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Influence of reduction reactions and sosljjd-phase cornposition on 
porcwater concentrations of arsenic 

MANAGEMENT PERSPECTIVE 

This work supports the ESD Issue Conserving Canada's Ecosystems (metals) and the business 
plan deliverables Thrust ‘#3 (groundwater remediation). - 

Migration of acid and metals from mine environments is a severe ‘problem in Canada and the 
world. Thisproject was initiated in 1995 to evaluate processes controlling the fate of arsenic in 
the Campbell Au mine tailings in western Ontario. Arsenic is being released frorn the tailings 
through reductive dissolution reac'tions,_ resulting in extremely high concentrations of arsenic in 
the tailings pore waters. Concentrations of arsenic decline where tailings pore ’wa,te_;r _contacts an 
underlying peat layer. Despite this removal, sufficient arsenic is entering the adjoiningv aquifer to 
be of concern. Funding for the project was provided by Placer Dome North America, Campbell 
Mine and NSERC. 

Initiate detailed studies of processes controlling arsenic transport in the adjoining aquifer." These 
studies will be funded jointly ‘by Placer Dome North America, Campbell Mine and the Toxic ' 

Substances Research Initiative.



Influence des réactions de réduction et de la composition de la 
phase solide sur les concentrations d'arsenic des eaux interstitielles 

SOMMAIRE A DE LA DIRECTION 
On a effectué cette étude dans le cadre du secteur d‘activité « Conservation des écosystémes au 
Canada (métaux) » pour le développement durable et du point n° 3 des résultats escomptjés dans le plan 
d'entreprise (Assainissement des eaux souterraines). 

La migration des composés acides et des métaux dans le voisinage des mines cause de graves 
problémes au Canada et dans le reste du monde. On a ent_repn's ce projel en 1995 afin d'évaluer‘les 
processus régissant le devenir de l'arse'nic des résidus de la mine d'or de Campbell, dans l'ouest de 
I'Ontario. Ces résidus llbérent de l'ars‘en,ic par des réact_io_n_s de dissolution en milieu réducteur. qui créent 
des concentrations extrémement élevées d‘arsenic dans les eaux interstitielles des résidus. Ces 
con,cent'rations diminuent aux points oil ces eaux interstitiellesvsont en contact avec une couche 
sous-jacente de tourbe. Malgré ce processuis d'éIimi'nation, des quantités suffisantes d'arsenic pénétrent 
dans l'aquifére adjacent pour susciter des préoccupat_i_or__ls, Placer Dome North America, Campbell Mine 
et Ie Conseil de recherches en sciences naturelles et en génie (CRSNG) contribuent au finance_me_nt de 
ce projel. 

On doit entreprendre des études détaillées sur les processus régissant le transport de l'a_rsenic dans les 
aquiféres adjacents. Placer Dome North America, Campbell Mine et l'lnitiative de recherche sur les 
substances toxiques assureront conjolntement le financement de ces études.
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ABSTRACT 
An increasing amount of attention is being focused on the effects of arsenic on health and the 
factors that control its mobility in groundwater. The release andtransport of arsenic below the 
water table in the current tailings impoundment at Campbell Mine in Balmertown, ON, Canada 
are controlled by the reduction of ferric oxide phases within the, saturated tailings. The activityof 
chemolithotrophicbacteria is indicated by enriched 534$-S04 ratios, high alkalinity, depleted 613 C- 
CO3 ratios, and low S04 concentrations, all of which are consistent with bacterially mediated Fe 
and S04 reduction, The concentrations of Fe and ‘As in the tailings porewater increase with depth. 
This increase is attributed to the bacterially mediated reduction of As—rich hematite and 
maghemite, The_.rnaximurr_1_ concentrations of Fe and As are 20 and 100 mg/L, respectively. At the 
bottom of the irr1pou.ndrnent_; As concentrations decrease sharply to 0.-3 mg/L. decrease in 
concentration is attributed to reprecipitation of the As as a diegenetic As-bearing sulfide phase.



RESUME 

on se préoccupe de plus en plus des effets de l'a_rsen_ic sur la santé et-des facteurs qui régissent sa 
mobilité dans Ies eaux souterraines. Dans ie bassin d‘accumu|aiion de résidus actuel de la mine 
Campbell de Balmeflown (Ontario), Canada, Ia Iibération et le transport de I'arsenic sous la nappe 
phréatique dépendent de la réduction des phase d'o'xyde ferriquei dans les _rés_idus»safurés d'eau. 
L'activité des bactéries chimioV|ii_hot_rophi_ques est mise en évidence valeurs plus élevées des 
rapports 634$-‘S04 et de l'aIcaiinité, ainsi que par des valeurs plus faibles des rapports 6130-CO3 et des 
concentrations de S04, qui appuient toutes I'hypothése d'une réduction du Fe et du S04 par des 
réactions bactériennes. Les concentrations de Fe et d'As des eauix i_nterstitielles des résidus augmentent 
en fonc_tion de la profondeujr, et on attribue cette augmentation a des réactions de réduction bactériennes 
de lf"hé'rnat_it_e et de la maghémite riches en As. Les concentrations maximales de Fe et d'As sont 
respectivement de 20 et de 100 mg/L. Au fond du bassin a résidus, Ies ooncent'r‘atio'ns d'As chutent a 0,3 
mg/L, une forte-diminution attribuée a la reprécipitation de l‘As sous forme de phase sulfurée 
diagénétique componant de I'arsenic. 

vn—:—————m—Qm——nI———i—i—
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An increasing amount of atte_ntion_ is being focused on 
the effects of arsenic on health and the factors that control 
arsenic mobility in groundwater. The release and transport 
‘of arsenic below the water table in the current tailings 
impoundment at Campbell Mine in Balmertown, ON, Canada, 
are controlled by the "reduction of ferric oxide phases 
withinthe saturatedtailings. The activity of chemolithotrophic 
bacteria is i_nd_icated by enriched 63‘SéSO4 ratios. high 
alkalinity, depleted 6‘3C=C03 ratios, and low S04 
concentrations, all of which are consistent with bacterially 
mediated Fe and $04 reduction. The concentrations of 
Fe and As in the tailings porewater increase with depth. 
This increase is attributed to the bacteriallyrnediated ‘reduction 
of As-rich hematite and maghemite. The maximum 
concentrations of Fe and A5 are 20 and T00 mg/L, 
respectively. At the bottom of the impoundment. As 
concentrations decrease sharplyto 0.3 mg/L. This decrease 
in concentration is attributed to reprecipitatlon, of the As 
as a diagenetic As~bearing sulfide phase. 

introduction 
Arsenic has been documented in groundwater at c.o.n_c.entra— 
tions o_f 008-48 _mg/L, up to 3 orders of magnitude greater 
than the U.S. EPA drinking water limit of 0.050 mg/,1. (1, A 
Some of these elevated concentrations are associated with 
nickel, cobalt, and gold mines. Many sulfide ore ‘bodies 
‘contain arsenopyrite and other arsenical sulfides that are 
disposed with t_he‘~rnill tailings either as waste products or as 
unrecovered ore minerals. Because the tailings porewater 
from many tailings impoundments enters the subjacent 
groundwater systenfi and because arsenic is rnobile.i_n_ r_n__a_ny 
groundwater environments, the potential transport of arsen ic 
from tailings impoundménts into grotmdvi/'ater systems is 
an environmental concern. 

Arsenic-bearing solids may occur as reduced phases or 
as oxidized Reduced phases, such as arsenical 

‘ Corresponding author present address: Waterloo Hydrogeologic. 
180 Columbia Street West-Unit 1104, Waterloo, Ontario, Canada, 
N2L SL3; telephone: (519)746-1798; fax: (519)885-5262; e-mail: 
hmccreadie@flowpath.com. 
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FIGURE 1. Simplified flow sheetlor a mill process with an oxidation 
circuit this c.i.rc.u.i.t. oxidizes a suIfi.d.e co_n.ce.nttate. vvhich is, then. 
leached. The residue is discharged to the tailings irnpoundinait 
together with waste (gangue) sulfides from the flotation circuit. 

sulfic_l_es'. are susceptible to oxidative dissolution when 
exposed to oxygen. Several studies, including an investigation 
at the Campbell Mine gold-iailings impoundment in Bal- 
mertown. ON, Canada, have deinonsufated the importance ’ 

of this mechanism (3-5). 
In contrast to reduced phases such as arsenopyrite. 

oxidized phases are potential_ly susceptible to d_i_sso_luti_on in 
the saturated zone. Oxidized phases occur in tailings as a 
resultof oxidation of sulfide concentrates during processing 
(Figure 1). The nature of the oxidized phase is partly controlled 
by the type of concentrate feed and the process used to oxidize 
it.. A common process involves roasting concentrate at high 
te‘mp_e'ratu're to oxidize an'd drive off sjulfur. At the Campbell 
Mine g0I.d—tai.lings impoundment in Balmertown. ON. 
Canada, these oxidized residues contain hematite [ct-Fez0,~,] 
and maghemite [-y-FegO3] with associated arsenic. These 
residues were deposited on organi,c—rich sediments. which 
produce conditions that are conducive to the growth and 
activity of facultative, heterotrophic bacteria. These bacteria 

‘ can reduce Fe(III) in oxidized iron phases, _includi_ng_hernatite 
(6-8). This study characterizes the porewater and solid-phase 
profiles from the Campbell Mine tailings and demonstrates’ 
the influence of __sol_id-phase composition and reducing 
reactions on arsenic concentrations. 

Site Description 
The Campbell Mine gold-tailings irnpoundment is in Bal- 
mertown, ON. about 250 km northeast of Winnipeg, MB, 
(Figure 2). The climate is humid continental, with average 
annual total precipitation of 595 mm. A_ve.r.age monthly 
temperatures range from -21 to 18 °C. __ 

Hydrogeologic. Setting. The bedrock in the area of 
Campbell Mine forms an irregular surface with a relief of 
more than 20 m over distances of a few hundred meters. 
Isolated, ltnob-shaped bedrock out_crops‘have resulted from 
the i_nfill_ing of bedrock valleys by glacial and intergiacial 
deposits. Tliese deposits include glacial till. outwash and 
VOL. 34. NO. "is. 2000 / ENVIRONMENTAL science a r"éc'HNoLocv - 3159
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noun: 2. I.ocation_ or Campbell Mine. 

subwash sands and gravels, and overlying glacial-lake clays. 
Consistent with the regional stratigraphy, the sequence in 
pr"oxir’nity'to the Campbell tailings'ar'eas consists of bedrock, 
silty till, sandy till, sand, silty clay, and peat. 

Tailings Deposition. Taillngs have been deposited in 
several areas near the mine, in‘c_ludin‘g the De_tta Lake area, 
the 7th Street area, the Balmer area, and the Current 
Impoundment. This paper focuses on the tailings in the 
Current Impoundment, which is bounded by three water- 
retaining dar_ns (Figure 3). These tailings cover an ‘area of 60 
ha and are up to 4 m thick. 

Mining. The ore at Campbell Mine is split into two streams 
with a fro_th—flotation circuit Both streams from this circuit 
are leached with cyanide to extract the gold. However, prior 
to cyanide leaching in a carbon-in-pulp (CIP) circuit, the 
sulfide concentrate is oxidized (Figure I). The ore was 
originally oxidized in a roaster (1951-1991) and is currently 
oxidized in- an autoclave (1991—pr_esent). Each of these 
streams hasia distinct mineralogical assemblage that has a 
direct impact on the evolution of the porewater chemistry 
in the tailings impoundment. 

Metliodology
' 

Tailings Solids. Samples of tailings solids were collected at 
14 locations in 5 -cm-diameter», thin-walled aluminum tubing 
using the Starr and Ingleton (9) technique. The cores were 
split in half, wrapped in plastic, and frozen in the field. The 
cores were transported to the laboratory frozen. Selected 
samples were examined using a variety of mineralogical 
methods. Thin sections were examined microscopically in 
both reflected and transmitted light. X-ray" diffraction patterns 
were obtained using a Rigaku rotating-anode d iffractometer 
and Cu X-radiation. As well, numerous pattemswere obtained 
using the Debye—Scherrer method and Co X-radiation. 
Qualitative microbeam analyses and X-ray maps for-specific 
elements were obtained with a JEOL 820 scanning electron 
micr‘os'cope; a JEOL 733 electron microprobe at CANMET, 
Natural Resources Canada, was used to obtain quantitative 
analyses. .Sele_ct_ed samples of the tailings and peat were 
analyzed for “C. The total sulfur content of 86 tailings samples 
was analyzed using a Leco induction furnace. 

Porewater. Porewater samples were extracted from the 
saturated zone by squeezing tailings cores by a method similar 

3160- E_NVlRONME_NTAL SCIENCE 3. TEC_HNOL_OGY Not, 34, No. 15, zooo 

to that described by _Blowes and Jambor (1 (3. Each sample 
was filtered through a 0.45-rim, cellulose—nitr"ate filter. 
Measurements of pH and E}. were made in the field using an 
Orion combination pH_ electrode (model 815600) and an 
Orion platinum redox electrode (model.96-7800BN). The pH 
electrode was calibrated in pH 4and pH 7buffers and checked 
at regular intervals. The E); electrode was checked in‘ZoBel1's 
solution (1 '1) and Light's solution (-12), also at regular intervals. 
Alkalinity titrations were performed in the field withmethyl 
red, bromcresol green indicator, and sulfuric acid using a 
Ha ch_ Chemical Company digital titrator. Two samples were 
collected from each core section: one was acidified with 12 
N, analytical-grade" HCI for cation analysis and the otherwas 
left unacidified‘ for anion analysis. The concentrations of Al, 
Sb, As, Ba, Be, Bl, B, Cd, Ca, Cr, Co, Cu, Fe. Pb, Li, Mg, Mn, 
Mo, Ni, P, K, Se, Si, Ag, Na, Sr, Tl, Sn, Ti, W, V, and Zn were 
analyzed by inductively coupled plasma atomic emission 
spectrophotometry (ICP-ABS). Samples with low As con- 
centrations were also analyzed by atomic absorption spec- 
troscopy (AAS) after hydride generation. Chloride and 504 
were analyzed by ion chromatography (IC). Selected un- 
acid ifled samples were analyzed for N03 by IC, and selected 
acid if ie;d samples were analyzed for NH4 by c_olorim_etry. 
Selected samples were analyzed for dissolved organic carbon 
(DOC) by catalytic oxidationfollowed by infrared detection. 

Porewater samples from the saturated zone were also 
collected from PVC piezometers. The piezometers were 
pumped dry the day before sampling. Measurements of pH 
and Eh were made in a sealed flow—through cell that was 
maintained at porewater temperature. Alkalinity 'w'as,meas- 
ured in the field by the same method as the squeezed samples. 
Aqueous sulfide concentrations were determined in theffield 
using the colorimetric method of Lindsay and Baedecker 
(13). Samples from the piezometers were collected with a 
peristaltic-pump and polyethylene tubing and were filtered 
through a 0.45:-pm, in-line, cellulose-jnitrate filter. Samples 
were acidified in the same manner as the squeezed samples. 
Selected samples were speciated into As(III) and_ As(\’) in the 
field by the anion exchange method of Ficltlln (14) and were 
analyzed by AAS after hydride generation or by ICP—AES. 
Selected sampleswere also collected and analyzed for “S-‘- 
SO. and “C-00; in the Environmental Isotope Laboratory 
at the University of Waterloo. 

Data Interpretation. The porew'ater~ data were interpreted 
with the aid of the equilibrium geochemical model MINT- 
EQA2 (1 5). The thermodynamic database of MINTEQA2 was 
modified to be consistent ‘with that of WA'l‘EQ4F (16). 

Results and Discussion 
The CIP tailings in the Current Impoundment are derived 
from two separate streams within the mill: the tailings from 
the flotation circuit and the oxidized residue from the 
oxidation circuit. Each of these streams has a distinct 
mineralogical composition. 

Flotation Tailings. The flotation tailings consist mainly 
of dolomiteand quartz, reflecting the hydrothermal genesis 
of the ore body, and occur througho'u't the full depth of the 
tailings impoundment (Figure 3). The average composition 
Ql the dfllofiflite (17 = ‘Z 4) ls Cau9soMgo.75aFEoJ41Mno.oii(C03)z~ 
Minor quantities of calcite and ferroan magnesite were also 
detected. Chlorite [(Mg,Fe“)sAl(Si3Al)0ru(0H)s] is the third 
most abundant mineral. Other silicates, namely", rnuscovite 
_[KAlz(AlSl3)O_1p(Ol'l)g], talc [Mg3Sl4O1o(O}‘Dg], amphibole 
[Caz(Mg.Fe)5SigO;z(Ol-[)2], and albite [NaAlSl3Og], occur in 
smaller quantities.

‘ 

Small quantities of sulfides (total sulfur 0._5 wt % as S or 
154 wt % as FeS) occur in the flotation tailings. Pyrrhotite 
IFe._.S] is the most abundant sulfide mineral. Most of the 
pyrrhotite is liberated but some occurs as inclusions in
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silicates. The next most abundant sulfides are arsénopyrite. 
[FeAss] and sphalerite {(zn,Fe)s]_, with much smaller quanti- 
ties of pyrite [FeS;] and traces of chalcopyrite [CuFeS2]. 
Arsenopyrite [FeAs_S] is the main source of arsenic in the 
flotation tailings and occurs mostly as inclusions in s_ilicates. 
Gersdorffite [NiAsS] is also present but only in trace quantities. 
Because it is an active deposition area, the sulfides in the 
Current. lrnpoundment have not yet oxidized, except for 
occasional paleo-oxidation seams. 

Oxidized Residue from the Autoclave. The oxidized 
residue from the autoclave occu_rs in the upper 1.5 m_ofthe 

V 

tailings impo’undme'rit. The mineralogical character of the 
a'u’toclav‘e product is distinct from the roaster but does not 
have a bearing on the geochemical reactions discussed in 
this paper. The geochernistry of this product is described in 
detail by Mccreadie et al. (17). 

Oxidized Residue from the Roaster. The oxidized residue 
from the roaster occurs in the lower 2.6 in (Figure 3) 3 traces 
throughout and as discrete layers. The lowerfineter of tailings 
contains abundant quantities and shallower depths contain 
less. The Asrich phases in. this residuearehenlatite lu—Fez0s] 
and maghemite [y-FezQ3]. These phases occur as porous 

VOL.’ 34, No. 15. 2'ooo/ sMvi'noNM's‘~rAL scI'£M'c”s a TECHNOLOGY - 3161



FIGURE 4, _Ba_c_k-sca_t_te_rfed eiectijon image of porous iron oxide from the roaster. X-ray _r_r_i_aps*sh_ow that iron is evenly distributed througliout 
the grain but arsenic is unevenly distfibuied. The arsenic may be adsorbed. Bar scale represems 10 pm. 

grains (Figure 4) with typical sizes ol"20—50,um. These grains 
have inclusions of a variety of gangue minerals and also have 
a high As content (Figure 4), which varies widely between 
and within grains but is not correlated with the type of iron 
oxide. The As was presumably incorporated during the 
roasting process. No discrete As phases were id_e_nti_fied on 
the surfaces of the grains. and the As is not part of the crystal 
structure. 

Flow Regime within Current impoundment. The hy- 
draulic head in the sand aquifer under the Current im- 
pountirnent is consistently below the pond and water table 
elevation in the impoundment. The downward gradient 
across the clay in the area of South Dam during the su’m‘n'ier 
of 1995 was about 0.3. Consistently downward gradients have 
also been measured within the tailings impouridsment (5), 
No seepage has been observed on the face of the dam. 
indicating downward flow into the underlying sand-aquifer. 

Process Water Parameters. Process water is the water 
that is discharged from the mill to the tailings im poundment. 
The process water within the tailings shows two distinct 
compositions, reflecting the change from the roasterto the 
autoclave in 1991. The autoclave process water seems to be 
confined to the upper 3.5 m of the tailings and is characterized 
by higher concentrations of Ca, Mg, Na, K, and S04 (Figure 
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5). The water below 3.5 m is derived from the process water 
that was discharged prior to commissioning the autoclave. 
A 1.6-m downward displacement of this concentration from 
between 1991 and 1994 is consistent with the downward 
flow direction that has been inferred from the piezometric 
measurements (5). The trends in porewater composition 

. below 3.5 m, including the porewater within the peat, are 
attributed to diagenetic reactions because the measured and 
calculated rate of downward movement indicates that the 
original porewater has already moved through the zonewhere 
these samples were collected. 

Sulfate Reduction. Sulfur isotope analyses show that “S- 
SO4 is enric_hed'in the bottom meter at C23 (Figure 3.This 
sulfate reduction reactionis a diagenetic reaction that seems 
to be altering the original porewater composition. The 
ambient 6348-805 ratio is’ about 6%.: and iricreases in the 
bottom meter to 40%: (Figure 5) , which is indicative of sulfate 
reduction (1 Q . Other locations showsimilar trends (3 .ASulfa,te 
reduction can be written as follows: 

sof" + 2cH2o —~ 2Hco; + HS’ + H* (1) 

The available data are all consistent with the sulfate 
reduction reaction. Dissolved organic carbon occurs in the
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porewater at concentrations that range from 16 to 24 rng/L 
in this zone. indicating that an organic carbon source is 
available for this reaction. Sulfate decreases from 2300 mg/L 
at 3.7 rn depth to 22 rng/L at 5.8 m; alkalinity increases from 
7Z_ to 550 mg/L; and pH decreases from 8.1 to 6.6‘ (Figure 5). 
All of these trends are consistent with‘SO4 redtiction and are 
observed cpnsistenfly through_c_>u.t the Cu.rrent.Impound.men_t 
(Figure 6) and at the south end of the Balmer. area (5). 
Although the decrease in'S,O4 concentrations with depthmay 
be partly attributable to dilution from recharge of urban 
nmoffat_CZ3. the change in isotopic signature indicates that 
much of the decrease is attributable to S0. reduction. In 
other areas of the impoundment, S04 concentrations de- 
crease‘ with depth even though concentrations of Cl do ‘not 
(5). The decrease in S0,, concentrations causes the water to 
become unde_rs_atur_ated_ with respect to gypsum below 3.7 m depth at C23 (Table 1). .' 

Measured d“C~CO3 ratios at C23 decrease from a 
maxirnum of -6 96:) at a depth of 3.0 m to a minimum of 

-20%: at a depthof 5.5 m (Figure 5). The organic carbon in 
the peat has a d‘3C ratio of -27%: Whereas the average (12 = Z) 6‘3.C ratio of the carbonates in thetailings is +0,4%o..The 
depleted 6‘3C—CO3 ratios within" the reducing zone indicate 
that the dissolved inorganic carbon (D10) is ‘a "mixture of 
‘process water-derived and peat-derived sources and that the 
peat-derived Dl_C becomes more prevalent with depth.-',I‘he 
inverse relationships between 6”C—CO;, ratios and (WS- 
SO4 ratios,.and between 6‘-3C—CO3 ratios and alkalinity at a 
depth from 3.0 to 5.5 m suggest that the organic carbon in 
the peat is a source of DlC in the porewater as a result of 80. 
reduction. Depleted 6’3C—CO; ratios probably result from 
bacterial oxidation of the peat and are consistent with the 
observed changesin S04 concentrations. Murphy and Davis 
(19) and Chapelle et al, (20) have made similar interpretations 
of 6‘3C-C0: ratios in the Milk River aquifer. AB. Canada. 
andln the Black Creek aquifer, South Carolina, respectively. 
The Eh values in the sulfate-reducing zone range from 
approximately 50 to l50.r'r’iV (Figure 5), which is higher than 
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TllB[E 1. Satmation lndices lnr Selected Minerals at Selected Depths

d 99"‘
' 

nest (in) calcite dolomite magnesito gypsum sideriie(d) AlAs04 Ca;_(AsO.); Cu;(As0.) FeAsO4 IV|n;(As0.); ierrihydrite h'eir'1'aiite riiaghernite 

C23 2.0 0.615 0.552 -0.456 -0.062 -3.967 -6.534 
3.0 0.238 -0.364 -1.095 -0.050 -0.112 -4.920 
3.7 0.452 0.671 -0.273 1--0.099 -0.250 -5.528’ 
4.5 0.149 0.349 -0.293 -0.751 -3.166 -6.460 
5.0 0.601 1.301 0.207 -1.683 -0.393 -4.825 

czas 5.5 0.286 0.242 -0.636 n.a. 0.040 -1.188 
5.2": 0.067 -0.303 -0.862 -2.112 0.610 -1.000 
6.0 .—0.886 -2.172 -1.779 -2.761 -1.210 -2.380 

:6.0_12 -9.775 -5.221 -6.911 3.429 19.024 10.256 
-6.685 -8.668 -5.800 -7.077 1.735 15.636 6868 
-5.930 -10.024 —5;81O -7.825 2060 16.225 7.457 
-6.675 -10.558 -5.406 —9._628 3,089 18.343 9.575 
-6.351 -8.377 -5.697 -9.140 1.481 15.127 6,359 
-4.963 -4.667 -3.240 -3.882 1.137 14.438 5.670 
-6.358 -5.459 -3.153 -4.278 1.187 14.538 5.770 

-12.145 -8.992 —-6.762 —11.251 -1.035 10.094 1.325 

would be. expected from sulfate—reducing or iron-reducing 
reactions. This result suggests that an analysis of specific 
dissolved constituents is sometimes required to determine 
the geochemical processes that are occurring rather than 
relying on Eh measurements.- 

The cause of t.he increase in 6”C-CO3 at a depth of 5.8 m is" unclear but may be partly due to methanogenesis by 
reduction of CO2 because methanoger_1i_c bacteria preferen- 
t.i3.1_1)' reduce "C-CO2 (1%.

p 

Arsenic.Re1ease Zone. The As release zone occurs near 
the bottom of the tailings impoundrner_1twit_hi_n the zone of 
$04 reduction. ‘At C23, "As concentrations are consistently 
between 0.5 and 1.5 mg/L from 2.0 to 4.5 m depth. At a depth 
of 5.2 m, the As increases to a maximum concentration of 
107 mg/L (Figure 5). This pattern is repeated in five of seven 
profilesthroughout the Current Impoundment (F igure.6), in 
the profile in the Balmer area that overlies peat (5), and in 
a profile in the nearby Detta Lake tailings area (unpublished 
data). The majority of As occurs as As(II1') at C2-3 (Figure 5) 
and in all other profiles (,5). 

‘

' 

Anomalously high concentrations of dissolved Fe also 
occur within the arsenic release zone. At C23, dissolved Fe 
concentrations are consistently between 0.1 and 1.8 mg/L to 
a depth of 5.0 m but increase to a maximum of 15 _n_1g/L at 
a depth of 5.8 in (Figure 5). This pattern is observed in all 
profiles throughout the Current Impoundment (Figure 6) 
and in the Balrner area profile that overlies peat (5). (Iron 
was ‘not determined for the Detta Lake profile.) 
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One possible source of Fe and As is the oxidation of 
arsenical sulfides that are contained within the tailings. 
However, mineralogical analysis of three tailings cores 
revealed only minor paleo-oxidation rims on some of the 
sulfide grains, indicating that the sulfides are not significantly 
oxidized within the Cun'ent Irnpoundment tailings. These 
sulfide minerals, therefore, are not the source of Fe and As 
observed in the porewater. 

The most _likely source of the high concentrations of 
dissolved Fe and As in the reducing zone is dissolution of 
porous texture. hematite and maghernite in the roaster 
tailings. Reductive dissolution’ is inferred because these 
minerals are relatively insoluble_. laboratory experiments w_i_th 
hematite indicate that dissolution rates are orders- of 
magnitude greater in the presence of a reductant (Z1). Biotic 
reduction of fenic oxides has been demonstrated in labora- 
tory studies with pure cultures of bacteria (6), in laboratory 
studies‘ with bacterial cultures from anoxic lake sediments 
(8); and in a field study of groundwater systems (7). The 
enriched 6“S-SO; ratios in the bottom meter of the Campbell 
t_ai_lings suggest that sulfate-reducing bacteria are active in 
this zone. Reduction ofthe roaster—deriv'ed ferric o”xides*ca'n 
be described by 

2Fe2O3-xH3AsO3 + 01420 + 711*- 
me“ + I-IC03‘ + 41120 + 2XH3AsO3 (2)



where Xis the amount of (nonstructural) As associated with 
the hematite grains in the roaster tailings, ’ 

Moore etal. (za _and‘Moncure et al. (2.3 hypothesized a 
similar reaction to explain As release in the reducing zone 
of the Milltown Reservoir sediments, and Postma (24) 
suggested that a/s_imi_lar reaction occurs in swamp sediments. 
Notably, this reaction seems to be occurring even though 
theequilibrium calculations indicate that the porewater is 
supersaturated with respect to the iron oxide phases hematite 
and maghernite (Table 1) 

Some of the Fe that is released by reaction 2 remains in 
solution rather than precipitating as an Fe-S phase. The 
inverse relationship between dissolved S04 and Fe concen- 
trations suggests thatthe supply of dissolved sulfide from 
304 reduction is insufficient to. precipitate all of the Fe as a 
sulfide phase. 

The occurrence of abundant hematite .,and maghemite 
within the S04-reducing zone indicates that $04 is being 
reduced before. all of the solid—phase Fe (III) has been 
consumed, suggesting kinetic limitations on the reduction 
of crystalline tron oxides relative to dissolved SO4. Lovley 
and Phillips (2.5).suggested similar limitations in developing 
a rapid assay technique for measuring the amount of 
rnicrobjally reducible Fe in sedtrnents. 

The increase in dissolved As from 6.6 mg/L at a depth of 
4.6 m to 100 mg/L at a depth of 5.2 rn (Figure 5) probably 
indicates that the top of the reducing zone occurs at 4.6 m. 
This depth is consistent with the shape of the “S-S04 profile, 
which shows enrichment of “S-504 starting at 4.6 m depth 
(Figure 5). Equilibrium geochemical modeling indicates that 
the porewater is undetsaturated wfith respect to all of the 
arsenate-phases in the WATEQ4F database (Table '1), sug- 
gesting that the depth trends in dissolved As concentrations 
are not controlled by equilibrium reactions involving any of 
those phases. 

Arsenic Precipitation Zone. In contrast with dissolved 
Fe,»Si. Mn, Ni, and Zn, which have maximum concentrations 
ata depth of 5.8 rn (Figure 5), dissolved As decreases abruptly 
from a maximum concentration of 100 mg/L at 5.2m to 0.3 
mg/L at 6.0 m’ (_Figure 5)._The lower dissolved As concentra- 
tions below 5.2- m suggest that the dissolved As is being 
removed from solution. possibly as an A5 sulfide. Dissolved 
sulfide was not detectable at a detection limit of 0.015 mg/L, 
suggesting that any sulfide released by sulfate reduction is 
consumed in a secondary precipitation reaction. The dia- 
genetic precipitation of As may be in‘ minerals such as 
orpim'e'nt (A3283), realgar (AsS). arsenopyrite (FeAsS), or as 
a less crystalline'precu_rso_r precipitate. 

Precipitation of these phases or poorly cryst_al_l,in_e precur- 
sors has been postulated in similar geochemical environ- 

’ 

merits. For example, Moore et al. (23 used selective extracti_on 
techniques to determine whether sulfide precipitation is 

immobilizing some of the As in the reducing zone of the 
Millt_ov_vn Reservoir s_ed_imen'ts_. Moncure et al. (23) agreed 
with the hypothesis of Moore et al. (2%. Similarly, Postma 
(24) observed diagenetic pyrite in brackish and freshwater 
swamp sediments, and many researchers have observed 
diagenetic iron sulfides in ocean sediments (e.g., ref 25). 
pH Buffering. The pH of the porewater ranges from9.5 

to 6.6 and generally decreases with depth (Figure 5). The 
abundant quantities of ferroan dolomite within the tailings 
will probably maintain the po_rew_ater at near-neutral values 
for an extended period of "time. Equilibrium geochemical 
modeling results indicate that the porewater is generally 
supersaturated with respect to calcite and dolomite from a 
depth of'2.0-5.0 min the samples from the piezometers and 
from a 4.6-5.5 m depth in the samples from the core (Table 
1). The sample at 5.8 m is near saturation with respect to 
calcite and is undersaturated with respect to dolomite. The 
sample at 6.0 m, which was collected from the peat at the 

impoundment base. is undersaturated with respect to 
d_olo,mi_te and calcite. These results indicate that dolomite 
and calcite are thermodynamically stable in the shallow 
tailings.

‘ 

Implications for Tailings Management 
The results of this investigation have implications for tailings 
management practices; all of which are being observed at 
the Campbell Mine. For example, adding organic carbon to 
tailings should be avoided in caseswhere the impoundment 
contains autoclave or roaster residues, The results of this 
investigation suggest that addition of organic carbon to 
tailings may stimulate reducing bacteria, which tend to 
destabilize these oxidized phases. Adding organic carbon to 
imPQ11l'_ld_lD8.l.ll$ that contain weathered sulfides in the 
unsaturated zone may also result in reductive dissolution, 

_i.e., a reversal of the oxidation process thatinitially im- 
mobilized the metals in t_h_e.u_nsa_tu_rated zone (26). Organic 
carbon is sometimes added to tailings surfaces in the form 
of sewage sludge, a practice that is being investigated to 
alleviate the problem of sludge disposal and encourage 
revegetation within abandoned tailings impoundments. 

Similarly, flooding the tailings on closure is more likely 
to destabilize any oxidized phases. Flooding the tailingswill 
limit- the amount of oxygen that can penetrate the tailings, 
a condition that is more likely to promote the development 
of re_duci'ng conditions‘. The availability of oxygen tends to 
limit the reduction of 

' 

oxidized phases because of the 
preferential reduction of oxygen- 

Disposal of oxidized tailings on top of peat may have no 
net eflecton As 1.oad.i.ng from tailings irnpoundments a.slor_1g 
as the flow direction is downward, sufficient quantities of 
labile o'r‘gani'c Care available to nourish the bacteria, adequate 
S0. is available to reprecipitate the As as an iron-arseni,c- 
sulfide, and the residence time is sufficient_ to allow the 
reaction to proceed to completion. These findings indicate 
that a mass balance analysis, and an assessment of geochem- 
ical reaction rates and groundwater velocity are required to 
determine the environinerital implications oftailings dis- 
posal. 
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