
q5~%6 

Environment Canada 
Water Science and 

Technology Directorate 
um: mammammu: in I 

Direction générale des sciences 
et de la technologie, eau 

Environnement Canada 

i

I

1 

- 
'

£ - 1 _

_



I91‘? %§ 

Manuscript Title .

' 

Wunderly, M.D., Blowes, D.W., Frind, E.O., Ptacek, C.J., and Al, T.A.-, 1995. A multicomponent 
reactive transport model incorporating kinetically controlled 'pyrit_e_oxidati_on. Proceedings of th_e 
Sudbury ’95 Conference, Mining and the Environment, May 28-June 1, 1995, Sudbury, Ontario, 
10 pp. 

a 

. 

’ ‘ 

Abstract - 

V 

'

» 

A numerical model (MINTOX) has been developed to simulate the diffusion of oxygen into 
mine-tailings impoundments and the oxidation of pyrite, coupled with the subsequent reactive 
transpor't of the oxidation products through the tailings impoundment. A shrinking-core oxidation 
model and a finite-element numerical method are used to simulate the transport of oxygen and 
oxidation of pyrite grains. The rate of pyrite oxidation is assumed to be limited by the transport 
of oxygen to the reaction site. The oxidation products released by pyrite oxidation are ‘transported 
along with the pore water and react with other aqueous components and the solid tailings. The 
advective and dispersive transport of the aqueous components is accomplished using a f"mite- 
element transport code. The equilibrium chemical composition of the pore water is calculated 
nodally during each time step by a modified version of Ml_NTOX can be used to 
assess the sensitivity of mine-railings impoundments to the various hydrogeological and 
geochemical conditions. Effects of remedial measures such as the addition of moisture retaining 
covers or the addition of chemical additives to the railings such as lime can be quantitatively 
modelled. ’

. 

Management Perspective _

' 

The numerical model MINTOX was developed to provide a means of predicting geochemical "and 
physical processes occurring in abandoned mine railings impoundments. The model can be used 
to predict future effluent water quality and to-evaluate designs for close-out to minimize the 
release of potentially toxic» elements to the surrounding enviromnent. Processes that are included 
in the computer code include the physical transport of gas and water in the uns_at11rated_ zone, 
kinetics of pyrite oxidation, water transport in the saturated zone, dispersion processes, and 
chemical speciation and mass transfer reactions. By including these physical and‘ chemical 
processes, good representation of field data is observed. Various close-out designs are evaluated.
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t KINETICALLY CONTROLLED PYRITE OXIDATION 
A MULTICOMPONENT REACTIVE TRANSPORT MODEL lNCOl}PORAT_ING I 
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ibgtgg-t_:_ A numerical model (MINTOX) has been developed to simulate the d_iffusi0f11' or oxygen into 
mine-tailings impoundments and the oxidation of pyrite, coupled with the subsequent reactive transport of 
the oxidation products through the railings irnpoundment-_ A shIi_t_1kiug-core 0Xi_daliOn fmodel and a finite- 
element numerical method are used to simulate the transport of oxygen and oxidation of pyrite grains. '_l_he 
rate of pyrite oxidation is assumed to be limited byrthe transport of oxygen to the reaction site. The 
oxidation products released by pyrite oxidation are transported along with the pore tatliater and react with 
other aqueous components and the solid railings. The advective and dispersive transport of the aqueous 
components is ‘accomplished using a finite-element transport code. The equilibrium chemical composition 
of. the pore water is calculated nodally during each time step by a modified version of MINTEQA2. 
MINTOX can be used to assess the sensitivity of mine-amilings» iirn1>0l11.1.f1I.I.1t%t!1ts to= the various 
hydrogeological and geochemical conditions. Effects of remedial measures such as the fadditionr of moisture 
retaining covers or the addition of chemical additives to the tailings such as lime can be quantitatively 
modelled.» . 
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- Introduction 
() 

Mathematical models have become important tools for predicting and assessing groundwater 
contamination problems. Typically, groundwater flow and chemistry are 'tr_todell_ed separately using 
different tnathematical models, but, because groundwater undergoes physical arid chemical changes 
simultaneously, it is advantageous to simultaneously couple these processes in a'single ‘model. l\/[ine- 
tailirlgs environments are an example where models which couple multiple processes hiay be valuable tools 
in assessing acid mine drainage problems. Groundwater flowing through the mine tailings undergoes 
extreme chemical variations, and the chemical interactions between the various minerals and aqueous 
components can be overwhelmingly complex. Geochemical reactions occurring within urine railings‘ include: 
aqueous speciation, acid-base, mineral precipitation/dissolution, ion exchange and r'edox reactions. When 
reaction rates between the aqueous components and the solid-phase numerals are rapid, the local 
equilibrium assumption (LEA) is accurate. The ‘chemical species be in a state of therrjnodynarnic 
equilibrium, and an equilibrium mass-action approach to the geochemicalmod ‘ng can be adopted. ellr 
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However, if the flow rates of the pore water are fast relative to the reaction rates, then .a kinetic modelling 
approach must be used. An example where a kinetic approach must be adopted is the oxidation of pyrite 
within mine-tailings impoundments. These oxidation reactions may be ‘rate limited by difiitsion of oxygen 
into thetailings (l, 2) and may remain in disequilibrium for or longer. The oxidation of pyrite, and 
other sulfide minerals, within mine tailingsirnpouudments is responsible for the high acidity and mobility of 
heavy metals which is observed 

~ - . 

A reactive transport model which incorporates kinetically controlled pyrite oxidation (MINTOX) has 
been developed. The model consists of three main modules: a finite-element transport model (PLUMEZD), 
an equilibrium-geochemistry model (MINTEQAZ), and an oxy'gen—diffusion and pyrite-oxidation model 
(PYROX). The first two of modules were previously coupled by Walter et al. (3) into the reactive 
transport. program MINTRAN. The third module PYROX was developed as a stand alone program to 
model oxygen diffusion and pyrite oxidation in mine-tailings environments. PYROX. has been successfully 
coupled with MINTRAN. The resulting model, MINTOX, simulates diffusion of oxygen and the oxidation 
of pyrite as well as the subsequent reactive transport of the oxidation products.
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Oxygen Diffiision and Pyrite (__)xidation 

The difi'usion of oxygen and pyriteoxidation ~ 

occurring within mine-tailirigs impoundments are 
modelled as a two-stage process. The first stage 
considers the diffusion of oxygen into the pore 
space of .the tailings from the atmosphere, and the \\\ 

second considers the diffusion of oxygen into the 
9' °'- 9' ' 9' 

pyrite particles of the tailings through an oxidized - 
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% shell forming around an unoxidized core. This
_ 

two-stage process is shown graphically -in Figure Z“, p 

1. As pyrite grains oxidize, the thickness of the . 

oxidized coating increases, further inhibiting , 
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oxygen from reaching the unreacted core. . 

-

- 

Assuming that oxygen "reaching the unreacted - ~ ~ -

q 

pyrite core of the particles reacts instantaneously, g

. 

with the pyrite, the oxygen concentration at the _ _:.,,+ hmaymdd 
boundary between the unreacted core and the PI

' 

"oxidized coating will be zero. The concentration ' W M, 
' 

at » 

9. 
gradient between the outer surface of the particle 
and the unreacted core will continue to cause " A 

oxygen to diffuse .into the particles until the 

unreacted core is completely oxidized, at which 
time the particle will no longer consurne oxygen 

‘

- 

nor produce sulfate, iron, and acidity. Figure 2
4 

shows the oxygen concentration gradient witliin a Figure 1. Two‘-stage oxidation processin a tailings 
partially oxidized pyrite grain. impoundment

_ 

ti 

9| 

The difiusion of oxygen intotailings impoundments can be assumed -to be a one-dimensional process 
because tailings are cornrnonly spread laterally over hundreds‘ to thousands of square meters, whereas the 
depth of the unsaturated zone where oxidation occurs is usually only a few meters. Oxygen diffuses from 
the--surface, where the concentration of oxygen is equal to atmospheric, inward or down toward the water 
table, which constitutes a zero gradientboundary condition for the diffusion ofoxygen. 
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Matlieiitatical-Development and Numerical Modelling ;

’ 

The numerical model. PYROX is based on the 
algorithm developed by Davis (4) and Davis et 
al. (5), who developed a finite-difference 
numerical model describing oxygen diffusion and 
pyrite oxidation in waste-rock dumps. The 
waste-rock model was not suitable for this 

application because it assumes a homogeneous 
medium, and the development of the matheiinatics 
results in equations which are dimensionless in 
time. Because the intent was to couple oxygen 
diifusion and pyrite oxidation to the existing 
Pf°gi"<1m, it Was n¢<;‘»eSS%f)' *0 have 
the time variable as "a dimensioned _quantity. 
Also, variability of input parameters such as 
moisture content, pyrite content, ‘bulk density, 
and porosity were desired The variability of 
moisture content within mine tailings is 

particularly important because it may cause the 
bulk. diffusion coefiicient for oxygen within the 
tailings to vary by severalorders of magnitude. 
The variable diffusion coefficient for oxygen in a 
porous medium can be calculated using equation 
1 (6) based on the moisture content, porosity and 
temperature of the medium. The equations 
describing ‘oxygen diflusion and pyrite oxidation 
developed by Davis (4), and Davis and Ritchie 
(1) were tederived With the core 
portion of the model on . the mathematical 
development of Levenspiel (7). Equation 2 
describes the bulk diffiision of oxygeninto the 
tailings and the subsequent loss of oxygen to the 
pyrite grains. Equation 3 describes. the rate at 
which the unreacted pyrite cores ‘of the particles 
shrink. These two equations constitute a system 
of 2 equations and 2 unknowns, and thus a 
unique solution may be obtained. 

." 1.1
‘ 

D1(x)=3.98xlO'° >< [£!L9’_(‘)__°:9§]/ _>< (Temp)l‘5 (1) 
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Figure 2. Partially oxidized py’rite grain. Oxygen ' I 
concentration gradient between surface of particle V

l 

and unreacted-7 core causes oxygen to diifuse into 
particle. - 
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where, ’

, 

apor(x) - is the air filled porosity of the tailings [ ]. 

A 
fracsulflx) 

' 

-. fraction of sulfur in tailings [ ].
‘ 

. 

* por(x) ~ - is the porosity of the tailings [ 1. p 

_r.'(x, t) - is the radius of the reaction front within the particle 
or the radius of the unreacted c0176 [111]-. _ 

. 2 
D1(x) 

' - is the diffusion coefficient for the porous media [n21 /s];. 
D2 

_ 

'- is the diffusion coefficient‘ for the oxidized rim [r_n Q]. . 

surrounding the unoxidized core of theparticles [m /s]. 
r is the unreacted radius of the particle [m]. 

" 

»

V 

- chemical source/sink term1[_mo_l/kg s]. -

3 

A 

U A _(x, t) 
V 

- is the oxygen concentration in the pore space [kg/m ]. 
-_UW (x, t) - is the concentration of oxygen isn the film of water 

surrounding the particle [kg/In ].~ 

XHEN - is l/(Henry's constant for oxygen). 
E - - ratio of oxygen to sulfur consumed bya pyrite [ ] 

A 
p,(x) - density of sulfur within tailings [kg/m i]. 

2° 

3’. 

' means the variable is not dimensionless. The same variable 
T without ' is dimensionless. 

’ 

.

' 

Equation 2 is solved using the Galerkin finite-element method as opposed to a finite-diiference method used 

by Davis et al. (5). The versatile nature of the finite-element method allows for spatially variable input 
parameters to be easily assigned. Equation 3 is solved using a Newton-Raphson technique, similar to that 
of Davis et al. (5). The algorithm used‘ to solve these equations remains the same as that of Davis et al. (5). 
Equations 2 and 3 are solved iteratively until the concentration of oxygen in the pore space, U A(x, t), and the 
radius of the unreacted pyrfitecores, r¢(x, t), converge simultaneously. - 

~

_ 

t 
- Pvrite Oxidation Bv;products -

g 

- The oxidation of pyrite, which consumes oxygen and produces H’, S0421 and Fe(l1), is shown in the 
following equation: A

T 

FeS2 + H20 +1/2 02 =_> Fe" + zsof’ + 21-1* _ (4) 

Because PYROX calculates the radius of the unreacted cores, the of pyrite constlmed can be 
calculated. Using the mass of pyrite consumed and thestoichiometry of equation 4, the mass ofsulfate, iron 
and acidity produced due to pyrite oxidation can be calcrilated. 

‘ 

-

_ 

Neither analytical models nor numerical models capable of modelling heterogeneous systems were 
available to verify the PYROX model. Thus, the model could only be verified for a homogeneous system 
through comparison.with results from the model of Davis-e't_ al. (5). The two models produced nearly 
identical results. PYROX was also tested using field data from»N'ickel Rim, Ontario (8). The tailings at 
Nickel have been oxidizing for appr'oxim_a_tely 35 years. Moisture content data .collec'ted_ in 1991 by 
Johnson (8) was used as input data, along with the data shown in Table 1. The field data and modelled 
results for pore-space "oxygen concentration and percentage of sulfur remaining in the tailings solids are 
shown in Figures 3 and-4, respectively. PYROX calculates the rate of contaminant production, due to pyrite 
oxidation and may also be used to determine how long pyrite oxidation will continue. Although the rates 
and masses of oxidation products are calculated within PYROX, the fate of these oxidation products



remains Because we are-ultimately Table 1. Physical parameters used in Nickel Rim , 

ccncemed with the fate of the oxidation oxidation simulation 
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_ A N products, it is necessary to linkthe pyrite- 
oxidation process to the reactive transport D1 ¢'<l1<?il1T¢\_!l-:dfromrnois_'t1‘1re contentw ' 

processes which are occurring. Therefore, the D2 * 

p L5 5-14 [ma/S] , 

-

E Pariicle Radius s 7.5"E-5[nf1] 
_ 4 

Porosity o.415 is __ 

numerical model PYROX was coupled with 
the reactive transport model The 
resulting model MINTOX, thus simulates the 
oxidation of pyrite and the production of e .4.5 

_

- 

oxidation products as well as determining the Depth 
_ 

1.0 [In]; _

~ 

Bulk Density 
" 

1550 [kg/T3] 

fate of these oxidation products as they flow Tmie" 30 [year] 
_

' through the groundwater system and react y 

with the tailings solids and other aqueous , 

a 

i 

A

A 

components in the pore water. PYROX operates only in the unsaturated zone with the water table acting as 
the lower boundary. operates in both the saturated and Lmsaturated zone with the surface of the 

'

I tailings as the upper boundary, and the base of the tailings as the lower boundary. _ 

I 

' 

. V

I 

/\ he - 1/4 or + Fe" + H‘ => Fe“ +1/2 0 I

2 

The Fe(H) produced in equation 4, may also oxidize to form Fe(lIl) according to the following reaction: U 

The ratio of Fe(H), to Feflll) is calculated hased onthe oxygen concentration present in‘ the pore space and 
' I 

the pH of the pore water. The reaction products are added to the pore water at the point where they were 
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produced, and are then transported using the advective-dispersive equation (Equation 6);!
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Figure 3. Field and modelled oxygen 
concentrations from Nickel Rim mine-tailings 
intpouhdrn_ent, Sudbury, Ontario, piezometer 
nest location NR18. Field measurements made 
in June 1991 (8). - 
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act -ta [1>,,gf*]+ai (v,c,,)~R,=0 
' 

k=1,...,Nc 
_ 

(6) 

) I 
A at ax, . .

. 

where, . 

'

- 

- aqueous concentration of the component k [mol/kg] 
' 

_ 

hydrodynamic dispersion tensor (see Bear (9)) [m ls] 
i - vector component ofthe average fluid velocity [mls] 

chemical source/sink term [moi/kg s] »

, 

=99 

,_w-.< 1 

All aqueous components in the simulation are transported. separately using equation 6. The solid and 
aqueous chemistry is then equilibrated at each node in the domain, using the\MlNTEQA2 module. _A 
description of can be found in Felmy et al. (10). 

"
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' One Dimensional Simulations 

_ A one-dimensional column simulation was run based on data form the Nordic Main tailings 

impoundment near Elliot Lake, Ontario. The data was taken from Smyth (1 1), and Dubrovsky (_l2). The 
field location T3 was modelled because of the large unsaturated zone, and the abundance of data available 
at that location. 

' 
'

Y 

The Nordic Main tailings at Elliot Lake were deposited from 1957 to 1968. The tailings were treated 
with lime and limestone prior to deposition resulting in a pH of approximately 8. In 1972 additional lime 
and limestone were added to the "surface of the tailings, along with ferfilizer and sewage sludge as part of a 

revegetation program. _Smyth (1 1) collected physical and chemical field data from the vadose zone of the 

tailings in 1980, and 1981, allowing for approximately l2 years of pyrite oxidation prior to collection of 

the data _ 

_ 

‘- 

The column dimensions were 6.0 metres in length by 0.1 metres 
wide. The moisture content, porosity, bulk density, and pyrite 

content were used as input data for the PYROX (diffusion) module. 
Aqueous and available solid-phase data were used as input for the 
MINTRAN (reactive-transport) module. A steady state velocity of 
0.62 mla, based on the infiltration rate and the tailings porosity was 
used and is_ consistent with velocities calculated by Dubrovsky (12). 
Many of the solid-phase concentrations were not known and had to 
be inferred based on the conceptual model of the geocherttical 

evolution of the Nordic uranium tailings developed by Srnyth (ll). 
The conceptual model includes a series of pH buffering“ mineral- 
dissolution reactions, including calcite, s_id6.rite, ferric hydroxide, and 
aluminum hydroxide. These minerals were included in the 1-D 
simulation as well as the mineral jarosite. Influx aqueous chemistry 
i_s_ loosely based on rain water composition from the area with 
modifications to account for chemicals added to the surface of the 
tailings during revegetation attempts. Tables 2 through 5 show influx 
chemistry, pore-water chemistry, solid-phase chemistry, and input 
diffusion parameters respectively, Table 6 lists the mineral phases 
included in the simulation and Table 7.lists the chemical species 
included in the simulation,

"

\ 

Table 2. Influx chemistry for 
1-D simulation. 

Aqueous 
; Comvansnts 

Concentration 
-moles/litre 

Ca2+ > 

Mgi+
g 

Ki- 
Cl-‘ V 

A|3+ 
sog- 
Fe“ t 

cog- 
H4 
Fe2+ 

H,,SiO, 

1 ‘.25e-2 

l_ .04e=3 
9.()Oe-3, 
l.l4e-4 ~ 

1.28e-8 " 

7 .48e-3 
2.32e-8 
3.94e-3 
4.59e-3 
5.366-5 
1».99e-3 

._._.. . ._... _ -_._----I



. 

_ 

Selected results from the one—dimensi_on'al simulations are shown in 
Figure 1. The general trends observed in the modelled data correspond 
well with those of the field data. The pH profile shows a stepwise 
increase with depth where different mineral’ phases are acting as 
buffets. Near the surface, a jarosite buffered zone maintains the pH of 
the pore waterat about 2. Below the jarosite zone is a ferrihydritie 
buffered zone where the pH“ is buffered at about 2.7. Gibbsite follows, 
buffering at a pH_ of around -3.7,‘ followed by siderite at around 4.5,\ 
and finally calcite at a pH of about 5.9. Modelled aluminum 
concentrations match the field data very well with a spike in the 
concentration at a depth of about 1.6 m. The total iron concentrations 
show two distinct peaks. The upper Peak in the fenihydrite buffered 
zone, consists mostly of Fe(IH), whereas the lowerppeak consists 
mostly of Fe(II). Below 3.0 meters discrepancies in the iron 
concentrations between modelled and field data are observed. These

I

l 

Table 3- Aqtieous background 
chemistry for 1-D simulation. . 

Aqueous 

car 0

l 

Mg" " 

1<* 1 

Cl‘ 
A1» 
S0}

_ Fe“ " 

CO,1- I 

H4- 
F€z7" 

H_,Si_O4 

Concennation
" 

...'.§.—9.-Ex.‘-."RQ.!.!g..—1:—1.!.'§;.—....L..;;£Q2!E§ll..@%............. 

1 .446-2’ 
2.306-3 
6.008-3'

. 

1 .148-3 
2.592-8 

‘ 3.13e-2 
l.48e-7 
3.59e-2 
5.4i7e-2 
5.39e-5 
l .91e-3 

discrepancies may exist because the modelled results are based on the 

_ 
Table 4. Solid background chemistry for 
1-D simulation. 

"Mineral 
. Phase 

Concentration 
moles/litre 

Calcite 
Lime 
Gibbsite 
Am. Silica 
Sideritc . 

Ferrihydrite 
Gypsum 
Jarosite 

'

\ 

0.070 
0.100 
0.045

' 

4.-69E+1 
2.0012-2 
1.00566 
0.174 
0.0 

Table 6. Buffering reactions used in 1-D simulation.- 

simulation. 

’

. 

. Table 5. Diffusion lpararneters for 1,1) 

Diffusion 
Pararneter ' 

_ 

Value 

D1 ' 

D2 
Particle Radius 
Porosity

_ 

Bulk‘ Density _ 

% Sulfur 
Depth 
Time l 

# nodes 

l 
variable [ml/s] 
3.-50 E45 [ml/s] 
3.0 E-5 [m] " 

l variable 
variable [kg/mi]

V 

l.6l
' 

6.0 [m] 
12.0 [year] 

1 
121 

'

-

4 

.- ................ ._......;..-__...___.... 
- Calcite Ca“ +_CO.32' 4:: CaCO, ' 

Sidefile Fez" + C032" ¢= FeCO_, 
.‘Gibbsite (c) A13" + 31-1,0 ¢=>‘A1(oH)_., + 31-1* 
Ferrihydrite _ 

Fe3* + 311,0 <=> Fe(OH)_, + 3H*'t " 

Iarosite . 
K+ + 3Fe3* + 2303- + 611,0 <=> KFe3(SO4)2(OH)6 + 6H+

- 
8.4789 
10.57 

i 

' -8.11 

1 

-4.891 
i 9.210 

assumption that calcite is the buffering mineral below 3.0 m. Calcite was thought to be the mineral _ 

buffering the pore water in this zone because the pH remains constant and relatively high at a pH of around . 

5.9,. In reality, it is unlikely that pure phase calcite exist rather than some forni ofimpure calcite as a 
solid solution. Another possible explanation for the discrepancies in the iron profile is that kinetic

A 

limitations may be preventing siderite from precipitating to equilibrium. Slow preclipitation kinetics would 
cause iron to remain in solution longer. and thus the concentration observed _wopld be higher than that 
calculated using an equilibrium approach; Some of the modelled solid phase concentration are shown in 
Figure 2. Unfortunately field determination of the concennations of these mineral p1'l8SBS~ were not made.

t
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MIN'I‘0X Applications 

The model is capable of 2-D 
simulations with oxygen diffusion 
occurring in one dimension. The most 
powerful application of the MINTOX 
model is determining the effect of 
modifying physical or chemical propenies 
of the tailings. Examples of this 

application would be to model the effects 
of adding moisture retaining covers, 
removing sulfide minerals fifonl the 
tailings, or adding -chemical components 
such as calcite to the shallow tailings. For- 
example,' simulations could be tun -to 
determine the most effective combination 
of cover- properties such as thickness. 

moisture content, and porosity. 

Quantitative effects of limestone addition 
to the tailings priorto deposition could be 
assessed. The model could be used to 
determine optimum quantity of 
liinestone necessary to achieve 
neutralization of the acid which will be 
generated , due to Pyrite oxidation. 

Combinations of “physical and chemical 
modifications can also be quantitatively 
assessed. Because of the high cost of 
preventative measures aimed _at - reducing 
acid-mine drainage, optimization of these 
preventative measures may result in "large 
cost savings. _

.

r 

4VPH. 
. 0 . 

1 . 

. 2 . 

Depth 

[m] 

3. 

.4.
s 
6. it 

' 0 5 10 0 200 Y 400 

Table 7. Species included in 1-D simulation. 

Reaction I A1-If 'logK 
“£1.20 ¢=>- Ht + on- 
H,Si04° ¢.=> H+ 1+ H,,SiO; _ 

-

. 

Mg“ C0,?” <=> MgCO,°. _

- 

Mg“ + .CO._.,*' + H+ <=> MgHCO,* 

13.345 
8.936 
2.535 
.-2.775 

\ . 

Mg?’* + SO47" <=> MgSO4° 1-4 

Ca“ + CO} + I-1* ¢;> CaHCO,* 
Ca“ + C032" <=> CaCO.,° 
Ca“ + SO} <:=> C_aS04° 
to + so,» <=> K-SO;

g 

-0.869 
3.547 
1 .47 

5 

2-25.
' 

Al” + mp <=> Alton); .+ 211+ 0.0
. 

A13‘ + 4H,O <=> Al(OH)4' + 4H* 44.06 
Al“ + 3_l-1,0 ¢=>.Al(OH),° + 3H* 0-0 

Fe“ + H,o <=> FeOH* + 11+ . . 
13.2 

Fe“ + so,=- <=> Peso; .3-2-3 

co,» + Ht <=> taco,- 
co,=- + 2H* <=> H,co,<> 4 

Al“ + mo <=> AlO_I-P*+ Hf _ 

AP‘ + so_,=- <=> Also; . 

Al“ + 2so3- <=> Al(SO,,~),' .
. 

H* + SO} <=> HSO; -

_ 

' Fe“ + H10 <=> Fe0lP+ _+_H* _ 

Fe“ 
Fe“ 
Fe“ 
“Fe” 

Fe“ 

-3.561 
+5.738 
11.90 
2.15 
2.84. 

4.91 
10.399 

so-,3’ <=> Peso; 3.91 

2H,o'<=> 1='e(oH),+ + 2!-If 0.0 

3H,O <;> Fe(OH),° + 31-1+ 0.0 

2so,¢- <=> 1=e(so,); i 4.6 
e‘ <=> Fe“ ‘-10.0 

____________ _; ____ 
_,'0'53 

-13.998 
-9.929

’ 

2.981 
11.397 . 

2.-25 

11.453 
3.225 
2.302 
o.s5 
-10.1 
_23.o 
-16.0 
-9.5 3 

2.25 
10.329 
16.681 
-4:919 

3.02 
4.92 
1.987 
-2.19 
3.92 
-5.67 
-13.6 
5.42

A 

13.032 . 

178.16 
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Figure 1. Elliot.Lake simulation results. Solid lines are MINTOX output, squares are field data -from 
Smyth (10). Concentrationsare inmgll. 
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Figure 2. Elliot lake simulation results. Concentrations are in molll of solution. - 
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Conclusions ‘ ' 

. 

g 

,

* 

A numerical oxygen diffusion and pyrite oxidation model (PYROX) has been developed. The model is 
capable of modelling heterogeneous media where moisture content, porosity, pyrite] content. and "bulk 
density are variable depth. The. model can be used to determine rates of contaminant generation and 
the duration of pyrite oxidation. The effectiveness of oxygen diffujsion barriers, such ‘moisture retaining 
covers, in reducing acid-mine drainage can be assessed. However; the model is not capable of determining 
the fate of the oxidation products once produced. Therefore, PYROX was coupleiiwitli the reactive 
transport‘ model to produce the model MINTOX. simulates the generation of 
oxidation products and the subsequent reactive transport of these oxidation products through the 

subsurface. Chemical reactions occurring between the pore water and the solid matrix‘ are calculated, and 
thus the fate of the oxidation products may be deterr_ni_n_ed. The effects of physical and chemical changes 
imposed on the tailings can be quantitatively assessed using MINTOX, and thus optimization of 
preventative measures can be assessed. . 
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