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Abstract—Mining and milling of base metal ore deposits can result in the release of metals to the
environment. When sulfide minerals contained in mine tailings are exposed to oxygen and water, they oxidize
and dissolve. Two principal antagonistic geochemical processes affect the migration of dissolved metals in
tailings impoundments: sulfide oxidation and acid neutralization. This study focuses on acid neutralization
reactions occurring in the saturated zone of tailings impoundments. To simulate conditions prevailing in many
tailings impoundments, 0.1 mol/L sulfuric acid was passed continuously through columns containing fresh,
unoxidized tailings, collected at Kidd Creek metallurgical site. The results of this column experiment represent
a detailed temporal observation of pH, Eh, and metal concentrations. The results are consistent with previous
field observations, which suggest that a series of mineral dissolution-precipitation reactions control pH and
metal mobility. Typically, the series consists of carbonate minerals, Al and Fe(lll) hydroxides, and alumi-
nosilicates. In the case of Kidd Creek tailings, the dissolution series consists of ankerite-dolomite, siderite,
gibbsite, and aluminosilicates. In the column experiment, three distinct pH plateaus were observed: 5.7, 4.0,
and 1.3. The releases of trace elements such as Cd, Co, Cr, Cu, Li, Ni, Pb, V, and Zn were observed to be
related to the pH buffering zones. High concentrations of Zn, Ni, and Co were observed at the first pH plateau
(pH 5.7), whereas Cd, Cr, Pb, As, V, and Al were released as the pH of the pore water decreased to 4.0 or
less. Copyright © 2002 Elsevier Science Ltd

1. INTRODUCTION tailings impoundment moves at one tenth the average linear
groundwater velocity.

The retardation at the Nordic Main tailings impoundment has
been attributed to buffering of acidic waters by minerals
present in the tailings and underlying aquifer (Dubrovsky et al.,
1985; Morin et al., 1988). On the basis of field data, Morin et
al. (1988) proposed a conceptual model of acid neutralization
for the Elliot Lake uranium mill tailings. According to the
conceptual model, the pH of the uranium tailings pore water is
%uﬁered by dissolution of a series of minerals (Fig. 1). The
series consists of calcite, siderite, Al(QHFe(OH), and alu-
minosilicates. Blowes (1990) showed that the conceptual model
of acid neutralization can be applied to explain the movement
of acidic waters at three other sulfide-bearing mill tailings sites.
Results of further field investigations of Coggans (1992) and
Johnson (1993) are consistent with previous observations. The
conceptual model was described in more detail by Blowes and
Ptacek (1994).

The conceptual acid neutralization model was proposed on
the basis of field observations. Data collection points were
widely distributed in space, and the groundwater flow pathways
were assumed. Under laboratory conditions, it is possible to
eliminate unknown influences that may have affected the geo-
chemical evolution of the tailings pore water at the field sites.
A laboratory column experiment was conducted to evaluate and
refine the conceptual model and assess the mobility of metals in
qa detailed manner. Understanding acid neutralization in addi-

tion to acid generation processes is crucial in prediction, pre-
vention, and remediation of environmental effects caused by
the release of heavy metals. To evaluate the conceptual acid
*Author to whom correspondence should be addressed Neutralization model and assess the mobility of metals, a lab-
(jjurjove@uwaterloo.ca). oratory column experiment was conducted using fresh, unoxi-
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Mining and milling of sulfide ore generates large quantities
of waste rock and finely crushed mill tailings, which generate
acidic effluents due to weathering under atmospheric condi-
tions. Acidic waters generated in the unsaturated zone of tail-
ings impoundments contain elevated concentrations of Fg, SO
and potentially toxic metals. According to U.S. Environmental
Protection Agency (1994) reports, metal loadings from mine
wastes cause environmental damage that is far greater than th
effect of the pH of the water released from mine wastes.
Therefore, understanding the mechanisms controlling the mo-
bility of metals in the pore water of mill tailings is crucial in the
prediction, remediation, and prevention of these problems.

Field observations suggest that metal mobility depends on
pH of the tailings pore water (Dubrovsky et al., 1985; Morin et
al., 1988; Blowes, 1990). The chief cause of acidic waters, the
abiotic and biotic oxidation of pyrite and ferrous iron, has been
studied extensively for more than 30 yr, including the condi-
tions and parameters that promote the oxidation reaction (Sing-
er and Stumm, 1970; Nicholson et al., 1988; Moses and Her-
man, 1991). Much less has been written about acid
neutralization, a beneficial process occurring in mill tailings.

Studies of uranium tailings at the abandoned Nordic Main
impoundment near Elliot Lake, Ontario, indicate that the mo-
bility of most of solutes in the tailings (Dubrovsky et al., 1985)
and in the underlying aquifer (Morin et al., 1988) is retarded
with respect to the groundwater. Johnson et al. (2000) reporte
that the low pH plume of contaminated water at Nickel Rim
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Fig. 1. Sketch of atailings impoundment with a corresponding plume of acidic water and a diagram of pH changes with
depth through cross-section AA’. Note: The vertica thickness of the plume is exaggerated.

dized tailings from the Kidd Creek metalurgica site. The
measurements of the laboratory study are closely spaced in
time; therefore, it is possible to discern the relative contribu-
tions of the pH buffering processes in far greater detail than is
possible using field observations.

The second objective was to collect geochemical samples of
the mill tailings pore water through time; a laboratory experi-
ment permits collection of data temporally, providing a more
precise description of changes in the pH and Eh and in the
concentrations of dissolved metals. In the laboratory experi-
ment, the acid neutralization process was followed from the
beginning to completion. Because reactions in mine tailings
sites occur lowly, the collection of field data at this level of
tempora discrimination would be costly and impractical.

2. MATERIALS AND METHODS
2.1. Materials
2.1.1. Solids

The solids used in the experiments were fresh, unoxidized tailings
collected at the concentrator at the Kidd Creek metallurgical site near
Timmins, Ontario. The mill tailings were oven dried at 100°C at the
site. The mineralogy of the tailings sample was determined by Jambor
et a. (1993) to be asfollow: 15.1 wt.% sulfides, 8 wt.% carbonates and
Fe-oxides, 49.1 wt.% quartz, and the balance of silicates and alumino-
silicates. Information about identified minerals and mineral proportions
in the tailings sample is summarized in Table 1.

In the same study, Jambor et al. (1993) investigated the composition
of carbonates in the tailings samples from the Kidd Creek main im-
poundment. They identified the following carbonates using electron
microprobe analyses and X-ray studies: calcite, dolomite, ankerite, and

siderite. These carbonates are rarely of the end-member composition.
The average cation compositions for siderite and ankerite, as quantified
through microprobe  analysis, were  found to  be
Fe5.90aM 9o, 066MN0,022C8 0008 AN F€0 250M Jp 210M Mo 003Cp 400, FE-
spectively. On the basis of the unadjusted diffraction intensities ob-
served on the X-ray diffraction (XRD) patterns, the relative proportions
of carbonates in the main impoundment were determined to be 5%
calcite, 35% dolomite-ankerite, and 60% siderite. Because calcite is
present in trace amount, it does not represent a significant control in this
system. Therefore, the saturation indices for calcite have been omitted
from the plots presented in this paper.

Following the experiment, the leached solid sample was divided into
three parts: top, middle, and bottom. One sample was taken from each
part. These three samples and two splits of starting material were
analyzed by Activation Laboratories, Ltd., Ancaster, Ontario. Total S
and CO, were analyzed using a LECO induction furnace. Si, Al, Fey,,
Mn, Mg, Ca, Na, K, Ti, and P were analyzed by inductively coupled
argon plasma atomic emission spectrometry (ICP-AES) after a Li-
metaborate fusion. Cu, Pb, Zn, Ni, and V were also measured by
ICP-AES after a HNO4-HCI-HCIO,-HF digestion. Co and Cr were
determined by instrumental neutron activation analysis.

2.1.2. Solutions

The synthetic background water was prepared by adding reagent-
grade CaCO5; and CaSO, to double-deionized water in excess of
saturation. The solution was bubbled with CO, for 12 h to promote the
dissolution of CaCO;. The solution was then equilibrated at atmo-
spheric P, for 1 week. The tracer solution was prepared by adding
reagent-grade NaCl to the synthetic background solution. The concen-
tration of NaCl in the tracer solution was 0.1 mol/L. The experimental
solution was prepared from ultrapure H,SO, and double-deionized
water. The final solution was 0.105 mol/L H,SO,.
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Table 1. Mineralogy of the tailings sample as obtained by image analysis study (Jambor et a., 1993).

Minera class Mineral name Formula wt.%
Sulfides Pyrite FeS, 13.2
Pyrrhotite Feu—S 12
Chalcopyrite CuFeS, 05
Sphalerite ZnS 0.2
Silicates Chlorite (Mg, Fe)5(Si, Al),0,0(0H), * (Mg, Fe)5(OH)g 214
Amphibole Wo_1X,Y sZg0,,(0OH,F),? 05
Stiplnomelane Kos(Mg, FE€, Fe¥")sSigAl(O,0H),,2-4H,0 <05
Albite Na Al SizOq 0.7
Muscovite KAI,(AlSi30,0)(OH), 25
Quartz SO, 49.1
Carbonates® and Fe-oxides Ankerite-dolomite Ca(Fe,Mg)(CO,), 31
Siderite and Fe- FeCO; Fe,04 49
oxide
Sulphates gypsum CasO, - 2H,0 0.5

aWhere W = Na'/K™; X = Ca", Na", Mn**, Fe?*, Mg?*, Li"; Y = Mn?*, Fe?*, Mg?", Fe®*, AI®Y, Ti*"; and Z = Si**, AIRY).

 The minerals were undistinguishable by image analyses.
¢ For more detail on carbonates, see section 2.1.1.

2.2. Column Procedures

The experimental setup consisted of a reservoir, an Ismatic P-4
peristaltic pump, a column, and a sampling cell (Fig. 2). Tailings were
packed into a 10-cm-long clear acrylic column, 9.0 cm in internal
diameter. No stratification of the tailings was observed after packing.
The column was sealed with Viton O-rings. Nytex and Vyon (mesh size
30 wm) screens were used as filters to prevent flushing of the solids
from the column. The screens were placed at the bottom and top
column endplates. The Nytex screen was placed immediately on the
tailings, followed by Vyon screen.

The column was first flushed with CO, gas to displace air from the
column (Ptacek and Gillham, 1992). The column was then slowly
saturated from bottom to top with synthetic background water. The
synthetic background water was saturated with calcite and gypsum to
prevent leaching of these two phases during the saturation of the
column as well as during the tracer experiment to prevent changes in
mineralogy before initiation of the experiment. The porosity of the
tailings sample was determined to be 0.44 on the basis of the gravi-
metric measurements and CXTFIT modeling (Parker and van Genu-
chten, 1994). The water was passed through the column until a uniform
flow rate was obtained. The flow rate was measured gravimetrically
throughout the experiment. After establishing the uniform flow rate, a
conservative tracer test was performed to determine flow and solute
transport parameters using NaCl tracer solution. Water samples were
collected every 30 min using a fraction collector for Cl determination.

Reservoir Pump

The NaCl tracer solution was flushed out with the synthetic background
water. During the acid neutralization experiment, the 0.105 mol/L
H,SO, solution was passed through the column material for 150 pore
volumes.

2.3. Sampling and Analytical Procedures

At the beginning of the experiment, during carbonate dissolution, a
buildup of gas occurred in the sampling cell, preventing sufficient
effluent water collection in the sampling cell. After initial testing, a
sampling cell was designed to avoid trapping gas. The cell was con-
structed so that the inlet for the sample entered the cell from the bottom
at an angle, and the outlet was at the top of the cell. This design allowed
the gas (CO,) to pass through the cell and minimized mixing of the
effluent water.

Samples of column effluent water were collected as a function of
time. Effluent water samples were transferred from the sampling cell
into a plastic syringe previously flushed with Ar gas. During sampling,
the sampling cell outlet was connected to an Ar gas line to prevent O,
from entering into the sampling cell. Using this setup, neither the
currently collected sample nor the following sample was exposed to
atmospheric O,.

Alkalinity, pH, and Eh were determined immediately after sample
collection. The pH and Eh were measured in sealed cells. The cells for
pH and Eh measurement were constructed by placing an electrode in a

Column
C—x
1
1
Waste
Sampling
cell

Fig. 2. Experimental setup.
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5-mL syringe, which was sealed at the top by aViton O-ring and Teflon
cap and secured with a clamp to the syringe and el ectrode. Viton tubing
was placed at the bottom of the syringe to alow for the transfer of the
liquid sample from the sampling syringe to the cell for pH or Eh
measurements. The pH was measured using a combination glass elec-
trode (Orion Sure-Flow Ross 8165BN) calibrated with pH 4 and 7
standard buffer solutions and checked with pH 1.00 buffer solution
(Fisher). The Eh was determined using a platinum combination elec-
trode (Orion Model 9678BN), checked against ZoBell (Nordstrom,
1977) and Light solutions (Light, 1972). The Eh measurements were
corrected to the standard hydrogen electrode. The samples were filtered
through 0.45-um nylon filters. Alkalinity was determined by titration
of filtered samples using a HACH digital titrator, indicator, and stan-
dardized sulfuric acid solutions. The indicator used to determine alka-
linity was mixed bromocresol green-methyl red indicator solution
(Greenberg et a., 1992). Samples, acidified to below pH 1, with trace
metal hydrochloric acid were analyzed for cations. The samples for
anions were not acidified. Because of the small size of the collected
samples and rapid precipitation of solids from the unacidified samples,
the SO, analyses were not reproducible using unacidified samples.
Therefore, we used acidified samples for SO, analyses. No interference
due to the presence of HCl was observed in the SO, analyses.

Concentrations of Fe were determined colorimetrically using the
Ferrozine method (Gibbs, 1979). Once a week, a fresh sample was
analyzed with and without the addition of reductant, as suggested in the
Gibbs (1979) procedure, to determine concentrations of total Fe con-
centrations and Fe(ll). Thus, the concentration of Fe(lll) was deter-
mined by the difference. The concentration of the Fe(l11) was below the
detection limit of the method throughout the experiment. Concentra-
tions of SO, were determined by ion chromatography and concentra-
tions of Na, K, and Si by flame atomic absorption spectroscopy. The
concentrations of Al, Ba, Be, Ca, Cd, Co, Cr, Cu, Li, Mg, Mn, Mo, Pb,
Sr, V, and Zn were determined by inductively coupled plasmaemission
spectroscopy. The concentrations of Cl were determined colorimetri-
caly using the ferricyanide method (Greenberg et a., 1992).

2.4. Methods of Interpretation

Column flow and solute transport parameters were determined by
modeling Cl concentrations measured during the tracer test and by
gravimetrically measuring flow rate. The modeled parameters were
obtained from the leading edges of the breakthrough curves using the
nonlinear least squares optimization software CXTFIT (Parker and van
Genuchten, 1994).

The pore water geochemistry was interpreted with the assistance of
the equilibrium geochemica speciation/mass transfer model MINT-
EQAZ2 (Allison et al., 1990). The thermodynamic database was adopted
from the speciation model WATEQA4F (Ball and Nordstrom, 1991).
Solubility data for siderite (Nordstrom et a., 1990; Ptacek, 1992),
FeH;SIO, (Reardon, 1970), ankerite-dolomite (Al, 1996), and cobalt
species (Papelis et al., 1988) were added. The degree of saturation of a
mineral with respect to the solution in contact with the mineral in this
paper is expressed as saturation index (Sl). The Sl is equa to the
difference of logarithms of ion activity product and solubility constant:
(SI = loglAP — logK,). An Sl value of zero indicates equilibrium, a
negative value undersaturation, and a positive val ue supersaturation. To
ease comparison of Sls of minerals of widely different stochiometries,
the Sls were normalized according to the equation (Felmy and Weare,

1986)
(1)

Sh=~— ®

where |AP istheion activity product, K is the equilibrium constant, and
N is the number of ions in the solid phase.

3. RESULTS AND DISCUSSION

A column experiment was conducted with fresh unamended
tailings from the Kidd Creek metallurgical site near Timmins,
Ontario. At the Kidd Creek site, tailings are currently codis-

posed with natrojarosite, a waste product from the zinc refining
process. This study focused on acid neutralization mechanisms
and their effects on metal mobility within unamended tailings.
A 0.105 mol/L sulfuric acid was passed through the column
continuously. This solution was chosen to represent an approx-
imation of acidic pore water generated in a generic unsaturated
zone of a tailings impoundment. In the field situation, this
solution eventually reaches the saturated zone; the zone simu-
lated in the experiments. Pore waters of pH < 1 have been
observed at tailings impoundments where tailings have been
exposed to atmospheric conditions for longer periods of time.
Examples of such impoundments are Heath Steele in central
New Brunswick (Blowes et a., 1991), and Sherridon near Flin
Flon, Manitoba (Ptacek et a., 2001). Moreover, negative-pH
water has been observed at Iron Mountain, California (Nord-
strom et a., 2000). Very low—pH pore waters have not been
observed at the Kidd Creek metallurgical site. Tailings are
currently being deposited at this site, and therefore, the tailings
have not been exposed to weathering conditions for an ex-
tended time. The reason for selecting the 0.105-mol/L H,SO,
solution was practical: to complete the experiment in a reason-
able time (8 months). The measured pH of this sulfuric acid
solution was 0.95 = 0.6. Reactive transport simulations were
conducted before the start of the experiment. The results of
preliminary simulations conducted before the initiation of the
experiments suggested that an input solution of pH 2 would
result in a 10-fold increase in the duration of the experiment.

The calculated specific discharge used in this experiment
was 0.33 cnm/h, which trandlates to an average linear velocity of
~30 m/a. Average linear groundwater velocities reported for
various tailings impoundments vary from 1 to 18 m/a (Blowes,
1990). The porosity of the tailings used in the column experi-
ment was 0.44, which is consistent with what is observed in the
field (Al, 1996).

3.1. Measured Parametres in the Column Effluent Water
as a Function of Pore Water (Figs. 4 and 5)

Measurements of effluent water pH during the experiment
form a staircase-shaped curve (Fig. 3). There are three long
plateaus at pH 5.7, 4.0, and 1.3. This observation is consistent
with field observations of Dubrovsky (1986), Blowes (1990),
Coggans (1992), and Johnson et al. (2000). The pH decreases
abruptly from one plateau to another, with the change occurring
over a few pore volumes.

Figure 5 shows that saturation indices for various carbonate
minerals form plateaus, which correspond to the first pH pla-
teau. At this time, alkalinity in the effluent water is high
(around 500 mg/L; Fig. 3). These results suggest that the first
pH plateau (pH = 5.7) occurs because of the presence of
carbonates in the tailings.

Calculations based on the assumption that the solubility
product of the dolomite-ankerite solid solution can be defined
according to the observed stoichiometry suggest that the efflu-
ent water is dightly undersaturated with respect to ankerite-
dolomite solid solution. This observation suggests that the
dissolution of this minera is kinetically limited. According to
the acid neutralization model, the dissolution of carbonates and
hydroxides are equilibrium reactions under field conditions.
However, Al (1996) did not observe equilibrium of pore waters
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Fig. 3. Measured parameters in the column effluent water as a function of pore volumes.

a the Kidd Creek impoundment with respect to ankerite-
dolomite solid solution. More recent observations by Al et al.
(2000) indicated that the dissolution of carbonates in tailings
impoundments is incongruent, which is inconsistent with the
assumption of congruent dissolution used in equilibrium cal-
culations.

Undersaturation of effluent water with respect to ankerite-
dolomite solid solution suggests kinetically limited dissolution.
Kineticaly limited dissolution of an ankerite-dolomite solid
solution is possible because of two factors: flow rate and
precipitation of secondary minerals. The first factor, the flow
rate of pore water through the column as well asin Kidd Creek
tailings impoundment, may not alow sufficient time for the

reaction to reach equilibrium. The second factor, precipitation
of secondary mineras, can result in mineral coatings that
reduce the rate of mineral dissolution. Coatings of secondary
gypsum on polished calcite crystals, which “passivated the
surface against further reaction and dissolution,” were observed
by Booth et al. (1997). In their experiments, in which calcite
was passed in a flow-through reactor and flushed with 0.1
mol/L H,SO,, a significant decrease in the dissolution rate of
calcite was observed in <17 min.

The geochemical modeling of the effluent water from the
column experiment indicates equilibrium with respect to gyp-
sum during the first 60 pore volumes of the experiment. The
results of the calculations are consistent with suggestion that
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Fig. 4. Measured parameters in the column effluent water as a function of pore volumes.

the formation of gypsum coatings could lead to a decrease in
the rate of ankerite-dolomite dissolution. The possibility of
secondary mineral coatings reducing the rate of ankerite-dolo-
mite solid solution is also supported by observations of Al et al.
(2000). In their investigation of carbonate-mineral grains from
five different geochemical zones at Kidd Creek tailings im-
poundment, Al et a. (2000) identified coatings of secondary
siderite surrounding primary grains composed of the ankerite-
dolomite solid solution.

At the first pH plateau, the effluent water is supersatu-
rated with respect to siderite, suggesting formation of sec-
ondary siderite, which is consistent with the acid neutraliza-

tion model (Morin et al., 1988; Blowes and Ptacek, 1994)
and with observation of secondary siderite by Al et al.
(2000).

Field observations indicate two pH zones attributed to car-
bonate dissolution: the first zone is attributed to calcite, and the
second is attributed to siderite. In this experiment, only one pH
plateau, which could be attributed to carbonate-mineral disso-
Iution, could be discerned. There are two reasons for the
development of only one plateau. The first reason is that Kidd
Creek tailings contain only a trace amount of calcite (section
2.1.1), which is not present in sufficient quantities to buffer the
tailings pore water to the pH observed at other sites. Second,
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Fig. 5. Normalized saturation indices (S.I.) of effluent water samples vs. pore volumes.

even though two carbonate minerals, the ankerite-dolomite
solid solution and siderite, are present in the tailings in signif-
icant quantities (section 2.1.1 and Table 1), the measurements
of pH and alkalinity indicate no significant difference in buff-
ering potentials of these two minerals. Because Mg, Mn, and
Ca substitute 10% of Fein the Kidd Creek siderite, the siderite

present at Kidd Creek is more soluble than pure siderite. The
smaller difference in solubility products of the two minerals
may mask any difference in buffering potential. The first pH
plateau, attributed to carbonate dissolution, is slightly sloped.
On the basis of the observations of Al et a. (2000) and solid
solution theory, the components of the most soluble end-mem-
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ber will preferentially dissolve first, leaving behind the com-
ponents of the less soluble end-member of a solid solution.
Thus, the observed sloped pH plateau may indicate incongruent
dissolution in a manner that is consistent with the field obser-
vations of Al et al. (2000). Results of the geochemical model-
ing suggest that as soon as ankerite-dolomite and siderite are
depleted, the pH of the effluent decreases abruptly. Depletion
of akalinity coinciding with the first abrupt pH decrease is
consistent with this conclusion (Fig. 3). XRD patterns of a solid
sample collected after the completion of the experiment show
no indication of the presence of carbonates. These observations
are consistent with field observations at Nickel Rim mine
tailings impoundment, where an order of magnitude decrease in
carbonate content in tailings was observed in solid samples
where the pore water pH decreased below 4.5 (Johnson et al.,
2000). Sampling of solidsin the column during this experiment
was not possible without significantly disturbing the flow of
pore water.

During the first pH plateau region, the effluent water is near
equilibrium with respect to ferrihydrite. At the same time, the
effluent water is supersaturated with respect to gibbsite and
goethite, indicating a tendency for precipitation of these min-
erals at the beginning of the experiment, when the pH is till
high (Fig. 5). This observation is consistent with field obser-
vations of Blowes (1990) and Johnson et al. (2000).

At the second pH plateau, which occurs at pH 4.0, the
effluent water is in equilibrium with respect to gibbsite. (Fig.
5). The second pH plateau occurs from 25 to 61 pore volumes.
At this time, Al concentrations steadily increase from <10 to
1000 mg/L. A sudden decrease in Al concentrations at 60 pore
volumes coincides with the second abrupt decrease in measured
pH (Figs. 3 and 5). At the same time, the effluent water
becomes undersaturated with respect to gibbsite and boehmite,
suggesting that the mass of these two mineralsis not sufficient
to buffer the acidic solution passing through the column. This
observation is consistent with field observations in a series of
tailings impoundments (Dubrovsky et al., 1985; Blowes and
Jambor, 1990; Johnson et al., 2000). However, neither primary
nor secondary gibbsite have yet been identified in a tailings
environment. It is possible that the mass of gibbsiteistoo small
to be detected easily with the mineralogical techniques used, or
another mineral that exhibits a dissolution solubility product
similar to gibbsite controls the pH of pore water at the second
plateau.

During thefirst portion of the second pH plateau, the effluent
water is dightly undersaturated with respect to ferrihydrite,
which suggests near equilibrium dissolution of ferrihydrite.
Small amounts of primary iron oxyhydroxides have been ob-
served in the tailings. An abrupt decrease in ferrihydrite satu-
ration indices at 42 pore volumes suggests depletion of ferri-
hydrite from the column before the pore water pH decreases to
the third plateau. This observation suggests that it is unlikely
that ferrihydrite would be the pH-controlling phase of the
second plateau. The observation is inconsistent with the field
observations of Dubrovsky (1986), Blowes (1990), and John-
son et al. (2000), which suggest that ferrihydrite is the domi-
nant buffer at pH 2.8 to 3.0. A likely reason for the absence of
this plateau in this experiment is that the tailings used in the
experiment were fresh and unoxidized. The mass of primary
oxyhydroxides was likely too small and was depleted before

these minerals could become the primary pH buffer in the
tailings. Because the experiment was conducted to observe acid
neutralization reaction in isolation from acid-producing reac-
tions, secondary ferrihydrite did not precipitate in sufficient
quantities to buffer the pore water pH. This conclusion is
supported by measurements of Fe(Il) in the effluent water. The
difference between the Fe,, and Fe(ll) was not discernable
throughout the experiment.

The last pH-plateau develops at pH 1.3, when the pore water
pH islikely controlled by kinetic dissolution of aluminosilicate
minerals. This interpretation is supported with the presence of
high concentrations of Al and Si in the effluent water. Obser-
vations from similar experiments on Kidd Creek tailings sug-
gest that Si concentrations in the pore water remain high until
the end of the experiment (unpublished data).

3.1.1. Major lons

The concentration of Ca decreases at the beginning of the
experiment from ~700 to 500 mg/L and remains constant until
59 pore volumes (Fig. 5). The only exception is a short, abrupt
decrease in Ca concentrations at 20 pore volumes when Ca
concentrations decrease to 350 mg/L. The abrupt decrease in
Ca concentrations corresponds to a decrease in akalinity,
which coincides with the depletion of carbonate from the
column material. Similar decreases in concentration in effluent
water samples at 20 pore volumes were observed for Mg, Mn,
Co, and Ni. The water samples were reanalyzed for Causing a
different analytical technique to confirm the analyses.

The high Ca concentrations persist because of dissolution of
the following minerals: ankerite-dolomite solid solution, gyp-
sum, and minor substitutions in siderite. Results of geochemi-
cal modeling indicate that Ca concentrations are controlled by
gypsum dissolution from the beginning of the experiment until
59 pore volumes, when the effluent water becomes undersatu-
rated with respect to gypsum. This observation suggests deple-
tion of gypsum from the column. The decrease in Ca concen-
trations is abrupt; Ca concentrations decrease from 500 to
below 10 mg/L over 15 pore volumes (Fig. 3.).

The concentrations of Mg increase abruptly to ~400 mg/L
during the first pore volume of the experiment. During the next
20 pore volumes, the concentration of Mg slowly increases
from 400 to 550 mg/L, which may indicate incongruent disso-
lution of carbonate minerals. Mg concentrations start to de-
crease at the same time as the alkalinity decreases abruptly. In
contrast to akalinity, Mg concentrations decrease gradually
through the entire experiment to 100 mg/L (Fig. 3). Minerals
present in the tailings, which contain Mg, are the ankerite-
dolomite solid solution, chlorite, amphibole, stilpnomelane,
and talc. The largest amount of Mg is contained in chlorite
(Table 1). The sources of Mg are mainly ankerite-dolomite and
chlorite because of their abundance and solubility. After the
first abrupt pH decline and depletion of akalinity, the majority
of the Mg is probably derived from the dissolution of chlorite.
This hypothesis is supported by XRD patterns, which indicate
60 wt.% chlorite depletion from the initial material over the
course of the experiment (Jambor, 2000, personal communica-
tion). This observation is consistent with field observations at
the Heath Steele tailings impoundment (Blowes, 1990). Minor
amounts of Mg may come from stilpnomelane.
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The shape of the Fe concentration curve for the effluent
water is very similar to the shape observed for Mg. The only
differenceisthat Fe concentrations are significantly higher than
those of Mg. This observation suggests that the magjor sources
of these two ions are similar. The Fe concentration increases
abruptly at the very beginning of the experiment, to 3500 mg/L,
and then gradually decreases to 800 mg/L at 95 pore volumes.
Thereafter, Fe concentrations in the effluent water remain con-
stant at approximately 800 mg/L until the end of the experi-
ment. The beginning of the gradual decrease corresponds to the
decrease in Mg concentration, akalinity, and pH, which sug-
gests that carbonate minerals are a significant source of dis-
solved iron. After the first abrupt decrease in pH, the main
source of the elevated Fe concentrations is chlorite. Other
potential sources of Fe are stilpnomelane, Fe-oxyhydroxides,
and sulfides. The amounts of stilpnomelane and Fe-oxyhydrox-
ides are too small to account for the mass of Fe observed (Table
1).
The solids at the end of the experiment (i.e., leached material
samples) were collected to determine the changes in mineral-
ogy. The column solids were divided in three sections from top
to bottom. XRD analyses of the leached samples indicate that
50% of the chlorite present in the starting material was depleted
during the experiment (J. L. Jambor, 2000, personal commu-
nication). The results of XRD analyses indicate the absence of
carbonates in the leached samples (Jambor et a., 1993). The
results of XRD analyses are consistent with chemical analyses
of the solid samples. This observation supports the hypothesis
that chlorite is a major contributor of Fe concentrations in the
pore water.

Concentrations of SO, increase up to 9500 mg/L in the first
two pore volumes after the initiation of the experiment. After
30 pore volumes, the concentrations of SO, increase to
~11,000 mg/L and then slowly decrease to ~10,000 mg/L
(Fig. 3). The concentrations of SO, remain lower during the
first 25 pore volumes when akalinity is high. Lower concen-
trations of SO, are due to dissolution of carbonates providing
Ca. Therefore, gypsum precipitation likely occurred at the
beginning of the experiment. As the carbonate minerals are
depleted, SO, concentrations increase. The results of geo-
chemical modeling indicate that gypsum dissolution and repre-
cipitation is an equilibrium reaction during the first 60 pore
volumes, which further suggests that SO, concentrations are
limited by gypsum solubility at this time (Fig. 5). This hypoth-
esisisalso supported by identification of gypsum in the tailings
(Table 1).

The Al concentrations are low (20 to 30 mg/L) during the
first 25 pore volumes. During this time, pH is still high. After
30 pore volumes, Al concentrations increase steadily to 960
mg/L until 74 pore volumes. After achieving maximum values,
Al concentrations start to decrease until 92 pore volumes and
remain constant at 250 mg/L for the rest of the experiment (Fig.
4). Theincrease in Al concentrations corresponds to the deple-
tion in alkalinity, increase in Eh, and abrupt decrease in pH.
Results of geochemical modeling indicate that gibbsite precip-
itation is favored during the first 30 pore volumes (Fig. 5). The
source of Al is auminosilicate dissolution, namely, dissolution
of chlorite. Further, results of geochemical modeling suggest
that pore water is in equilibrium with respect to gibbsite at the
second plateau. This suggeststhat Al concentrations are limited

by gibbsite solubility from 25 to 62 pore volumes. After 62
pore volumes, Al concentrations abruptly decrease, which is
consistent with undersaturation of gibbsite with respect to the
effluent water. Only minor amounts of aluminum are expected
to be derived from dissolution of muscovite and stilpnomelane
because of their low abundance in Kidd Creek tailings. On the
basis of increased rates of aluminosilicate dissolution at lower
pH, additional sources of Al at the third pH plateau may be
albite and amphibole.

The shape of Mn curve vs. time is similar to that of Mg.
However, concentrations of Mn in the effluent water are about
one tenth the concentrations of Mg, with the highest concen-
trations just over 70 mg/L. After 25 pore volumes, the Mn
concentrations decrease more rapidly than the Mg concentra-
tions, suggesting that Mn is depleted more slowly or that the
source of Mg is depleted preferentialy over Mn (different
ratios). Minor amounts of Mn were identified in both carbon-
ates present in the Kidd Creek tailings (section 2.1.1). Micro-
probe analyses of chlorite from the Kidd Creek deposit detected
Mn as aminor component. Other possible sources of Mn could
be substitutions in other aluminosilicates present in the Kidd
Creek tailings.

The concentrations of Na decrease from 5 to ~1 mg/L and
remain low throughout the experiment (Fig. 3). The only en-
countered mineral containing Na is albite.

The shape of K concentrations is similar to the shape of
the pH curve (Fig. 3). The concentrations of K increase
slightly at the beginning of the experiment, reaching peak
concentrations at around 10 pore volumes. The concentra-
tions of K decrease abruptly in two steps. The first decrease
corresponds to the first decrease in pH, depletion in alkalin-
ity, and abrupt increase in aluminum concentrations. The
second decrease in K concentrations occurs just after Al
concentrations become constant. The only two encountered
sources of K in the tailings are muscovite and stilpnomelane,
which are both likely to dissolve.

3.2. Metal Mobility

The results of this column experiment represent a detailed
temporal observation of pH, Eh, and metal concentrations in
tailings and confirm that metal mobility depends on pH. The
results indicate that the metals can be divided into three groups
on the basis of their mohility. Zn, Ni, and Co become mobile at
the beginning of the experiment, as soon as the pH of the pore
water decreasesto 5.7. Cadmium, Cr, V, and Pb become mobile
when pH decreases to 4.0, whereas Cu concentrations remain
unaffected by changes in pH. This observation indicates that
Zn, Ni, and Co are more mobile in moderately acidic pore
watersthan Cd, Cr, V, and Ph. This observation is similar to the
field observations reported by Blowes and Jambor (1990), who
observed the following general order of metal mobility at the
Waite Amulet tailings site: Zn > Ni = Co > Pb > Cu. The
results of our experiment are also in agreement with the order
reported by Dubrovsky (1986) at the Nordic Main tailings
impoundment near Elliot Lake, Ontario, where metal mobility
was Co = Ni > Zn > Pb > Cu.

Total elemental concentrations of leached samples indicate
that most of the metal mass remainsin the solid sample and was
not leached during the experiment, suggesting that metals in
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Kidd Creek tailings must be present in at least two forms.
MINTEQAZ2 calculations suggest that Fe(l11)-(oxy)hydroxides
dissolved during the experiment. Ribet et al. (1995) determined
in their experiments that >80% of Fe, Ni, Cu, Cr, and Co in
Nickel Rim oxidized tailings are associated with the reducible
fraction that is mainly composed of Fe(ll1)-(oxy)hydroxides.
This provides an indication that Fe(l11)-(oxy)hydroxides may
be the source of the metals leached during the experiment.
Given that our experiments were performed with relatively
unoxidized tailings with a very small content of Fe(Il1)-(oxy)-
hydroxides (Table 1), most of the metals that remained in the
leached sample were in the sulfide form, as Cu, As, Pb and Zn
sulfide minerals were identified in Kidd Creek tailings (Jambor
et a., 1993).

The concentrations of metals in pore water depend on pH,
the amount of Fe(l11)-(oxy)hydroxide present in the tailings,
and on the amount of metals sorbed on the Fe(l11)-(oxy)hy-
droxide surface. At the Kidd Creek concentrator, lime is added
to the tailings before discharge. A tailings sample collected
from the thickener before discharge indicated a pH of 6.88
(Tom A. Al, 2001, personal communication). Sorption exper-
iments reported by Stumm and Morgan (1996) indicate that at
pH 5.7, all adsorbed Zn, aimost al of the adsorbed Ni, Cd, and
20% of Cu werereleased. Cr and Pb, on the other hand, remain
bound. If the tailings contained different carbonates with dif-
ferent buffering capacities, pH plateaus might appear at differ-
ent pH values, which would in turn imply different ratios of
released metals. Moreover, larger amounts of metals bound to
the Fe(l11)-(oxy)hydroxide surface would result in a larger
mass of metals at the same pH levels.

3.2.1. The First Group of Metals

3.2.1.1. Zn. Among all the metals, Zn reaches the highest
concentrations (Fig. 4). At the beginning of the experiment, the
concentration increases to amost 400 mg/L and sharply de-
creases thereafter until 60 pore volumes, when it decreases
below 10 mg/L. Measurements of adsorption of Zn on the
surfaces of hydrous ferric oxide (HFO) suggest that the ten-
dency for Zn adsorption decreases as the pH decreases (Dzom-
bak and Morel, 1990), with extensive adsorption occurring at
pH > 6 and little Zn adsorption at pH < 4. Kinniburgh et al.
(1976) defined the pH4, as an indicator of the relative affinity
of metals for the minera surface. The pHy, is defined as the pH
at which 50% of the cation in solution is adsorbed. Kinniburgh
et a. (1976) observed that for fresh iron hydroxide gel, the
pHso Was 5.4. The sharp increase in Zn concentrations to 400
mg/L occurs in the earliest stage of the experiment as the pH
decreases from 6.6 to 5.7; this is followed by a more gradual
decline as the pH falls from 5.7 to <5.0. The subsequent
decrease in Zn concentration to below 10 mg/L corresponds to
a decrease of saturation indices for ferrihydrite to <0, also
observed at 60 pore volumes. These observation suggests that
high concentrations of Zn are released by desorption from
ferrihydrite, or dissolution of ferrihydrite and release of copre-
cipitated Zn from within the ferrihydrite structure. Dissolution
of ferrihydrite and/or other ferric oxyhydroxides was observed
visualy during the experiment. The dissolution front moved
from the bottom to the top of the column. The flow direction
was from the bottom to the top of the column. The concentra-

tion of Zn increases slightly as soon as pH decreases below 2.
From 70 pore volumes on, Zn is probably derived from disso-
Iution of sphalerite, which was identified in the Kidd Creek
tailings (Jambor et al., 1993). These results indicate that Zn is
mobile under intermediate-pH conditions that can be main-
tained by buffering reactions due to dissolution of minerals
present in the Kidd Creek tailings.

3.2.1.1. Ni. The shape of the plot of Ni concentrations vs.
pore volumes is very similar to the shape of Zn concentrations
(Fig. 4). However, the concentrations are 2 orders of magnitude
lower, with the highest Ni concentration of 1.65 mg/L observed
at the beginning of the experiment. Similar to Zn, the concen-
tration of Ni decreases below its detection limit of 0.02 mg/L at
60 pore volumes. Dzombak and Morel (1990) observed that
25% of Ni adsorbed to HFO surface at pH 6.6. These obser-
vations suggest that Ni in the column effluent water is likely
derived by release of Ni contained in ferrihydrite or other ferric
oxyhydroxide minerals present in the tailings or by desorption
from ferric oxyhydroxides when the pore water pH declines by
the introduction of low-pH input solution. No primary or sec-
ondary Ni phase was encountered by Jambor et al. (1993) in
their mineralogical study of the Kidd Creek tailings. However,
Ni was found to substitute in various sulfides (Thorpe et a.,
1976). The chemical analyses of leached solid samplesindicate
that 43 ppm Ni remains in the tailings after the completion of
the experiment.

3.2.1.3. Co. The geochemical behavior of Coisvery similar
to Ni and Zn (Fig. 4). However, the concentrations are the
lowest among all of the three metals. The highest concentration
of Co reaches 0.7 mg/L and decreases close to its detection
limit of 0.01 mg/L at 60 pore volumes. The similarity of the
shape of the Co curve to that of Zn and Ni and agreement with
the ferrihydrite depletion suggest the same source of Co. This
hypothesis is consistent with the observations of Dzombak and
Morel (1990), who observed that at pH 6.6, 30% of Co con-
tained in their experimental system was adsorbed to the HFO
surface. Cobalt contained in the effluent water can be derived
from within the ferric oxyhydroxide structure or released from
its surface when the chemistry of pore water changes. Again,
the analyses of solid samples suggest that most of the Co is not
leached out during the experiment.

3.2.2. The Second Group of Metals

The second group of elements (Pb, Cr, Cd, and V) shows
similar geochemical behavior in effluent water concentrations.
The concentrations of all these elements were very low during
the first 25 pore volumes, while pH is 5.7, after which concen-
trations of all four elements increase abruptly as soon as the pH
drops to the second plateau (pH = 4.0) and Eh increases from
160 to 400 mV.

3.2.2.1. Pb. The concentrations of Pb remain below 0.15
mg/L during the first 25 pore volumes when pH is high (pH =
5.7). Asthe pH decreases abruptly from 5.7 to 4.0, Eh increases
and alkalinity is depleted, and the concentration of Pb increases
sharply to 3 mg/L (Fig. 4). The abrupt decrease in Pb concen-
trations corresponds to the decrease in the ferrihydrite satura-
tion indices, which suggeststhat Pb is either adsorbed to and/or
coprecipitated with ferrihydrite (Fig. 4). After 40 pore volumes,
the concentration of Pb remains below 0.5 mg/L.
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The results of sorption experiments reported by Dzombak
and Morel (1990) indicate the tendency for extensive adsorp-
tion of Pb occurring at pH > 5.5 and little Pb adsorption at
pH < 3. The comparison of our results with the results of
sorption experiments by Dzombak and Morel (1990) indicates
that the majority of Pb at pH 5.7 is adsorbed by ferrihydrite.
When pH decreases to 4.0, 80% of the Pb is reported to be in
solution (Dzombak and Morel, 1990; Stumm and Morgan,
1996). These results suggest that the source of Pb isferrihydrite
or other ferric oxyhydroxides. MINTEQA2 modeling suggests
that effluent pore water samples between 30 and 40 pore
volumes, where Pb concentrations reach peak, are in equilib-
rium with respect to anglesite (not shown). This observation
suggests a tendency for anglesite precipitation between 30 and
40 pore volumes and thus a possible control of Pb concentra-
tions between 30 and 40 pore volumes. No anglesite was
encountered in the fresh tailings sample during mineralogical
investigation (Jambor et al., 1993). The only encountered
source of Pb in the fresh Kidd Creek tailings is galena (Jambor
et a., 1993). Corroded edges of galena identified during min-
eralogical investigation suggest that the low Pb concentrations
at the end of the experiment when pH decreases to 1.3 are
derived from galena dissolution.

3.2.2.2. Cd. The concentrations of Cd are around 0.25 mg/L
at the first pH plateau. The concentrations increase abruptly as
pH decreases to 4.0 and Eh increases to 400 mV. Similar to Pb,
Cd concentrations decrease as soon as Eh decreases. After 40
pore volumes Cd concentrations remain low, below 0.2 mg/L.
No source of cadmium was encountered in the tailings. How-
ever, TOF-LIMS analyses show high concentrations of Cd on
the surface of siderite grains collected from the Kidd Creek
tailings impoundment (Al et a., 2000). Low concentrations
during the first 25 pore volumes and abrupt increase in Cd
concentrations at pH 4 suggest that Cd concentrations in the
effluent pore water are controlled by adsorption and desorption
processes on carbonates surfaces. That is, Cd concentrations
remain low as long as carbonates are present. Upon the deple-
tion of carbonates from the column, the Cd concentration
abruptly declines because of depletion of the controlling phase.
Observations of previous researchers suggest that trace Cd
concentrations in pore water are likely controlled by adsorption
to calcite surfaces (Fuller and Davis 1987; Davis et a., 1987,
Stipp et al., 1992).

An average 0.30 wt.% of Cd has been identified by micro-
probe analyses of Kidd Creek sphalerite grains (Dutrizac and
Chen, 1990). However, the calculations show that the ratio of
Cd/Zn in effluent water samples from the column is from 1 to
2 orders of magnitude lower than that observed in the
sphalerite, except for two water samples.

3.2.2.3. Vand Cr. At 25 pore volumes, the concentration of
V increases abruptly to 0.85 mg/L. Although the concentration
jump occurs at the same time as the jump in concentrations of
Pb and Cd, we believe that dissolution of V is controlled by a
different mechanism than the dissolution of Pb and Cr. Namely,
the high concentrations of V persist beyond the point of ferri-
hydrite depletion. The curve for V is, however, of a similar
shape as the curve for Al. This suggests an aluminum-bearing
minera as asource of V, which is supported by the observation
that V is frequently associated with sheet silicates (Jambor et
al., 1993). The Cr curve is of a similar shape as the curves for

V and Al. This may be an indication that the source of Cr isthe
same as or similar to the source of V.

3.2.3. The Third Group of Metals

3.2.3.1. Cu. The concentrations of Cu are unaffected by pH
changes during the experiment and remain close to the detec-
tion limit of 0.01 mg/L throughout the experiment (Fig. 4).
Chemical analysis of a solid sample leached in the experiment
show that Cu was still present in the column materials after the
experiment was completed. Secondary covellite was observed
in polished thin sections of leached solid samples by mineral-
ogical analyses (J. L. Jambor, 1999, personal communication).
A number of sulfides containing Cu were identified in the Kidd
Creek tailings: chalcopyrite, tennantite, tetrahedrite, and
bornite. Formation of secondary covellite was inferred to con-
trol agueous Cu concentrations in the Heath Steele tailings
impoundment (Boorman and Watson, 1976). Secondary covel-
lite has also been observed at the Waite Amulet tailings im-
poundment (Blowes and Jambor, 1990) and at the Nickel Rim
tailings impoundment (Johnson et al., 2000).

4. CONCLUSIONS

To evaluate and refine a conceptual acid neutralization
model and assess the mobility of metals in a detailed manner,
a laboratory column experiment was conducted using fresh,
unamended Kidd Creek tailings. This column procedure en-
ables the study of acid neutralization mechanisms in tailings
and enables the estimation of arrival times for various metals.
The results of this experiment represent atemporal observation
of changes in pH, Eh, and metal concentrations. The experi-
mental results are consistent with the proposed conceptual
model of Morin et al. (1988).

For the fresh, unamended Kidd Creek tailings, the results of
geochemical modeling indicate that ankerite-dolomite, siderite,
gibbsite, and aluminosilicates control the pH of the effluent
water. In the column study, no significant difference was dis-
cerned in the buffering ability of ankerite-dolomite and primary
siderite. In this experiment, ferrihydrite is not the primary
control of the pore water pH, as suggested by Morin and Cherry
(1986) and observed by Blowes (1990). The absence of ferri-
hydrite as a buffering phase in this study is attributed to the use
of unoxidized tailings. Had the tailings been allowed to oxidize,
ferrinydrite would be an abundant secondary precipitate in the
unsaturated zone, derived from early periods of oxidation,
when carbonates act as the primary buffer (Blowes and Ptacek,
1994) and would thus control the pH of pore water.

Measured metal concentrations indicate that metal mobility
in the effluent water is controlled by the pH. The metals can be
divided into three groups on the basis of their mobility. Zinc,
Ni, and Co become mobile at pH 5.7, and Cr, V, Pb, and Cd
become mobile at pH 4.0. Cu concentrations remain unaffected
by pH changes. The source of Zn, Ni, Co, Pb, and Cd is
Fe(111)-(oxy)hydroxide, while V and Cr originate from a dif-
ferent source, probably aluminosilicates. Because the experi-
ment was performed with fresh, unoxidized tailings that contain
only a small amount of Fe(l11)-(oxy)hydroxide, concentrations
of leached metals persisted for arelatively short period of time.
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In a field situation, where tailings can oxidize, there is a
potential for significantly higher amounts of leached metals.

Acknowledgments—The authors would like to thank John Jambor for
conducting the mineralogical analyses of the Kidd Creek tailings,
which greatly improved this paper. The authors would like to thank
Rhonda Woito and Lia Hinch of the University of Waterloo for their
assistance with the experimental work. The Ontario Ministry of Col-
leges and Universities provided the funding for this research through
the University Research Initiative Fund. Environment Canada of Bur-
lington, Ontario, provided funding for laboratory analyses of water
samples by ICP. In addition, the Canadian Natural Science and Engi-
neering Research Council supported this study through research grants
provided to Carol J. Ptacek and David W. Blowes. The Ontario Min-
istry of Colleges and Universities provided graduate scholarship sup-
port to the first author. The authors would also like to thank R. Seale
and an anonymous reviewer for their constructive comments.

Associate editor: J. D. Rimstidt

REFERENCES

Al T. A. (1996) The Hydrology and Geochemistry of Thickened,
Sulfide-Rich Tailings, Kidd Creek Mine, Timmins, Ontario. Ph.D.
thesis, University of Waterloo.

Al T. A., Martin C. J,, and Blowes D. W. (2000) Carbonate-mineral/
water interaction in sulfide rich mine tailings. Geochim. Cosmochim.
Acta 64, 3933-3948.

Allison J. D., Brown D. S., and Novo-Gradac K. J. (1990) MINTEQA2/
PRODEFA2, a Geochemical Assessment Model for Environmental
Systems: Version 3.0 User’s Manual. Environmental Research Lab-
oratory, U.S. Environmental Protection Agency, Athens, GA.

Ball J. W. and Nordstrom D. K. (1991) Users Manual for WATEQA4F,
With Revised Thermodynamic Data Base and Test Cases for Calcu-
lating Speciation of Major Trace, and Redox Elements in Natural
Water. USGS Open-File Report, 91-183. U.S. Geologica Survey,
Menlo Park, CA.

Blowes D. W. (1990) The Geochemistry, Hydrogeology and Mineral-
ogy of Decommissioned Sulfide Tailings: A Comparative Study.
Ph.D. thesis, University of Waterloo.

Blowes D. W. and Jambor J. L. (1990) The pore-water geochemistry
and the mineralogy of the vadose zone of sulfide tailings, Waite
Amulet, Quebec, Canada. Appl. Geochem. 5, 327-346.

Blowes D. W. and Ptacek C. J. (1994) Acid-neutralization mechanisms
in inactive mine tailings. In The Environmental Geochemistry of
Sulfide Mine-Wastes, Short Course Handbook 22 (eds. D. W. Blowes
and J. L. Jambor), pp. 271-292. Mineralogical Association of Can-
ada, Waterloo, Canada.

BlowesD. W., Reardon E. J., Jambor J. L., and Cherry J. A. (1991) The
formation and potential importance of cemented layers in inactive
sulfide mine tailings. Geochim. Cosmochim. Acta 55, 965-978.

Boorman R. S. and Watson D. M. (1976) Chemica processes in
abandoned sulfide tailings dumps and environmental implications for
northeastern New Brunswick. Can. Inst. Mining Metall. Bull. 69,
86—96.

Booth J., Hong Q., Compton R. G, Prout K., and Payne R. M. (1997)
Gypsum overgrowths passivate calcite to acid attack. J. Colloid
Interface Sci. 192, 207-214.

Coggans C. J. (1992) Hydrogeology and Geochemistry of the INCO
Ltd., Copper Cliff, Ontario, Mine Tailings Impoundments. M.S.
thesis, University of Waterloo.

Davis J. A., Fuller C. C., and Cook A. D. (1987) A model for trace
metal sorption processes at the calcite surface: Adsorption of Cd®*
and subsequent solid solution formation. Geochim. Cosmochim. Acta
51, 1477-1490.

Dubrovsky N. M. (1986) Geochemical Evolution of Inactive Pyritic
Tailingsin the Elliot Lake Uranium District. Ph.D. thesis, University
of Waterloo.

Dubrovsky N. M., Cherry J. A., and Reardon E. J. (1985) Geochemical
evolution of inactive pyritic tailings in the Elliot Lake uranium
district. Can. Geotech. J. 22, 110-128.

Dutrizac J. E. and Chen T. T. (1990) A chemical and mineralogical
study of silver, lead and cadmium in Kidd Creek zinc concentrates
and roaster products. In Lead-Zinc ’90 (eds. T. S. Mackey and R. D.
Prengaman), pp. 161-191. The Minerals, Metals & Materials Soci-
ety, Warrendale, PA.

Dzombak D. A. and Morel F. M. M. (1990) Surface Complexation
Modeling: Hydrous Ferric Oxide. John Wiley, New York.

Felmy A. R. and Weare J. H. (1986) The prediction of borate mineral
equilibriain natural waters: Application to Searles Lake, California.
Geochim. Cosmochim. Acta 50, 2771-2783.

Fuller C. C. and Davis J. A. (1987) Processes and kinetics of Cd**
sorption by a calcareous aquifer sand. Geochim. Cosmochim. Acta
51, 1491-1502.

Gibbs M. M. (1979) A simple method for the rapid determination of
iron in natural waters. Water Res. 19, 295-297.

Greenberg A. E., Clesceri L. S, and Eaton A. D. (1992) Sandard
Methods for the Examination of Water and Waste Water, 18th ed.
American Health Association.

Jambor J. L., Owens, D. R. Carriere, P., and Lastra, R. (1993) Miner-
alogical Investigation of Tailings and Associated Waste Products,
and the Distribution of Natrojarosite in the Kidd Creek Main Tail-
ings Cone, Timmins, Ontario. MSL 93-20 (CR), 1-198. Canada
Center for Mineral and Energy Technology, Mineral Sciences Lab-
oratories Division Report, Ottawa, ON.

Johnson R. H. (1993) The Physical and Chemical Hydorgeology of the
Nickel Rim Mine Tailings, Sudbury, Ontario. M.S. thesis, University
of Waterloo.

Johnson R. H., Blowes D. W., Robertson W. D., and Jambor J. L.
(2000) The hydrogeochemistry of the Nickel Rim mine tailings
impoundment, Sudbury, Ontario. J. Contam. Hydrol. 41, 49—80.

Kinniburgh D. G., Jackson M. L., and Syers J. K. (1976) Adsorption of
akaline earth, transition, and heavy metal cations by hydrous oxide
gels of iron and auminum. Soil Sci. Soc. Am. J. 40, 796—799.

Light T. S. (1972) Standard solution for redox potential measurements.
Anal. Chem. 44, 1038—1039.

Morin K. A. and Cherry J. A. (1986) Trace amounts of siderite near a
uranium-tailings impoundment, Elliot Lake, Ontario, Canada, and its
implication in controlling contaminant migration in a sand aquifer.
Chem. Geol. 56, 117-134.

Morin K. A., Cherry J. A., Dave N. K., Lim T. P., and Vivyurka A. J.
(1988) Migration of acidic groundwater seepage from uranium-
tailings impoundments, 1. Field study and conceptual hydrogeo-
chemical model. J. Contam. Hydrol. 2, 271-303.

Moses C. O. and Herman J. S. (1991) Pyrite oxidation at circumneutral
pH. Geochim. Cosmochim. Acta 55, 471-482.

Nicholson R. V., Gillham R. W., and Reardon E. J. (1988) Pyrite
oxidation in carbonate-buffered solution: 1. Experimental kinetics.
Geochim. Cosmochim. Acta 52, 1077-1085.

Nordstrom D. K. (1977) Thermochemical redox equilibria of ZoBell’'s
solution. Geochim. Cosmochim. Acta 41, 1835-1841.

Nordstrom D. K., Alpers C. N., Ptacek C. J., and Blowes D. W. (2000)
Negative pH and extremely acidic mine waters from Iron Mountain,
California. Environ. Sci. Technol. 34, 254-258.

Nordstrom D. K., Plummer N. L., Langmuir D., Busenberg E., May
H. M., Jones B. F., and Parkhurst D. L. (1990) Revised chemical
equilibrium data for major water-mineral reactions and their limita-
tions. In Chemical Modeling of Aqueous Systems |1, ACS Sympo-
sium Series 416 (eds. D. C. Melchior and R. L. Bassett), pp.
398-413. American Chemical Society, Washington, DC.

Papelis C., Hayes K. F., and Leckie J. O. (1988) HYDRAQL: A
Program for the Computation of Chemical Equilibrium Composition
of Aqueous Batch Systems Including Surface-Complexation Model-
ing of lon Adsorption at the Oxide/Solution Interface. Technical
Report 306, 1-130. Stanford University, Stanford, CA.

Parker J. C. and van Genuchten M. T. (1994) Determining transport
parameters from laboratory and field tracer experiments. Virginia
Agricultural Experiment Station Bulletin 84-3, 1-97. Department of
Agronomy, Virginia Polytechnic Institute and State University,
Blacksburg.

Ptacek C. J. (1992) Experimental Determination of Sderite Solubility
in High lonic-Srength Aqueous Solutions. Ph.D. thesis, University
of Waterloo.



Acid neutralization mechanisms in mine tailings 1523

Ptacek C. J. and Gillham R. W. (1992) Laboratory and field measure-
ments of non-equilibrium transport in the Borden aquifer, Ontario,
Canada. J. Contam. Hydrol. 10, 119-158.

Ptacek, C. J.,, Moncur, M., McGregor, R., Blowes, D. W. (2001)
Geochemical controls on metal concentrations in mine tailings that
have undergone 50 years of oxidation. In Eleventh Ann. V. M.
Goldschmidt Conference, Abstract #3647, LPlI Contribution No.
1088, Lunar and Planetary Institute, Houston, TX (CD-ROM).

Reardon E. J. (1970) Complexing of silica by iron(lll) in natural
waters. Chem. Geol. 25, 339—-345.

Ribet 1., Ptacek C. J.,, Blowes D. W., and Jambor J. L. (1995) The
potential for metal release by reductive dissolution of weathered
mine tailings. J. Contam. Hydrol. 17, 239-273.

Singer P. C. and Stumm W. (1970) Acid mine drainage: The rate-
determining step. Science 167, 1121-1123.

Stipp S. L., HochellaM. F., Jr., Parks G. A., and Leckie J. O. (1992)
Cd?* uptake by calcite, solid-state diffusion, and the formation of
solid solution: Interface processes observed with near-surface sensi-
tive techniques (XPS, LEED, and AES). Geochim. Cosmochim. Acta
56, 1941-1954.

Stumm W. and Morgan J. J. (1996) Aquatic Chemistry, 3rd ed. John
Wiley, New York.

Thorpe R. E., Pringle G. J,, and Plant A. G. (1976) Occurrence of
selenide and sulphide minerals in bornite ore of the Kidd Creek
massive sulphide deposit, Timmins, Ontario. Report of Activities,
Part A. Paper 76-1A, 311-317. Geological Survey of Canada, Ot-
tawa, ON.

U.S. Environmental Protection Agency. (1994) Acid Mine Drainage
Prediction (530-R-94-036). U.S. Environmental Protection Agency,
Washington, DC.



