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Abstract

A plume of groundwater affected by sulfide oxidation extends 160 m downgradient from the
Nickel Rim Mine tailings impoundment and discharges to a small lake. The plume water has near
neutral pH, but contains high concentrations of Fe and SO . Field observations indicate that the4

release of SO , Hq, Fe2q and other metals and their distribution in the aquifer is controlled by the4

rate of sulfide oxidation in the vadose zone of the tailings and by subsequent dissolution and
precipitation of carbonate and oxyhydroxide mineral phases in the tailings and aquifer. Using
field-determined aqueous and solid geochemistry, a conceptual geochemical model for the site was
developed. This model accounts for trends in pH and in the concentrations of Fe and SO . The4

numerical model MINTOX was used in conjunction with this conceptual model to simulate sulfide
oxidation and two-dimensional reactive transport of dissolved sulfide oxidation products. Simu-
lated sulfide oxidation and transport are compared to trends observed in the field after 35 years of
oxidation. Similarity between observed and simulated concentrations demonstrates that, when used
with a well-developed conceptual geochemical model, MINTOX is capable of simulating sulfide
oxidation and plume evolution at mine drainage sites. q 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

The diffusion of oxygen into the pore space of the vadose zone of the decommis-
sioned tailings impoundment at the Nickel Rim Mine site near Sudbury, Ontario has

Ž .resulted in the oxidation of sulfide minerals, predominantly pyrrhotite Fe S . Sulfide1yx
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Ž . Ž Ž ..oxidation has released high concentrations of sulfate SO and ferrous iron Fe II ,4
Žwhich now form a plume in the impoundment and the underlying sand aquifer Johnson

.et al., 2000 . The aquifer discharges along seepage faces adjacent to the impoundment,
and to Moose Lake, which is 160 m downgradient from the impoundment. At the

Ž .tailings surface, the oxidation of Fe II and subsequent precipitation of iron oxyhydrox-
q Ž .ide phases releases H . Because high concentrations of Fe II can remain dissolved in

Ž .water at neutral or low pH, the transport of Fe II along the groundwater flow path
represents a mechanism of transporting potential acidity over long distances. At Nickel
Rim and at many other mining locations, the discharge of water containing high

Ž .concentrations of Fe II to the surficial environment has caused degradation of water
Ž .quality Cherry et al., 1982; Filipek et al., 1987; Bain, 1996 .

Ž .Johnson et al. 2000 developed a conceptual model that describes the geochemical
reactions controlling the geochemistry of the advancing plume water within the tailings

Ž .impoundment. Bain 1996 extended the conceptual model into the unconfined aquifer
which underlies the impoundment. In the conceptual model, the pH of advancing plume
water is gradually neutralized through a sequence of carbonate and hydroxide mineral
dissolution reactions. The concentrations of Fe, Al, SO and other dissolved species are4

controlled by the formation of secondary solid phases, in response to changing pH and
redox conditions.

The set of acid-base, redox and dissolution-precipitation reactions that occur simulta-
neously as plume water advances through the tailings and aquifer is complex, making it
difficult to predict how the geochemistry of the water will evolve. Plume evolution is
further complicated by changes in the rate of sulfide oxidation and the release of

Ž q.products Fe, SO , H as the tailings age, and complexity in the flow system.4
Ž .MINTOX Wunderly et al., 1996 is a numerical model that was designed to simulate

kinetically controlled oxidation of sulfide minerals and subsequent reactive transport of
sulfide oxidation products and other dissolved constituents through tailings and aquifer

Ž .sediments. MINTOX combines the numerical models PYROX Wunderly et al., 1996
Ž . Ž .and MINTRAN Walter et al., 1994a,b . MINTRAN combines a two-dimensional 2-D ,

Ž .finite element, solute transport computer model PLUME2D; Frind et al., 1990 , with
Ž .the geochemical speciationrmass transfer model MINTEQA2 Allison et al., 1990 .

Ž .MINTRAN assumes local equilibrium Walter et al., 1994a,b , wherein the reactions
simulated are assumed to proceed sufficiently rapidly that local chemical equilibrium

Ž .exists at all points Rubin, 1983 . In practical terms, equilibrium must be attained within
the time step of the transport solution. MINTRAN requires the specification of a realistic
transport scenario, specification of the geochemical processes in action and quantifica-
tion of the aqueous, gaseous and solid-phase component masses.

The loading of sulfide oxidation products to the tailings pore-water is dependent on
Ž .the rate of oxidation of sulfide minerals Blowes and Jambor, 1990 . Field studies have

demonstrated that the rate of oxidation is controlled by the rate of oxygen diffusion into
Ž .the tailings Jaynes et al., 1984; Blowes and Jambor, 1990; Blowes et al., 1991 . Several

numerical models have been developed to describe sulfide oxidation in mine wastes and
Ž .heap leach piles Jaynes et al., 1984; Davis and Ritchie, 1986 . PYROX is a one-dimen-

Ž .sional 1-D , finite element numerical model designed to simulate the oxidation of
Ž .sulfide minerals. PYROX is based on the conceptual model Davis and Ritchie 1986 in
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which the overall rate of sulfide oxidation is controlled by the rate of diffusion of O2

gas from the tailings impoundment surface to the depth of oxidation and by the rate of
oxidant transport through a secondary iron-oxyhydroxide rim which surrounds the
primary sulfide mineral. PYROX incorporates spatially variable diffusion coefficient
values, sulfide contents, porosities and moisture contents. It is well suited to describe
sulfide oxidation in partly saturated mine tailings. The gradual decline in O concen-2Žg.
tration vs. depth and the identification of rims of oxidized material on sulfide grains

Ž .from the oxidation zone Jambor and Owens, 1993 suggests that this model of sulfide
oxidation is reasonable at Nickel Rim.

MINTOX has previously been used to simulate sulfide oxidation and the transport of
oxidation products at the Nordic Uranium mine tailings impoundment, Elliot Lake,

Ž .Ontario Wunderly et al., 1996 . Possible applications of the model might include the
evaluation the benefits of proposed remedial programs at similar sulfide-tailings disposal
sites, for example, the application of surface covers or the addition of pH buffering
minerals during or after discharge.

In this paper, we use MINTOX to simulate development of the pH, Fe, SO and Al4

plumes at Nickel Rim. Field observations were made at Nickel Rim approximately 35
years after the onset of sulfide oxidation. These field data are a basis of comparison to
the model results. To apply MINTOX to Nickel Rim, the sequence of controlling
reactions was discerned from field data and mineralogical observations. Although the
reaction sequence is not unique, it does include mechanisms that control the evolution of
pH trends and plumes of Al, Fe and SO at the site, and it is consistent with4

Ž .measurements of pore-water chemistry Bain, 1996; Johnson et al., 2000 , and with the
Žresults of a detailed mineralogical study of the tailings impoundment Jambor and

.Owens, 1993; Johnson et al., 2000 .
Ž .The objectives of the simulations are 1 to assess the ability of MINTOX to

Ž .accurately simulate the reaction sequence of the Nickel Rim conceptual model, and 2
to assess whether the conceptual model of controlling geochemical reactions, as

Ž .simulated by MINTOX, describes field conditions pH, Fe, Al and SO plumes4

observed at the Nickel Rim site.
Ž .The point of this modelling is not to prove that the conceptual model of Bain 1996

Ž .and Johnson et al. 2000 is correct or that the observed plume can be simulated exactly.
The modelling exercise was conducted to demonstrate that using a well-developed
conceptual model, MINTOX is capable of simulating sulfide oxidation and plume
evolution at a mine drainage site. If, using the conceptual model for the site, MINTOX
is able to simulate the observed geochemical plumes, it is probable that the conceptual

Ž . Ž .model of Bain 1996 and Johnson et al. 2000 is correct, although not unique. Lack of
agreement between simulated and observed plumes may reflect deficiencies in the

Ž .conceptual model missed or incorrect reactions , inaccuracies in the flow model used
for the site, or an inability of MINTOX to correctly simulate the described reactions.

2. Physical and hydrogeologic setting

Ž .The Nickel Rim Mine is 35 km northeast of Sudbury, Ontario Fig. 1 . During mining
operations between 1953 and 1958, pyrrhotite-rich tailings were deposited in nearby
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Fig. 1. Nickel Rim tailings and aquifer location. Longitudinal section and flow modelling done along section
A–AY.

Ž .bedrock valleys, forming elevated impoundments Thomson, 1961 . The unoxidized
tailings contain 0.5 to 5 wt.% S, and a low carbonate content of between 0.1 and 3 wt.%,

Ž .as CaCO Johnson, 1993 . A 3 to 8-m-thick aquifer underlying the impoundment is3
Ž .composed of silty, fine sand with local gravel-sized and boulder-sized material Fig. 2 .

This aquifer is confined laterally to widths of 20 to 75 m by bedrock. The aquifer
sediments are predominantly quartz and feldspar, with up to 0.6 wt.% carbonate,

Ž .reported as CaMg CO . Carbonate minerals in the tailings and aquifer have a mixed3 2

Ca–Mg–Fe composition.

Fig. 2. Longitudinal view of the tailings and aquifer showing general stratigraphy and water table position.
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A groundwater flow divide separates the impoundment into two flow systems, one
flowing westward through a tailings dam to Moose Lake, and one flowing eastward to

Ž .Lake Wanapitei Fig. 1 . This paper focuses on the flow system to Moose Lake. 2-D
Ž . Ž .flow modelling conducted by Johnson 1993 and Bain 1996 suggests that in this flow

system, ;50% of the precipitation recharge water is discharged to surface near the toe
of the tailings dam, and ;50% flows through the aquifer to Moose Lake.

3. Summary of the conceptual model

Reactions that are included in the conceptual model for Nickel Rim were selected
based upon field observations, mineralogical data and geochemical modelling results.
Geochemical modelling with MINTEQA2 was used to infer the mineral phases poten-
tially limiting the aqueous concentration of dissolved constituents. The modelling
results, in conjunction with the results of an independent mineralogical study conducted

Ž . Ž .by Jambor and Owens 1993 , indicated that important minerals include calcite CaCO ,3
Ž Ž . . Ž . Ž Ž . Ž Ž . .dolomite CaMg CO , siderite FeCO , gibbsite Al OH , ferrihydrite Fe OH ,3 2 3 3 3

Ž Ž . Ž . . Ž .jarosite KFe SO OH and gypsum CaSO Ø 2H O . Dissolution and precipitation3 4 2 6 4 2

of these minerals, in addition to the oxidation of pyrrhotite by O and by ferric iron,2

were determined to be the primary mechanisms controlling the pH and Eh and the
Žconcentrations of Fe, Al and SO in the tailings and aquifer Bain, 1996; Johnson et al.,4

.2000 .

3.1. Sulfide oxidation

The diffusion of atmospheric oxygen into the vadose zone of the impoundment leads
to the bacterially mediated oxidation of pyrrhotite, releasing Fe, SO and Hq to the4

Ž .pore-water Fig. 3; Johnson et al., 2000 :

Fe Sq 2yxr2 O qxH O´ 1yx Fe2qqSO2y q2 xHq. 1Ž . Ž . Ž .1yx 2 2 4

Near the surface of the impoundment, in the presence of oxygen, the Fe2q produced
Ž . 3qfrom Eq. 1 may be oxidized to Fe :

Fe2qq1r4O qHq
´Fe3qq1r2H O. 2Ž .2 2

3q Ž .At Nickel Rim, Fe generated by sulfide oxidation precipitates as goethite a-FeOOH ,
Ž . Ž Ž . Ž . .poorly crystalline Fe OH , or jarosite KFe SO OH according to the reactions3 3 4 2 6

Ž .Johnson et al., 2000 :

Fe3qq2H OmFeOOHq3Hq, 3Ž .2

Kqq3Fe3qq2SO2y q6H OmKFe SO OH q6Hq. 4Ž . Ž . Ž .64 2 3 4 2

The highest concentrations of sulfide oxidation products were probably released
within a few years after tailings disposal ceased, as oxygen diffused into the fresh
tailings. Mineralogical examination of the tailings indicates that alteration rims of
oxidized material surround and replace the primary sulfide grains from the vadose zone
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Ž . Ž . Ž .Fig. 3. Longitudinal view of the tailings and aquifer showing a pH values b dissolved Fe and c dissolved
sulfate.

Ž .of the tailings Jambor and Owens, 1993 . The rate of release of sulfide oxidation
products decreases gradually with time as the thickness of the oxidized coating around
the sulfide particles increases, and as the transport distance from the surface of the

Ž .impoundment to the depth of active oxidation increases Davis and Ritchie, 1986 .
Below the depth of oxygen diffusion in the tailings, anaerobic conditions favour the

oxidation of pyrrhotite by Fe3q through reactions of the form:

Fe Sq8Fe3qq4H O´ 9yx Fe2qqSO2y q8Hq. 5Ž . Ž .1yx 2 4

Ž .Below the oxidation zone, reactions 3, 4 and 5 limit Fe III concentrations to low values
Ž .Johnson et al., 2000 . Reaction 5, which may be bacterially mediated, occurs quickly in
comparison to the oxidation of pyrite by oxygen, and can produce high concentrations of

2q Ž .Fe , SO and acidity Stumm and Morgan, 1981 .4

3.2. Acid neutralizationrmetal attenuation

Field observations at Nickel Rim indicate that the transport of low-pH conditions
along the groundwater flow path is limited by the dissolution of primary minerals
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initially contained in the tailings and aquifer, and by the precipitation and dissolution of
secondary minerals along the groundwater flow path. As acidic water that was affected
by sulfide oxidation is displaced downward through the vadose zone and into deeper
parts of the tailings and aquifer, the pH is gradually neutralized. In order of increasing
depth below surface, a series of pH-buffered zones are observed at pH values of

Ž .approximately 6.7, 5.6, 4.1 and 3.0 Figs. 3 and 4; Johnson et al., 2000 . These plateaus
are attributed to the successive depletion of calcite, siderite, gibbsite and iron oxyhy-

Ž .droxides ferrihydrite; Fig. 4 . Buffering at pH values of between 2 and 3 immediately
below the tailings surface is attributed to the dissolution of a combination of mineral

Ž .phases, such as ferrihydrite, goethite, jarosite and aluminosilicates Johnson et al., 2000 .
ŽThis reaction sequence is similar to that found at other mine drainage sites Dubrovsky

.et al., 1984; Morin et al., 1988; Blowes et al., 1992 .
The transport of dissolved metals is affected as these minerals precipitate and

dissolve with the changing pH conditions. Geochemical modelling suggests that siderite
should precipitate as dolomitercalcite dissolves. The front of dolomitercalcite dissolu-
tion and siderite precipitation is currently located near the base of the impoundment and

Ž .near the tailings dam Fig. 5; Johnson et al., 2000 . Mineralogical study could not
confirm the presence of siderite in the tailings or aquifer, nor could it discount the

Ž .possibility of its presence Johnson et al., 2000 . This may be a result of a low total
Ž .carbonate concentration 0–5 wt.% in the tailings and aquifer, or may be a result of the

difficulty in detecting and identifying poorly crystalline iron carbonate phases. The low
concentration of solid phase carbonate in the tailings and aquifer limits the extent of
siderite precipitation. As the low pH plume advances, sequential precipitation and

Fig. 4. Saturation indices for ferrihydrite, gibbsite, siderite and calcite, with corresponding pH values and
Ž .indicated pH-buffering zones at NR 1, in the tailings after Johnson, 1993 .
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Fig. 5. Current location of pH buffering zones within the tailings and aquifer.

Ž . Ž .dissolution of siderite may limit the of movement of the Fe II . Although the Fe II
concentration is limited, it remains high and concentrations of 1500 to 2200 mgrl are
subsequently displaced into the aquifer.

Aluminum is released to pore-water in the oxidation zone due to dissolution of
Ž . Žaluminosilicate minerals principally biotite under low pH conditions Johnson et al.,

.2000 . Geochemical modelling of the field data suggests that Al concentrations in the
tailings and aquifer are limited by the precipitation of secondary gibbsite or amorphous
Ž .Al OH . These precipitation reactions occur within 3 to 5 m below the oxidation zone3

Ž .Fig. 5 . Geochemical calculations indicate that this infiltrating water is undersaturated
with respect to siderite and supersaturated with respect to gibbsite. Although a secondary
Al hydroxide phase was not detected in the tailings or aquifer, changes in the aqueous

Ž .concentrations of Al are consistent with the formation of Al OH or an analogous3
Ž .phase. In the zone where am-Al OH is inferred to occur, the pH is maintained near 43

Ž .Fig. 4 .
The transport of dissolved SO is sensitive to the precipitation and dissolution of the4

carbonate minerals and gypsum. Gypsum has been isolated from the tailings, suggesting
Žthat SO concentrations in the tailings are limited by gypsum precipitation Johnson et4

.al., 2000 . Although the groundwater is at equilibrium with respect to gypsum, the high
solubility of this mineral results in high concentrations of dissolved SO in the tailings4

Ž .and aquifer 2000 to 7000 mgrl . Dispersion and historic variations in the rate of
oxidation also result in decreasing SO concentrations downgradient from the oxidation4

zone.

4. Application of the MINTOX model

4.1. Incorporation of the conceptual model

The application of MINTOX requires the specification of the initial concentration of
a large number of solid-phase and dissolved components. The initial values of these



( )J.G. Bain et al.rJournal of Contaminant Hydrology 41 2000 23–47 31

input parameters are poorly quantified at the Nickel Rim tailings impoundment. It is not
possible, for example, to determine the original mineralogy of the tailings, the historical
development of the vadose zone, or the initial composition of the tailings water. Because
these parameters cannot be independently determined, a series of parameter values
within the range of those observed at the field site was specified. Where specific values

Ž .could not be assigned, parameters were selected using sensitivity analyses Bain, 1996 .
The MINTOX simulations account for the reactive transport of the major dissolved
constituents in the Nickel Rim groundwater; however, in this paper, we focus on the
model results for pH and the contaminants Fe, Al and SO .4

With the exception of aluminosilicate mineral dissolution reactions, we have incorpo-
Žrated the reactions described in the conceptual model for Nickel Rim Sections 3.1 and

.3.2 into MINTOX to control the behaviour of pH, Fe, Al and SO . Aluminosilicate4

minerals dominate the composition of the Nickel Rim tailings, and their dissolution is
Žtypically an important pH-buffering mechanism in mine tailings Blowes and Ptacek,

.1994; Ptacek and Blowes, 1994 . These minerals, however, are slow to dissolve, and
equilibrium with respect to passing pore-water generally is not attained. Minerals, such
as aluminosilicates, which may be kinetically inhibited from dissolving, are not correctly
modelled with an equilibrium approach, and are not included in the MINTOX simula-
tions.

Models that consider both kinetic and equilibrium reactions have recently been
Ž .developed. The models HYDROGEOCHEM2 Yeh and Salvage, 1997 and MIN3P

Ž .Mayer, 1999 incorporate both equilibrium and kinetically controlled reactions with
Ž .multicomponent 2-D groundwater transport. Broshears et al. 1996 demonstrated in a

surface water reactive transport model the importance of employing kinetic controls on
the dissolution of selected minerals.

Although pyrrhotite oxidation can be simulated by PYROX, difficulties were encoun-
tered in equilibrating the resulting water in MINTOX. The same difficulties were not

Ž .encountered using the ferrous sulfide mineral pyrite FeS , however. As a result,2

pyrrhotite oxidation was simulated in MINTOX by using pyrite as a surrogate for
pyrrhotite. Pyrite oxidation occurs according to the reactions:

FeS qH Oq7r2O ´Fe2qq2SO2y q2Hq, 6Ž .2 2 2 4

FeS q1r2H Oq15r4O ´Fe3qq2SO2y qHq. 7Ž .2 2 2 4

Although pyrrhotite and pyrite oxidation produce slightly different quantities of Fe, SO4

and Hq, it is anticipated that these stoichiometric variations are within the range of
Žuncertainty of the mineralogical composition of the tailings 0.5–5 wt.% S content as

.pyrrhotite; Johnson, 1993 .
The anaerobic oxidation of pyrrhotite and other sulfide minerals by Fe3q is important

Ž .at Nickel Rim Johnson et al., 2000 . Below the depth of oxygen diffusion in the
tailings, anaerobic oxidation of pyrite by Fe3q occurs through reactions of the form:

FeS q14Fe3qq8H O´15Fe2qq2SO2y q16Hq. 8Ž .2 2 4

Although this reaction is kinetically limited, it occurs rapidly when bacterially mediated
Ž .Stumm and Morgan, 1981; Nicholson, 1994 . For the purpose of these simulations, it is
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assumed that the anaerobic oxidation of pyrrhotite is not rate limited, and occurs rapidly
compared to groundwater transport rates. As with the anaerobic oxidation of pyrrhotite
Ž . Ž .reaction 5 , reactions 3, 4 and 8 limit Fe III concentrations below the oxidation zone.

4.2. Background-solid geochemistry

Simulations were based on the composition of the solids and pore-water observed in
the tailings at present, in deep areas in the impoundment, and in distal parts of the

Ž .aquifer Table 1 . Except for the sulfide content of the tailings, the composition of the
tailings and of the aquifer are assumed to be similar. With the exception of the oxidation
zone, the background composition is assumed to be uniform through the tailings, the
dam and the aquifer. All solids in the tailings and aquifer are assumed to be pure, and
uniformly distributed.

Pyrite is present only in the upper 0.7 m of the impoundment, where it can be
oxidized by oxygen within the zone of oxygen infiltration. Pyrrhotite in the model is

3q Žpresent only below the depth of oxygen infiltration, where it is oxidized by Fe Table
.1 .

For the simulation, the initial carbonate mass in the tailings and aquifer is assumed to
be comprised of a mixture of dolomite plus siderite, totalling 0.01 wt.% as CaCO3
Ž .Table 1 .

Aluminosilicate dissolution in the low pH zone is a primary source of Al, Ca, K, Mg,
Ž .Na and Si in the tailings water Johnson et al., 2000 . The exclusion of aluminosilicate

dissolution from the MINTOX simulations therefore leads to inaccurate calculations of
aqueous concentrations of these species. Also, the significance of reactions involving

Ž .later precipitation and dissolution of secondary minerals i.e., pH buffering containing
these components will be inaccurate. As part of this investigation, we tested the

Ž .hypothesis of Johnson et al. 2000 that the precipitation and dissolution of secondary Al
Ž .oxyhydroxide minerals gibbsite controls Al movement and buffers the pH near 4.

Table 1
Initial mineral phase concentrations in the tailings and aquifer. As the water moves and evolves, each mineral
may dissolve or precipitate to maintain the water at equilibrium
Solid phase concentrations are in terms of moles of solid per 1000 g water, unless indicated otherwise.

Mineral Oxidation zone Aquifer, dam
of tailings deeper tailings

Dolomite 0.08 0.08
Siderite 0.25 0.25
Gibbsite 0.2 0.25
Ferrihydrite 0 0
Gypsum 0 0
K-jarosite 0 0.01

Ž .Pyrrhotite MINTRAN 0 3 wt.%
Ž .Pyrite MINTOX 5.8 wt.% 0
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Ž .Aluminum oxyhydroxides primary or secondary were not identified at Nickel Rim. In
Ž .the place of aluminosilicates, a small quantity of gibbsite 0.4 wt.% was included in the

initial composition of tailings and aquifer to provide a limited and controlled source of
Ž . Ž .Al for later gibbsite reprecipitation and dissolution Table 1 . Johnson et al. 2000 also

suggest that jarosite precipitation and dissolution limits dissolved K and Fe3q concentra-
Žtions and buffers the pH at values between 2 and 3. A small amount of jarosite 0.1

.wt.% was included in the initial composition of the background solids, to provide a
Ž .limited and controlled source of K Table 1 . If the conceptual model is correctly

implemented, distinct pH buffering due to the precipitation and dissolution of secondary
gibbsite and jarosite should be evident in the simulation results.

With the exception of siderite, the thermodynamic database of MINTEQA2 was
Ž .adjusted to be consistent with that of WATEQ4F Ball and Nordstrom, 1991 . Ptacek

Ž .1992 found that the solubility product for siderite varies with the temperature of
precipitation, and with the extent of solid-solution substitution. For the purpose of these
simulations, the solubility product of siderite was increased to be in agreement with

2q 2y Ž y9.8.field-determined ion activity products of dissolved Fe and CO K s10 .3 sp

4.3. Composition of background and infiltration water

The composition of the aquifer and tailings pore-water, prior to sulfide oxidation, is
unknown. At the start of sulfide oxidation, 7 years after tailings discharge was initiated,
mill discharge-water is assumed to have been uniformly distributed throughout the
tailings and the aquifer. The aqueous chemistry of water samples collected from deep

Ž .areas of the tailings near the flow divide 1993–1995 was assumed to be typical of the
mill discharge-water. The composition of the background water used in MINTOX is
shown in Table 2.

To simplify interpretation of plume development, water infiltrating the surface of the
tailings and the aquifer is assumed to have a chemical composition similar to that of
natural background water. For these simulations, the composition of natural groundwater
found in a glaciofluvial aquifer at the Nordic Main tailings site, near Elliot Lake was

Ž .used Table 2; Morin, 1983 .

4.4. Flow model

Ž .Nonreactive solute transport PLUME2D in MINTOX is based on steady state
groundwater velocity vectors calculated for the flow system with the FNPCG flow

Ž .model Frind and Molson, 1992 . Boundary conditions and other parameters used in the
Ž . Ž .flow model are based on field and lab measurements of Johnson 1993 and Bain 1996 ,

and are illustrated on Fig. 6a. The flow net generated for the Nickel Rim tailings
Ž .impoundment and aquifer Fig. 6b was used to represent groundwater flow conditions

at the site.
Two-dimensional flow codes do not adequately account for transverse horizontal

groundwater flow, thus the simulated flow paths and groundwater velocities probably



( )J.G. Bain et al.rJournal of Contaminant Hydrology 41 2000 23–4734

Table 2
Ž .Aqueous geochemical composition molrl of infiltration water and initial condition pore water in the tailings

and aquifer. These are equilibrated compositions of field-sampled water collected in areas that contain
mill-discharge water from the 1950s. The water was equilibrated with MINTEQA2 assuming dolomite,
gibbsite, gypsum and siderite were present

Component Background water Infiltration water

Ca 1.32ey02 7.00ey03
Mg 2.51ey02 2.00ey03
Na 1.09ey02 1.30ey03
K 6.10ey03 2.60ey04
Cl 4.25ey04 3.00ey03
CO 1.07ey02 3.90ey033

SO 3.54ey02 6.00ey034
2qFe 2.57ey05 5.30ey05
3qFe 1.26ey08 7.90ey08

Al 5.82ey09 1.00ey08
qH 1.35ey02 5.68ey03

yHS 1.00ey06 1.00ey06
2yS 1.00ey06 1.00ey06

pH 6.65 6.65
pe 3.56 3.56

represent conditions at the site only in a general sense. After 35 years in the modelled
flow system, all water infiltrating between the dam and NR 6 is displaced out of the
impoundment, and water that infiltrated near the flow divide is present near the base of
the impoundment. At )60 m downgradient of the dam, the width of the aquifer

Ž .increases by two to three times Fig. 1 . Groundwater flow paths are representative in
this area, but velocities are probably overestimated.

4.5. Transport model

The domain for the reactive transport modelling is 360 m by 6 to 9 m. The finite
element grid consists of 7740 rectangular elements, numbering 30 vertical and 258
horizontal. For simplicity, velocities in the unsaturated zone are assumed to be vertical.

The bedrock and flow divide are zero-concentration gradient boundaries. The water
Ž .table in the tailings is a type III Cauchy transport boundary. The composition of the

water crossing the tailings water table in the tailings is determined after every time step
by MINTOX. The water table in the aquifer is a type III transport boundary.

Ž .Parameters in the transport portion of the model include longitudinal a andx
Ž .transverse a dispersivities of 4.5 and 0.07 m, respectively, an effective molecularz

Ž U . y3 2diffusion coefficient D of 5.05=10 m ra and uniform tailings and aquifer
Ž .porosity of 0.4 Table 3 .

( )4.6. Boundary conditions for the sulfide oxidation model PYROX

Ž .Sulfide pyrite oxidation is restricted to the unsaturated zone of the tailings, within
0.7 m of the tailings surface, where oxygen is replenished by gas-phase diffusion.
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Ž . Ž .Fig. 6. a Boundary conditions and hydraulic conductivity zones for the flow system and b flow net
generated with FNPCG for use in the transport portion of MINTOX. Stream tubes on the flow net represent
flow paths.

Between 1991 and 1992, the average depth to the water table in the tailings is
Ž .approximately 1 m Johnson, 1993 . Although the vadose zone was probably thinner

immediately after decommissioning, in the oxidation model, the thickness is assumed to
be constant at 1 m. The surface of the tailings is considered to be a constant

Ž .concentration boundary for oxygen Type I, Dirichlet , with the atmospheric concentra-
tion equal to 20.9% by volume. In PYROX, the water table and lateral boundaries of the

Žvadose zone of the tailings represent zero concentration gradient boundaries Type II,
.Neumann for the diffusion of oxygen.

The rate of oxygen diffusion, and subsequently, the rate of sulfide oxidation in the
Ž .tailings pore space is dependent on the bulk diffusion coefficient D of oxygen in the1
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Table 3
Parameter values for the sulfide oxidation and solute transport routines of MINTOX. Parameters selected result

Žin a good fit of observed and modelled S and O content of the vadose zone of the tailings at NR 18 Bain,2
.1996

Parameters used in PYROXrMINTOX Value
2Ž .Pore space O diff. coeff. D m rs Determined from moisture content2 1

2Ž .Oxide coating O diff. coeff. D m rs 3.90ey142 2
Ž .Sulfide particle radius m 7.60ey05

Porosity 0.415
Ž .Tailings bulk density grl 1550

Ž . Ž .Wt.% S wt.% pyrite 3.1 5.8
Ž .Thickness oxidation zone m 1

Ž .Oxidation time step years 0.001
Ž .Longitudinal dispersivity m 4.5

Ž .Transverse dispersivity m 0.07
2Ž .Molecular diffusivity m rs 0.005

Ž .MINTRAN time step years 0.08

pore space of the tailings. This value is dependent on the moisture content of the
tailings. PYROX uses the moisture content of a vertical column of tailings, measured at

Ž .a representative location in the unsaturated zone NR 18; Johnson, 1993 , to determine
these D values during the simulations.1

The rate of sulfide oxidation is dependent, in part, on the rate at which oxygen
diffuses through the alteration rim surrounding the sulfide grains. The oxygen diffusion

Ž . Žcoefficient of these oxide coatings D cannot be determined independently Wunderly2
. Ž .et al., 1996 . Sensitivity analyses suggest that an oxygen diffusion coefficient D of2

3.9=10y14 m2rs for the oxidized coatings on the sulfide grains results in depletion of
Ž .sulfides in the oxidation zone representative of current field observations Bain, 1996 .

For the sulfide oxidation calculations, a porosity value of 0.41, representative of the
Ž .average measured porosity in the unsaturated zone Johnson, 1993 , was used for the full

thickness of the unsaturated zone. Oxygen diffusion into the tailings is assumed not to
occur during the winter months due to the barrier presented by snow cover and frozen
ground. It has been specified, therefore, that PYROX generates sulfide oxidation
products for only half of a year. The oxidation of sulfides below the vadose zone by
Ž . Ž .Fe III occurs continuously within the geochemical equilibrium MINTEQA2 portion of

MINTOX. Additional parameters for the simulation of sulfide oxidation are listed in
Table 3. Although pyrite oxidation is simulated as a surrogate for pyrrhotite, with the
sulfide oxidation parameters selected, the fit of observed and measured sulfur content

Ž .and O -diffusion profiles in the vadose zone at NR 18 are good Bain, 1996 .2

5. Results and discussion

5.1. MINTOX simulation results

The simulation represents 35 years of sulfide oxidation and plume development, from
Ž . Ž1959 decommissioning until 1994, when field monitoring was in progress Johnson,
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. Ž .1993; Bain, 1996 . The results are presented in 2-D cross-sections Figs. 7–9 , with 1-D
Ž . Žvertical profiles Fig. 10 of the simulated data near NR 6 in the impoundment f300 m
.from Moose Lake . The modelled plume development after 35 years may be compared

to the results of the field observations, presented for NR 6 and NR 18 on the 1-D
vertical profiles. Fig. 11 shows how the modelled dissolved and solid phase concentra-
tions and pH at a point in the oxidation zone near NR6 change over time.

5.1.1. Simulated transport of conserÕatiÕe species
In the simulations, Cl is transported conservatively. The constant source is 0.003

molrl. The Cl plot serves as a basis of comparison of the movement of the various
constituents undergoing reactive transport, and indicates the maximum extent of the

Ž .plume originating in the impoundment Fig. 7 .

5.1.2. Simulated plume deÕelopment
Figs. 8 and 9 illustrate the simulated movement of dissolved species and the

development of mineral precipitationrdissolution zones after 10 and 35 years of reactive
Ž .transport. A comparison of the figures indicates that high concentrations of Fe II and

SO are produced during the first 10 years of simulated oxidation. Afterwards, lower4

concentrations of Fe and SO are produced, due to depletion of sulfide minerals in the4

vadose zone, and due to the increasing thickness of the alteration rim surrounding the
sulfide particles. This decrease in oxidation rate results in slug-like movement of older

Fig. 7. Simulated evolution of a Cl plume at 10 and 35 years, under a constant source of 0.003 molrl Cl.
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Fig. 8. 2-D plots of pH, aqueous and solid phase concentrations after 10 years of simulated reactive transport.

Ž .water with high concentrations of Fe II and SO toward the base of the impoundment4
Ž .Figs. 8 and 9 . In the simulation, Fe and SO form a plume in the tailings and aquifer4

Ž .with concentrations that are consistent with the conditions observed in the field Fig. 3 .
Ž .Trends in the simulated pH conditions Figs. 8 and 9 are similar to those measured in

the tailings and aquifer, although lower values are attained. These lower pH values arise
because MINTOX does not account for CO degassing and upward diffusion of CO2 2

Ž .through the vadose zone. At the mid-tailings location NR 6 the vertical distribution and
concentrations of the major ions Al, Ca, Fe, and SO after 35 years agree well with4

Ž .field-measured values Fig. 10 .
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Fig. 9. 2-D plots of pH, aqueous and solid phase concentrations after 35 years of simulated reactive transport.

The simulation shows an isolated zone of high Fe and SO concentrations 4 to 5 m4
Žbelow the oxidation zone after 35 years, similar to the field observations Figs. 9 and

. Ž .10 . The position of the zone of highest concentrations is slightly shallower 1 to 2 m
Ž .than in the field Figs. 3 and 10 , indicating either that the modelled groundwater flow

velocities in the tailings are slightly low, or that sulfide oxidation started at the site at an
earlier time. Differences in the observed and simulated position of the plume may also
arise because variations in the historic rate of sulfide oxidation are not accounted for in
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Fig. 10. Depth plots of simulated pH conditions, aqueous species and solid phase concentrations at 35 years.
Selected field data collected at NR 6 is plotted for comparison.

MINTOX. In the model, oxidation products are generated for half a year at a time with
no transient variations.

Simulated development of the plume in the aquifer is not as accurate as in the
tailings. These differences probably reflect discrepancies between the natural and
modelled flow systems, particularly downgradient of the tailings dam. It may be possible
to fit the observed and modelled plumes exactly by adjusting the modelled flow system.
The goal of the simulations, however, is to demonstrate that the conceptual model for
the site is reasonable and that MINTOX is capable of simulating this conceptual model.
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5.1.3. Simulated eÕolution of low-pH conditions and the mobility of dissolÕed metals
Several plateaus, where the pH is relatively constant, are evident in the 1-D vertical

Ž . Ž .profiles Fig. 10 and breakthrough plots Fig. 11 . In the simulation, the plateaus occur
at pH values of approximately 6.0, 5.0, 3.9, 3.0 and 2.1. The pH 3 plateau is more
distinct at 10 years than at 35 years. Between these plateaus, the pH decreases sharply,

Ž .stepwise, with the dissolution of dolomite pHf6 , and the secondary minerals siderite
Ž . Ž . Ž .pHf5 , gibbsite pHf3.9 and ferrihydrite pHf3; Figs. 8 and 9 . The pH 2.1
plateau occurs after the dissolution of ferrihydrite, and probably represents the rate of
Hq production by sulfide oxidation. These pH-plateaus and sharp pH-changes are in
agreement with trends in the field, although the pH values are slightly lower than the

Fig. 11. Breakthrough curves for selected aqueous and solid phase species at point 1, 15 cm below the base of
the oxidation zone, near NR 6.
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values observed in the field. Lower pH-plateau values in the simulation probably result
from differences between the composition of pH-buffering phases at the site and in the
model, and the inability of the model to account for CO degassing, discussed above.2

Dolomite is the first mineral to dissolve upon the infiltration of low-pH water from
Ž . Ž .the oxidation zone Fig. 11 . After 35 years, the zone of dolomite depletion Fig. 9

includes the main part of the tailings and a small part of the aquifer near the dam,
similar to conditions currently observed in the field. Downgradient of the dolomite

Ž .dissolution front, dolomite dissolution buffers the pH to near-neutral f6 . Where
Ž .dolomite dissolves, infiltrating Fe II , derived from sulfide oxidation, reacts with the

ŽCO released by acid neutralization, resulting in the precipitation of siderite Figs. 103
.and 11 . As the dolomite dissolutionrsiderite precipitation front moves downgradient,

siderite accumulates.
Although the pH and buffering solids behaviour is in agreement with field conditions,

Ž .the Fe II distribution is inaccurate beyond the dolomite dissolution front. Downgradient
Ž . Žof the dolomite dissolution front the simulated Fe II concentration is -10 mgrl Figs.

. Ž . Ž .8 and 9 . At the field site, much higher Fe II concentrations 500–2000 mgrl persist
downgradient of the tailings dam, in areas where mixed composition dolomite dissolu-

Ž . Ž .tion buffers the pH to near-neutral f6; Fig. 3 . Fe II movement in the simulation may
be inhibited due to the dissolved carbonate concentration which, in this simulation, is
slightly higher than at the field site. Also, MINTOX does not presently incorporate
partitioning of CO into the pore space of the vadose zone of the tailings or the2

Ž .subsequent upward diffusion of CO gas . As a result, greater concentrations of2
Ždolomite are dissolved in the simulation, generating high total dissolved CO 0.02–0.063

.molrl concentrations in the tailings water. These CO concentrations are up to an order3
Ž .of magnitude higher than observed in the field f0.001–0.005 molrl; Johnson, 1993 .

The high dissolved CO concentrations cause extensive precipitation of siderite, and3
Ž .excessive attenuation of Fe II compared to field conditions. High concentrations of

Ž .Fe II at the site may also exist if siderite and dolomite dissolution are kinetically
limited. Alternatively, a siderite solid-solution phase that is more soluble than the pure

Ž y9.8. Ž .siderite in the MINTOX database K s10 may control the Fe II concentration atsp

the site.
After dolomite is depleted, the pH decreases sharply and stabilizes at between 4.8 and
Ž .5.1 Fig. 11 . Acidic water infiltrating from the oxidation zone is buffered to this pH by

the dissolution of siderite. The water is near equilibrium with respect to siderite, as
Ž .indicated by the constant siderite and CO concentrations and stable pH values Fig. 10 .3

Ž .As observed by Johnson et al. 2000 , this zone accounts for a major part of the
Ž .impoundment. Dissolved Fe II concentrations reach maximum values at the siderite

dissolution front. The siderite dissolutionrprecipitation front migrates downgradient as
Ž . Ž .low-pH water infiltrates from the vadose zone Fig. 10 . Fe II concentrations decrease

toward the base of the impoundment, reflecting the initially lower rates of sulfide
oxidation.

Gibbsite, which was included in the initial background solids as a source of Al,
Ž .dissolves after siderite is depleted i.e., upgradient of the siderite depleted zone; Fig. 11 .

Al released at the gibbsite dissolution front is transported downgradient, until it reaches
Ž .the siderite dissolution front ;317.6 m elev., Fig. 10 , where higher pH conditions
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cause the Al to reprecipitate as secondary gibbsite. Over time, this process results in
secondary gibbsite concentrations that exceed the initial background concentration. As
low pH water infiltrates from above, the accumulated secondary gibbsite dissolves,

Ž .buffering the pH of infiltrating water to near 4 ;319 m elev., Fig. 10 . The pH trends
in the vicinity of the gibbsite dissolution front generally agree with field observations.
The dissolved Al distribution after 35 years is similar to the distribution currently

Ž .observed in the field Fig. 10 . At the field site, the first occurrence of carbonate
minerals is accompanied by a sharp decrease in Al concentrations near the siderite
pH-buffering zone and a change in the equilibrium state of pore-water with respect to

Ž .gibbsite from supersaturated to undersaturated Johnson et al., 2000 .
Ž .Where the pH is -5, Fe II concentrations are limited by the rate of sulfide

Ž . Ž . Ž Ž ..oxidation, and the availability of oxygen, which oxidizes Fe II to Fe III Eq. 4 .
Within the first several years of the simulation, high oxygen concentrations near the

Ž . Ž .surface of the tailings oxidize Fe II and generate high concentrations of Fe III . At this
Ž .time, the pH at these depths -0.7 m is buffered by gibbsite, siderite or dolomite

Ž .dissolution. The high Fe III concentrations result in ferrihydrite precipitation in the
Ž . Ž .oxidation zone Fig. 11 . In the simulation, Fe OH is precipitated only to a depth of3

about 0.7 m below surface. In agreement with field observations, this precipitation of
Ž .ferrihydrite at pH)3.8 limits the concentrations of dissolved Fe III in the oxidation

zone.
When gibbsite is depleted, the ferrihydrite dissolution begins. Ferrihydrite dissolution

Ž . Žbuffers the pH near 3 and releases high concentrations of Fe III up to 1600 mgrl; Fig.
.11 . In the simulation, ferrihydrite is depleted from the oxidation zone after about 15

Ž . Ž .years. Afterwards, the Fe III concentrations at shallow depths -0.6 m in the tailings
Ž .decrease gradually, as the rate of sulfide oxidation decreases, and less Fe II is produced.

Upon the depletion of ferrihydrite, the pH within the oxidation zone decreases sharply to
Ž .between 1.8 and 2.0 Fig. 11 .

Complete depletion of ferrihydrite in the tailings is not observed at the field site. At
the field site, it is inferred that ferrihydrite first precipitated in the tailings, and
subsequently transformed slowly into the more stable ferric oxyhydroxide mineral,

Ž .goethite Johnson, 1993 . This transformation cannot be simulated with MINTOX
because of phase rule constraints. Failure to incorporate the formation of goethite results

Ž .in more rapid depletion of Fe III -bearing solid phases, and lower pH values in the
Ž . Ž .oxidation zone 1.8–2.1 than are observed at the field site pHf2.1–3.0; Fig. 3 .

Ferrihydrite was chosen in the simulations because field-data suggest that pH-buffering
by ferrihydrite is important. The lower pH values simulated in the oxidation zone may
also reflect the absence of aluminosilicate dissolution reactions in MINTOX. In the

Ž . Žsimulation, Fe III does not infiltrates below the depth where pyrrhotite is present Fig.
.10 .

5.1.4. Simulated mobility of dissolÕed SO4

In the simulation, SO produced by sulfide oxidation is distributed through the4
Ž .tailings with few discontinuities Figs. 8 and 9 . The distribution of SO in the tailings4

Ž .and aquifer approximates field observations Fig. 3 . SO concentrations are partly4

limited in the simulation by the precipitation of gypsum. Elevated Ca concentrations at
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Ž .the dolomite dissolution front Fig. 10 promote gypsum precipitation. As the dolomite
Ždissolution front progresses downward, a zone of secondary gypsum accumulates Figs.

.8–10 . As the sulfides are depleted in the oxidation zone, the infiltration of water
containing low concentrations of SO dissolves gypsum from the surface downward.4

The groundwater throughout the majority of the impoundment is at equilibrium with
Ž .respect to gypsum Johnson et al., 2000 . Low dissolved Ca concentrations and the high

Ž .solubility of gypsum allow high SO concentrations 6000 and 10,000 mgrl to migrate4

out of the impoundment and into the aquifer.

5.2. Limitations in the simulations

Although major groundwater anions and cations were included, no attempt was made
to correlate field data with the model results for ions other than Hq, Fe, Al, SO and Ca.4

Several assumptions limit the ability of MINTOX to accurately simulate the pH
conditions and plume features observed at the site. At the site, a wide variety of minerals
exist and participate in reactions that control the aqueous chemistry of the water. For
simplicity, the model has included only those phases assumed to dominate the pH
conditions and concentrations of dissolved oxidation products. Due to differences in the
composition of pH-buffering pure solids assumed in the simulation and the natural
materials present at the field site, the solubilities of these pH-buffering solids also are
different, affecting the pH.

Geochemical equilibrium may not be attained between flowing groundwater and
adjacent solid phases, although in the model, this is assumed to occur. Although
aluminosilicate mineral dissolution is believed to affect the pH and add dissolved

Ž .components to the water Johnson et al., 2000 , these reactions are considered to be
kinetically controlled, and are not simulated by MINTOX. The recently developed

Žequilibriumrkinetic, reactive transport models HYDROGEOCHEM2 Yeh and Salvage,
. Ž .1997 and MIN3P Mayer, 1999 should be able to account for the dissolution of

minerals such as aluminosilicate minerals.
The oxidation of pyrite as a surrogate for pyrrhotite in the oxidation zone of the

tailings will influence the concentrations of sulfide oxidation products generated. The
current model does not account for historic variations in the thickness and moisture
content of the vadose zone, and variations in the size and shape of sulfide grains,
although these factors affect the diffusion properties of the tailings, and therefore the
rate of pyrite oxidation. Groundwater flow in the unsaturated zone is assumed to be
one-dimensional.

6. Conclusions

Sulfide oxidation started in the decommissioned Nickel Rim tailings approximately
35 years ago. A conceptual model of the mechanisms controlling the evolution of
low-pH conditions, and of the mobility of dissolved metals and SO in the impoundment4

and underlying aquifer was developed from data obtained in field investigations
conducted at the site. This model accounts only for the dominant processes that control
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the pH, metal and SO behaviour. The multicomponent reactive transport model4

MINTOX simulated 35 years of pyrite oxidation, and the generation of Fe, SO and Hq
4

in the tailings. Using data from the site and mechanisms described in a conceptual
geochemical model for Nickel Rim, MINTOX simulated the development of low-pH
conditions, and the movement of dissolved sulfide oxidation products in the tailings’
impoundment and in an underlying aquifer. Processes simulated include sulfide mineral
oxidation and the sequential dissolution of dolomite, siderite, gibbsite, ferric oxyhydrox-
ide phases, and jarosite. Although the geochemical model as simulated by MINTOX is
capable of describing plume development at the site, the solution is not unique.

MINTOX was able to simulate the mechanisms that are controlling pH conditions
and metal and SO mobility, although there are differences between the observed and4

simulated plume movement. These differences are attributed to discrepancies in the
sulfide mineral oxidation rate, groundwater velocities and the composition of the
background solids. The exclusion of aluminosilicate mineral dissolution from the model
also adversely affects the results. The general agreement between the simulation results
and the field observations suggests that MINTOX provides a useful tool for understand-
ing the complex sequence of physical and chemical mechanisms that control plume
development in mine drainage environments.
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