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Acid Neutralization Mechanisms and Metal Release in Mine Tailings
Jurjovec, J., Ptacek, C.J. and Blowes, D.W.

MANAGEMENT PERSPECTIVE

This work supports the ESD Issue Conserving Canada’s Ecosystems and the Business
Plan Deliverable Nature.

Migration of acid and metals from mire tailings is a severe problem in Canada and the
world. Mine tailings are the finely ground sulfides and gangue minerals that are of
insufficient value for further processing. Tailings are typlcally stored in piles or
impoundments at mine sites where they are allowed to come in contact with atmospheric
oxygen. As a result, sulfide minerals in the tailings oxidize, releasing acid and metals to
the environment. Some of the acid is neutralized by gangue minerals (carbonates,
aluminosilicates) contained in the tailings. Eventually the neutralization capacity can be
consumed (years to decades), allowing the acid to migrate from the site. Under low pH
conditions, many metals are mobilized resulting in large loadings of metals to
groundwaters and surface waters, At many sites in Canada, the acid fronts will fitst reach
the water table and will discharge to surface water bodies over the next several decades or
longer. This paper describes a method developed to accurately quantify acid
neutralization reactions under flow conditions representative of those occurring in the
field. The results will assist in predicting the arrival timie of acidic fronts in mine wastes
in general. This information will assist in planning for the extremely large acid and metal
loadings expected to occur over the next several decades or longer.

This paper represents part [ of a three-part series on this topic. The next steps will be
directed at developing an accurate model which incorporates dissolution kinetics for a
range of minerals contributing to the acid neutralization reactions in tailings.



Mécanismes de neutralisation des acides et dégagement de métaux dans les résidus
miniers

Par
Jurjovec, J., Ptacek, C.J. et Blowes, D.W.

RESUME A L’INTENTION DE LA DIRECTION

Ce travail contribue 2 I’activité de la DGSE Conservation des écosystémes au Canada, et

contribue au secteur d’activités de la nature.

La migration des acides et des métaux hors des résidus miniers est un grave probléme au
Canada et ailleurs dans le monde. Les résidus miniers sont constitués des sulfures
finement broyés et des minéraux formant la gangue et n’ayant pas assez de valeur pour
justifier leur traitement. Ordinairement, les résidus sont empilés ou déposés dans des
bassins d’accumulation sur le terrain des mines, od ils sont exposés a I’oxygene
atmosphérique. Il s’ensuit que les minéraux sulfurés s’oxydent et libérent des acides et
des métaux dans le milieu. Ces acides sont en partie neutralisés par les minéraux de la
gangue (carbonates, aluminosilicates) contenue dans les résidus. Eventuellement, le
pouvoir de neutralisation s’épuise (c’est une question d’années ou de décennies) et les
acides migrent hors du site. A bas pH, de nombreux métaux sont libérés et sont 2
P’origine d’une forte charge dans les eaux souterraines ou de surface. A de nombreux
sites canadiens, le front acide atteindra la nappe d’eau avant de passer dans des masses
d’eau de surface au cours des quelques décennies suivantes ou plus. Ce rapport fait état
d’une méthode mise au point pour quantifier avec exactitude les réactions de
neutralisation des acides dans des conditions d’écoulement de I’eau représentatives de
celles observées sur le terrain. Cela nous aidera a prévoir 1’arrivée des fronts acides des
résidus miniers en général. Les renseignements obtenus contribueront a la planification
nécessaire pour contrer les charges trés élevées d’acides et de métaux qu’on devrait
observer au cours des quelques décennies a venir ou plus.

Cet article est le premier de trois articles traitant de ce sujet. Les travaux subséquents
porteront sur 1’élaboration d’un modeéle exact qui incorporera des équations de cinétique
de la dissolution en fonction de différents minéraux contribuant aux réactions de
neutralisation des acides dans les résidus.



RESUME

L’exploitation des gisements de métaux communs et les opération de concentration
peuvent donner lieu au dégagement de métaux dans le milieu. Lorsqu’ils sont exposés a
I’oxygene et a I’ean, les minéraux sulfurés qui sont contenus dans les résidus sont oxydés
et se dissolvent. Deux principaux processus géochimiques antagonistes agissent sur la
migration des métaux dissous dans les bassins d’accumulation des résidus miniers, soit
I’oxydation des sulfures et la neutralisation des acides. L’étude porte spécialement sur les
réactions de neutralisation des acides qui se produisent dans la zone saturée des bassins
d’accumaulation des résidus miniers. De maniére 4 simuler les conditions prédominant
dans de nombreux bassins d’accumulation des résidus miniers, nous avons fait circuler
continuellement de 1’acide sulfurique 4 0,1 M dans des colonnes contenant des résidus
frais et non oxydés. Cette expérienice nous fournit des séries temporelles d’observations
détaillées du pH, de I’Eh et des conceritrations de métaux. Les résultats obtenus sont
conformes a des observations antérieures sur le terrain suggérant qu’une série de
réactions de dissolution et de précipitation minérales déterminent le pH et le degré de
mobilité des métaux. Ordinairement, cette série consiste en des minéraux carbonatés, des
hydroxydes d’ Al et de Fe(IlI) et des aluminosilicates. Dans le cas des résidus miniers de
Kidd Creek, la série de dissolution est constituée d’ankérite-dolomite, de sidérite, de
gibbsite et d’aluminosilicates: Dans 1’expérience sur colonne, trois plateaux distincts de
pH ont été observés : 5,7, 4,0 et 1,3. Nous avons observé un lien entre le dégagement
d’élémeiits A I’état de traces, commie le Cd, le Co, le Cr, le Cu, le Li,le Ni,le Pble V et
premier plateau (pH de 7,5) tandis que le Cd, le Cr, le Pb, I’As, le V et I’ Al sont libérés
lorsque le pH de 1’eau de porosité passe a 4,0 ou moins.
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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 tmhngs- impoundiments, To simulate conditions prevailing in many
tailings impoundments, 0.1 mol/L. sulfuric acid was passed continuously through columms containing fresh,
unoxicized 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(III) hydroxides, and alumi-
noeili‘cates In the case nf Kidd Creek tailings, the dissolution scriea consists of ankerite- clolomite siderite,
and 1,3 Thc releases of tracc elcmems such as C_‘d Co C‘r Cu, L1 Ni, Pb V, and Zn were obscryc.d to be
related to the pH buffering zones. High concentrations of Zn, Ni, and Co were observed at the first pH platean
(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

Mining and milling of sulfide ore gencrates lacge guantities
of waste rock and finely crushed mill tailings, which generate
acidic effiuents due to weathering under atmospheric condi-
tions. Acidic waters generated in the unsaturated zone of tail-
ings impoundmetits contain elevated concentrations of Fe, 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 the
effect of the pH of the water released from mine wastes.
Therefore, vaderstanding the mechanisms controlling the mo-
bility of mietils in the pore water of ihill 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 ct
al., 1988; Blowes, 1990). The chief causc of acidic waters, the
abiotic and biotic oxidation of pyrite and ferrous iron, has been
stucdied extensively for more than 30 g7, including the condi-
tions and parameters that promote the oxidation reaction (Sing-
er and Stumm, {970; Nicholson et al., 1988; Moses and Her-
man, 1991). Much less has been wrtlen about acid
neutralization, a beneficial process occurring in. mill tilings.

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 tnderlying aquifer (Morin et al., 1988) is retarded
with respect to the groundwater. Johnson et al, (2000) reported
that the low pH plume of contaminated water at Nickel Rim

* Anthor 10 whom correspondence should be addressed
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tailings impoundment moves at one tenth the average linear
groundwater velocity.

The retardation at the Nordic ’Vlam tailings 1mpoundmcnt 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 wranium tailings pore water is
buffered by dissolation of a series of minerals (Fig. 1). The
series consists of calcite, siderite, AI(OH);, Fe(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 -

Johinson (1993) are consistent with previous observations. The
conceptual mode! was described in more detiil by Blowes and
Ptacek (1994)..

The conceptual acid neutralization model was proposed on
the basis' of ficld observations. Data collection points were
widely diswributed in space, and the groundwater flow pathways
were assumed. Under laboratory conditions, it is possible to
climinate unknown influences that may have affected the geo-
chemical evolution of the tailings pore water at the field sites.
A laboratory colunin experiment was conducted to evaluate-and
refine the concephual mnodel and assess the mobility of metalsin
a detailed manner. Understanding acid newtralization 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
neutralization model and assess the mobility of metals, a lab-
oratory column experiment was conducted using fresh, unoxi-
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A’ ~ calcite

depth

Fig. 1. Sketch of a tajlings impoundment with a corresponding phime of acidic water and a diagram of pH changes with
depth through cross-section AA’. Note: The vertical thickness of the plume is exaggerated.

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

The secoid 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 comipletion. Becanse reactions in mine tailings
sites ocour slowly, the collection of field data at this level of
temporal discrimination would be costly and impractical.

2. MATERIALS AND METHODS
2.1. Materials
2.L.1. Solids

The solids used in the experiments were fresh, unoxidized tailings
collected at the concentrator at the Kidd Creek metallurgical site near
Tifimins, Ontario. The mill tailings were oven dried at 100°C at the
site. The mineralogy of the tailings sample was determined by Jambor
et al. (1993) to be as follow: 15.1 wt.% sulfides, 8 wt.% cathonates and
Fe-oxides, 49.1 wt.% quariz, and the balance of silicates and alimisio-
silicates. Infonnation about identified minerals and mineral proportions
in the tailings sample is simuiarized in Table 1.
of carbonates in the tailings samiples from the Kidd Creek main im-
poundment. They identified the following carbonates using clectron
microprobe-analyses and X-ray studies: calcite, dolomite, ankerite, and

siderite. These carbonates ave rarely of the end-member composition.
The averdge cation compositions for siderite and ankerite, as quantified
through  microprobe  analysis,  were found to  be
Fey 90aMEo 6oM0p,020Ca0 gons and Feg 250M0 1 0M1.00:Ca0 4900 TE-
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 detennined to be 5%
calcite, 35% dolomite-ankerite, and 60% siderite. Because caleite 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 satiiple was taken from each
part. These three samples and two splits of starting matetial were
analyzed by Activation Laboratories, Ltd., Ancaster, Ontario. Total §
and CO., were analyzed using a LECO induction furnace. 8i, Al, Fe,,,.
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 HNO,-HCI-HCIO,-HI digestion. Co and Cr were
determined by instrumental néutron activation analysis.

2.1.2. Solitions

[

The synthetic backpround water was prepared by adding reagent-
grade CaCO, and CaSO, to double-deionized water in excess of
saturation. The solution was bubbled with CQ, for 12 h to promote the
dissolution of CaCOQ,. The solution was then equilibrated at- atmo-
spheric Peg, 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 witrapure H,$0, and double-deionized
water. The final solution was 0.105 mol/L. $1,50,.
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Table 1. Minemalogy of the lailings sample as blainied by image analysis study (Jambor et al., 1993),

Mineral class Mineral name ) ~ Formmla i . W%
Sulfides Pyrite feS, ) 132
Pyirhotite Fe,_;S 1.2
Chalcopyrite CuFeS, .0
Sphalerite nS 02
Silicates Chlorite (Mg, Fe)y(Si, Al),O(OH), * (Mg, Fe),(OH), 214
Amphibole Wo_1X2Y s Z,0,,(OH,F),* 0.5
Stiplnomelane Ko o(Mg, Fe2*, Fe*),SizAN0,0 )24 1,0 <0.5
Albite Na Al §i,0, . 0.7
Muscovite KAL(AISLOO0H), 2.5
Quartz Si0, 49.1
Carbonates® and Fe-oxides Ankerite-dolomite Ca(Pe,Mg)(CO,4);. 3
Siderite and Fe- FeCO, Fe,04 - 4.9
oxide
Suiphates o . gypsum CaS0y < 2H,0 0.5

*Where W = Na*/K™; X = Ca®%, Na™, Mn™™, Fe?® Mg?*, Li™; ¥ = Mn®*, Fe2™, M®™, Fe'™, AP™, Ti*"; and Z = §i*7, AP,

® 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 1P4
 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. Niytex and Vyon (mesh size
30 wm) screens were used as filters 10 prevent flushing of thie solids
froim the colimn. 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 fushed with CO, gas to displace air from the
cojumn (Pracek and Giltham, 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 safuration of the
column as well as during the tracer experiment to prevent changes in
mineralogy before initiation of the experimeit. The porosity of the
tailings sample was determined to be .44 on the basis of the gravi-
metric measurements and CXTFIT modeling (Parker and van Genu-
chien, 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 Wwas performed to determine flow and solute
transport parameters using NaCl tracer solution. Water samples were
collected every 30 min using a fraction collector for CY determination.

Reservoir Pump

Column

The NaCl tracer solution was flushed out with the-synthetic background
water. During the acid neutralization experiment, the 0.105 mol/L
13,80, solution was pagsed through the column. material for 150 pore
volumes.

2.3. Sampling and Analytical Procedures

At the bepinming of the experiment, during carbonate dissolution, a
buildup of gas occurred in the sampling cell, prevénting 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 boftom
at an angle, and the outlet wag at the top of the cell. This design allowed
the gas (CO,) o pass throtgh the cell and minimized mixing of the
effluent water.
time. Effluent water samples were transferred from the sampling cell
into a plastic syringe previodsly flushed with Ar gas. During sampling,
the sampling cell outlet was conuected 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
A and Eh measurement were constructed by placing an electrode ina

Sampling
cell



i514 ). Jurjovec, C. 1. Pacek, and D. W. Blowes

5-mL syringe, which was sealed at the top by a Viton O-ring and Teilon
cap and secured with a clamp to the syringe and electrode. Viton tubing
was placed at the bottom of the syringe to allow for the transfer of the
liquid sample from the sampling syringe to the cell for pH or Eh
measurements. The pH was measured using 4 combination glass elec-
wrode (Orion Sure-Flow Ross 8165BN) calibrated with pH 4 and 7
standard buffer solutions and checked with pH 1.00 butfer solution
(Fisher). The Eh was detemmined using a platisum 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, indicalor, and stan-
dardized sulfuric acid solutions. The indicator used to determine alka-~
linjty was mixed bromocresol green-methyl red indicator solution
{Greenberg et al., 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 8O, analysés were not réproducible using anacidified samples.
Therefore, we used aciditied samples for SO, analyses. No.interference
due to the presence of HCI was observed in the SO, analyses.
Coricentrations of Fe weére detetmined colorimetrically using the
Pervozine method (Gibbs, 1979). Once a week, a fresh sample was
analyzed with and without the addition of seductant, 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(I1) 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, Cuy, Li, Mg, Mn, Mo, Pb,
Sr, V..aid Zn were determinéd by inductively coupled plasma emission
spectroscopy. The concentrations of Cl were determined colorimetri-

, cally using the ferricyanide method (Greenberg et al.. 1992).

2.4. Methods of Inteipretation

Column flow and solute transport parameters were detenmined by
modeling Cl concentrations measured diring the tracer test and by
gravimetrically measuring flow rate. The mwodeled parameters: were
obtained from the leading edges of the breakthrough cutves 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 geochemical speciation/mass transfer model MINT-
EQAZ (Allison et al., 1990). The thermodynaiiic.database was adopted
from the speciation model WATEQA4F (Ball and Nordstrom, [991).
Solubility data for siderite {(Nordstrom et al., 1990; Ptacek, 1992),
Fel,Si0, (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 (S1). The SI is equal to the
difference of logarithms of ion activity product and solubility constant:
(81 = logf4P — logK,). An Si value of zero indicates equilibrium, a
negative value undersafuration, and a positive value supersaturation. To
ease comparison of Sls of minerals of widely ditferent stochiometries,
the Sls were normalized according to the equation ({Felmy and Weare,

1986)
VI IAP)
o =

Sty = — R 1y

where [4P is the ion activity product; K is the equilibrium constant, and
N is the nurisber of ions in the solid phase.

3. RESULTS AND DISCUSSION

A column experiment was conducted with {resh unamended
tailimgs from the Kidd Creek metaliurgical sile near Timmins,
Ontano At the Kidd Creek site, tailings are cumently 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
imation of acx_dxc pore water gg;ll_cra.tcd in a generic unsatura_tz,d
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.
Exmples of such impoundmean are Hcath Steele in ccnlxal
Flon, Manitoba (Ptacgk et a_.l., 2001). Moreovcr, negative-pH
water has been observed at Iron Mountain, California (Nord-
strom et al., 2000). Very low—pH pore waters have not been
observed at the Kidd Creek metallurgical site. Tailings are
citrently 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,
solation was practical: to complete the experiment in a réason-
able time (8 months). The measwed pH of this sulfuric acid
solution was (.95 £ ().6. Reactive transport simulations were
conddcted before the statt 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 cov/h, Which translates to an average linear velocity of
~30 m/a. Average linear groundwater velocities reported for
vatious tailings impounidments vary from I to 18 in‘a (Blowes,
1990). The porosity of the tailings used in the column expen-
ment was ().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 §)

Measurements of effluent water pH during the experiment
form a staircase-shaped curve (Fig. 3). There are three long
plateaus al 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-
tean. At this tme, alkalinity in the effluent water is high
(around 500 mg/L; Fig. 3). These resilts 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 slightly undersaturated with respect to ankerite-

dolomite solid solution. This observation suggests that the
dissolution of this mineral 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 parametess in the column effiuent water as a function of pore volumes.

at the Kidd Creek impoundment with respect 10 ankerite-
dolomite solid solution. Mote 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 equilibrivm cal-
culations.

Undersaturation of effluent water with respect to -ankerite-
dolomite solid solution suggests kinetically limited dissolution.
Kinetically 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 as in Kidd Creek
tailings impoundmeiit, may not allow sufficient time for the

reaction to reach equilibrium. The second factor, precipitation
of secondary minerals, can result in mineral coatings that
reduce the rate of mineral dissolution. Coatings of secondary
gypsum on polished caloite 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,S0,, a significant decrease in the dissolution rate of
calcite was observed in <17 min.

The geochemical modeling of the cHluent water from the
columin experiment indicates equilibdum with respect to gyp-

results of the calculations are consistent with sapgestion that

{
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Fig. 4. Measured pamameters 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. Thie possibility of
secondary mineral coatings reducing the rate of ankerite-dolo-
mite solid sohution 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 al. (2000) identified coatings of sccondary
siderite surrounding primary grains composed of the ankerite-
dolomite solid solution.

At the first pH plateau, the effluent water is supersatu-
ratéd 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 Piacek, 1994)
and with observation of secondary siderite by Al et al.
(2000).

Ficld observations indicate two pH zones atiributed to car-
bonate dissolution; the first zone is atuwributed to calcite, and the
second is attributed to siderite. In this experiment, only one pH
plateau, which could be attributed to carbonate-mineral disso-
lution, 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 suflicient quantities to buffer the
tailings pore water to the pH observed at other sites. Second,
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even though two carbonate minerals, the ankerite-dolomite
solid solution and siderite, are present in the tailings in signif-
icant quamities (section 2.1.1 and Table 1), the measurements
of pH and alkalinity indicate no significant difference in buff-
ering potentidls of these two minerals. Because Mg, Mn, and
Ca substitute 10% of Fe in 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, attribiited to catbonate dissolution, is slightly sloped.
On the basis of the observations of Al et al. (2000) and solid
solution theory, the components of the most soluble end-mem-
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ber will p;cfercptia[,ly dissolve first, leaving behind the com-
ponents of the less soluble end-memiber 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 sugpest that as soon as ankerite-dolomite and siderite are
depleted, the. pH of the efflucnt decreases abruptly, Dépletion
of alkalinity coinciding with the first abrupt pH decrease is
consistent with this conclusion (Fig. 3). XRD patterms of a solid
sample collected after the coripletion of the experifiient show
no indication of the presence of carbonates. These observations
are consistent with field observations at Nickel Rim mine
tailings ifipouridinent, where an ordér 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 solids in the colutm during this experiment

was not possible: without significantly disturbing the flow of
pore water.

During the first pH platean region, the effluent water is near
equilibritm with respect to ferrihydrite. At the saine time, the
effluent water is supersaturated with respect to gibbsite and
goethite, indicating a tendency for precipitation of these min-
erals- at the begimming of the experitent, when the pH is still
liigh (Fig. 5). This observation is consistent with field obser-
vations of Blowes (1990) and Johnson et al. (2000).

At the second pH platean, which occirs at pH 4.0, the
effluent water is in equilibrium with respect to gibbsite. (Fig.
5). The second pH plateatt 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 GO pore
volumes coincides with the second abript decrease in measured
pH (Figs. 3 and §5). At the same time, the .¢fftuent water
becomes undersaturated with respect to gibbsite and boehmite,
suggesting that the mass of these twio minexals is not sufficient
to buffer the acidic solution passing through the column. This
observation is consistent with field obscrvations in a serics 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 gibbsite is too small
to be detected easily with the mineralogical techniques used, or
another miineral that exhibits a dissolation solubility product
similar to gibbsite controls the pH of pore water al the second
plateau.

Ditring the first porticn of the sécond pH plateau, the effluent
water is slightly undersaturated with respect to ferrihydrite,
which suggests near equilibrium dissolution of ferrihydrite.
Small ammounts of primafy iron oxyhydroxides have beén ob-
served in the tailings. An abrupt decrease in fergihydrite satu-
ration indices at 42 pore volumes suggests depletion of ferri-
hydrite from the colunn before the pore water pH decreases to
the third platean. This observation suggests that it is unlikely
that ferrihydrite would be the pH-controlling phase of dic
obiservations of Dubrovsky (1986), Blowes (1990), and Johi-
son ct-al. (2000), which suggest that ferrihydrite is the domi-
nant buffer at pH 2.8 1o 3.0. A likely reason for the absence of
this plateay in this experiment is that the tailings used in the
experiment were fresh and unoxidized. The tmass of primary
oxyhydroxides was likely too small and was depleted before

these minerals could becoine 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(Il) was not discernable
throughout the experiment.

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

3.1.1. Major lons

The concentration of Ca decreases at the beginning of the
expeririernit from ~700 to 500 mg/L and remains constant until
59 pore volumes (Fig. 5). The only cxception is a short, abrupt
decrease in Ca concentrations at 20 pore volumes when Ca
concentrations decrease to 350 mg/L. The abrapt decrease in
Ca concentrations corresponds to a decrease in alkalinity,
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 Ca using a
different analytical technique 1o 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-
Tated with respect to gypsum. This observation suggests deple-
tion of gypsum from the column. The decrease in Ca concen-
trations is abrupt; Ca conceptrations decrease from 300 1o
below 10 mg/L over 15 pote 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 incongrueni disso-

Tution of carbonate minerals. Mg concentrations start to de-
crease at the same time as the alkalinity decreases abruptly. In
contrast to alkalinity, Mg concentrations decrcase gradually
through the entire ¢xperiment to 100 mg/L (Fig. 3). Mincrals
present in-the tailings, which contain Mg, ate the ankerite-
dolomite solid solution, chlorite, amphibole, siilpnomelane;
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 solubili(y. After the
tirst abrupt pH declinie and deplétion of atkalinity, the majority
of the Mg is probably derived from the dissolution of chiorite.
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, pefsonal coririvnica-
tion). This observation is consistent with field observations at

. the Heath Steele tailings ithpoundment (Blowes, 1990). Minor

amounts of Mg may come from stilpnomelane.
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The shape of the Fe concentration curve for the efffuent
water is very similar to the shape observed for Mg. The only
difference is that Fe-concentrations are significantly higher than
those of Mg. This observation suggests that the major sources
of these two ions are sinilar. 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 conesponds to the
decrease in Mg concentration, alkalinity, 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 fiom 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 al, 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 conceéntrations in the
pore water.

Concenitations of SO, increase up to 9500 mg/L in the first
two pore volumes after the initiation of the experiment. Afler
30 pore volumes, the concentrations of 50, 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 voluimes when alkalinity is high. Lower concen-
trations of SOy are due to dissolution of carbonates providing
Ca. Therefore, gypsum precipitation liksly occurred al 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, concenirations are
limited by gypsum solubility at this time (Fig. 5). This hypoth-
esis is also supported by identification of gypsum in the tailings
(Table 1).

The Al concentrations are low (20 to 30 mg/L) during the
first 25 pote 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 consiant at 250 mg/L for the rest of the experiment (Fig.
4). The increase in Al concenurations 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 diiring the first 30 pore volumes (Fig. 5). The
source of Al is aluminosilicate dissolution, namely, dissolution
of chlorite. Further, results of geochemical modeling suggest
that pore water is in equilibrium with respect to gibbsite at the
second platean. This suggests that Al concentrationis are limited

by gibbsite solubility from 23 to 62 pore volumes. After 62
pore volumes, Al concentrations abruptly decrease, which is
consistent with undersaturation of gibbsite with respect to the
cffiuent water. Only minor amoumts of aluminum are expected
{o be derived from dissolution of miscovite 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 shiape of Mn cutve vs. time is similar to that of Mg.
However, concentrations of Mn in the cffluent water are about
one tenth the concentrations of Mg, with the highest concen-
trations just over 70 mg/L. Afier 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 preferentially over Mn (different
ratios). Minor amounts of Mn were identified in both carbon-
ates present in the Kidd Creek tailings (§ection 2.1.1). Micro-
probe.analyses of chlorite from the Kidd Creek deposit detected
Mn as a minor component. Other possible sources of Mn could
be substitutions in other aluniinosilicates present in the Kidd
Creek tailings.

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

The shape of K coicentiations is similar to the shape of
the pH curve (Fig. 3). The concenfrations of K increase
slightly at the beginning of the experiment, reaching peak
concentrations at around 10 pore voluthes. The concentra-
tions of K decrease abruptly in two steps. The first decrease
corresponds 1o the first decrease in pH, depletion in alkalin-
ity, apd 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 stxlpnomelane
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
resilts indicate that the metals can be divided ifto three groips
on the basis of their mobility. Zn, Ni, and Co become mobile at
the beginning of the experiment, as soon as the pH of the pore
walfer decreases to 5.7. Cadmivm, Cr, V, and Pb become mobile
when pH decreases to 4.0, whereas Cun concenirations remain
unaffected by changes in pH. This observation indicaws that
Zn, Ni, and Co are more mobile in moderately acidic pore
waters than Cd, Cr, V, and Pb. Thiis 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 Amualet tailings site: Zn > Ni = Co > Pb > Cu. The
results of our experiment are also in agreeément with the order
reported by Dubrovsky (1986) at the Nordic Main tailings
impoutidment near Elliot Lake, Ontario, where metal mobility
was Co = Ni > Zn > Pb > Cu,

Total elemental concentrations of leached samiples indicate
that most of the metal mass remains in the solid sample and was
not leached during the experiment, siggesting that metals in
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Kidd Creek tailings must be present in at least two forms.
MINTEQAZ2 calculations suggest that Fe(II)-(oxy)hydroxides
dissotved 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(IlI)-(oxy)hydroxides.
This provides an indication that Fe(IiI)-(oxy)hydroxides may
be the source of the metals leached during the experiment.
Given that ouf éxperiments were performed with relatively
unoxidized tailings with a very small content of Fe(Ill)(oxy)-
hydroxides (Table 1), most of the metals thiat 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 al,, 1993).

The concentrations of metals in pore water depend on pH,
the amount of Fe(IlI)-(oxy)hydroxide present i the tailings,
and on the amount of metals sorbed on the Fe(Il)-(oxy)hy-
droxide surface. At the Kidd Creek concentrator, lime is added
to the tailings before discharge. A tailings sample collected
ftoin the thickener before discharge indicated a pH of 6.88
(Tom A: Al, 2001, personal communicaiion). Sorpiion cxper-
iments reported by Stiimm and Morgan (1996) indicate that.at
pH 5.7, all adsorbed Zan, almost al] of the adsorbed Ni, Cd, and
20% of Cu were released. Crand Pb, on the other hand, remain
bound. If the tailings contained different carbonates with dif-
ferent buffering capacities, pH plateaus might appear at differ-
eiit pH values,which would in wrn imply different ratios of
released metals. Moreover, larger amounts of metals bound to
the Fe(IID)-(oxy)hydroxide surface would resull 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 afl the metals, Zn reaches the highest
concentrations (Fig. 4). Atthe beginning of the experiment, the
concentration increases (o almost 400 mg/L. and sharply de-
creases thereafier until 60 pore volumes, when it decreases
below 10 tig/L. Measurements of adsorption of Zn on the
surfaces of hydrous ferric oxide (HFQ) 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 ¢t al.
(1976) defined the pHs,, as an indicator of the relative affinity
of ingtals for the mineral siirface. The pHs, is dsfined as the pH
at which 50% of the cation in solution is adsorbed. Kinniburgh
et al. (1976) observed that for fresh iron hydroxide gel, the
pHy, was 5.4. The shafp increase in Za concentrations to 400
mg/L occurs in the carliest stage of the experiment as the pH
decreases from 6.6 to 5.7; this is followed by a more gradial
decline as the pH falls from 5.7 to <5.0. The subsequent
decrease inn Zn concentration to below 10 mg/L corresponds to
a decrease of saturation indices for ferrihiydrite to <0, also
observed at 60 pore volumes: These observation suggesis that
high concentrations of Zn are released by desofption frofn
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
visually during the experiment. The dissolution front moved
from the bottom to the top of the columin. The flow direction
was from the bottom to the top of the colum. 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-
lution 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 1o Zn, the concen-
tration of Ni decreases helow its detection liriiit of 0.02 mg/L at
25% of Ni adsorbed to HFO surface at pH 6.6. These obser-
vations suggest that Ni in the column effluent waier is likely
derived by release of Ni contained in ferrihydrite or other ferric
oxyhydroxide miinerals present in the tailings or by desorption
from ferric oxyhydroxides when the pote 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 stady of the Kidd Creck tailings. However,
Ni was found to substitute in various sulfides (Thorpe et al.,
1976). The chertiical analyses of leached solid samiples indicate
that 43 ppm Ni remains in the tailings after the completion of
the experiment.

3.2.1.3. Co. The geochemical behavior of Co is very similar
to Ni and Zn (Fig. 4). However, the concentrations are the
lowest amang all of the thiree 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 thiit of Zn and Ni and agreement with
the ferrhydrite depletion suggest the same source of Co, This
hypothesis is consistent with the observations of Dzombak and
Mortel (1990), who observed that at pH 6.6, 30% of Co con-
tained in their experimental system was adsorbed to the HFO
surface. Cobalt contaitied in the effluent water can be derived
from within the {erric 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 clements were very low during
the first 25 pore volumes, while pH is 5.7, after which concen-
trations of all fout elements increase abruptly as'soon as the pH
drops to the second plateap (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). As the 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 abtupt decrease iti Pb concen-
trations corresponds to the decrease in the ferrihydrite satura~
tion indices, which suggests that Pb is eithér adsorbed to and/ot
coprecipitated with ferrihydrite (Fig. 4). After40 pore volumes,
the concenttation of Pb remiains 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 is ferrihydrite
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 simple during mineralogical
investigation (lambor et al, [993). The only encountered
source of Pb in the fresh Kidd Creek tailings is galena (Jambor
et al., 1993). Corroded edges of galena identified during min-
cralogical investigation suggest that the low Pb concentrations
at the end of thie experiment when pH decreases w 1.3 are
derived from galena dissolution.

3.2.2.2. Cd. The concentrations of Cd are around (.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. Afier 40
pore volumhes 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 concentiations of Cd on
the surface of siderite grains collected from the Kidd Creek
tailings impoundmient (Al et al, 2000). Low concentrations
during the first 25 pore volumes and abrapt 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 columin, 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 controlied by adsorption
to calcite surfaces (Fuller and Davis 1987; Davis et al,, 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 magnittde lower than thal observed in the
sphalerite, except for two water samples..

3.2.2.3. V.and Cr. At 25 pore volumes, the concentration of
V increases abruptly to 0.85 mp/L. Althouglh the concentration
jump occurs at the same time as the jump in concenirations of
Pb and Cd, we believe that dissofution of V is controlled bya
differeént mechanism than the dissolution of Pb:and Cr. Namely,
the high concentrations of V petsist 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-beating
mineral as a source 6"V, which i3.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 is the
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 Cuo-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 wias inferred to con-
trol aqueous Cu concentrations in the Heath Stecle tailings
impoundment (Boorman and Watson, 1976). Secondary covel-
lite has also been observed at the Waite Amulet iailings im-
poundment (Blowes and Jambor, 1990) and at the Nickel Rim
tailirigs impoundment (Johinson et al., 2000).

4. CONCLUSIONS

To evaluaic 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,
upamended Kidd Creek tailings. This column procedure en-
ables the study of acid neutralization mechanisms in tailings
and enables the estimation of amival times for various metals.
The results of this experiment represent a temporal observation
of changes in pH, Eh, and metal concentrations. The experi-
mental results aré consistent with the proposed conceptual
model of Morin et al. (1988).

For the fresh, unamended Kidd Creek tailings, the results of
geochemical miodeling indicate that ankerite-doloimnite, 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-dolomiite and prirary
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,
ferdhydrite would be an abundait secondary precipitate in the
unsaturated zone, derived from carly periods of oxidation,
when carbonates act as the primary buffer (Blowes and Piacek,
1994) and would thus control the pH of pore water.

Measured metal concentrations indicate that nietal mobility
in the effiuent 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(llI)-(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 2 small amoant of Fe(l1l)-{oxy)hydroxide, concentrations
of leached metals persisted fora relatively 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.
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