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Management Perspective: We have developed a new model to describe sulfide mineral 
oxidation and the subsequent ‘transport of oxidation products in mine tailings. A 
shrinking-core model is used to represent sulfide-mineral oxidation in the 
unsaturated zone, and a steady-state reactive solute transport model is used to 
represent transport of the oxidation products in the unsaturated and saturated 
zones. The reactive solute transport model includes. many dissolved species - and 
reaction types, including precipitation and dissolution reactions, and adsorption 
reactions. The model can be used to simulate pyrite or pyrrhotite oxidation under 
spatially variable moisture contents, and the subsequent transport of the 
oxidation products in variable railings types. It can also be used to evaluate the 
potential benefits of remediation and design altematives; 

Abstract: A versatile numerical model that couples oxygen diffusion and sulfide- 
rnineral oxidation (PYROX) has been developed to simulate the oxidation of pyrite in 
the vadose zone of mine tailings. A shrinking-core oxidation model and a finite 
element numerical scheme 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 model determines the spatially 
variable bulk diffusion coefficient for oxygen based on moisture content, 
porosity, and temperature, all of which are variable input parameters. The model 
PYRQX has been coupled to an- existing reactive transport model (MINTRAN), which 
uses a finite element scheme for transport of‘ contaminants, and MINTEQA2 to solve 
for the equilibrium geochemistry. The reactions described by MINTRAN are subject 
to the local equilibrium assumption. The resulting emodel, MII\l'l;OX, is capable of" 

simulating tailingst impoundments where the oxidation of. pyrite or pyrrhotite is 

causing acidic drainage and where acid neutralization and attenuation of dissolved 
metals can be attributed to equilibrium reactions. Because MINTOX uses realistic 
boundary conditions and hydrogeological properties, the potential benefits of 
various remediation schemes, such ' 

as moisture-retaining covers, can be 
quantitatively evaluated. 
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Abstract. A versatile numerical model that couples oxygen diffusion and sulfide-mineral 

oxidation (PYROX) has been developed to simulate the oxidation of pyrite in the vadose zone of mine 

tailings. A shrinking-core oxidation model and a finite element numerical scheme 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 model determines the spatially variable bulk 

diffusion coefficient for oxygen based on moisture content. porosity, and temperature, all of which are 

variable input parameters. The model PYROX has been coupled to an existing reactive transpon model 

(MINTRAN), which uses a finite element scheme for transport of‘ contaminants, and MINTEQA2 to 

solve for the equilibrium geochemistry. The reactions described by MINTRAN are subject to the local 

equilibrium assumption. The resulting model-,~ MINTOX, is capable of simu_la_ting tailings impoundments 

where the oxidation of pyrite or pyrrhotite is causing acidic drainage and -where acid neutralization and 

attenuation of dissolved metals can be attributed to equilibrium reactions. Because MINTOX uses 

realistic boundary conditions and hydrogeological properties, the potential benefits of various 

remediation schemes. such as moisture-retaining covers, can be quantitatively evaluated.
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INTRODUCTION 
Mathematical models have been widely used to model chemical and physical hydrogeological 

phenomena for several de_ca_des. As the processing power of computers has increased, so has the 

sophistication of these models. The finite element method is a robust approach for modelling flow and 

transport. while geochemical equilibritmi codes have been very successful at modelling inorganic 

chemistry. However, there arelrelatively few models that take into account both the physical transport 

and equilibrium c_he1,n_iStiy, and even fewer thatconsider kinetically controlled chemical reactions._ The 

mine-tailings environment exhibits extreme geochemical variations, some of which can be modelled 

using an equilibrium approach; others require a kinetic approach. 

, Various geochemical reactions take place within mine tailings including sulfide-mi_n_era.l 

oxidation, redox, aqueous speciation, acid-base, mineral precipitation/dissolution, and ion exchange 

reactions. When the physical tra_ns'_port of chemicals within the tailings is slow compared with the rate at 

which the chemical reactions occur, the llocal equilibrium assumption (LEA) is reasonable, and an 

equilibrium approach to reactive transport modelling may be used__. Thi_s @Ppr0ach assumes that all 

chemical species are in thermodynamic eq'uilibrium, However, if the reaction rates are slow relative to 

the rate of physical transport, a kinetic approach should be adopted. An example in which _the LEA 

assumption fails is in the oxidation of pyrite and other sulfide minerals inmine tailings. These reactions 

may be rate limited by oxygen diffusion into the tailings and may not reach equilibrium for decades or 

longer.
V 

/ . 

ln general, the solution of equilibrium reactive multicomponent transport is dependent on two 

sets of equations: the first is the partial differential equations relating to mass transport. and the second is
\ 

a set of nonlinear algebraic equations relating to the equilibrium chemistry (Yeh and Tripathi, 1989). If 

any of the reacti_on_'s _in_volv[ed are kinetically controlled, then additional or modified expressions are 

required.
\ 

Models that simulate equilibrium ofr kinetically controlled reactive transport generally attempt to 

solve the problem using either a 0ne- or two-step approach. Direct or one-step eq’uil_ibrium models

)
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incorporate the chemical equilibrium equations directly into the transport equations. Examples of one- 

step methods include the models of Rubin and James (1973), Valocchi "et al. (1981), Jennings et al. 

(1982), Miller and Benson (1983), Lichtner (1985), Carnaharr (1990), flild Steefel and Lasaga (1990). 

W 
Two-step equilibrium models divide the solution into two separate parts: advective-dispersive 

transport and chemical equilibrium. These separate parts are then linked together using various methods. 

' One-s_tep kinetic models incorporate the reaction rate equations directly into thetransport 

equations similar to one-step equilibrium. models. One-step kinetic models include Molz et al. (1986), 

MacQuarrie et al.- (1990), M_acQu'arrie and Sudicky (1990), and Frind et al. (l990)_ Two-step kinetic 

models divide the solution into an advective-dispersive part and a chemical part similar to the two-step 

equilibrium approach. Two-step examples of kinetic models include Borden and Bedient (1986), 

Kinzelbach et al. (1991), and Zysset et al. (l994a,b). . 

The oxidation of pyrite and other sulfide ininerals in mine tail_ings is responsible for the high 

acidity and mobility of heavy metals observed. In many cases, the rate of oxidation of these minerals" is 

limited by the rate at which oxygen from the impoundment surface can diffuse in_t0 the tailings (Davis 

and Ritchie, 1986; Elberling et al., 1994). As individual particles within the tailings oxidize, a coating of 

oxidized material forms around an unoxidized core. This oxidized coating acts to further inhibit oxygen 

from reaching the reaction site. Several models have been proposed to describe the sulfide-mineral 

oxidation process.
' 

Cathles (1979) examined the predictive capabilities of _a finite difference model for copper 

leaching that includes air convection, heat balance, temperature-dependent mixed oxidation kinetics, and 

bacterial catalysis. Jaynes et al. (1984a,b) presented a variation of the model described by Cathles and 

Apps (1975). Their model considers diffusion of oxygen into the pore space to be the main mechanisrn 

of oxygen transport. Also included in their model are reaction kinetics, oxygen and ferfic iron oxidation 

of pyrite, bacterial catalysis, complexation and precipitation of ferric iron, and reactions between the 

hydrogen ions in solution and the solid matrix of the waste. For conditions that would be expected to

/ .
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exist at reclaimed tailing sites, they found the oxygen diffusion rate is the primary factor in controlling 

the rate of pyrite oxidation. 

Davis and Ritchie (1986) developed a mathematical model for pyrite oxidation in waste rock 

dumps where diffusion of oxygen to the reaction sites is the rate-limiting factor; The model uses a two- 

stage approach: first, the diffusion of oxygen into the pore space of the tailings, and second, a shrinking 

core model to describe the diffusion of oxygen into the individual particles throughthe oxidized coating 

that forms around the unreacted core of the particles (Figure 1). Their model_ is widely accepted and 

used, Pantelis and Ritchie (199l) developed a model that includes convection and diffusion as transport 

mechanisms for oxygen within waste rock dumps. They found that for waste rock permeabilities of less 

than 104° ml, convection of oxygen is not a significant mechanism of oxygen transport for several years. 

Because the perrneabilities of mine tailingsare considerably lower than thoseof waste r_ocl__<-, it is unlikely 

that convection of oxygen is an iiriportaht mechanism for oxygen transport in mine-tailings environments. 

Jaynes et al. (l984b) found that the interaction between H* produced during the oxidation of pyrite and 

the tailings solids is crucial in deterinming the pH of the tailings water. A model has not yet been 

developed that adequately deals with pyrite oxidation and the subsequent reactive transport of the 

oxidation by-products, namely H*, Fe(II), Fe(lII), and ‘SO42’. 
_

. 

The first objective of this study was to develop an oxygen diffusion and pyrite oxidation model 

for nonhomogeneous media. The model (PYROX) considers pyrite to be the only sulfide mineral 

undergoing oxidation. A modification of the model permits the selection of pyrrhotite as the 011.1)’ $1-llfidfi 

mineral. Other sulfide minerals will be considered in future work. PYROX assumes the oxidation of 

pyrite to be rate limited by the physical transport of oxygen to the reaction site. _This assumption ignores 

the role of bacteria and reaction kinetics by assuming that the rate at which pyrite oxidizes is fast relative 

to the oxygen diffusion rate. The conceptual and mathematical development of1PYROX was based on 

the work of Davis and Ritcliie (1986), which in tum was based on the mathematical development of" -

1 

Lcvenspiel (1972).

\
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The second objective of this study was to couple PYROX to an existing reactive transport code, 

MINTRAN (Walter et al., l994a,b). The resulting model, MINTOX, calculates masses of reaction 

products produced by the oxidation of pyrite and the subsequent reactive transport of these reaction 

products. The reactions described by MINTRAN are subject to the local equilibrium assumption. 

Therefore, geochemical systems where equilibrium is not achieved during each time step will not be 

modelled accurately using this approach, 

MATHEMATICALAMODEL DEVELOPMENT FOR OXYGEN 
DIFFUSION A-ND PYRITE OXIDATION (PYROX)

_ 

In many cases, the diffusion of oxygen into mine-tailings irnpoundments can be considered a 

one-dimensional (1-D) problem. This assumption is reasonable because mine tailings are commonly 

spread laterally’ over hundreds or thousands of square meters, whereas the depth over which oxidation 

occurs is commonly only a few meters. The direction of oxygen diffusion is generally from the surface 

downward to the water table. At the impoundment surface, the concentration of oxygen is constant and 

equal to the attnospheric concentration of oxygen (first-type boundary condition). The water table 

constitutes a zero concentration gradient (second-type) boundary condition. Tail_ings impoundments of 

irregular shapes or with high dams may require a two-dimensional model, 

The numerical model developed describes oxygen diffusion and pyrite oxidation similar to that 

presented by Davis and Ritchie (1986), except that several of the variables are dimensioned rather than 

,_dim,e_nsionless quantities. This form is necessary for compatibility with MINTRAN and to accommodate 

the spatially variable character of sulfide-mineral content, porosity, bulk density, and moisture content. 

The resulting equations are very similar to those developed by Davis (1983), and Davis and Ritchie 

(1986); thus, the same algorithm was used to solve theme. Because of its versatile nature, the Galerldn 

finite element method was chosen tosolve the diffusion part of the problem.

i
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BULK DIFFUSION INTO TAILINGS 
The mass-balallwfi ¢q11ali°11 8°V¢"li"8 bulk diffllsion into the pore space of the railings can be 

written mathematically as 

apor(X)§-g*é(tiQ'- = - q(x,t) . (1) 

where l1P0r(X) is the air-filled porosity of the railings [m3/m31_, 121(1) is the diffusion coefficient for the 

porous media [ml/s], UA' is the oxygen concentration in the pore space [kglm3] (* means me variable is 

dimensioned), q"(,i:,;t) is the sink term due to oxygen consumption by the particles in the bulk tailings 

[kg/m3s]; The diffusion coefficient (Dl(x)) is variable in space and is calculated using an empirical 

expression developed by Reardon and Moddle (1985) based on moisture content, porosity, and 

temperature for all nodes within the tailings, 
‘ - 0.05 ‘"-’

V 

Dl(x)= 3.98><10"° >< ~>< Hemp)“ (2) 

where the Temperature is in Kelvin. 

DI"FFiUs‘i0N OF OXYGEN IN PYRITE PARTICLES 
The model assumes that the particles are spherical, uniformly sized, and surrounded by an 

immobile water Particles may be saturated with water; however, this water is considered immobile. 

Particles that undergo oxidation are assumed to have 21 homogeneous distribution of pyrite within them, 

The presence ofnonoxidizing particles such as sand will not pose a problem provided they are the same 

size and shape as the oxidizing particles. All oxidation reactions are assumed to occur in the aqueous 

phase in contact with or near a reacting solid. 

Oxygen in the pore space part_i_tiorfis according to Henry's Law from the gas phase to the aqueous 

phase of the immobile water film. The oxygen diffuses from the particle surface through the porous 

oxidized coating toward the unoxidized core of the particle, where the oxidation of pyrite occurs. The 

diffusion of oxygen into the particles is driven by the oxygen concentration gradient between the surface 

and the core of the particles (Figure 2). As the reaction between oxygen and sulfide minerals within the 

particles progresses, the radius of the unreacted core will decrease, while the thickness of the oxidized
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shell increases. The rate at which the unreacted core shrinks is about 1,000 times slower than the flow 

rate of oxygen within the particle; about the same as the density difference between gas and solid 

(Levenspiel, 1972) .n It can be assumed, therefore, that the reaction front is stationary with respect to the 

oxygen concentration gradient between the outside of the particle and the reaction front. Thus, the 

concentration of oxygen within the oxidized coating of the particles decreases linearly from the outside of 

the particle surface to the unreacted core boundary (steady-state within 01.16 lime step). This pseudo 

steady-state assumption allows s_impl_ifica_tions in the development of the sink term in equation 1. _ 

An expression similar to the following for the rate at which oxygen mass di_ffu_s_es into a single 

oxidizing particle with a shrinking core was derived by Levenspiel (1972). 
dtt 0,) R';<> . 

Vt qsv(x,t) = = (X, t) 
_ (3) 

Where U’w is the concentration of oxygen in the water surrounding the particle [kg/ma], R‘ is the 

unreacted radius of the particle [in], rc'(x) is the radius of the reaction front within the particle or the 

radius of the unreacted core [m], and D2 is the diffusion c_oefficie_nt for the oxidized rim of the particle 

[m2/s]. 

t 
\ ‘ 

In mine tailings, the behaviour at the macro scale or representative elementary volume (REV) 

scale is of interest rather than the beh_aviour of a single particle. Assurning that the grains within the 

tailings are perfectly spherical. lh.B_n the number of" particles in a unit volume of tailings can be calculated 

as 
'

\ 

# particles (4) 
. 41: R 

where p0r(x) is the porosity of the tailings [ms/m3]. Therefore, by combining equations 3 and 4, the sink 

term for a unit volume of tailings can be written as 
8 (rnassO,) 3(1— p0r(x)) D2 

[ 

R ' re'(x) . 4 

8 t R ( 
q(_x.,[) = '.- = ~ -- 

'3 
"' ' 

RV. - re‘ X) 
Uw(X,l) 

By cg-ombining equations l and 5, an expression for oxygen diffusion into tailings with the sink term 

represented as shrinking core particles can be written as
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.3 Uta» (6) t 
I _'r¢(X»

| 
Equation 6 expresses the mass balance for‘ oxygen diffusing into the pore spaee of the tailings including 

( 
__ 8 2U:\(xvt) _ _. pol-(x))D2 R‘ 

* 
' “ 

3 x R R I) 

the loss of oxygen to the particles. Because there are two variables in equation 6, U A '(x,t) and r ‘(x 2) I g 

\ 
- ~ . . C I 1 

another equation relating these two variables is necessary in order to obtain a unique solution. V 

RATE OF Coma SHRINKING ' 

' An expression relating U3 *(X,t) and fc *(x,rt) can be obtained by first returning to equation 3 and I 
observing that 

'

Q 

d(mass Oi) =8 d (mass sulfur) 

where, 2 is the mass ratio of O2 to sulfur based on stoichiometry from U 
FeS2 + I-I210 +7/2 Q2 => FeS04 + H2-S04 (7) 

and further noting that i

I 
d(mass solid): ‘ = E = ‘ 

n , 

-- 
(8) 

Ptdvsotit Psd(4/3117 rs’) 4n P rfdr:
' 

(1— por) (1 — por)' (1 — por) I 
where p, = pb x fracsulf(.r).' pl, is the bulk density of the railings [kg/m3 1, and fracsulflx) is the fraction of

G 
sulfur in the tailings solids [kg/kg ]. Equation 3 c_an be rewritten as 

drZ=D,z(1—t><>r) R' r§(X> - ~‘ 

dt 
E 

2 Psrcq (R';r§(x)' Uwlmt) (9) ' 
Equations 6 and 9 define a system of two equations and two unlcnowns; it is therefore possible to

G determine a unique solution for the variables U A ‘(x.t) and rc*(x,t). Equations 6 and 9 are 51131131-to mose
l 

developed by Davis and Ritchie (1986). t U 

NUMERICAL MODEL DEVELOPMENT U 
Equations 6 and 9 are solved numerically using an algorithm similar to that of Davis et al. * 

(1986). Because it was necessary to have spatially variable "input parameters, a fi_n_it_e element Scheme U 
was chosen. Spatial variability of input parameters is easily implemented into a finite element grid by

I ,

. .
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assigning elemental properties within the domain. Because the model was developed using 

dimensionless equations, the dimensionless forms of equations 6 and 9 are shown below as equations 10 

and 11. Details on the conversion to dimensionless form can be found in the appendix. Written in 

dimensionless form equation 6 becomes 

auttm) 9’Ui(x.r) s(1—por(x)>m£ r cm
] 

apor(x)T_ =D1(X) r‘ Lzaxz 
‘ 

a2 Ir, 
t) 

Uw(X,t) (10) 

and equation 9 becomes 

an D2(1—por)U<> 1
A 

dt 8 p, a ,-c(X) _ ,-c(x)~ 
W (X K) (11) 

where, a is the radius of an unreacted particle [m], L is the thickness. of the unsaturated zone [m], and U0 

isxthe concentration of oxygen in the atmosphere [kg/ms]. The variables R. rC(x,r), Uw (x,l), and .1: are 

now dimensionless with values ranging from 0 to 1. Note that U A and UW are related through‘ l-lenry’s 

constant and are therefore not unique variables. ‘

J 

Numerical Formulation for Bulk Diffusion V 

The solution to equation 10 is achieved through the use of the Galerkin finite element technique. 

The matrix fonnulation with variable time weighting can be written as 

[9 (tA1+tc1)+Z‘;tB1){vt}.... 
=[-(1-e )([A]+[C])+'iE[B]){UA}; ;~:» 

where [A], [B], and [C] are n x n coefficient matrices with n being the number of nodes. Typical matrix 

entries for row i and column j are . 

e _ 13._1__<@>.?1»?_W1~ A"i7; L L2 at Bx ‘Ix’ 

Bii =; Lapor (i)wjwi dx, 
_ T 3(1'-P0F(X,))D3_. ~ 

-_ H1‘-I) -2 W1-WidX 

where XHEN is the inverse of Henry‘s constant for oxygen in its dimensionless form, e refers to the 

element. and 9 is the variable time weighting tertn. (0 < 6 < 1), A 6 value of'0 would give explicit time
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weighting, and a value of 1 would give implicit. Typically, centered time weighting is preferred 

corresponding to a value of 9 »= 0.5. Further details on the Galerkin formulation can be found in
\ 

H_u"yakorn and Pinder (1983).
A 

The matrices in- equation 12 are set up incorporating a first-type boundary condition at the 

surface, and a zero concentra'.tion gradient (type II) boundary at the water table. The 1-D finite element 

formulation results in a left-hand side rnatrix with a bandwidth of 3». A Thomas algorithm is used to solve 

the resulting matrix . 

l T 

Numerical Formulation for Rate of Core Shrinking -
, 

The solution for equation ll is obtained through use of a» Newton-Raphson technique similar to 

that of Davis et al. (1-986). Rearranging equation 11 and integrating over one time step, 
rye: ‘,z+AI 

g 1+“ 
‘/ 

‘[rc(x)drc _ J’ U (x,t)><XHEN dt 
8 p a1 A (13) 

, rfi 
' Ti 5 ‘ 

The left-hand side is integrated over the integration limits given. whereas the right-.h_and side is integrated 

using the trapezoidal rule, The resulting equation is 

(T It-4»/it {))3 (U;(x’t),+U:-At (Lb): 0 

,
. 

(14) 

where, 

cOn3(x) XE 
8 pg a 

V

2 

Equation 14 can now be solved using a Newton Raphson scheine. Equations 12 and 14 are solved 

iteratively until both U A (.t.t) and re (x,t) converge simultaneously. in order to start the iterative process 

for each time step, an initial estimate for rt (x,t) must be made. The estimate for each new time step is 

made by using a linear prediction based on the previous values of rt (x,t). The fonn of the prediction is 

Yt*‘“(x,t)=2(‘é(x.t))*'P'°*(x,t) e 

A 

(,5, 

The PYROX simulation is run to a preset time or stops when all the sulfide minerals have oxidized.

I
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REACTION PRODUCTS _ 

' 

The PYROX'_ir_todel described above was modified to facilitate coupling with the reactive 

transport model MINTRAN. The main modification takes into account the speciation of iron into Fe(II) 

and Fe(III), which is dependent on the geochemical conditions at each node in the simulation. Because 

the oxygen consumption by particles in the tailings differs depending on whether Fe(II) or Fe(III) is 

produced, the equations describing iron speciation must be incorporated in the'it_e_rative solution to UA 

(x,t) and rc(x,t). The masses of H+, SO42‘, Fe(II), and Fe(IlI) are calculated and then transferred to the 

appropriate reactive transport modules within MINTOX.
' 

Masses of Oxidation By-products Produced 4

_ 

The term rt (x,t) indicates how much of the particles are left unreacted. Because we know the 

original amount of sulfide minerals present, we can calculate the mass of pyrite consumed. Because rc 

(x,:) is dimensionless. the fraction pyrite consumed in a unit volume of railings can be calculated as 
’ 

Alplz(.r,t) = (1 - rg om) ' ‘ 

(16) 

This value is calculated atevery node and has a range from 0 to l. The moles of sulfur consumed per 

unit volume of railings can then be calculated by 

moles Sulfur = A1pn(x,t)><----E=---- (17) _ 

gram formula wt.sulfur 

The following equations provide the stoichiometry'necessary to calculate the number of moles 

H‘, S04, Fe(Il), and Fe(III) produced per mole of sulfur oxidized in pyrite. 

FeSy2 + H20 +7/2 O2 => Fe“ +2SO}'+ 2H‘ (13) 

FeS2 + l/2_H2O +1-5/4 O2 => Fe?" + 2S041"+ l-1* - 
, (19) 

Equation 18 describes the reaction when iron produced is in the form Fe(Il), whereas equation 19 

describes the reaction in the case where Fe(II) has been oxidized to Fe(lII). 

If the Fe(II) produced in equation 18 is oxidized by oxygen. it oxidizes according to the 

following reaction:
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Fe“ + 1/402 + Hf = Fe“ + 1/21-I20 (20) 

This reaction consumes oxygen and therefore would act as an additional sink for oxygen in the pore spatje 

of the tailings. To account for both Fe(lI) and Fe(III) being produced due to pyrite oxidation, the sink 

term in the subroutine PYROX must be modified. 

From the stoichiometry of equation 18 or equation 19 it is possible to determine the total amount 

of iron produced (Fe‘°““) once the mass of sulfur produced due to the oxidation of the sulfide mineral is 

known, The oxygen concentration in the pore space that is calculated in the subroutine PYROX is 

dependent on whether Fe(II) or~Fe(III) is produced. Because the pH, the speciation of the iron, and the 

consumption of oxygen are interdependent," an iterative approach must be taken. The following 

relationship can be derived based on the equilibrium assumption: _ 

‘ e 4 <>= 
"P 

r 
en 

a 3_ V 

Iog[—"-%—]—Log(K )+-l—Log(P ‘),.. "H 

Where aFej+ find lire“ are I116 1.1¢l_ivili6S .Of'F6(11.I) fllld F¢(1I) and Kgq is the equilibrium constant for "iron. 

The total amount of iron produced will be equal to the sujiriof Fe(II) and Fe(II_I) as 

Fe‘°'-" = Fe(lI) + i5e(IlI) 
t 

(22) 
V I 

Combining equations 21 and 22>» assflfiiiilg COH¢¢i1IIi.1£i0I1S and =11¢.li<'ilie$ are equi,valent. and replacing the 

partial pressure or oxygen with the concentration of oxygen in the pore water (Uw(;t,r)) leads to the 

following equation: '
- 

[F (I-Ill 4 ~ 

K-[-11%;;-.1-)=1/[(1<eq) >< (uw)" >< tow" +41] (23; 

These calculations are made using a constant tempe_rature of 25°C. It‘ terfnperature pvar-iationg are 

significant, adjustments could be made accordingly. 

Equations 10 and 11 along with equations 22 and '23 form a system of four equations and four 

unknowns. The variables that are unknown in these equations are U A (x,t), rc. (x.t), Fe(Il), and Fem‘. All 

four must converge simultaneously within each time step. 

The algorithm used in the model PYROX was modified to accommodate the speciation of ’Fe(II) 

and Fe(ll_l) as t'ollo'ws‘:
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1) Solve for Uw (x,t) in equation 10 starting with an initial guess of rc(x,t). 

I ii) Solve for rc(1c,t) in equation ll using Uw(x,t) from part i. 

iii) Calculate ratio of Fe(l_I) to Fe‘°“' using equation 23 with pH from the eq'u'ilibriu'm 

chemistry module (MINTEQAZ) and the oxygen concentration calculated in i. 

iv) Calculate the new ratio for mass of oxygen consumed to sulfur produced (2(x,l)) 

based on whether Fe(II) or Fe(III) is produced during the time step for all nodes. This 

value is used to calculate the s_ijtil< term for oi(ygen.~ 

v) Repeat step i using the new values calculated in steps ii, iii, and iv. 

U vi) Repeat steps i to v until Uw (1c,t), rt (x.z) , Fe('lI), and Fe‘°“‘ have all converged.
1

t 

Convergence criteria are based on changes in rt (._r,r) between iterations. 

vii) Predict next value for rc (gt) using equation 15. 

viii) Move to next time step. 

LINKING REACTIVE TRANSPORT TO PYRITE QXIDATION Monet. 

(MINTOX) t 

The reactive transport model MINTRAN is capable of functioning as either a 1-D or 2-D model, 

whereas the ox-ygen dgiffusion model PYROX is strictly one-dimensional. The two models are coupled 

together in such a way t_h_a_t MINTOX is capable of running either a 1-D simulation of a column 

experiment or a 2-D field-scale simulation where the oxygen diffusion is assumed to occur only in the 

vertical direction. 

Figure 3 shows the nodal and elemental numbering scheme for the reactive transport modules 

and for the o>‘t'y‘g‘e‘n-diffusion module. The domain over which the reactive transport part of the code 

operates includes both the saturated and unsaturated zone, whereas the oxygen diffusion code operates 

only in the unsaturated zone with the water table forming its lower boundary. The aqueous products of 

pyrite oxidation are allowed to react with all other aqueous and solid components in both the saturated 

and unsaturated iones. 
“

-

\

t
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As the program MINTOX marches through time, the degree of pyrite-oxidation occurring within 
the cu.rre'nt- time step is calculated. The oxidation of pyrite produces H*, S04, Fe(II), and Fe(III). The 

concentration of these reaction products is calculated at each node in the unsaturated zone and then added 

to the corresponding spatial node in the reactive transport portion of the code. The entire set of aqueous 

cornponefnts are individually transported, and the solid and aqueous chetiiistry is equilibrated at each 

node. The program moves on to the next time step, and oxidation of pyrite continues. If the pyrite at any 

location in the unsaturated zone is ¢Q.mPl¢t¢ly depleted, the program calculates a zero concentration 

increase at that point in space for all the reaction products. 

Mount EVALUATION < 

The reactive transport model MINTRAN has been evaluated by Walter eta al. (1994a) for 

nonlinear ion exchange using data from Valocchi et al. (1981) and a 1-D mine-taflilings simulation. For 

the latter, Walter et al. (l994a) compared results from MINTRAN to those derived using PHREEQM 
(Appelo and Willemsen, 1987). \_ - 

In order to evaluate the MINTOX model, a 1-D column simulation was performed using solid 

and aqueous chejrnistry from the Nordic Main tailings iinpoundrnent Elliot Lake Ontario. The model 

was set up to simulate the effects of l2 years of pyrite oxidation based on physical and chen-|i¢a1 dam 

acquired at the site. The data were taken from smytn (1981), and Dubrovsky (1986). The field location 

T3 was chosen for modelling because of the large unsaturated zone and abundance of data available from 

that location. However, not all the necessary datarequireid for proper model evaluation were available. 

Geochemical Setting and Boundary Conditions for 1-D Simulation 

The Nordic Main tailings at Elliot Lake were deposited from 1957 to 1968. Prior to deposition 

the tailings were treated with lime and limestone, resulting ina slurry with a pH of 8.; In 1972-, lime and 

crushed limestone were added to the surface of the tailings along with fertilizers, and a program of 

vegetation was initiated. Smyth (.1931) ¢0l18Cl¢d data ftolil l-I156 site in 1980_and 1981 allowing for 

approximately 12 years of oxidation to occur prior to data collection. ,

0

/ I
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A 6-metre-long by 0.1-metre-wide column simu_l_a'_t_ion was run using solid and aqueous data 

collected at site T3. Time-invariable moisture-content and porosity data were input into the PYROX 

subroutine to calculate the spatially variable bulk diffusion coefficients for oxygen within the column. 

For the PYROX subroutine the surface was considered a first-type boundary with the oxygen 

concentration equal to the atmospheric concentration of oxygen. The bottom boundary was considered 

the top of the water table, which constitutes a zero concentration gradient (second-type) boundary 

condition for the diffusion of oxygen. Because the tailings are snow-covered for 5 months of the year, 

the diffusion of oxygen into the tailings was assumed to be seasonal and occurring for only 7 months of 

the year. ~ 

For the reactive transport portion of the model, the upper boundary was a third-type boundary 
. 

_ 
,

. 

with a constant water flux of 0.31 m/yr, which is consistent with estimated recharge (Dubrovsky, 1986). 

The chemistry of the influx water from the surface ‘was originally considered similar to rainwater in the 

region: however, the concentrations were modified based on discrepancies between modelled output and 

field dat_a_.- This was required because unknown quantities of lime, fertilizer. and sewage sludge were 

added to the surface of the tailings during revegetation attempts (Smyth, 1981). Influx chemistry is listed 

in Table l. All other boundaries were assumed to be zero-dispersive-flux Neuman-type'(second type). 
’

t 

The velocity of water flow was considered constant at 0.62 em/yr based on the influx rate and a 

constant porosity of 0.5, and it is consistent with that found by Dubrovsky (1986). The Peclet and 

Courant criteria were satisfied for all simulations, and a longitudinal dispersivity of 0.1 metres was used 

throughout. 

The solid-phase components and the geochemical reactions incorporated in the simulations were 

drawn from the conceptual model of the geochemical evolution of the Nordic uranium tailings developed 

by Smyth (l98l) and Dubrovsky (1986). This conceptual model included a series of pH-buffering’, 

mineral-dissolution reactions, including calcite dissolution, siderite dissolution, and the dissolution of 

ferric and aluminum hydroxides. This conceptual model was developed using pore-water chemistry data 

and the geochemical speciation model WATEQ2 (Ball et al., I980). Although the presence of these



16 

mineral buffers within the tailings was not confirmed by mineralogical study, carbonate contents were 

determined through chemical analysis and ferric hydroxide phases ‘visible in the samples of the 

Initial estimates of the mineralogy and the solid phase concentrations were based on previous modelling 
,

. 

done by Walter ét 91- (199411) and Dubrovsky (1986). The PH-bufiering minerals included in the 

simulation are calcite, siderite, Al(0I-1),, and Fe(OH)3_. These-phases are consistent with those inferred at 

the Nordic site and at several other mine-railings impoundments (Smyth, 1981; Dubrovsky et al., 1984; 

Blowes and Ptacek, 1994). In addition to the buffering reactions previously modelled by Dubrovsky 

(1986) and Walter et al. (19-94b), jarosite (KFe;(SO4)2(OH)6-) was included. 

Amorphous silica is included. in the 1-D simulations because it is the form of silica most likely 

to attain e_quilibriuin. Since it is unlikely that complete dissolution of amorphous silica in the tailings 

wouldoccur, an arbitrarily large input concentration was chosen to ensure that it did not completely 

dissolve. The dissolution and precipitation of other silicate minerals will be kinetically limited and 

therefore are not included. 

Altuninosilicate minerals were not included in the 1-D simulations even though dissolution of 

aluminosilicates may be an important }aci_d-neutralization mechanism in tailings. The aluminosilicate 

dissolution reactions are frequently slower than the rate of pore-water movement “within the tailings 

(Blowes and Ptacek, 1994) and thus would not be modelled correctly using an equilibrium approach. In 

atidition, the thermodynamic data for these minerals included in the MINTEQA2 datz1ba5e_were obtained 

from high-temperature; free-energy studies. Use of these data to predict mineral s'tabil_i_ty at lQv_v 

temperatures should be viewed with caution. The exclusion of aluminosi1_i_cate. minerals from the 

MINTOX simulations will lead to errors in predictions of aqueous concentrations of dissolved species 

derived from these minerals; e.g., Al. Si, K, Na. As a result of this assumption the model MINTOX is 

not well suited to modéljling the geochemical evolution of tailingsthat are devoid of carbonate and 

hydroxide minerals. 
[ 3 

The rate at which pH-buffering fronts move is directly related to the sol_id phase concentration of 

the buffering rninerals in the tailings. 
* The concentrations of the buffering mineral phases in the Elliot
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Lake tailings are not lcnown and therefore had to be estimated. The concentrations of these minerals 

were adjusted in ‘each successive run of MINTOX until a reasonable fit to the field data was achieved. 

The various input parameters used in the simulations are listed in Tables 2 to 4 and the pl-I-buffering 

reactions and species included in the simulation are listed in Tables 5 and 6. ~ 

Oxygen Transport 1-D Simulation Results from PYROX 

The first step in modelling the Elliot Lake data was to run the pyrite oxidation model, PYROX, 

to obtain a reasonable match between the model output and the field data. Figure 4 shows the norm_ali_zed 

oxygen concentration versus depth profile and normalized sulfur content for the modelled output and 

field data. The oxidation front in the taili_ngs has progressed to a maximum depth of about 0.9 metres 

(Figure 5). Slight modifications were made to the moisture-content data in the upper 0.5 metres of the 

tailings due to unusually wet conditions at site T3 during collection of the moisture-content data (D.l.A. 

Smyth, personal communication). The oxygfln concentration at the surface is equal to the atmospheric 

concentration of oxygen and decreases gradually to a depth of 0.7 metres._ Below this depth, the oxygen 

concentration rapidly decreases, where it reaches the detection limit at a depth of approximately 0.9 

metres. The zone between A0.7 and 0.9 metres is where oxygen is most rapidly consumed by pyrite 

oxidation. The fraction of pyrite remaining shows the reverse trend. Pyrite is depleted near the surface 

and the pyrite content increases to background levels between 0.7 and 0.9 metres. 

IYHNTOX 1-D Simulation Results 

The general trends observed in the modelled results correspond well with those of the field data (Figures 

6 through 8). The pH profile shown has several zones where the pH is buffered by different mineral 

phases (Figure 6). ln the near surface zone, the pH is buffered by jarosite precipitation and dissolution at 

a pH of about 21.0, Below the jarosite-buffered zone ferrihydrite buffers the pH to approximately 2.7, 

followed by gibbsite at a pH of approximately 3.7, siderite at a pl-I of around 4.5, ‘and finally calcite in 

the deepest section at a pH of approximately 5.9. Iron concentrations show two distinct peaks (Figure 7). 

The upper peak in the ferrihydrite buffered zone consists mostly of 'Fe(IlI), whereas the lower peak in the
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zone where gibbsite is the buffering mineral consists mostly of Fe(lI). Below a depth of .3 metres. the 

modelled and field results of Fem“ concentrations differ substantially (Figure 7). Within this zqne the 

pH of the field data is relatively constant at about 6. Geochemical calculations suggest that the pl-I in this 

zone is buffered by calcite. However, equilibrium calculations using MINTEQA2 show that under these
t 

geochemical conditions, the presence of calcite causes concentrations of Fe(II) to be lower than those 

observed in the field due to precipitation of siderite. Although a ntunjber of attempts were made to 

reconcile these differences. it was not possible to obtain high Fe(II) concentrations while maintaining 

equilibrium with respect to calcite. Possible explanations for this discrepancy are that calcite is not the 

buffering mineral in this zone; or that calcite or siderite are present as a solid solution, containing 

impurities, rather than the pure phase. The physio-chemical relations between solid solutions and 

aqueous solutions are not included in MINT OX. Another possible explanation is that lcinetic limi_tati_ons 

may be preventing siderite from precipitating. If the system were not in equilibrium with respect to 

siderite, then Fe('lI) concentrations would be higher than those calculated using an equilibrium approach. 

Reaction k_i_netics. except those involving pyrite, are not presently included in MINTOX but should be 
incorporated in future worle.

' 

Geochemical Setting and Boundary Conditions for 2-D Siinulatioh _

_ 

Two-dimensional si_mul_at_ions were run to show the ability of the MINTQX model to simulate 

physical and chemical changes imposed on tailings irnpoundments and to show‘ that these changes may 

have profound effectson the resulting acid and contaminant generation caused by the oxidation of‘ sulfide 

minerals. The hypothetical 2-D simulations are loosely based on the solid and aqueous chemistry from 

the Nordic railings impoundment. Elliot Lake. The grid and velocity vectors were generated using the 

Waterloo I-lydrogeologic Software program FLONET. Theygrid dimensions are 25 metres horizontally‘ 
. /_ . 

by 7 metres vertically. The upper 1.5 metres of the domain are unsaturated and the remainder fully 

saturated with a constant porosity of 0.15. For simplicity the velocities in the tinsaturated zone were 

assumed to be vertical (Figure 9). Longitudinal transverse dispersivily values 0f2.0 and 0.05 metres 

respectively were used throughout the domain. 
u

r
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For the PYROX subroutine the surface was considered "to be a first-type boundary with the 

oxygen concentration equal to the atmospheric concentration of oxygen. The bottom boundary i_s the top 

of the water table that constitutes a zero concentration gradient (second-type) boundary condition for the 

diffusion of oxygen. The diffusion of oxygen into the tailings was considered seasonal, occurring only. 

half the year, and assumed to occur in only one dimension, 

For the 2-D simulations the pH buffering reactions chosen were similar to the 1-D simulations 

(Table 5), with the exception that precipitation and dissolution of jarosite and amorphous silica, which 

were not included. The variousinput parameters used in the simulations are listed in Tables 7 through 

10. Species included in the 2-D simulations are the same as those in the 1-D simulation (Table 6) with 

the exclusion of the magnesium and silicate species. For the simulations, it was assumed that sulfide 

minerals were contained only in a 10-metre-wide segment of the unsaturatedfizone. 

Initial Scenario 

l_nit.ial_ly the simulation was nrn for an oxidation period of 10 years. Because chloride (Cl) is 

assumed to be a non-reactive component in the simulation, it will define the extent of the plume
t 

emanating from the tai1ings4(Figures 10 and ll). The other aqueous component plots show varying 

amounts of retardation. There is a strong correlation between aqueous phases and solid phases. The low- 

pH plume has progressed to the point where background calcite has dissolved. In the upper section of the 

tailings, Fe_(III) concentrations are controlled by ferrihyd_r_'ite precipitation and dissolution. Beneath the 

fer-rihydrite buffered zone, aluminum concentrations are controlled by precipitation and dissolution of 

gibbsite. followed by a zone where Fe(II) concentrations are controlled by precipitation and dissolution 

of siderite. Beyond the siderite buffered zone, calcite is the principal pH-buffering mineral, and the pH is 

constant at approximately 6. The concentrations of Fe(III) are high in the unsaturated zone where oxygen 

is present in the pore space, and decrease rapidly below the water table. The concentrations of Fe(II) 

show the opposite effect; low concentrations are seen in the unsaturated zone and higher concentrations 

below the water table. - '-
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Moisture Retaining Cover T

' 

To show the sensitivity of the oxidation process to the moisture content of the tailings, a 

simulated cover was placed on the tailings at time zero. The cover is hypothetical in the fact that only 

thernoisture content or the cover was altered. In reality a cover engineered to retain the same moisture 

content as the modelled cover would have a different hydraulic conductivity, porosity, and bulk density. 

Changes in these parameters would change the flow field within the tailings; thus. the effects of the 

increased moisture content alone would be difficult to discern. Moisture content within the cover was 

increased to 0,44, with the total porosity 0.50. All other properties in the cover, including sulfur content, 

remained the same as the tailings. The modelled thickness of the cover was 18 cm or 3 elements. 

The results after 10 years of oxidation show that the Cl plume has been unaffected by the 

addition of the cover because the flow field has not been altered (Figure 1.2). The development of the 

other aqueous and solid-phase plumes is substantially less. Oxidation of pyrite still occurs, but the rate of 

contaminant loading and acid generation is much lower. It may be possible to slow the oxidation i"a_te 

enough so that the rate of contaminant release into the natural environment will not cause serious 

environmental damage; however, because pyrite oxidation rates within tjailijngs are highest_ shortly after 

deposition, once a large mass of pyrite has o_x_id_iz_erl, the addition of a cover may have limited success in 

reducing the acid drainage problem. The MINTOX model also could beused as a tool in determining the 

effectiveness of adding a cover to tailings that have already undergone partial oxidation. 

Limestone Addition During Deposition 

A 10-year simulation was run to show the effects of limestone addition to the tailings during’ 

deposition. The amount of limestone added to the tailings for this simulation was 1.6 weight percent, 

giving a total litn_esto'ne content of 2.0 weight percent distributed evenly throughout the railings. The 

evolution of the Cl plume is iufnaffected by the addition of limestone (Figure 13). The neutralization of 

acidity results in higher pl-I values, which in tum enhances the precipitation of mineral phases and 

subsequent removal of aqueous component masses from solution’. The aqueous‘ component
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concentrations show that after 10 years the majority of the plume mass remains almost entirely within the 

unsaturated zone (Figure 13).
* 

CONCLUSIONS 
Oxygen diffusion and pyrite oxidation in a norihomogeneous medium was simulated using the 

numerical model PYROX, a shrinking-core oxidation model using a finite element numerical method. 

PYROX is capable of modelling the oxidation of pyrite in tailings environments where moisture content, 

porosity, bulk density, and pyrite content are spatially variable. Comparisons of PYROX simulations 

with field measured gas-phase oxygen concentrations and solid-phase sulfur contents afterA12 years of 

sulfide oxidation show? good agreement. These results suggest that PYROX may be suitable for 

predicting the long-terrn release of Fe. SO42] and H+ to the pore waters of sulfide-rich tailings 

impoundments througlt sulfide oxidation reactions. _ 

PYROX has been coupled with the reactive transport model MINTRAN’ using an iterative 

technique whereby the speciation of iron into Fetll) and l=e(Hl) and the calculation of the oxygen 

concentration in the pore space are linked. The resulting model, MINT OX, is capable of modelling the 

kinetically lim_i_ted oxidation of pyrite and the subsequent reactive transport of the oxidation products 

within th_e unsaturated and saturated zones-of tailings impoundments. The chemical reactions described 

by the MINTRAN program are subject to the local equilibrium assumption. and it is assumed that acid 

neutralizatiojn and attenuation of dissolved metals within the railings can be attributed to equilibrium 

reactions. 

The results of ll-D simulations of conditions similar to those observed at the Nordic tailings 

impoundment near Elliot Lake, Ontario, correspond closely to field data. Calculations of aqueous 

component concentrations made using MINT OX closely matched general trends observed in the_ water 

chemistry after 12 years of oxidation had occurred. Some discrepancies observed may be a result of solid 

solutions that are unaccounted for, or reaction kinetics that are not dealt with using the equilibrium
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approach. The results for the 2-D simulations show that physical and chemical changes imposed on 

railings impoundments through proposed remediation programs may have profound effects on the 

resulting acid and contamiriant generation caused by the oxidation of sulfide minerals.

4 

'\

I 

'{

v



1 

23 

REFERENCES t

' 

Appelo, C.A.J., and A. Willemsen, Geochemical calculations and observations on saltwater intrusion, A 
- combined geochemicallmixing cell model, J. Hydrol., 94, 313-330, 1987. 

Ball, J.W., D.K. Nordstrom, and E.-A. Jenne, Additional and revised thermocheniical data and computer 

code for WATEQ2-A computerized chemical model for trace and major element speciation and 
mineral equilibria of natural waters, 109 pp., U.S. Geological Survey - Water-Resources 

Investigations 78-116, 1980.
_ 

Blowes, D.W., and C.J. Ptacek-, Acid-neutralization mechanisms in inactive mine tailings, in Short 

Course Handbook on Environmental Geochemistry of SulfldeMine-Wastes, edited by J 1.. Jambor 
and D.W. Blowes, 22, pp. 271-292, Mineralogical Association of Canada, Nepean, Ont., 

Canada. 1994. 

Borden, R.C., and P._B. Bedient, Transport of dissolved hydrocarbons influenced by oxygen-limited 

biodegradation 1. Field application, Water Resour. Res., 22(13), 1973-1982, 1986. - 

Carnahan, C.L., Coupling of precipitation-dissolution reactions to inass diffusion via porosity changes, in 

Chemical Modeling of Aqueous Systems II, edited by D.C. Melchior and R.L. Bassett, 416, pp. 

234-242, American Chemical Society, Washington, D.C., 1990. - 

Cathles, L.M., and J.A. Apps, A model/of" the dump leaching process that incorporates oxygen balance, 
heat balance, and air convection, Metal Trans., 6B, 617-624, 1975-. 

Cathles, L.M., Predictive capabilities of a finite difference model of copper leaching in low grade 

industrial sulfide waste dumps. Mathematical Geology, 11(2), 175"-191, 1979. 

Davis. G.B., Mathematical modelling of ra_te-_lim_iting mechanisms of pyrite oxidation in overburden 

dumps, Ph.D. thesis, 159 pp.. Univ, of Wollongong, 1983. - 

Davis, G.B., and A.I.M. Ritchie. A model of oxidation in pyritic mine wastes: pan 1: equations and 
approximate solution, Applied Matlternatical Modelling, I0, 314-322, 1986. 

Davis, G._B., G. Doherty, and A.l.M. Ritchie, A model of oxidation in pyritic mine wastes: part 2: 
comparison of numerical and approximate solutions, Applied Mathematical Modelling, I0, 323- 

329, 1986. , 

Dubrovslcy, N.M.~, Geochemical evolution of inactive pyritic tailings in the Elliot La_ke Uranium District. 

;Ph,_D. thesis, 373 pp., Univ. of Waterloo, Waterloo, Ont., Canada, 1986. 

Dubrovsky, N.-M.,' J.A. Cherry, E.J. Reardon, and A.J. Vivyurka, Geochemical evolution of inactive 
pyritic tailings in the Elliot Lake Uranium District, Canadian Geotechnical Journal, 22, 110- 

128, 1984.-
_ 

Elberling, B., R.V. Nicholson, and J.M. Scharer, A combined kinetic'an_d diffusion model for pyrite 
oxidation in tailings: a change in controls with tim_e, Journal of Hydrology, 157, 47-60, 1994. ’

\
.



24 

Frind, E.O., W.H.M. Duynisveld, O. -Strebel, and J. Boettcher, Modeling of multicomponenti transport 
with microbial transformation in groundwaten the Fuhrberg case, Water Resour. Res., 26(8), 

1707-1719, 1990. 

Huyaltorn, P.S., and G.F. Pinder, Computational Methods in Subsurface Flow, Academic, Orlando, Fla., 
' 

1983. 

Jaynes, D.B., A.S. Rogowski, and H.B. Poinke, Acid mine drainage from reclaimed coal strip mines 1. 

Model description, Water Resour. Res., 20(2), 233-242, 1984a. 

laynes, D.B., H.B. Poinke, and A.S. R_ogowsl;'i_, Acid mine drainage from reclaimed coal strip mines 2. 

Simulation results of model, Water Resour. Res., 20(2), 243-250, 1984b. 

Jennings, A.A,.-, D.-I. K_ir_kner, and T.L. Theis, Multicomponent equilibrium chemistry in groundwater 
q'ual_ny models, Water Resour. Res., 18(4), 1089-1096, "1982. 

Kinzelbach, W., W_._ Schafer, and J. Herzer, Numerical modeling of natural and enhanced denitrification 

processes in aquifers, Water Resour. Res;, 27(6), 1123-1135, 1991. 

Levenspiel, O.-, Chemical Reaction Engineering, J. Wiley and Sons, New Yprk, 1972. 
Lichtner, P.C., Continuum model for simultaneous chemical reactions and mass transport, in 

_hydrotl1e_rm_al systems, Geochint Cosmochint Acta. 49, 779-800. 1985. 

MacQuanie,- K.T.B., E.A. Sudicky, and E.~O. Frind, Simulation of biodegradable organic contaminan_ts in 
.9 

groundwater 1. Numerical formulation in principal directions, Water Resour. Res., 26(2), 207- 

222, 1990. ' 

MacQuarrie, K.T.B., "and E.A. Sudiclcy, Simul_ation of biodegradable organic contaminants in 
V 

groundwater 2. Plume behavior in uniform and random flow fields, Water Resour. Res,, 26(2), 
' 

223-239. 1990. 

Miller, C.W., and L.V. Benson, Simulation of solute transport in a chemically reactive heterogeneous 

system: model development and appliication, Water Resonr. Rest, 19(2), 381-391, 1983. 

Molz, F. J., M.A:‘Widd0ws0n. and L, D. Benefield, Simulation of microbial growth dynamics coupled to 

nutrient and oxygen transport in porous media, Water Resour. Res., 22(8), 1207-1216, 1986. 

Pantelis, G., and A._I.M_. Ritchie, Macroscopic transport mechanisms as a rate limiting factor in dump 
leaching of pyritic ores. Applied Mathematical Modelling, I5, 136-143, 1991. 

Reardon, E,J.,. and P.M. Moddle, Gas diffusion coefficient measurements on uranium mill milings: 
9 

implications to cover layer design, Uranium, 2, 1,11-131, 1985. 

Rubin, 1., and R.V. James, Dispersion-affected transport of reacting solutes in saturated porous media; 

Galerkin method’ applied to equilibrium’-controlledexchange in unidirectional steady water flow, 

Water Resour. ,Re.si-., 9(5), 1332-1356, 1973.
l

i



\ 

_ 
25 

Smyth, D.J.A., Hydrogeological and geochemical studies above the water table in an inactive uranium 
- tailings impoundinent near Elliot Lake, Ontario, M.Sc. project, 72 pp., Univ. of Waterloo, 

p 

Waterloo, Ont.~, Canada. 1981. 

Steefel, C.I., and A.C. Lasaga, Evolution of dissolution patterns, permeability change due to coupled 

flow and reaction, in Chemical Modeling of Aqueous Systems II, edited by D.C. Melchior and 
R.L. Bassett, 416, pp. 213-225, American Chemical Society, Washington, D,.C., 1990. 

Valocchi, A.J., R.L. Street, and P.V. Roberts, Transport of ion-exchanging solutes in groundwater.- 

chromatographic theory and field simulation, Wa_te,r,R_e_sou'r.¢ Res.-, 17(5), 1,981,. 

Walter, A,_L., E.O. Frind, D.W. Blowes, C.J. Ptacek, and I.W. Molson, Modelling of multicomponent 
reactive transportin groundwater l. Model development and evaluation, Water Resour. Res., 30 

(11), 3137-3148, 1994a. _ 

Walter, A.L., E.O. Frind, D.W. Blowes, CJ. Ptacek, and J.W. Molson, Modelling of multicomponent 
reactive transport in groundwater 2. Metal mobility in aquifers impacted by acidic rnine tailings 

V discharge, Water Resour. Res., soar), 3149-3153, 1994b. 

Yeh, G.T., and V.S. Triipathi, A critical evaluation of recent developments in hydrogeochemical transport 
models of reactive multichemical components, Water Resour. Res.,_25(l), 93-108. 1989. 

Zysset, A., F. Stauffer, and T. Dracos, Modelling of reactive groundwater transport systems, Part L 
General kinetic and equilibrium formulation, Water Resour. Res., in press, 1994a. 

Zysset, A., F. Stauffer, and T. Dracos, Modelling of reactive groundwater transport systeijns. Part II. 

Kinetic formulation of a system governed by pbiodegradation, Water Resour. Res., in press, 

1994b. - 
_

‘

t

1

\



‘

'
Y 

Lzsr OF FIGURES 

Figure 1. Two stage oxidation process ............................................................... __ 
Figure 2. Partially oxidized pyrite grain. ............................................................. .. 

Figure 3. Nodal and elemental numbering for PYROX subroutine and 
....................... ..,..‘..--'.,'. -j. -_--‘-g.’:.--‘...v;.;...'. a-".;.j.'.-._--_-..-.-. ._.;....;.'.. .§.;.;.;._.;.'..1."-..'.j.,'- -'.’-'-‘.2’-;-; 

Figure 4. Field and modelled oxygen concentrations at Elliot Lalre location T3 
Figure 5. Field and modelled pyrite eoncentrationse at Elliot Lake location T3 ..... .. 
Figure 6. l-D simulation results ........................................................................ .. 

Figure 7. l-D simulation results (cont). ............................................................ .. 

Figure 8. 1-D »sYimula_t_ion results (cont.) .......... .; ................................................. .. 

Figure 9. Velocity vectors for'2-D simulations ................................................ 

Figure lO. Aqueous concentrations and Initial scenario-oxidation time, 10 

years ...................................... .... .... 

Figure 11. Solid concentrations and pe. Initial scenario-oxidation time, 10 years . 

Figure 12-. Aqueous concentrations and pl-I. Saturated cover ............................. .. 
Figure 13. Aqueous concentrations and pl-1. Two wt.% calcite evenly distributed 

t 

-" " LIST OF TABLES 

Table l. Influx chemistry for 1- D simulation .................................................. .. 1. 
Table 2. Aqueous background chemistry for l-D simulation .............................. .. 
Table 3. Solid background chemistry for 1-D simulation ............................... 

Table 4. Diffusion parameters for l-D simulation .............................................. .. 

Table 5. Buffering reactions included in l-D simulation ..................................... .. 

Table 6. Species included in 1-D simulation. .................................................... .. 

Table 7. Influx chemistry for 2-D simulations ................................................... .. 

Table 8. Aqueous ba¢k_gro.und chemistry for 2-D simulations ___________________________ __ 

Table 9. Solid background chemistry for 2-D simulations ................................. .. 

Table 10. Diffusion parameters for 2-D sir'nulations.;....; ..................................... ..



‘ 1 

Figure 1. Two-stage oxidation process for pyrite oxidation in a tailjngs 

impoundment. Oxygen diffuses into bulk pore space, partitions into water 

film, and then diffuses into pyrite grains through the oxidized coating
V 

formed around» the unoxidized core.
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Figure 3. Nodal and elemental numbering for PYROX subroutlne and MINTRAN.
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Figure 4. Field and modelled oxygen concentrations from the Nordic mme. tzuhngs

O

1 
.L

2 

'5 
-J

4

5

6 

impoundmem at E11i<>IL=11<e, Ontario, piezometer I1€SI1_OC'aLi0n T3 Field 

dam from Smyth, (1981). ~- 

O 0.2 
' 0.4 0.6 0.8 1 

Normalized oxygen gzoncentmtion [ ]
I 

.1 ~ 
- og~ 

g 
-o;__ 

f‘? ~- 
17 

1' 

...._ 

._-- 

3-L, 

awummvumwurumsusarumuiwauamsumiwmsuum 

_ 
74_ 

_> 
——g-IIP 

<1- 

i"“ PYROX output
U5 Field data



\ ' 

' 
()-1*-I l i l» _i 

g k 
I 1 

£1“! 

El I--J 

Depth 

2 -—
. 

4 - 

| _
l 

Figure 5. Field and modelled pyrite concentrations from the Nordic mine-railings 

impoundrttent at Elliot Lake," Ontmio, piezometer nest location T3. Field 

data from Smyth, (1981). 
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Figure 6 1-D simulation results. Solid lines are modelled results; squares 816‘ 
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Figure 7. 1-D simulation results (cont). Solid lines are modelled results, squares 

,1 ,- - -_ \_. 
-0 - .1AQQ 

are field data from the Nordic mine-tailings irnpoundment at Elliot Lake, 

Ontario, piezometer nest location T3. Field data collected in May, 1981. 

Field, data from Smyth (1981). 
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Figure 8. 1-D simulation results (com). Solid lines are modelled results. 
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Figure 9. Velocity vectors for 2-D simulations. Units are metres. . 
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Figure 10. Two dimensional simu1a_t_ion results. Aqueous concentrations and pH. 
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Figure 12. Two dimensional simulation results-. Aqueous concentrations and pH. 

Saturaped cover, oxidation time 10 years. 
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Figure 13. Two dimensional simulation results. Aqueous concentrations and pH. 

Two wt.% calcite evenly distributed, oxidauon time, 10 years. i 
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Table 1. Influx chemistry for 1-D Iable 2. . Aqueous background chemistry 
. ._ 0 .0“ 

. . . 

sunulau 

Aqueous 

_; 

Components,

0 

Concentration 

moles/litre 

for 1-D slmulauon. 

Aqueous 
Components 

Concentration 

moles/iitre 

Ca2 + ,. l.25e-2 , ._ 

AMg‘2+§ H
\ 

1._04ee-3 

Ca“ 1A.44e-2 

M82" 2.30e-3 __ 

K4- 9.-00e-3 0 4<_ 

K4> 6. 00¢-3 

\ 

Cl‘ x g.__14e-4 Cl‘ 1-1.48:3 .____ 

411+ 1.280-s _ 
1A1’;

L 

Z.~59e-8 

0 $0.32 use-3 504*" \:.1s.e_;z U 
, ____ 7' 

\ 

,0 C

K 

Fe“ r 
-2.328-.8.

, 

Fe.?* I.48e-7 ___ 

00$
q 

3. 94e-3 E0}? 3.r59e-2 

11+‘ 4..5.9ee-3 .H* 5.478j2_____ l; A:
_ 

Fe“ 5.~36e-5 , 

\.! ~ 

Fez‘ 

H.4§!'04 .0 ,1,.99€;',3 H_,SiO, _1,.9Je 3 0 

Mineral Concentration 

moles/litre“ . 

Difiusibn 

Parameter 

Value 

DI variable [ml/s] Phase 

Calcite 0 _ 0.070 .. 02 0 .s_,_§0 E-15[m1/3] I

I 
Lime 

F

. 

00.100 {article Radius E-5 [m]_ H 

Gibbsize ,_ 0 
0.045 _,_r Porosity , __ variable 

Am. Silica _ . 
4,698+! 

Siderize 2.r0r0e-2 

Bulk D€n'.fit_\}‘ vaziahle_ [kg/m3 I 

Ferrihvdrjge 7 

1.0.00-6 

0% Sulfirr 1.61 

} 

G_\'psmnC 0.174 

Jarosite , __ 0.0 

r 

Depth 6.0 [ml 

1 

Time 1 12.0 [year] 

# Nodes .12.] 

Table 3. Solid background chemistry for Table 4. Diffusion pararneters for 1-D 

1-D sirnuladon. simulation. 

98'-5 '
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Mineral Reaction lggK 
Calcite Ca“ »;c0,1-¢=> caco; 

' ’ 

8.4789 

Sidelfité E:q3’_f_gr- C032‘ <=> FeCO3 10.57 

Gibbsite (c) A13‘-' + 311,0 <=> Al(0H)3 + am -8.11 

, F errihydrite. Fe“ + 311,0 ¢=> may), + 311+ -4.891 

Jarosire \ K+ + 3Fe3" + 2S043' + 6H20 <=> 
KFe3(S04)3(0H)6 + 611+ ~ 

9.210 

Table 5.Buffering reactions used in 1-D simulations.
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Reactionm .. _ 

AH,“ lag K 
H20 <= ?1"“_ + 05'“ __ 

_ M 

13.345. 
TM-l13§9.9<s*' 

H4,Si040 “'1'” "' H-3350.-1' 3,-936 _ A-9.929 

M2“ + C032‘ §=* M8603“ 2.535 
;______ 

2.981 

Mg“ + C032‘ + H* MgHCO,'* -2.775 11.397 

M8“ + 504"@_‘=> M8501’ M 1.4 ,. 

9 

2.25 

Ca2"_+*C0,2' + H* <=w-.> CaHCO," .0359 11.453 

Ca“ + CO3?" v¢=> CdC0,° _Q;_73,54Z 3.225 

0 

Qa“ + S942‘ ¢=> Cg§'O4° _ 1_47 2._309 

K‘ + SQ} =0 _ 

3.15 0.85., . 9 

‘ {$1.-7* + ZHZO <=.4>l(OH)2* + 2H*W ‘ 0_0 -10.1 

A1752? 4320 <=> A"0H)i.__+ 45* 44.06 9 ¢23..,0_ 

‘Al-"' + 3!-I20 0¢?_Al(OH)3° + 3H‘! 0_0 ____ -16.0 

Fezf + 11,0 <=> Fe0H* + 11+ ‘ 
1030;“.

9 

-9.5 

F?‘ + 80% <=> Few » 2.25 

C03} ":H+ “'° -3.561 I 0. 32-9 

C032‘ 0-f 2H‘ ca H2C0,° -5_733 I6,.6j8l_., 

Al-7* + H20 <=_>A_lOH3* + I-1* M 11_90 -4. 99

J 

AP’f>+ S042‘ 4=> AlS0_j' 2015 3.02 

\ 

Al“ + }_§0f' F=>-Al(50_J:' _ 02,84 4. 92 

H‘ + 5042' 4:: H§0_,' _ 

' 

4_91 
0

1 

1.987 

0 

fqif + H20 <1» Fe0H2f_ + H‘ 100,399 9-,2__1 9 
\

9 

Fe-3* +' :S:Of' ¢=> FeSO_,‘ V 7 

3'91 , 3.92. 

1523* + 2!-1,0 <== Fe(0H)2* +»_2H* _ 0&0 -5.67 

Fe“ + 3H20 ><_=>_‘Fe(OH)_,° + 3H" 0_0 -13-6 

Fe3*_ +. 2S0}' <=> Fe_($0_-,)2‘ 4_5 5.42 

Fe“ + Fe“ 1;, >__ -10.0 1 3.00.32. 

0 

C032" + 2H" <=> C02“) + H20 _ A _0_5_3:_T0 18.169 

Table 6.Sp'ecies included in 1-D simulation.
0 

‘

K

\



Table 7. Influx chemistry for 2-D Table 8. Aqueous background chemistry

\ 

simulations. - 

e for 2-D simulations. 

Aqueous 
Components 

Concentration 

moles/litre 

Aqueous 
Components 

Concentrafion 

moles/litre 

Ca2+ 2.64e-2 

ca“ 1.25e-2 K-0- 5. 00e-4 

_ .K* 2. 562-4 Cl‘ 1-. 14e-3 

Cl‘ 2.80e-4 , 
Al3+ 3.54e-8 

AF‘ 1.28e-7 so}- 6.1 9e-3 

S04?‘ .7.48e-3 Fe3+ ) 

Fee?+ 2.32e-8
' 

.C032' 3.-30e-2 

C03} ,3e.94,e-3 H§ 5.47e-2
Y 

H*, 4.59e-3 Fe2+ 9. 80c-5 

Fe“ 5.-36e-5 

Diffusion 

Parameter 
Value 

121- variable [mz/sf] 

"= 

Mineral 

Phase 

Concentration 

moles/litre 

D2 1.0 E-14 [m2/3] 

Particle Radius 7.0 E-5 [ml 

Calcite 0. 05 
Po rositv 0.5_ ' 

Gibbszfte 5.0e-2 

Bulk Density 1375 [kg/m3] 

S iderize . .-2.,0¢'.2, , ._ 

% Slllfilf 1.08 

Ferrihydrite 0.5e-3 
Depth l.5_[m] 

Gypslim 0.174 
Time . 10.0 [year] 

Table 9. Solid background chemistry Table 10. Diffusion parameters for 2-D 

# Node’: 26 

for 2-D simulations sim'\'_|la[i()n5_

\ 

\, '
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APPENDIX 

Derivation of the sink term for dsingle oxidizing particle with a shrinking 
core (equation 3) _ 

\ An expression for the diffusional mass flux of oxygen across the ‘outer surface of a 
reacting 

particle can be written mathematically as 

q,(sx,l)=d( 
' 

);=-41tR Q 
I 

where Q is the flux through the particle surface given by _Fick's Law 
(25) 

» _ ha Q"-D2’ dr _/ 

where Ufis the concentration of oxygen within the oxidized rim 
of the particle [kglma]. 

The mass flux for a single particle will be 
' D223; (Z6) 

‘

t 

Assuming that the physical transport of oxygen to the reaction site is 
the rate limiting step, any 

oxygen reaching the reaction front in a particle will be rapidly 
consumed relative to the movement of the 

reaction front and the rate at which oxygen is transported. Thus 
the oxygen concentration at the reaction 

front will remain fixed at zero-and the following boundary 
condition can be defined: 

~‘ U;‘="(X*t)=0 for allxand t. 

Thus. the concentration of oxygen within the oxidized coating 
of the particles decreases linearly from the 

outside of the particle surface to the unreacted core boundary. 
If equation 26 is integrated from the outer 

surface to the reaction front. an expression for the rate at 
which oxygen mass is lost‘ to the particle is 

derived.‘ 
.: 

u‘,, 

d( 
‘ 

O-1,) . 
mag: 

ai 

=~41= D2 6|‘ cu, (27; 
- w 

Where U ‘W is the concentration of oxygen in the water surrounding the particle 
[kg/ms] and rc'(x) is the 

radius of the reaction front within the particle or the 
radius of the unreacted core [m]. The result is 

1113580 2 , 2 (24) 

dt | 

equation 3. k U
I at 0,) R’ It)
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Conversion of expressions to dimeiisionlessform 

Equations 6 and 9 are written in dimensioned form, The PYROX model was developed with the 

dimensionless form of the equations and therefore the method of conversion will be outlined. Equation 6 

is written as follows: ‘ 

A 

» 

i

. 

3U'A(X,-I) BZUHXJ) 3(1—pQ['(x»D2( R‘ {(1,1)

1 R c 

apor(x) =D1(X)"'*a7"" * A " 
R. 1_;.(x’t) U;v(x,t) 

can be made f,li1I1¢!l$i0nl¢SS Will! l'¢$P¢¢l 1° R. 1. rc(x,t), and UW(x,t) by using the following relationships: 

U\¢(x.t)=5-J1‘-f,-Fl , r,(x,:)=5ri;é‘l , X~=-ii , R=-EL (23-31) 

The resulting dimensionless form is written as follows (equation 10): 

t 
aU <><.t>, a’u.<><.t> 1- apOr(x)__§____=D1(x)___Z_’;_2___ 3( por(x))D2 re(X,t) 

i U (M) at AL ax a’ 1-r (x,t) W ' 

The variables R, r,(_.jt.t). Uw, and x are now dimensionless with values ranging from 0 to 1, 

The same procedure is used to convert equation 9 written as follows: 
art 1>2(1—v<>r> R‘ r'(x> . t

V = a 

. . 
°. Us- 

dt 8 psrc-- _r;(X)j w(x't)-
‘ 

into dimensionless form (equation ll) written as 

dfc _ D2(1"por.)U9. 1 

cu 
'"' é P8 flu rc(X) _ rc(x)2 Uw (X,t) 

. 

- l 

GLOSSARY OF TERMS 

a - is the unreacted radius of a panicle in the tailings [m].- 

apor(x) - is the air-filled porosity of the tailings [ma/m3 ]. - 

alpha(.z,t) - fraction of total pyrite consumed in t_aili_ngs [kglkg]. 

_fracs1tLf(x) - fr_z1ct.ion of sulfur in tailings [kglkg]_ 

I \ .
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’ I
I 

por(x) - is the porosity of the tailings [ms/m3 ]. G 
q(x,t) 

' 

- the sink term dueto oxygen consumption by" I 
the particles in the tailings [kg/m3s]. 

q,(x,z) - is the sink term due to oxygen consumption by ' 
a single particle in the tailings [kg/m3s]i.

t 

r:(x) - is the radius of the reaction front within the particle I 
or the radius of the unreacted core [tn].

V 

W] - is the linear basis function used in the Galerkin 

Dl(x) g is the diffusion coefficient for the porous media [ml/s]. 

formulation. n 

y 

D2 - is the ‘giiffusion coefficient for the oxidized rim surrounding the 
Q 

\' 
unoxidized core of the paitijcles [tn-2/s]. 

Keq - equilibrium constant for iron [dirhensionless]. I 
L - the thickness of the unsatnrateti zone.[m]. 

R‘ - is the unreacted radius of a particlein the tailings [m]. 

'Uw' - is the concentration of oxygen in the film of water 
UA' - is the oxygen concentration in the pore space [kg/mi].

' 

surrounding the particle [kglm3]. ' 
XHEN - is 1/(Henry's constant for oxygen) [d_i'1ne'nsionless']. 

Pb bulk density of tailings [i<g'{m3]. ‘ 
e - mass ration of tsulfnr to O; hased onA'stoi_ch_ion'1etry of pyrite ; 

\ L‘ U oxidation (equation 7).
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