. (2001)

NaOAc 1M NaOAc, pHS, 5h, 25°C coprecipitated with carbonates Tessier et al. (1979)
0.2M ammonium oxalate/oxalic acid, pH3, coprecipitated with amorphous Fe oxyhydrox-

OX b, 25°C in dark (wrapped in Al foil)  ides Keon et al. (2001)
0.3M Na-citrate/1.0M Na-bicarbonate/Na- . . . .. Loeppert and Inskeep

CBD dithionite coprecipitated with crystalline Fe oxyhydroxides (1996)

AR. aqua regia (36% HCI+62% HNO;) sulfides and remaining recalcitrant As minerals Ure (1995)

Table 2. Total chemical compositions (wt.%) of the tailings samples.

Deokeum Dongil Dadeok Myungbong Samgwang Gubong
SiO, 71.6 57.3 60.1 87.0 85.1 83.8
AL O, 10.2 10.2 4.78 449 5.12 5.06
Fe, O3 3.80 12.9 10.6 345 2.81 3.40
MnO 0.05 <0.01 0.02 <0.01 0.03 0.03
CaO 0.53 0.14 1.06 0.05 0.59 0.78
MgO 0.16 0.41 0.83 0.52 0.83 0.98
Na,O 0.55 0.29 0.14 0.06 0.24 0.24
K,0 523 6.12 1.64 1.30 1.59 1.52
TiO, 0.17 0.48 0.19 0.29 0.18 0.23
P,Os 0.02 0.13 0.03 0.05 0.05 0.05
LOI 5.54 7.37 11.1 1.99 1.73 221
total 97.9 95.3 90.6 99.2 98.3 98.2
total S (wt.% as FeS) 4.66 2.39 3.73 0.008 0.36 0.52
total C (wt.% as CaCOj) 1.00 1.75 2.00 1.92 2.58 325
As (mg/kg) 200 5,010 43,600 4,550 3,620 2,530
Pb (mg/kg) 2,380 2,540 7,040 656 562 2,000
Cu (mg/kg) 126 2,050 334 14 40 154
Zn (mg/kg) 976 530 850 18 1,470 1,040
M* (mmol/kg) 31.0 119 634 64.4 74.1 61.7
total S (mmol/kg) 531 272 426 0.9 41.5 583

*sum of As. Pb. Cu and Zn molar concentrations.
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Fig. 1. XRD patterns of the bulk tailings samples. M:
micas, K: kaolinite, J: jarosite, S: scorodite, Q: quartz, F:
feldspar, C: calcite.
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Table 3. EDS results for As-bearing phases in the tailings (atom%distandard deviation).

. . . Pb-arsen- As-bearing Fe (oxy)hydroxides

scorodite beudantite arsenopyrite ate or (oxy)hydroxysulfate

Dadeok Dongil Dadeok Samgwang Gubong  Gubong Dongil Myungbong Samgwang Gubong
(N (N=3) (N=4) (N=4) N=6) N=4)  (N=12) (N=T) (N=6) (N=6)
O  73.1743.31 72.4440.66 72.01+1.03 70.8242.93 63.2546.58 73.61143.67 61.1514.68 68.57+1.33
S P<1.0120.22 5.95#0.79 6.0112.02 34.7610.44 33.54+1.69 <1.4240.50  2.60+2.51 <2.7512.98
Fe 13.10£2.74 12.2410.88  3.4431.69 32.95%1.91 36.3143.70 31.8346.51 17.4645.38 22.34#4.21 21.9816.88
As 12.4111.64 3243094 3.58£1.26 32.29+1.51 30.15#2.30 9.6512.30 2.08+1.26  3.1140.97 6.2310.39 3.0942.22
Pb 3.9440.43 3.2940.77 13.661+1.21 <1.5141.18 0.8740.25 <2.4341.67
Cl 2.61140.50 <0.97
K <0.36 <0.5040.13 <0.924).15
Si <1.5641.32 <1.10 <2'6(7)ﬂ)'3 <1.2740.73 <1.374£1.46 1.8610.80 <1.78+1.04
Al <0.98 <234 <0.9010.59 <3.92 <2.9611.70
Cu <2.3040.13 <0.31
Zn <1.6010.37 <2.2§ﬂ).0 5.2740.35 <1.4210.13
Ca <031 <0.5610.17 2.1840.40 <1.5940.78
P <0.53
Br <1.70 <0.90 <0.8340.37 <0.65 <0.83

“number of analyses.

"The sign “<” indicates that a particular element was detected in at least one analysis but was below the detection

limit in some other analyses.
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Fig. 2. Ternary diagrams for As-Fe-S, Pb-As-Fe and Pb-Fe-S from the EDS analyses of As-bearing phases in the tailings.

Table 4. Sequentially extracted As concentrations in the tailings samples (mg/kg).

Mg PO, NaOAc Ox CBD AR. sum recovery(%)*
Deokeum 24 <2.0 6.9 12 42 133 196 98.3
Dongil 2.0 9.3 143 3,980 438 1,620 6,060 121.0
Dadeok <2.0 [5.2 12.3 31,980 1,570 13,120 46,700 107.1
Myungbong 8.2 <2.0 13.9 4,380 233 34 4,670 103.6
Samgwang 12.1 7.2 13.7 427 1,210 2,320 3,990 110.1
Gubong 4.6 7.0 153 439 815 1,830 3,110 122.6

*recovery(%) = [sum/aqua regia-digested concentration] x100.
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Fig. 3. Some solid phases of As in the tailings samples from the SEM/EDS analyses. (a) scorodite (brighter area) from
Dadeok, (b) beudantite-like phase from Dongil, (c) aggregates of scorodite, and As-Pb-bearing phases from Dadeok, (d)

arsenopyrite with an altered rim from Samgwang.
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Fig. 4. Chemical fractionation patterns of As in the tailings
(DK: Deokeum, DI: Dongil, DD: Dadeok, MB: Myung-
bong, SG: Samgwang, GB: Gubong).
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Table 5. Analytical results of the tailings leaching experiment.
y Eh As(total) As) Fe Ca Al Mn Mg Na K Cd Cu Pb Zn SO, HCO,*
PP mv ng/l  upgl mg/l mg/l mg/!l mgl mg/l mg/l mg/l mg/!l mg/l mg/l mgl mg/l mgl
Deokeum 2.7 532  451.8 1767 149.0 516.7 729 223 6382 032 028 063 238 204 748 2,560 -
Dongil 29 514 238 6.6 282 3.05 057 040 096 030 0.4 004 123 025 312 1098 -
Dadeok 3.0 460 804 222 4.87 7572 142 041 101 132 016 005 0.71 151 295 1460 -
Il:f)g‘g' 40 451 387 10 020 117 005 010 037 039 055 0.04 014 026 <0.01 942 -
»szrnngg_ 81 337 6233 46 025 508 <0.01 005 029 032 196 006 007 014 009 1.77 203
Gubong 85 311 4090 <0.1 007 41.6 <0.01 0.05 1.15 095 213 005 008 0.06 <0.01 59.6 23.7
-: not analyzed.
gk A 2 FEdME F8kE Jel(58.2~58.8%)) USE HAF(Fig. 5).
A4A AplE Z23HE(262~303%)7 #=2 U
ERta Qloh. 4 £ ¢

34, HA B

) £EHEANN 9 #0792 pHR.T)
£ Hyon T4, oY, ¥4 K9] Fu= 29-40
o2 733 23S YESItH(Table 5). =3 95, &
o, e &EYoA FFH Fe, Ca, Al, Mn,
Cu, Pb, Zn 59 o/} AdHez =4 Jehlx
ok ¥hd 4E 9 78 Fv)l= 47 pH 81, 852
A4S JeEpY 2 9 $3% 9489 FE
T dUiEeR vt &% 1A FHHE BE A
solM US. EPA 285 &0 pghE Z3slk=
FTEZ Yehbe 9g, A5, EolA 400 pgl o]
FEER A e Atk £33 vldelA +371 ¥
glo] ¥4 pH7t 71 B 294 391%= 7FF
A Ve ddigke wxnk 39 2 vYoMx
+371 "iAe] Hlgo] A VRt e Aol
ABEANME +37} H]av) QS Jebd &

1

L

100%

80%

60% B
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Fig. 5. Distribution of dissolved As(V) and As(IlI) in the
tailings leachate (DK: Deckeum, DI: Dongil, DD: Dadeok,
MB: Myungbong, SG: Samgwang, GB: Gubong).

4.1, #n|9| X|PEEY 54 ¥ 0 H

Fuy A FEE] FIYEE VA 2 FEE 4
&Ee] g F S S viwsld Wrig 4 Sl
HlA 2 535 4480 5 §ME & S 5=
o} v|Zs] B w(Table 2), oV, B3, %, 78 A
go] He Tt AEHY Jde Aoz Yepiy ols
Fuy #gslgEe) At AYE U A A"
3] YEAANN F S o] ZA Yo FIpt A
QAo 2 7Fg Bo) dofid ZI0E AREy. YA
T 129%° P83 ¥ Fe ¥=2 B o) AN &
ANE 7 A & S Ut deHe] g4 F3kw
AF FalgEe] APyl wol o|FoFE A= A%
toh v A 2 8t 3ol SEM/EDS
JollA] e Ao} Bol "doRlle Ao veht th
off Hlsf driHes TP e ew #
o} gL, 5 ¥ gyl Fojer FEHe=
el AZARIEE 3o F483e & pH(<
2.7) 37elA B AsliEE QA== 29 3)
NEAQ Hp2kstgatd FEo|th(Bigham ¢ dl,
1996).

=
RN
=

(2O R A
!
18

ot

3 FeS,+15/2 H,0+45/40,+K*
— KFes(SO0x(OH)g+4S0,2+9H*  (2)
K* +Fe3* +250,% +6H,0
— KFe3(SO(0OH)s+6H*  (3)
ZH )

ol9] HIEHE S RIHE FHE Aog Adst
o o] ANSIEIE #EL BalIAoM it



Fohgm g wlae] BEIE

Fa AEE A4S F AQk(Jambor ef al, 2000).
mebA] olE AY Fzhgue] FaaelME A pH
7b ddE $E4Y 2 3t
7} olol & Po=z wWadtt) v A 9 7%
dlAE XRD BXolx wsiio] A=A F C &F
o] ¥A UEh} gt FE9] o] AiHoR F
2 Aoz A SE24YdM=E ¢z pHt
ERgeh, el BlAe) 23 A 2 789 fH1E
A3 o] 232}l E, o]9] Ho|dEo|E 2%
FARRE Fel 2 Phulakd FeiE PEEY YA E
FatslE 9 ikl A%E FeulE vepdot
(Fig. 2). 54, o, WE AdoM 231202 A=
2FZTR|E, Ho|GE|E, o9 Al &e 3
FA3lghe] A%tE FuUE Jeile dE5FEE4
oM AaikslEal FHAE FerE 2 verd d3
oF AXF}. A 2 8 A GoXe FHIEM ] F
2 BNEo] 3laty e BAolA gulE FYE v}
R Arkh thE st Frler Uehe AR
Ex fHEAe Asbgoia Adee diEd A
H| At (ferric arsenate) 3E-o]tHDove and Rimstidt,
1985).

o ¥

FeAsS+14Fe** +10H,0
— 14Fe?* +S0,% +FeAsO, - 2H,0+16H* (4)

23gtlolEx W pHel ¥ £5 3 4 vin
e AN Jep 7 & vA dE B
sl Fojol| A fuala Adslel xrie FAE A
o2 Wit} Ho|gEle|Er fuldAs) Hid e
Asigel &allE As, Fe 2 Pbel 2gez 44
2 4 glthiRoussel et al, 2000).

sz + +3F63 ty 8042_ +H 2ASO4- + 6H20
> PbFey(AsO,)S0,)(OH)s+8H" (5)

T3 HolTER|Ex ARARIE (AFey(SO,)y(OH)s,
A=K, Na, NH,, H;0, Ag, Pb, Ca, Sr or Bay# T
ZAH o2 FARBIY ARACIES] A FAEE WA
o] %3k3te] VeR}7)%E §tiJambor and Dutrizac,
1983). o|ZA & o Fg. 3 Co| FRAlgadadols &
FavolES} ) Ald oz wA JERbE A2 Phb-
ALEA]E (plumbojarosite, PhysFea(SO)(OH)gell HIAH
Fo] I UV E X8l Yehs 2o odgich

42. B3t Bole| HA8E THsY
o] @7l YulABSIA B4E PheHE Joz &

<38l 54 2 2F vRsY % 35

FZrolExE H|AgFo] oF 30wt%E AHHLE F
o, Bl4st AgElE B @il 4%
B H]go] o oF Yo L= (stability)} &
oy Hl4e) $2RAEE 2y & 4 vk &=
2riolEgl 7+ AuAMGe FulHo R gl H|
gadog Eol MAE hiehs F71Eont #
U SEu 4] kS HEHHZ A E] ghon
Fe/As BH)7} 875 0 PET 2108 EuiA
Ch(Papassiopi et al, 1996). 181} Fe/As=1:19] =
FZrpolEE F3) ¥ pH(<15) X1 && vt
ol2¢] FE7} 0.01mole/l o1d<l FFolA T s
pH2.4 ol HlZ3Hincongruent) &3utgo=
FASH (2] 6) B FAXNE N 88 vlilele s
gAslAl Ect(Dove and Rimstidt, 1985; Kruse
and Ettel, 1988).

FeASO4 . 2H20+H20
- Fe(OH)3+H2ASO4_+H+ 6)

FeASO4 . 2H20 hd FeOOH+H2ASO4.+H+ (7)

AFgrelES] galEE pHoll =4 ¢j&sPH pH
oF 40004 HA9) 0.05mg As1E Holi olHth @
A H& pH H9(0.90~12.36014 AR)elxe 24
Z7tske e Yeldth(Kruse and Ettel, 1988).
Wl 22 pH 9994 vj49 US. EPA &85
8713 10ugl o)de] S3=E Heojn A3Rr}o]
7 vehbs tuEsgat 3ol dist §&29e] $Ex
804 pglEA 7138 I3 k. o] A7 434
ol ) ZHe) ¥7t 1:1022 AA| "y
ZAe] vigf v Ytle HE s AA B F
T HlA FEE TS 28 F Jor A3rTol
Es} Fupl vlhe] 24318 fusks AT Aol
2§ gLS HoFrh 3 AFAZre|Ee 4153
7ol 2340 HAE FERA FAFAMNE F
A4 Sddez vA7F +37H2] 8) Ee +57
) 9 FEE 822 5 UHRochette of al, 1998).

FeAsQ, - 2H;0+3¢ +5H"

— Fe?*+H,As0.0+3H,0  (8)
FeAsQ, - 2H,0+e +2H*

— Fe?* +H,AsO4+2H,0  (9)

A& zgo) oz AAE AR 232G
°|EZ I3 Na, Ca, Al, Mn 59l ¥ JFE]



=]

36 WY - AFE - AW - B

ek S 888 A5 (Rochette ef al, 1998)°l
A Eh<OmV %719 A3 &8%x7t FeAsO, -
2H,0 = CaHAsO,=Na,HAsO, - 7TH,0>AlAsO, -
2H,0>MnHAsO 22 uehtal X&E SdzziolA
232rjo|Eyt 248 2 4] +37F HAE Ut
2 2o UEE AT F Je AeE Yt vt gl
ot wigh F3hd Fu)e oig ErAgies Ass
2 30 HEA 8 AL L2FICIo|EY AU &
& Aol 9% vjAEEE dod 4 Arh

ARElE e SNEEIged 5 e 33
# vae ABlgAdA doiFes stk & F
ov} pH7F 3] B FHHY Ei= el ol
A 423 F Uk HaEE AFA 53] 99
74e 7P @& pHet I £2H|59] o] won
Fe, Al, Mn, Mg, Cd, Pb, Zn, SOZ5¢ 4= 7}
2 A 8250 ¥AE e AiEE 2 &
AsiEaael A4 galEdoz viar) £&E5E A
o7 FoEn, £3 ARSI e AZAIE
£ pH 5ol o=} gal3g oz o) ket At
312 FEl2 AESu(Catalan e al, 2002) ©] I3
oA RA2APlES F2F B FdE vlavt §24
g Atk 10).

KFe3(S0,)(OH)s+30H
— 3FeOOH+K*+250,+3H;0 (10)

Z 24 ool dzds ETE 93 MI5Fe I
Aol v)ie] AEF 7ol Ut

3, dZ)A pHE Hole 45 2 78 Fvld
Ae £29 3 9 245 32U Aigez A
ER} H4AslEe) ol wdt Fely &3 Jelg A%
A vart g3Ho] 829 Zog B £ itk T
& 9253 gy g0l AFTE Hole Hliw Ar
Abslgol it F2hikgo] pHell ZA <|E3hy ¢z
A A g2HE = ArHRaven of al, 1998).

2 dAFore AsHEA)EH0NA e HAagES
AFsig oy} Qg ReM FeFe AFAEES
A gkom A Bl7F dojd & AUrh Ywk
Aoz AlEg A9 A mE Jue] YNk
2 05— N0 — Mn(V)&e — Fe(DE-e - SO~
FY-CHMEE Z9 £08 dojuyn(Stumm and
Morgan, 1996), 3v|¢] ¢ ZAige] s Hon
A 2 gk 2skgo| Ao s FHReEE 2R3k
oA F4=xlslEe] gukgo] g9t oa AsH
dold 4= glrk EF n|YEo] =go) o5 it}

B9 @94 gof v S3lEod 4 Qlrk vAE
EE AREr) @& FAslEont 3EA, HHN T
9] Fe(l) 3922 AU E de o|sh d-gel 2
el 2] o}(dissimilatory iron-reducing bacteria; ©}%-&%
Aa=, 20000 <l8] AP AFB|E Bk ol
2} ¥ A FpAeHE (ferrihydrite)e] -9/ &) ®t
S0z iyt &&¥HE AeE BHyd H# o
(Cummings et al, 1999; Jones ef al, 2000). ©] 7
$ H)43k9] ahEE]ofe] FeFolut +57F H|Ae| +37t
29] kgl 9% £EATE AUFeR W2 A
o2 yehis dgatalEe #94d 88iugol 54
H)A8% 712le 2 ¥ 7EtH(Langner and Inskeep,
2000). ol el B A S5/ (detoxi-
fication) B]42H BlH|E]olr} HlA EF0) wRe
go] & Aow YeEhtAUYMacur ef al, 2001), X8}
P T nagEo] Bk oo 9 As-CO
2348 complexation) ¥r-gof wE ¥ASEKim of
al. 2000), = A4ateHE ERGA Fe()-HCO, 23}
g a2l 28] ¥t AlAE] S-EF=(Appelo ef
al, 2002) 2% 713e] AANEHZ J71= 3ic}, 0|9
o] e 2o} BAFAAAM Y AFislE =
£ FBlEkge] 28 vavt 8&Ee 1FE o
A UEld 4 9lom Fslgvel] sl pHE ol
7] $18l X3E T vigeE pH 2 Eh 37
o] WA " At vihe & steAol Bk
At Bol FIFE 24 vlae AFPH R A
FAZ FASe] LWl e 4 9o s
Aol e FEE AFHE FE o) girde
2 AsrAcA S8 dhur olegrrt o &
3] +37) Bl ¥ BA02 23l AwEdMz
747 ko] A vElE 4 Atk McCreadie et al,
2000).

5d £

Fu) AR BB Brlo)y Blae] mgos
Fu184 olelel] szmriolEr} 7 AYY FER
Uehjel ole) Q% molgElolEs} Rk 293
Poulaie WEE HVE @ Auides Fah
27 A9E Ao DAEE 5Y, o8 N WY Y
B ol AENSE Fe FAEEad Feel
vhiRe] ulavt Agsel vehin shobd e 24
oN WaakskEe] 3RV Felz Uepdey, oleid
AruslE T FEER gee] vae 33 pH
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7b v BAERFo g2 $RGHE B 78
SabhellA 2HE gsiddold gaddes 455
AS- +37 vlAY g A
epdtth E3 FEET ARRICE <lEle pH, Eh F

Asletd 7ol wsrt BAlg g Fs) **DILH

g HlAe] HEe) dFE & F °‘B}. ufaha] H]Ae]
Qo] o= HFA AHe| AL AFFTANE
AL o]Hel| ¥)ie] 8- 7l—o—*é°ﬂ st Hrizb
AgYElojof sttt o] AelMe AR Fale) FuE
o] &3l ME 1 BAE Hwal ot B o
7Fe YaMe Bt A AR 2 BHE §
3 At Hv|e] FIATe Ax, diEHE &Y
4 o]lF Hlhe] AF Foll e A7t Fasi)

A A

E Av= 2001 S=8ke R A (KRE-2001-015-
DP0594) 9748} w35 X9 BK 21 FAAZAF
ARdEe] x)glel gJsf o]Foiirt.

HIES

did A 7] 7 (2000) B84 Aol FHESgS] F

%%01] ik 9 - A Bt #e A A
87324, 3349, p. 91-100.

A -"* 7‘43_{5“ $Eoby, 7A7AE (1999) 78 5234 +
‘*‘Z o] vld © FFE] 28 FAH 9 vzpEe
FrE4. %P%Xh*ﬂﬂﬂ, 364, p. 159-169.

olF-&, WEH (2000) YAie] A18}etd Aol v)A=
wheglote] Fak XHLU AEgste] HZ AT FF. A
2873214, 334, p. 353-365.

0]21%, Klinck, B.A., Moore, Y, A&8 (2000) th=lsd
b FRAIGM Y B E] EeE E AAFE
T, ﬂmﬂﬁﬂﬂ 334, p. 273-282.

ojz8], o|dF, AT (2001) EHFA FAlol] HEas
EDEREEL) ZHLE}@‘P%* £, °13H4 o 3 %
S5 A%, AR, 349, p. 39-53.

Appelo, C.AJ., Van Der Weiden, M.J.J., Tournassat, C.
and Charlet, L. (2002) Surface complexation of fer-
rous iron and carbonate on ferrihydrite and the mobi-
lization of arsenic. Environ. Sci Technol., v. 36, p.
3096-3103.

Bigham, J.M., Schwertmann, U., Traina, S.J., Winland,
R.L. and Wolf, M. (1996) Schwertmannite and the
chemical modeling of iron in acid sulfate waters.
Geochim. Cosmochim. Acta, v. 60, p. 2111-2121.

Carlson, L., Bigham, J.M., Schwertmann, U., Kyek, A.
and Wagner, E (2002) Scavenging of As from acid
mine drainage by schwertmannite and ferrihydrite: a
comparison with synthetic analogues. Environ. Sci.
Technol., v. 36, p. 1712-1719.

Catalan, L.J., Buset, K.C. and Yin, G. (2002) Reactivity of
oxidized sulfidic mine tailings during lime treatment.

k2

L 54 2 8% K Wb 37

Environ. Sci. Technol., v. 36, p. 2766-2771.

Cummings, D.E., Caccavo, EJr., Fendorf, S. and Rosen-
zweig, R.E (1999) Arsenic mobilization by the dis-
similatory Fe(IIl)-reducing bacterium Shewanella alga
BrY. Environ. Sci. Technol,, v. 33, p. 723-729.

Davis, A., Early, LE. and Helgen, S. (1999) Assessing
the efficacy of lime amendment to geochemically sta-
bilize mine tailings. Environ. Sci. Technol., v. 33, p.
2626-2632.

Dove, PM. and Rimstidt, J.D. (1985) The solubility and
stability of scorodite, FeAsO,- 2H,0. Am. Miner,, v.
70, p. 838-844.

Jambor, J.L. and Dutrizac, J.E. (1983) Beaverite-plum-
bojarosite solid solution. Can. Miner,, v. 21, p. 101-
113.

Jambor, J.L., Nordstrom, D.K. and Alpers, C.N. (2000)
Metal-sulfate salts from sulfide mineral oxidation. In
Alpers, C.N., Jambor, J.L. and Nordstrom, D.K.(eds.)
Reviews in mineralogy and geochemistry, Volume 40,
Sulfate minerals, Mineralogical Society of America,
Washington, DC, p. 303-350.

Jones, C.A., Inskeep, WP and Neuman, D.R. (1997)
Arsenic transport in contaminated mine tailings fol-
lowing liming. J. Environ. Qual., v. 26, p. 433-439.

Jones, C.A., Langner, H.W, Anderson, K., Mcdermott,
TR. and Inskeep, WP (2000) Rates of microbially
mediated arsenate reduction and solubilization. Soil.
Sci. Soc. Am. J., v. 64, p. 600-608.

Jung, M.C., Ahn, ].S. and Chon, H.T. (2001) Environ-
mental contamination and sequential extraction of
trace elements from mine wastes around various met-
alliferous mines in Korea. Geosystem Engineering, v.
4, p. 50-60.

Keon, N.E., Swartz, C.H., Brabander, D.J., Harvey, C. and
Hemond, H.E (2001) Validation of an arsenic sequen-
tial extraction method for evaluating mobility in sed-
iments. Environ. Sci. Technol., v. 35, p. 2778-2784.

Kim, J.Y,, Kim, KW, Lee, J.U., Lee, J.S. and Cook, J.
(2002) Assessment of As and heavy metal contam-
ination in the vicinity of Duckum Au-Ag mine, Korea.
Environ. Geochem. Health, v. 24, p. 215-227.

Kim, M.J., Nriagu, J. and Haack, S. (2000) Carbonate ion
and arsenic dissolution by groundwater. Environ. Sci.
Technol., v. 34, p. 3094-3100.

Kruse, E. and Ettel, VA. (1988) Solubility and stability of
scorodite, FeAsO; 2H,0: new data and further dis-
cussion. Am. Miner, v. 73, p. 850-854.

Langner, H.W. and Inskeep, W.P. (2000) Microbial reduc-
tion of arsenate in the presence of ferrihydrite. Envi-
ron. Sci. Technol., v. 34, p. 3131-3136.

Loeppert, R.H. and Inskeep, W.P. (1996) Iron. In Methods
of soil analysis. Part 3 Chemical methods. Soil Sci-
ence Society of America and American Society of
Agronomy, p. 639-664.

Macur, R.E., Wheeler, ].T., Mcdermott, TR. and Inskeep,
W.P. (2001) Microbial populations associated with the
reduction and enhanced mobilization of arsenic in
mine tailings. Environ. Sci. Technol., v. 35, p. 3676-
3682.

Masscheleyn, PH., Delaune, R.D. and Patrick, WH.Jr.
(1991) Effect of redox potential and pH on arsenic
speciation and solubility in a contaminated soil. Envi-



38 - AT
ron. Sci. Technol., v. 25, p. 1414-1419.

McCreadie, H., Blowes, D.W,, Ptacek, CJ. and Jambor,
J.L. (2000) Influence of reduction reactions and solid-
phase composition on porewater concentrations of
arsenic. Environ. Sci. Technol., v. 34, p. 3159-3166.

Nesbitt, H.W,, Muir, L. and Pratt, A.R. (1995) Oxidation
of arsenopyrite by air and air-saturated, distilled
water, and implications for mechanism of oxidation.
Geochim. Cosmochim. Acta, v. 59, p. 1773-1786.

Papassiopi, N., Vircikova, E., Nenov, V, Kontopoulos, A.
and Molnar, L. (1996) Removal and fixation of arsenic
in the form of ferric arsenates; three parallel exper-
imental studies. Hydrometallurgy, v. 41, p. 243-253.

Pokrovski, G.S., Kara, S. and Roux, J. (2002) Stability and
solubility of arsenopyrite, FeAsS, in crustal fluids.
Geochim. Cosmochim. Acta, v. 66, p. 2361-2378.

Raven, K.P, Jain A. and Loeppert, R.H. (1998) Arsenite
and arsenate adsorption on ferrihydrite: kinetics,
equilibrium, and adsorption envelopes. Environ. Sci.
Technol., v. 32, p. 344-349.

Rochette, E.A., Ki, G.C. and Fendorf, S.E. (1998) Sta-
bility of arsenate minerals in soil under biotically gen-
erated reducing conditions. Soil. Sci. Soc. Am. J., v. 62,
p. 1530-1537.

3ol -

85

Ha

Roussel, C., Neel, X. and Bril, H. (2000) Minerals con-
trolling arsenic and lead solubility in an abandoned
gold mine tailings. Sci. Tot. Env, v. 263, p. 209-219.

Smedley, PL. and Kinniburgh, D.G., (2002) A review of
the source, behaviour and distribution of arsenic in
natural waters. Appl. Geochem. v. 17, p. 517-568.

Stumm, W. and Morgan, J.J. (1996) Aquatic chemistry
(3rd ed.), John Wiley & Sons, Inc., New York, 1022p.

Tessier, A., Campell, PG.C. and Bisson, M. (1979),
Sequential extraction procedure for the speciation of
particulate trace metals. Anal. Chem., v. 51, p. 844-
851.

Ure, A.M. (1995) Methods of analysis for heavy metals in
soils. In Alloway, B.J.(ed) Heavy metal in soils.
2nd(ed.), Chapman & Hall, Glasgow, p. 58-102.

USEPA (2001) National primary drinking water regu-
lations; Arsenic and clarifications to compliance and
new source contaminants monitoring. Federal Reg-
ister, v. 66, p. 6976-7066.

Yalcin, S. and Le, C. (2001) Speciation of arsenic using
solid phase extraction cartridges. J. Environ. Monit.,
v. 3, p- 31-85.

20029 11¢ 122 A3, 20034 29 18U AR



