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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 wused 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 tailings types. It can also be used to evaluate the
potential benefits of remediation and design alternatives.

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 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 model, MINTOX is capable of
simulating tailings - impoundments where the oxidation of . pynte or pyrrhotite is
causing acidic drainage and where acid neutralization and attenuation of dissolved
metals can be attributed to equilibriuth 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 zéne 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 determiines 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 transport inodet
(MINTRAN), which uses a finite element scheme for transport of contaminants, and MINTEQAZ to
solve for the equilibrium geochemistry. The reactions described by MINTRAN are subject to the local
equilibrium assumption. The resulting model; MIN‘i‘OX, is capable of simulating tailings impoundments
where the oxidation of pyrite or pyrrhotite is causing acidic drainage and where acid neutralization and
attenuation of dissolved métals 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.



INTRODUCTION

Mathematical models have been widely used to model chemical and physical hydrogeological
phenomena for several decades, As the processing power of computers has increased, so has the
sophistication of these models. The finite elémc_m method is a robust approach for modeiling flow and
transport, while geochemical equilibrium codes have been very successful at modelling inorganic
chemistry. However, there are relatively few models that take into account both the physical transport
ar;d equilibrium chemistry, and even fewer that.coqsider kinetically controlled chemical réactions._ The
.mine-tailings environment exbibits 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-mineral

oxidation, redox, aqueous Speciation, acid-base, mineral precipitation/dissolution, and ion exchange
reactions. When the physical transport of chemicals within the tailings is slow compared with the rate at

which the chemical reactions occur, the local equilibritim assumption (LEA) is feasonable, and an

equilibrium approach to reactive transport modelling may be used. This approach assumes that all ‘

chemical species are in thermodynamic equilibium. However, if the reaction rates are slow rélat.iv(: 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 in mine tailings. These reactions
may \be rate limited by oxygen diffusion into the tailings and may not reach equilibrium for decades or
longer. |

In 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 anlinear algebraic equations relating to the equilibrium chemistry (Yeh and Tripathi, 1989). If
any of the reactions involved are kinetically controlled, then additional or modified expressions are
required.

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

solve the problem using either a one- or two-step approach. Direct or one-step equilibrium models

L



! 3

incorporate the chemical equilibrium equations direcﬁy 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), Camahan (1990), and Steefel and Lasaga (1990).

Two-step equilibrium models divide the solution into two separaté parts: advective-dispersive
transport and chemical equilibrium. Thes;e separate parts are then linked together using various methods.

One-step kinetic models incorporate the reaction rate equations directly into the - transport
equations similar to one-step equilibrium. model§. Oné-stcp kinetic models include Molz et al. (1986),
MacQuarrie et al. (1990), MacQuarrie and Sudicky (1990), and Frind et al. (1990). 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. (1994a,b).

The oxidation of pyrite and other silfide minerals in mine tailings is responsible for the high
acidity and mobility of heavy metals ob_served. In many cases, the rate of oxidation of these Hi£DCIMS‘ is
limited by the rate at wﬁicﬁ oxygen frou; the im;o.u;dmé_rit surface car_x”di_ffu_se in_f(-) the tailings (Davis
and Ritchie, 1986; Elberling etal., 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 suifide-mineral
oxidation process.

Cathles (1979) examined the predictive capabilities of a finite difference model for copper
leaching that includes air convection, heat balarice, tempcramre-de‘pcndent 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 mechanism
of oxygen transport. Also included in their model are reaction kinetics, oxygen and ferric iron oxidation
of pyrite, bacterial cétalysis, complexation and precipitation of ferric iron, vand 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 conuolling
the rate of pyrite bxidation. |
Davis and Ritchie (1986) developed a mathematical model for pyrite oxidation in waste rock
dumps where diffusion of ox'yg_en to the reaction §ites is the rate-limiting factor. The model uses a two-
stage approach: first, the diffusion of oxygen into the pore space of the tailings, anﬁ second, a- shrinking
core model to describe the diffusion of oxygen into the individual particles through,the oxidized coating
t,hajt forms around the unreacted éore of the particlgs (Figure 1). Their mocliell is widely accepted and
'u;edv., Pantelis and Ritchie (1991) deveiope,d a model that includes convection and diffusion as transport
mechanisms for oxygen within waste rock dumps. They found that for waste rock pe@mbiliﬁes of less
than 10-10 m2, convection of oxygen is not a significant mechanism of oxygen transport for several years.
Because the permeabilities of mine tailings-are considerably lower than those of waste rock;, it is unlikely
that convection c:f oxygen is an important mechanism for oxygen uﬁnspon in mine-taiﬁngs environments.
Jaynes et al. (1984b) found that the i‘nteraq'don between H* produced during the oxidation of pyrite and
the tailings soiids is cruc_ial- m .detgﬁi.litx’xi'ng; the pH of Lh(; taxlmgs water. A xﬁodel .has not yet been
developed that adeguately deals with pyriie oxidation and the subsequcﬁt reactive transport of the
oxidation by-products, namely H*, Fe(II), Fe(IlI), and SO, B
The first objecu'.ve of . this study was to develop an oxygen diffusion énd pyrite oxidation model
for nonhomogeneous média. 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 only sulfide
mineral. Other su_lﬁd; minerals will be considered in future work. PYROX aSSQmes the oxidation of
pyn‘_té 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 mathématical development of PYROX waS based on

 the work of Davis and Ritchie (1986), which in turn was based on the mathematical development of

Levenspiel ( 1572).
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The second objective of this study was to couple PYROX to an existing reactive transport code,
MINTRAN (Walter et al., 1994a,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 assﬁmption.
Therefore, geochemical systems where equilibrium is not achieved during each time step Wi_ll not be

modelled accurately using this approach.

MATHEMATICAL MODEL DEVELOPMENT FOR OXYGEN
DIFFUSION AND PYRITE OXIDATION (PYROX)

In many cases, the diffusion of oxygen into mine-tailings impoundments can be considered a
one-dimensional (1-D) problem. This assumption is reasonable because mine tailings are ;:ommonly
épread laterally over hundreds or thousands of square meters, whereas the depth over which oxidation
occurs is com-mdn.ly oa"r.ﬂ‘yba fef;v &ieters. The direction of oxygen diffusion is generaily from the sarface
downward to the water table. At the impoundment surface, the concentration of oxygen is constant aiid
equal to the atmosph_erié- concentration of oxygen (first-type bounda‘ry.COndition). The water table
constitutes a zero concentration gradient (second-type) boundary condition. Tailings 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 dimensioncd rather than
dimensionless 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 véry similar to those developed by Davis (1983), and Davis and Ritchie

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

finite element method was chosen to solve the diffusion part of the problem.



BULK DIFFUSION INTO TAILINGS
| The mass-balance eq‘ua_tion goveming bulk diffusion into the pore space of the tailings can be

written mathematically as

apor(x)w Dl(x)g—g&g—g qx,t) | fl)

ot

where apor(x) is the air-filled porosity of the tailings [m3/m3]_, D1(x) is the diffusion coefﬁcieﬁt for the
porous media [m?/s], U," is the oxygen concentration in the pore space [kg/m®] (* means the variable is
dimensioned), q(,f,;t) is the sink term due to oxygen consumption by the particles in the bulk iailings
[ke/m3s]. The diffusion coefficient (D1(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 nodés within the tailings.

N 0 0gT? v
Dl(x)=3.98x10‘9x[W] X (Temp)s @)

where the Tempefature is in Kelvin.
DIFFUSION OF OXYGEN INPYRITE PARTICLES

The model assumes that the panicles are spherical, uniformly sized, and sﬁrrounded by an
immobile water film. Particles may be saturated with water; however, this water is considered immobile.
Particles that undergo oxidation are assumed to have a homogeneous vdistributio.n of pyrite within them.
The presence of nonoxidizing particles sdch as sand will not pose a problem provided t.béy are the same

| size and sh‘a‘pe as the oxidizing particles. All oxidation reactions are assumed to occur in the agueous
phase in contact with or near a reacting solid.

Oxygen in the pore space partitiofi$ according to Henry's Law from the gas phase to thé 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 b§ 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). 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 one time step). This pseudo
steady-state assumption allows simplifications in the dev"e_lopnieﬂt of the sink term in equation 1.
An expression similar to the following for the rate at which oxygen mass diffuses into a single

oxidizing particle with a shrinking core was derived by Levenspiel (1972).

| _ d(massO,) _ Rt (x) ..
1q,(x,1) =— q = 4R'D2(—R' — r:(x))UW (x,t) )

Where U'W is the concentration of oxygen in the water surrounding the particle [kg/m3], R‘ is the
unreacted radius of the particle (], r_*(x) is the radius of the reaction front within the particle or the
radius of the unreacted core [m], and D2 is the diffusion coefficient for the oxidized rim of the particle
(m’/s).

In mine tailings, the behaviour at the mac\:ro scale o} representative elemema_xy volume (REV)
scale is of interest rathér than the behaviour of a single particle. Assuming that the grains within the

tailings are perfectly spherical, then the number of particles in a unit volume of tailings can be calculated

3- Pofs(x)) 4
4w R

as

# particles =

where por(x} is the porosity of the tailings [m?/m’]. Therefore, by combining equations 3 and 4, the sink

term for a unit volume of tailings can be written as’
3 (massO,) _ 3(-por(M)D2 ( R'r(x)
at R R = (x)

q(x,t) = )U;,(x.t) o

By combining equations 1 and 5, an expression.for oxygen diffusion into tailings with the sifk term

represented as shrinking core particles can be written as

Y
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Equation 6 expresses the mass balance for oxygen diffusing into the pore space of the tailings including

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

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

RATE OF CORE SHRINKING

" - : , ’
An expression rélating U, (%) and 7. (X) can be obtained by first returning to equation 3 and
observing that

d(mass O,) =€ d(mass sulfur)

where, € is the mass ratio of O, to sulfur based on stoichiometry from
FeS, + H;0 +7/2 0, = FeSO, + H,SO, (7)
and furthet noting that

P dVsotid _ p.d(im ) _4mnp, l'gzdr_'c'_
(1- por) (1 - por) - pbr)

d(mass solid) = (8)

where p; = p, X fracsulf(x), pp is the bulk density of the tailings [kg‘/m3 1 and Jracsulf(x) is the fraction of

sulfur in the tailings solids [kg/kg ]. Equation 3 can be rewritten as
dri _ p2(1-por)( R e, (®) ) .o
L2 DB — 2% skt
& epn” \Ronw) " @

Equations 6 and 9 define a system of two equations and two unkmowns; it is thereforeé possible to

determine a unique solution for the variables U, *(x.1) and rc*(x,t). Equations 6 and 9 are similar to those

developed by Davis and Ritchic (1986).

NUMERICAL MODEL DEVELOPMENT
Egquations 6 afid 9 are solved numerically using an algorithm similar to that of Davis et al.
(1986). Because it was hecessary o have spatially variable input parameters, a finite element scheme

was chosen. Spatial variability of input parameters is easily implemented into a finite element grid by

. .
’ ; |



‘assigning elémental 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

aUa(x,1) 3 °Ua(xt) 31~ por(x))D2 r, (x1)
apor(x)——-——at =DI(x )_——Lzaxz % i’r—r.r_r('x,t) Uy (X1 (10)

and equation 9 becomes

D2(1—por)U, 1
Ep,a’ Mﬁ—nuYU w (0 (11)

dre
d

where, a is the radius of an umeacted particle [m], L is the thickness of the unsaturated zone [m}, and U,
is'the concentration of oxygen in the atmosphere [kg/mB]. The variables R, rc(x,t), Uy, (x,i), and x are
now dimensionless with values ranging from 0 to 1. Note that U . and Uy, are related Lbrough' Henry's
constant and are therefore not uniqhe variables.
-/
Numerical Formulation for Bulk Diffusion
The solution to equation 10 is achieved through the use of the Galerkin finite elemcnt technique.

The rmatrix formulation with variable time weighting can be written as

(o (e g0 = (-0 XD LI ) 0

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

entries for row { and column j are
Dl(e) 3 w0 w;
A —ldx
Z L I’ 9x ox

B; =Z Lap,or (l)ij,. dx,
e

; - 2 = r
C, = v L 31 p?fz(X))Dﬁ- X XHEN x(-l—-—r-‘ﬁi)—] w,w, dx
= -

a r.(x,1)

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

element, and 6 is the variable tiine weighting term. (0 <6 < 1). A 8 value of 0 would give explicit time
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weighting, and a value of 1 would giye implicit. Typically, cefntered.time weighting is preferred
corresponding to a value of © = 0.5. Further details on the Galerkin formulation can be found in
Hp"y;kqm and Pinder (1983).

The matrices in- equation 12 are set up incorporating a first-type boundary condition at the
surface, and 4 zero concentration gradient (type II) boundary at the water table. The 1-D finite element
formulation results in a left-hand side matrix with a bandwidth of 3. A Thomas algorithm is used to solve

the resulting matrix .

Numerical Fortulation for Rate of Core Shrinking
The solution for equation 11 is obtained through use of a Newton-Raphson technique similar to

that of Davis et al. (1986). Rearranging equation 11 and integrating over one tiiie. step,

1~Al "*"' T+AL
Jrc(x)drc J' ro(x)dr, = «D?'S;pormo J'(UA ("")xm)d‘ (13)

The left-hand side is integrated over the integration limits given, whereas the right-hand side is integrated
using the trapezoidal rule. Tlie resulting equation is

2 l +Al
(r5 (1) (5_ (x, ‘)) e t))ze' (X t))+con3(X)(U (%0 +UY (x, t)) 0

J

(14)

where,

D2(-por)Us  vpeey s 4t

gp,a , 2

con3(X)=

Equation 14 can now be solved using a Newton Raphson scheme. Equations 12 and 14 are solved
iteratively until both U, (x.t) and r_(x,t) converge simultaneously. _In order to start the iterative process
for each time step, an initial estimate for r, (x,/) must be made. The estimate for each new time step is

made by using a linear prediction based on the previous values of r,(x.2). The form of the prediction is

rgl-At(x’[) =2 G‘é(x,[)) —TIra (x,.t) (15)

‘The PYROX simulation is run to a preset time or stops when all the sulfide minerals have oxidized.
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REACTION PRODUCTS
The PYROX"_“model described above was modified to facilitate coupling with the xeact.i:'e
transport model MINTRAN. The main modification takes into account the speciation of iron into Fe(ll)

and Fe(IIT), 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(I) or Fe(lll) is

produced, the equations describing iron speciation must be incorporated iit the iterative solution to U,
(x,t) and r(x,). The masses of H, SO,%, Fe(ll), and Fe(IlI) are calculated and then transferred to the

appropriate reactive transport modules within MINTOX.

Masses of Oxidation By-products Produced

_ The term 7, (x,t) indicates bow much of the ;;articles are left unreacted. Because we know the
original ;cunOunt of sulfide minerals present, we can c;;lculate the mass of pyrite consumed. Because r,
{x,t) is dimensionless, the fraction pyrite consumed in a unit volume of taﬂifig—s can be calculated as

Alph(xt)=(1-12(x1)) ‘ (16)
This value is calculated at every node and has a range from O to 1. The mol_es of sulfur ¢onsumed per

unit volume of tailings can then be calculated by

moles Sulfur = Alph(x, t) X ————P2 (17)
gram formula wt.sulfur

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

H*, SO,, Fe(Il), and Fe(III) produced per mole of sulfur oxidized in pyrite.
FeS, + H,0 4720, = Fe?* 4250, 2H* | | (18)
FeS, + 1/2H,0 +15/4 O, = Fe’* + 250,27+ H* : - (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(III).
If the Fe(Il) produced in equation 18 is oxidized by oxygeﬁ. it oxidizes according 0 the

following reaction:
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Fe?* + 1/40, + H* = Fe** + 12H,0 (20)
This react,iop consumes oxygen and therefore would act as an additional sink for oxygeﬁ in the pore space
of the tailings. To account for both Fe(II) and Fe(III) being p‘rpduced 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 defermine the total amount
of iron produced (Fe'®!) once the mass of sulfur produced due to the oxidation of the sulfide mineral is
lg_x‘own, The oxygen concentration in the pore space that is calculated in the subroutine PYROX is

'dependent ox; whether Fe(II) or Fe(Ill) is produced. Because the pH, the speciation of the iron, and the
consumption of oxygen are interdependent, an iterative approach must be taken. The fo_llowir_.x_g

relationship can be derived based on the equilibrium assumption:

a .| 1 .
log I"f— =Log(Keq)+-ZLog(Poz)=pH

Fe? D

\

where ar,”* and a;.-f* are the activities of Fe(Ill) and Fe(Il) and K., is the equilibrium constant for iron.
The total amount of iron produced will be equal to the sum of Fe(II) and Fe(III) as

Fes! = Fe(IT) + Fe(Ill) | | @)
Combining equations 21 and 22 assuming concentrations and activities afe equivalent, and replacing the

partial pressure of oxygen with the concentration of oxygen in the pore water (Uy/(x.?)) leads to the

following equation:
[Fe(ID}
[Femtal']

): LK) X (Ug)™ X 107 +1] (23)
These calculations are made using a constant temperature of 25°C. If temperature variations 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, (x,1), r.(x.£), Fe(Il), and Fe®s!, All
four must converge simultaneously within each time step.

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

and Fe(II) as follows:
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i) Solve for Uy, (x.) in equation 10 starting with an initial guess of r(x,z).

ii) Solve for r,_(x,?) in equation il using Uy, (x,) from partz

iif) Calculate ratio of Fe(Il) to Fe! using équa'lion 23 with pH from the equilibfium
chemistry module (MINTEQA?2) and the oxygen concentration calculated in i.

iv) Calculate the new ratio for mass of oxygen consumed to sulfur produced (g(x.2))
based on whé_the_r Fe(II) or Fe(III) is produced during the time step for all nodes. vThis
value is used to calculate the sink term for oXygen.-

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

vz'), Repeat steps i to v until Uy, (%), r, (x.t) , Fe(II), and Fes' have all converged.

Convergence criteria are based on changes in r_(x.z) between iterations. ‘ |

vii) Predict next value for r_(x,7) using equation 135.

viii) Move to next time step.

LINKING REACTIVE TRANSPORT TO PYRITE OXIDATION MODEL
(MINTOX) |

| The reactive transport model MINTRAN is capable of functioning as either a 1-D or 2-D model,
whereas the oxygen diffusion model PYROX is strictly one-dimensional. The two models are coupled
together in such a way that MINTOX is capable of running either a 1-D simulation of a column
experiment or a 2-D field-scale simulation where tixe 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 oxygen-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 Zones.

~
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As the program MINTOX marches through time, the degree of pyrite oxidation occurring within
the ciurrent time step is calculated. The oxidation of pyrite produces H*, SO, Fe(ll), and Fe(Ill). The
concentration of these reaction products is calculated at each node in the unsaturated zofie and then added
to the corresponding spatial node in the reactive transport portion of the code. The eitire set of aqueous
components are individually transported, and the solid and aqueous chemistry is equilibrated at each
node. The program moves on to the next time step, and oxidation of pyrite continues. If the pyrite at any
loc;,ation in the unsaturated zone js comipletély depléted, the program calculates a zero concentration

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

MODEL EVALUATION - | <

"Thé reactive transport model MINTRAN has been evaluated by Walter et al. (1994a) for
nonlinear ion exchange using data from Valocchi et al. (1981) and a 1-D mine-tdilings simulation. For
the latter, Walter et al. (1994a) 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 chemistry ffom the Nordic Main tailings impoundment fiear Elliot Lake Ontario. The model
was set up (o simulate the effects of 12 years of ;)yrile oxidation based on physical and chemical data
acquired at the site. The data weré taken from Smyth (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 data required for proper model evaluation wefe available.

Geochemical Setting and Boundary Conditions for 1-D Simulation

The Nordic Main tailings at Elliot Lake were deposited fr0nr1957 to 1968. Prior to déposition
the tailings were treated with lime and limestone, resulting in a slurry with a pH of 8. In 1972, lime and
crushed limestonie were added to the surface of the tailings along with fertilizers, and a program of
vegetation was initiated. Smyth (1981) collected data from the site in 1980 and 1981 allowing for

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

~

.
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A 6-metre-long by 0.1-metre-wide column simulation was run ixsing solid and aqueous data
collected at site T3. Time-invariable moisture-comem and borosity 'déta were input into the PYROX
subroﬁt.i_ne 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 occuniﬁg for iny 7 months of
the year.

For the reactive transport portion of the model, the upper boundary was a thifd-type boundary
with a coﬁsmt watér flux of 0.31 m/yr, which is c;)nsistent with estimated recharge (Dubrovsky, 1986).
The chemistry of the influx watér 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 data: This- wa_s required because unknown quantities of lime, fertilizer, and sewage sludge were )
added to the surface of the t_ailiﬁgs during revegetation attempts (Smyth, 1981). Influx chemiéuy is listed
in Table 1, Al other boundaries were assumed to be zero-dispersive-flux Neuman-type (second type).

'fhe velocity of water flow was considered constant at 0.62 in’/yr based on the influx rz;te 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 simulationé, and a longitudinal dispersivity of 0.1 metres was used
throughodut.

The solid-phase components and the geochemical reactions incorporated in the simulations \\;ere
drawn from the concéptual model of the geochemical evolution of the Nordic uranium tailings developed
by Smyth (1981) and Du,brovsky’(1986). This conceptual model included a series of pH-buffering, 3
mineral-dissolution reactions, inclading calcite dissolution, siderite dissolution, and the dissolution of
ferric and aluminum bydroxides. This conceptual model was developed using pore-water chemistry data

and the geochemical speciation model WATEQ2 (Ball et al., 1980). Although the presence of these
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mineral buffers within the tailiﬁgs was not confirned by mineralogical study, carbonate c‘onterﬁs were
detérmined through chemical analysis and ferric hydroxide phases visible in the samiples of the tailings.
Initial estimates of the mineralogy and. the solid phase concentrations were based on previous modelling
done by Walter et al. (1994a) and Dubrovsky (1986). The pH-buffering minerals included in the
simulation are calcite, siderite, AOH),, and Fe(OH);. These phases are consistent with those inferred at
the Nerdic site and at several other mine-tailings impoundments (Smyth, 1981; Dubrovsky et al., 1984;
Bl'owes and Ptacek, 1994). In addition to the buffering reactions previously modelled by Dubrovsky
'(1986) and Walter et al. (1994b), jarosite (KFe;(SO,),(OH),) was included.

Amorphous silica is in‘clude& in the 1-D simulations because it is the form of silica most likely
to attain equilibriufh. Sincé it is unlikely that _complete dissolution of amorphous silica in the tailings
would occur, 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.

" Aluminosilicate minerals were not included in the 1-D simulaﬁoﬂ§ even though dissoit;ﬁoﬁ éf-
aluminosilicates may be an important acid-neutralization mechanism in tailingsl The aluminosilicate
dissolution reactions are frequently slower Lhan the rate of pore-water movement within the tailings
(Blowes and Ptacek, 1994) and thus would‘no_t be modelled correctly using an equilibrium approach. In
addition, the thermodynamic data for these minerals included in the MINTEQAZ2 database were obtained
from high-temperature; free-energy studies. Use oOf these ‘data to predict mineral gtabili,ty at low
temperatures should be viewed Wwith caution. The exclusion of aluminosil_icate‘ 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 modélling the geochemical evolution of taili.ngs_thal are devoid of carbonate and
hydroxide minerals. .

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

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

" were adjusted in each saccessive 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 pH-buffering

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

Oxygen Transport 13D Simulation Results from PY,I}OX

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 normalized
oxygen concentration versus depth profile and normalized sulfur content for the modelled output and
field data. The oxidation front in the tailings 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 @etres of the
tailings due to unusually wet conditions at site T3 during collection of the moisture-content data (D.JA.
Smyth, personal communication). The oxygen concentration at the surface is equal to the aumospheric
concentration of oxygen and decreases gradually to a depth of 0.7 meu'es.‘_ Below this depth, the oxygen
concentration rapidly decreaseé where it reaches the detection limit at a depth of approximately 0.9
metres. The zone between ‘0.v7 and 0.9 metres is »xihere o;cygen is most rapidly consumed by pyﬁten
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.

MINTOX 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). In thé near surface zone, the pH is buffered by jarosite precipitation and dissolution at
a pH of about 2.0, 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 pH of around 4.5, and finally calcite in
the deepest section at a pH of approkimately 5.9. Iron concentrations show two distinct peaks (Figure 7).

The uppcr peak in the ferrihydrite buffered zone consists mostly of Fe(III), whereas the lower peak in the
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zoné where gibbsite is the buffering mineral consists mostly of Fe(Il). Below a depth of 3 metres the.
modelled and field results of Fe*™™ ;dnc'emrations differ sﬁbsranﬁaﬂy (Figure 7). Within this zone the
pH of the field data is telatively constant at about 6. Geochiemical calculations suggest that the pH in this
zone is buffered by calcite. However, equilibrium cal;:ulations using MINTEQAZ2 show th.;:tt_ under these
geochemical conditions, the presence of calcite causes concentrations of Fe(I) to be lower than tl;ose
observed in the field due to precipitation of siderite. Althﬁugh a rinmber of attempts were made to
re.concile, these differences, it was not possible to obtain high Fe(Il) concentrations while maintaining
vequilibrium with respect to calcite. Possible explanations for this discfepancy 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 pﬁase. The physio-chemical relations between solid ;oluﬁons and
aqueous solutions are not included in MINTOX. Another possible explanatib‘n is that kinetic limitations
may be prevenﬁpg siderite from precipitating. If the system were not in equilibrium with respect to
siderite, then Fe(II) concentrations would be higher than those calculated using an equilibrium approach.
Reaction‘ki_netj;:,_s. except those in'volving pyrite, are not presemiy m_cluc;ed "m MINTOX Eut sl;;)uld ﬁe

incorporated in futire work.

......

Two-dimensional simulations were run to sbo& the ability of the MINTOX model to simulate
physical and chemical changes imposed on tailings impoundments and to show that these changes may
ha§¢ profound effects on the resulting acid and contaminant generation cansed by the oxidation of sulfide
minerals. The hypothetical 2-D simulations are loosely based on the solid and aqueocus chemistry from

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

Waterloo Hydrogeologic Software program FLONET. The grid dimensions are 25 metres horizontally '

by 7 metres vertically. The upper 1.5 metres of the domain are unsaturated and the remainder fi_xl_iy
saturated with a constant porosity of 0.5. For simplicity the velocities in the unsaturated zone were
assumed to be vertical (Figure 9). Longitudinal and transverse dispersivity values of 2.0 and 0.05 metres

respectively were used throughout the domain.



e
-

) . (

19

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 bottomn boundary is the top
of the water table that constitutes a zero concentration gradient (sebond—type) boundary condition for the
diffusion of oxygen. The diffusion of oxygen ih,to 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 amorph;)us silica, which
were not included. The various input 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 unsaturated zone.

Initial Scenario

Initially the simulation was run for an oXidation period of 10 yéars; Because chloride @D is
assumed to be a non-reactive component in the simulation, it will define the extent of the plume
emanating from the tailings (Figures 10 and 11). The otl;er aqueous component plots show varying
amounts of retardation. There is a strong correlation betweer agueous phases and solid phz;ses. The low-
pH plume has progressed to the point where background calcite has dissolved. ’In the upper section of the
tailings, Fe(IIl) concentrations are controlled by fei'rihyd_rite precipitation and dissolution. Beneath the
ferrihydrite buffered zone, aluminum concentrations are controlled by precipitation an& dissolution of
gibbsite, followed by a zone whg‘re Fe(II) concentrations are controlled by precipitation and dissolution
of siderite. Beyond the siderit'e buffe.red zone, calcite is the principal pH-buffering mineral, and the pH is
constant at approximately 6. The concentrations of Fe(III) are bigh in the unsaturated zone Whe;'e oxygen
is present in the pore space, and decrease rapidly below the water table. The concentrations of Fe(Il)
show the opposi;e effect; low concentrations are seen in the unsaturated zone and higher conceritrations

below the water table.
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Moisture Retaining Cover

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

. the moisture content of the cover was altered. In reality a cover engineered to retain the same moismre'

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 moistare 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 Lhickness of the coverwas 18 cm or 3 elements.

The resu_its after 10 years of oxidation show that the Cl plume has b‘een. unaffected by the
additionbof the cover because the flow field has not been altered (Figure 12). 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 rate
enough so that the rate of comamina;lt r.e;lea;e.into the natural env”ironment will not cause serious
environmental damage; however, because _p‘yrité oxidation rates within tailings are highest shortly after
deposition, once a large mass of pyrite has oxidized, the addition of a cover may have limited success in

reducing the aciq drainage problem. The MINTOX model also coiild be used as a tbol in determining the

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

Limestone Addition During Deposition

A 10-year sithulation was run to show Lﬁe 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 limestone content of 2.0 weight percent distributed evenly throughout the tailings. The
evolution of the Cl plume is unaffected by the addition of limestone (Figure 13). The neutralization of
acidity results in higher pH values, which in turn enhances the precip‘italion‘ of minerai phases and

subsequent removal of aqueous component masses from solution. The aqueous component

; . 3 ‘ - -ﬂ I- - -
. f | .
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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 oiidatiqn in a nonhomogeneous 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 wheﬁ moisture content,
porosity, b'uﬁc density, and pyrite content are spatially variable. Comparisons of PYROX simulations
with field measured gas-phase oxygen concentrations and solid-pbase sulfur contents after 12 years of
sulfide o*idation show: good agreement. These results suggest that PYROX may be suitable for
predicting the long-term release of Fe, SO42', and H' to the pore waters of sulfide-rich tailings
impoundments through sulfide o.xidation reactions. |

PYROX has bt:en.cou-;_)ledv w1Lh the reaétive_ transport model MINTRAN' using an iterative
technique whereby the speciation of iron into Fe(Il) and Fe(IIl) and the calculation of the oxygen
concentration in the pore space are linked. The resulting model, MINTOX, is capable of modelling the
kinetically limited oxidation of pyrite and the subsequent reactive transport of the oxidation products
within the unsaturated and saturated zones.of miliﬁgs impoundments. The chemical reactions ‘desc.:ri'bed
by the MINTRAN program are subject to the lo‘cal.e‘quilibxium assumption, and it is assumed that acid
neutral_i;zaﬁojn and attenuation of dissolved metals within the tailings can be attributed to equilibrium
reactions.

The results of 1-D simulations of con_didons 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 MINTOX closely inatched gencm] 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
tailings impoundments through proposed remediation programs may have profound effects on the

resulting acid and contaminant generation caused by the oxidation of sulfide minerals.
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Figure 1. Two-stage oxidation process for pyrite oxidation in a tailings \
impoundment. Oxygen diffuses into bulk pore space, partitions into water
film, and then diffuses into pyrite grains through the oxidized coating

formed around the unoxidized core.
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Figure 2. Partially oxidized pyrite grain. Oxygen concentration gradient between

surface of particle and unreacted core causes oxygen to diffuse into

particle.
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Figure 3. Nodal and elemental numberirig for PYROX subroutine and MINTRAN.
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Figure 4. Field and modelled oxygen concentrations from the Nordic mine-tailings
impoundment at Elliot Lake, Ontario, piezometer n_ést location T3. Field

data from Smyth, (1981). -
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Figure 5. Field and modelled pyrite concentrations from the Nordic mine-tailings
impoundment at Elliot Lake, Ontario, piezometer nest location T3. Field

data from Smyth, (1981).
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! ~ Figure6. 1-D simulation results. Solid lines are modelled results; squares are
field data from the Nordic mine-tailings impoundment at Elliot Lake,
Ontario, piezometer nest location T3. Field data collected in May, 1981.

Field data from Smyth (1931).
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Figure 7. 1-D simulation results (cont.). Solid lines are modelled results, squares

Depth [m}]

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

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

Field data from Smyth (1981).
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Figure 8. 1-D simulation results (cont.). 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 simulation results. Aqueous concentrations and pH.

Initial scenario, oxidation time, 10 years.
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Figure 11. Two dimensional simulation results. Solid concentrations and pe.

Initial scenario, oxidation time, 10 years.
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Figure 12. Two dimensional simulation results. Aqueous concentrations and pH.

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

Two wt.% calcite evenly distributed, oxidation time, 10 years. -
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1-D simulation.

simulation.
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Table 1. Influx chemistry for 1-D Table 2. . Aqueous background chemistry
simulation.___ for 1-D simulation.
Aqueous Concentration Aqueous Concentration
Components. t_t{olgs/litre Coinponents moles/litre
Ca?* ] 1.25¢-2 .. Ca** .. 1.44¢-2 B
Mg 1.04¢-3 Mg* 2.30e-3
K* 9.00e-3 ___ K* 6.00e-3
ar 1.14e-4 cr Llde:3
AP~ 1.28¢-8 AB+ 2.59-8
REZ 7.48e:3 S0 31302
Fe'r _ 2.32¢-8 Fel*_ L48e7 _
cos* 3.94¢-3 o 3.59%-2
AH*‘ 4.99¢-3 H* 5.47e-2 .
Fe?* i 5.36e-5 Fel* i 5.39%-5
HSi0, 1.99-3 HSi0, _1.91e-3
i} Diffusion T_ ‘ Value
Mineral Conceritration \_ Parameter '
Phase moles/litre. m ya,riable—[‘;;z/s]
_Calcite 0.070 D2 | 350E-15] m?/s]
“ Lime _0.100 »«!?_arz,icle Radius 30E5[ml .
Gibbsite __ 0.045 Porosity ___ varigble |
| Am. Silica | 4.6%e+1 "Bulk Density _variable [kg/m3]
Siderite 2.00e-2 % Sulfur 1.61
Ferrihvdrite 1.0{26;—6 Depth 6.0 [m] 7
) Gypstum 0.174 Time L 12.0 {year]
:J__a,rosi,te 10.0 #Nodes 121
Table 3. Sdlid\backgrounvd chemistry for Table 4. Diffusion parameters for 1-D

: .
’ o ’ v : - -




Mineral - Reac(ic_m log K
Calcite Ca?* + COs* < CaCO; 84789
Siderite Fe?* + COs* < FeCO; 10.57
Gibbsite (c) AP* + 3H,0 & AI(OH); + 3H* | 811
Ferrihydrite | Fe’* + 3H,0 < Fe(OH); + 3H* 4.891
Jarosite K* + 3Fe* + 2502 + 6H,0 & 9.210

KFe,(SO),(OH)s + 6H*.

Table 5.Buffering reactions used in 1-D simulations.
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4
R_e_q_clzon _ AH? _ ‘logK ‘ T]’
HZO o H' + OF - 13.345 13098
HSi0 < H* + HSO/ 8.936 -9.929
Mg + COZ & MgCO 2535 ___ 2.981
Mg** + CO# + H* & MgHCO;* -2.775 11397
Mg + SO & MgSOP L4 __ 225
Cat* + COf + H* o CaHCO;" 0869 11453
Ca* + Co = caco | 3547 3.225
Ca** + SO} & CaSO4 _ 11.47 2.309
K+ S0} & XSO, 2.25 085 |
AB+ + 2H,0 & AIOH);* + 2H'_ 00 401
AP+ + 4H,0 < AI(OH); + 4H" 44.06 230
AP+ + 3H,0 & AI(OH) + 3H* 00 160
Feir + H,0 & FeOH* + H* 32 05
Fer + SO} & FeSO. 323 225
o + HY & HCO, 3,561 10.329
COp +2H* e HCOP | .5.738 16681 _
AP+ HZO & AIOH** + H* 11.90 409
AP* + SO o ,11304+ ’ 205 3.02
AP+ + 25072 « AlSO); 284 4.92
H' + SO & HSO; ) 49 1.987
F‘?jf, + H,0 & FeOH** + H* 10.399 — -2.19
Fét + SO7 & FeSO;* 3.91 392
Fe3+'+ 2H,0 & Fe(OH)* -+ 2H* 00 -5.67
Fe'* + 3H,0 & Fe(OH) + 3H* _ 0.0 .13.6
Fel*_+ 250, > o Fe(SO); a6 5.42
Fer 4o o Fett _ -100 13.032
COp + 2H o COpy + + HO 053 __ 18.16

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




Table 7. Influx chemistry for 2-D Table 8. Agqueous background chemistey
simulations. n _for2-D simulg‘gg__;__lg
Aqueous Concentration
Agqueous Concentration Components moles/litre
Components molesflitre Ca?* 2.64e-2
Ca?+ o 1.25¢-2 K* 3.00e-4
K 2.56¢-4 cr 1.14e-3
Cr | 2.80e-4 AP+ 1.3.54e-8
A+ 1.28¢-7 S0+ 6.19¢-3
S0 7.48¢-3 Fe3* ) 2.10e-7.
et 2.32¢-8 Lo 3.30e-2
cozr | 3.94¢-3 H* 547e2
B 4.59%-3 Fe2* | 9.80e-5
Fe+ 5.36e-5
Diffusion Value
Parameter ‘
D1 - variable [m’(s) _
- D2 1.0 E-14 [m?¥/s]
Mineral Concentration Paﬁicie’ Radius 7.0E-5[m]
Phase moles/litfe Pé rosity 0.5
Calcite 0.05 Bulk Density 1 :375 [kg/m-’ ]
Gibbsite J.0e-2 9o Sulfur | 1.08
Siderite 1.2.0e2 Depth 1.5 [m]
Ferrinvdrite 0.5e-3 Time 10.0 [year]
Gvpsum 0.174 # Nodes 26
Table 9. Solid background chemistry Table 10, Diffusion parameters for 2-D

for 2-D simulations

simulations.
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APPENDIX

Derivation of the sink term for a single 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 mathematica[iy as
0, (=802 -4 -0 (24)

where Qs the flux through the particle surface given by Fick's Law

au,
Q=-D2 r' (25)

where U;is the concentration of oxygen within the oxidized rim of the particle [kglma]_

The mass flux for a single particle will be

d(mz;ssO~z__4 <R’ DZdCI!“I,' (26)
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:
Ura(x’t)=0 for allxand L.

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

outside of the particle surface to the urireacted 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.‘
d(massQa )
T -d‘- ==47 DZJdU, (27)

Where U " is the concentration of oXygen in the water surrounding the particle [kg/m3] and r,’(x) is the

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

équation 3.

d(massO ) | R'r, (%)
q.(x,t) = i = 4“ D2(_R_-:~—E—S)Uw (x,1)



.
.
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Conversion of expressions to dimerisionless forin
Equaﬁons 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: o

Uh(x.t) 3 "Ua(x.t) _ o (x
apor(x)ii—— =pi(nd—2 20 30— poro)p2 [ R r (1) | .. ()
ot d x R R-r (xt) ¥
can be nade dimensionless wiih respect to R, x, r (x,2), and Uy(x,2) by using the following relationships:
. Uw (x,t R ACY: . .
R i s L G (2831)

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

aUA(.xvt) - 0 ZUA(xv[) _b 3(1- por(x))D2 ‘ I, (x,t) 7
TR L*ox’ a? 1-r (xt) Vw0

apor (x)

The variables R, f(x.t), Uy, and x are now dimensionless with valués ranging from 0 to 1.

The same procedure is used to convert equation 9 written as follows:

dri _D2(1- por)( R" (%)

= = |Uy (%t
dt ep,r.” R—r(x)] w % ).

<

into dimensionless form (equéuion 11) written as

dre _ _D2(1-por)Uo 1
dt €p,a’ re(X) = re(x) Uw (X0
{
GLOSSARY OF TERMS

a - is the unreacted radius of a particle in the tailings [m].
apor(x) - is the air-filled porosity of the tailings [m’/m’ ].
alphaix,t) - fraction of total pyrite consumed in (aili_ngs [kg/kg].

Jracsulf(x) - fraction of sulfur in tailings [kg/kg].



por(x) - is the porosity of the tailings [mslm3 1.
g(xt)  -is thesink t’emi due to oxygen consumption by
the particles in the tailings [kg/m3s].
gs(xt) - is the sink term due to oxygen consumption by
a single particle in the tailings [kg/m3s).
r:(x) - is the radius of the reaction front within the particle

or the radius of the unreacted core [m].

w, -isthe linear basis function used in the Galerkin

formulation.
D1(x) - is the diffusion coefficient for the porous media [m?/s].
D2 - is the ‘,diffusion coefficient for the oxidized rim surrounding the ‘

. unoxidized core of the particles [m?/s].

Keq - equilibrium constant for iron {dimensionless].
L - the thickness of the unSam'rated zone.[m].
R* - is the unreacted radius of a particle in the mil,ings [m].

v’ - is the oxygen concenunﬁon in the pore space [kg/m*].

| Uy - is the concentration of oxygen in the film of water
surrounding the particle fkg/m®].
XHEN -l is I1/(Henry's constant for oxygen ) {dimensionless].
Py - bulk density of tailings [kg?(m"].
£ - mass ration of sulfur to Oi'_i)ased on stoichiometry of pyrite

oxidation (equation 7).
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