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ABSTRACT
This report presents a numerical modeling approach to assess unsaturated water flow and geochemical
transport in a sulphidic waste rock pile using selected realizations of stochastically distributed material
properties. Such simulations can serve to better understand the long-term response of a typical waste
rock pile. The water retention curve and hydraulic conductivity function are used to represent spatial
variability for water flow, while distributed geochemical parameters are used for reactive transport. The
results illustrate how the spatial correlation of hydraulic properties directly affects the moisture
distribution and flow within the pile, which in some cases creates local preferential flow paths along
the direction of the strongest correlation of hydraulic properties. The numerical simulations also show
how sulphide mineral oxidation rates can be influenced by the grain size, sulphide fraction and
moisture content distribution, which may explain large observed spatial variations in the composition
of drainage water.
Key words: Acid Mine Drainage, Seepage, Volumetric Water Content, Hydraulic Conductivity,
Reactive Transport

RÉSUMÉ
Ce rapport présente une approche de modélisation numérique visant à évaluer l’écoulement d'eau et le
transport géochimique dans une halde à stériles réactifs, en utilisant des propriétés stochastiques pour
les matériaux sulfureux. De telles simulations peuvent servir à mieux comprendre la réponse à long
terme d'une halde à stériles typique. La courbe de rétention d'eau et la fonction de conductivité
hydraulique non saturée sont utilisées pour représenter la variabilité spatiale de l'écoulement de l'eau ;
une distribution des paramètres géochimiques sert pour l’analyse du transport réactif. Les résultats
illustrent comment la corrélation spatiale des propriétés hydrauliques affecte la distribution et la
circulation de l'eau au sein de l’empilement, produisant, dans certains cas des chemins d’écoulement
préférentiels dans la direction de la plus forte corrélation des propriétés hydrauliques. Les simulations
numériques montrent également que les taux d'oxydation des minéraux sulfureux sont influencés par la
taille des grains, la proportion de sulfure et la distribution de l’eau, qui peuvent être la cause de
grandes variations spatiales dans la composition des eaux de drainage.
Mots clés: Drainage minier acide, Écoulement, Teneur en eau volumique, Conductivité hydraulique,
Transport réactif.
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1. INTRODUCTION
Typical waste rock piles are large scale structures that show significant spatial variability of
mineralogy, particle size, and porosity, with strong variations of hydrogeological and geochemical
properties. The water distribution and flow systems within a waste rock pile are complex and difficult
to measure, interpret, and predict. Some recent investigations have nonetheless provided valuable
insights into the behaviour of such piles, including the presence of capillary barrier effects and
localized flow (e.g. Fala et al. 2005, 2006) which affect their geochemical transport response (Molson
et al. 2005). Various forms of localized (or preferential) water flow processes can be identified,
including macropore flow, gravity-driven unstable flow, capillary barrier effects, and heterogeneitydriven flow (e.g. Nieber et al., 2000). This paper deals with the latter process of preferential flow due to
material heterogeneities in a surface pile containing millions of tons of waste rock.
The geochemical composition of seepage water from a waste rock pile and its rate of discharge
depend on a variety of factors, including the local climatic conditions, mineralogical composition of the
waste rock, as well as the depositional structure and hydraulic properties of the pile. The hydraulic
properties are particularly critical as they control the degree of saturation which affects flow behaviour
and the oxygen flux. This is particularly the case when sulphidic minerals in the waste rock may
produce acid mine drainage (AMD) in the presence of water and oxygen.
The complex phenomena that occur in a waste rock pile due to the nature of the material and
construction methods can be quite challenging to observe and interpret (e.g. Aubertin et al., 2005,
2008; Anterrieu et al., 2010). In this regard, numerical models can be very useful to investigate the
various processes that take place in such complex systems.
This report focuses on assessing flow systems in a typical waste rock pile, which play a critical role
in the generation of acid mine drainage. The short and long-term behaviour of homogeneous waste rock
piles made of one or two types of coarse-grained (sandy SBL or gravelly GRV) materials were recently
1
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presented by Fala et al. (2003, 2005, and 2006). The same materials and pile are used here to assess the
long-term hydrogeological behaviour with more realistic field conditions using heterogeneous waste
rock properties with preferred spatial correlations.

2. SIMULATION OF PILE RESPONSE
2.1 Water flow
In order to simulate unsaturated flow and geochemical reactions in waste rock piles, the authors
have considered a conceptual model for a pile (loosely based on an actual case) made of sandy (SBL)
or gravely (GRV) materials. These materials have been characterized in the laboratory by Bussière
(1999), including their saturated hydraulic conductivity (Ks) and water retention curve (WRC) that has
been adjusted to the van Genuchten (1980) model (see below). The corresponding hydrogeological
parameters are provided in Table 1. Because of their coarse grain size distribution, these materials
possess a relatively high saturated hydraulic conductivity and a low water retention capacity (i.e. low
air entry value, AEV). The unsaturated hydraulic conductivity function is obtained from Ks and the
WRC, using the Mualem–van Genuchten model (van Genuchten et al., 1991). The water flow results
are later used to simulate the geochemical evolution and advective-dispersive transport of AMD in the
waste rock pile while exposed to surface recharge and oxygen diffusion.

Table 1: Saturated hydraulic conductivity and water retention curve parameters for the van Genuchten
(1980) - Mualem (1976) model (see Eq. 2 & 3)
θr

θs

αv (m-1)

nv

Ks (m/s)

GRV

0

0,39

14960

1,45

4,7x10-3

SBL

0,01

0,29

3

3,72

5,1x10-5
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The water flow simulations were conducted using the HYDRUS2D code (version 2.0; Simunek et
al., 1999), which uses the finite element method to solve the governing equations for unsaturated flow.
HYDRUS2D has been used in several previous investigations by the authors (e.g. Fala et al. 2003,
2005, and 2006). Like most existing numerical software packages, this code considers that the porous
media is incompressible, and uses Richards’ (1931) equation, which can be expressed as follows (for
two-dimensional cartesian coordinates, x, z; z is taken positive downward):

[1]

∂
∂x

∂ψ

 K x (ψ ) ∂x


∂ψ

 K z (ψ ) ∂z


 ∂
 + ∂z


∂θ
 ∂K z (ψ )
=
−
 − ∂z
∂t


In this equation, ψ is the water pressure (expressed as a head - L), θ is the volumetric water content
(-), t is time (T) and Kx and Kz (L/T) are the pressure-dependent hydraulic conductivities in the
horizontal and vertical directions, respectively.
The van Genuchten (1980) model, which is commonly used to define the water retention curve and
the unsaturated hydraulic function, represents material properties. The corresponding equations can be
expressed as follows:

θ − θr
[2] =
θe =
θs − θ r
[3]


1

n
1 + (αvψ ) v

(





mv

K=
(θe ) K sθe0.5 1 − 1 − θe1/ mv

)

mv




2

In these equations, θe is the effective volumetric water content, θs is the saturated volumetric water
content (equal to the porosity of the material), θr is the residual volumetric water content, αv and nv (=
1-1/mv) are the van Genuchten (1980) model parameters, and K (θe) is the hydraulic conductivity. The
results of eleven simulations (S1 to S11) are used here to illustrate the flow behaviour in the waste rock
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pile with variable (stochastically distributed) hydrogeological properties; additional cases have also
been simulated by Fala (2008), but will not be presented here.
Each of the 11 cases is characterized by a unique material (SBL or GRV). The geometry of the
simulated waste rock pile is shown in Figure 1, representing a circular pile with a height of 20 m, and a
base diameter of 90 m. The recharge boundary conditions were assigned based on observed annual
cycles of precipitation and evaporation. Each cycle is applied for one year, and then re-applied for each
subsequent year until the end of the simulation. Two cyclic boundary conditions are applied (Table 2):
Cycles C1 and C2 represent, respectively, the observed average daily precipitation (Pr) and evaporation
(Ev) for each month (calculated from monthly averages), as recorded at the Latulipe, Quebec (Canada)
monitoring station over 28 years. The residual volumetric water content (θr) is assumed as the initial
material state. A free drainage condition was implemented at the base of the modeled pile, for all
simulations. This is equivalent to assuming that the pile is underlain by a drainage layer, as often
occurs naturally due to accumulation of coarser grained material at the base (e.g. Aubertin et al. 2002).
Table 2: Climatic conditions applied for all simulations (rates in cm/d).
Cycle

Jan. Feb.

March

April

May June

July

Aug.

Sept.

Oct. Nov. Dec

C1

0.182

0.15

0.191

0.22

0.258

0.307

0.302

0.314

0.324

0.293

C2

0

0

0

0.046

0.237

0.339

0.407

0.345

0.21

0.089

0.231 0.230
0

C1: Cycle Pr. (precipitation) Latulipe, C2: Cycle Ev. (Evaporation) Latulipe
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0

Figure 1: Geometrical configuration of the simulated waste rock pile, representing a vertical 2D
axysymmetric section.

Previous simulations of the short term behaviour of flow through homogeneous waste rock piles
(see Fala et. al. 2003, 2005) showed that the wetting front does not extend further than a few meters
into the pile after one year when assuming typical climatic conditions in north-west Quebec (Table 2).
For such relatively short-term analyses, the results were in part dependent on the initial conditions that
are assumed to exist in the pile at the beginning of the cycle (i.e. water content and position of the
water table). In reality, a waste rock pile often takes many years to build, during which its surface is
exposed to several climatic cycles. A one-year simulation is thus insufficient to fully assess the flow
behaviour. Long term studies (with several annual cycles) are therefore required in order to reduce the
effect of the initial conditions. In this regard, results of Fala et al. (2006) have shown that the
volumetric water content distribution becomes repetitive after a few years (with the same cyclic
changes of water distribution during the year). The time required to reach the onset of repeatable cyclic
behaviour depends on the system geometry, material properties, initial state, and recharge conditions.
Between any set of two successive years following this time, the profiles will therefore be essentially
identical (i.e. the profiles at the end of a month of the nth year are identical to those at the end of the
5
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same month of the (n+1)th year). The results shown below correspond to those obtained after such a
pseudo-stationary condition is reached (after 4 to 10 years in the cases studied here).

Base cases with uniform properties
For the first two simulations (S1 and S2), which serve as the base cases, the waste rock has uniform
homogeneous hydrogeological properties. In these simulations, the pile consists of either SBL (sandy)
or GRV (gravely) material. The calculated contours of water content are shown in Figures 2 (S1, SBL)
and 3 (S2, GRV). As can be seen, water infiltrates through the pile fairly uniformly since the
hydrogeological properties are homogeneous. At the end of the second and fourth calculation periods
(June and December), the upper part of the pile shows a water content corresponding to the applied
surface conditions while lower parts show a water content that corresponds to the surface conditions
applied during the previous periods (March and August). These results tend to confirm that a pseudostationary condition has been reached. The volumetric water content in the pile lies below 0.1 (degree
of saturation Sr ≤ 26 %) and below 0.04 (degree of saturation Sr ≤ 14 %) in the gravelly (S2) and sandy
(S1) material, respectively. The sloping side of the pile induces a small difference in water content,
compared to the center of the pile. This difference persists all year. In the summer, the surface becomes
dryer, as the water content is almost equal to the residual water content over a thickness of
approximately 10 and 25 cm for GRV and SBL, respectively.

6
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a)

b)

c)

d)

Figure 2: Contours of volumetric water content at the end of March (a), June (b), August (c) and
December (d). Case S1 (homogeneous, SBL).

a)

b)

c)

d)

Figure 3: Contours of volumetric water content at the end of March (a), June (b), August (c) and
December (d). Case S2 (homogeneous, GRV).
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Flow simulations with stochastic properties
A homogeneous material with uniform hydrogeological properties is not representative of real waste
rock piles, which typically show heterogeneous property distributions (e.g. Aubertin et al., 2002, 2005;
Azam et al., 2007, Anterrieu et al., 2010). The influence of spatial variability of hydrogeological
properties can be assessed by using a stochastic analysis. It is assumed here that the representative
elementary volumes (REVs) are independent. It is also assumed that the value of a given property
measured at two locations depends on the distance between them: the closer they are, the closer their
properties will be (on average). Two REVs in proximity generally have somewhat similar geological
and depositional histories, which increases the probability of having similar properties (Miyazaki,
2006). This type of spatial variability of material properties can be handled statistically. It should be
noted that other types of local heterogeneity cannot be treated in the manner adopted here, such as
cracks, macropores, and other random defects; although these may have a great influence on the
hydrogeological properties, they are not considered herein.
HYDRUS2D (Simunek et al., 1999) is used to study the effect of spatial variability of the
hydrogeological properties on the flow in the dumps. This software uses the procedure described
below. Other approaches can also be applied to consider spatial variability of the hydrogeological
properties (e.g., Smith and Freeze, 1979; Zhang, 2002; Yates and Warrick, 2002; Vereecken et al.,
2007), but these will not be discussed here.
The procedure consists of generating a two-dimensional field of values for a parameter with the
values defined for each node or element. It is assumed that the population from which the values are to
be chosen is normally distributed, with mean µ A

and standard deviation σ A , and that the two-

dimensional stochastic process that controls the spatial distribution of the values is stationary, isotropic

8
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and has an autocorrelation structure that can be represented by the following relation (Freeze, 1980; El
Kadi, 1986):
[4] ρ A (l ) = exp(−α A l )
where ρ A (l ) is the autocorrelation coefficient at lag(l), αA [L-1] is the autocorrelation parameter for
A , and 1 / α A [L]

is the correlation length. Equation 4, which can be considered as a general

(empirical) autocorrelation function, is widely used to describe the spatial distribution of geological,
geotechnical, and hydrogeological properties (e.g. Smith and Freeze, 1979; Chin 2000). It represents a
three-parameter description of the normal population from which the Aij values will be generated. The
notation N [ µ A ; σ A ; α A ] is used to denote such a population. The values of Aij can be related to a set
of ε ij which are taken from the population N [0; 1; α A ], by the relation:
[5] Aij = µ A + ε ijσ A
The original requirement can then be reduced to that of simulating a two-dimensional field of
residuals from the stochastic process N [0, 1; α A ].
The generating algorithm is that of Meijia and Rodriguez-Iturbe (1974). The generator utilizes a
random variable whose distribution is the radial spectral distribution functions Gm corresponding to the
correlation function (Eq. 4) of ε ij . The algorithm is given by:
1/ 2

[6]

 2 
ε ij = ε ( xi , y j ) =  
 N'

N'

∑

[

]

cos wm (xi sin γ m + y j cos γ m + φm )

m =1

where N’ ≥ 50; γ m and φm are chosen from a uniform distribution over the range 0-2π (U [0, 2π ]),
and wm is given by:
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1/ 2

[7]

2


1 

wm = α A  
 − 1

1 − Gm 

The value of Gm in Eq. 7 is chosen from a uniform distribution over the range 0-1. Additional details
on this statistical approach, with its advantages and limitations, are provided by Dagan (1989; see also
the Discussion below).
Based on the above functions (Eq. 4 to 7), HYDRUS2D generates a 2D-field of scaling factors
related to the hydraulic conductivity ( α k ), suction (or pressure, αψ ), and volumetric water content
( αθ ). Examples of such fields are shown in Figure 4. Each point on Figures 4a, b and c indicates that
the hydraulic conductivity (in the hydraulic conductivity function), suction (in the function of hydraulic
conductivity and on the water retention curve) and volumetric water content (on the water retention
curve) are multiplied by a specific scaling factor. The distance for which the scale factors are correlated
depends on the correlation length ( 1 / α A ) along the horizontal and vertical directions. The input values
of the analytical model of van Genuchten (1980) are regarded as average values with standard
deviation σ k (for hydraulic conductivity), σψ (for suction), and σ θ (for volumetric water content),
whereas the actual values vary according to a selected spatial distribution. The stochastic distribution
can be applied on hydraulic conductivity K and/or suction ψ and/or the volumetric water content θ. In
addition to average values of variables (for the van Genuchten model parameters), and their standard
deviation, the correlation lengths are required as input data (i.e. spatial distribution of the
hydrogeological characteristics related to hydraulic conductivity and/or suction and/or the water
content). The distribution then exhibits a strong correlation (or autocorrelation) along a direction
(horizontal, vertical, or mixed) when the scaling factors form parallel rows of similar values. In the
field, this is somewhat equivalent to having "pseudo" horizontal, vertical, or oblique stratifications (e.g.
Figures 4 to 7).
10
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In the simulations presented here, the value of the correlation length varies from 5 to 100 m. The
choice of correlation length and its direction depends on the spatial distribution of the required
hydrogeological properties, which are related to the grain size distributions observed in the field. The
standard deviations are taken equal to 1 and 10 for the hydraulic conductivity and the suction, and
equal to 0.1 for the volumetric water content (lower variability compared to the hydraulic conductivity
or to the AEV, which can vary over several orders of magnitude). The main objective is to evaluate the
effect of a variation in the standard deviation on the hydrogeological behaviour of the pile. Statistical
parameters for simulations S3 to S11 are given in Table 3. Results from these simulations are presented
and compared with the homogeneous cases (S1 and S2) in Section 3.

Table 3: Statistical parameters of simulations S1 to S11.
K

Ψ

θ

Id.*

Mat.**

S1

SBL

Homogenous – uniform

2,16

S2

GRV

Homogenous – uniform

3

S3

SBL

1

1

0,1

100

5

100

5

100

5

4,8

S4

SBL

10

10

0,1

100

5

100

5

100

5

5,9,18

S5

SBL

10

10

0,1

6

100

5

100

5

100

6,10,17

S6

SBL

10

10

0,1

100

90

100

90

100

90

7,11,19

S7

GRV

1

1

0,1

100

5

100

5

100

5

4,12

S8

GRV

10

10

0,1

100

5

100

5

100

5

5,13

S9

GRV

10

10

0,1

6

100

5

100

5

100

6,14

S10

GRV

10

10

0,1

100

90

100

90

100

90

7,15

S11

GRV

1000 1000

0,1

100

90

100

90

100

90

16

σK

σΨ

σθ

Cor-x

Cor-z

Cor-x

Cor-z

Cor-x

Cor-z

Figures

*Identification; **Material; σ k , σ ψ and σ θ : standard deviation relative to K, ψ et θ ; Cor-x :
correlation length according to x axis (m).
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a)

b)

c)

Figure 4: Scaling factors related to hydraulic conductivity (a), suction (b) and volumetric water content
(c). Cases S3 and S7 (horizontal correlation with σk,ψ =1, σθ = 0.1)

a)

b)

c)

Figure 5: Scaling factors related to hydraulic conductivity (a), suction (b) and volumetric water content
(c). Cases S4 and S8 (horizontal correlation with σk,ψ = 10, σθ = 0.1)
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a)

b)

c)

Figure 6: Scaling factors related to hydraulic conductivity (a), suction (b) and volumetric water content
(c). Cases S5 and S9 (vertical correlation with σk,ψ = 10, σθ = 0.1)

a)

b)

c)

Figure 7: Scaling factors related to hydraulic conductivity (a), suction (b) and volumetric water content
(c). Cases S6 and S10 (mixed correlation with σk,ψ = 10, σθ = 0.1).
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2.2 Geochemical reactions
Generation of acid mine drainage includes the diffusion of oxygen into the reactive waste, where it is
consumed by oxidation of sulphide minerals such as pyrite (FeS2) and pyrrhotite (Fe1-xS). For pyrite,
the simplified reaction can be expressed as follows (e.g. Aubertin et.al. 2002):

[8]

FeS2 + 1/2H2O + 15/4 O2 ⇒ Fe3+ + 2SO42- + H+

The aqueous oxidation products are transported by advection and hydrodynamic dispersion through the
water phase. For a partially saturated porous medium, transport is governed by (Molson et.al. 2008):

[9]

∂C k  ∂ (qi C k )
∂ (θC k )
∂ 
θ
Dij
+ Rk
−
=
∂xi
∂xi 
∂x j 
∂t

where θ is the volumetric water content, Ck is the concentration of the kth aqueous component in the
pore water [ML-3], qi is the ith component of the Darcy flux [LT-1], Dij is the dispersion coefficient
tensor [L2T-1], Rk is a source/sink term from geochemical reactions [ML-3T-1], xij are the spatial
coordinates (L), and t is time (T).
Equation (9) is solved with the POLYMIN model (Molson et al. 2008) using a Galerkin finite element
discretization with linear triangular elements. The model was developed from a modified version of the
MINTRAN code (Walter et al. 1994), which uses MINTEQA2 (Allison et al. 1991) for equilibrium
geochemical speciation. Further details on the numerical scheme and on the modified oxygen diffusion
and sulphide oxidation modules are provided by Molson et al. (2005, 2006). In the reactive transport
simulations, a Cauchy mass-flux condition is applied across the top boundary using the recharge water
composition given in Table 4 (from Molson et al. 2005), while all other boundaries are assumed zerogradient Neumann conditions. A fixed oxygen concentration is applied at the pile surface and the
14

Fala et al.

system is assumed initially oxygen-free. In the simulations shown here, the primary physical
parameters (saturated hydraulic conductivity, grain radius, and sulphide mineral fraction) of the SBL
have a horizontal and mixed correlation. The principal physical properties are provided in Table 5.
Background mineralogy was assumed dominated by silicate minerals (95-99%vol.; represented by a
single pseudo-component of silica), 1-5% pyrite, and small amounts of calcite, siderite, gibbsite, and
ferrihydrite (each < 0.1%). The system is assumed initially gypsum-free but gypsum is allowed to
precipitate.
Transport simulations assume the flow system is at steady state, which simplifies the interpretation of
the transport system behaviour. Volumetric water content is determined by the flow solution and
controls the effective oxygen diffusion coefficient De, which is calculated using the Aachib et al.
(2004) model based on an oxygen diffusion coefficient in air of D°a = 1.8×10-5 m2/s, and that in water
of D°w = 2.1×10-9 m2/s.
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Table 4. Background and recharge concentrations
Component

Background (mol/L)

Recharge Conc. (mol/L)

Ca2+

9.8e-03

2.0e-05

Mg2+

2.2e-03

2.0e-05

Na+

1.1e-03

7.0e-05

+

K

5.0e-04

5.0e-06

Cl-

5.0e-04

2.0e-05

CO32-

1.7e-06

2.0e-05

SO42-

1.1e-02

7.4-05

1.6e-04

1.0e-06

1.9e-03

1.0e-08

Fe2+

1.7e-05

2.2e-16

Fe3+

2.8e-16

1.0e-08

Al3+

4.7e-13

1.0e-10

pH

7.0

7.0

Mn2+
H4SiO4

-

Table 5. Summary of major system variables for the geochemical simulations.
Parameter

Value

Porosity (θ)

0.29

Henry’s constant (H; cair/cwater)(1)

33.2

Temperature

10 °C
1836 kgm-3

Waste rock bulk density (ρb)
Oxygen diffusion coefficient through mineral grain (D2)

10-7 m2yr-1

(2)

0.5 m, 0.05 m (3)

Dispersivities (αL, αT)

0.005 m2yr-1

Diffusion of chemical species in water (Dd)

(1) cair is the concentration of a species in the air and cwater is the concentration of a species in the water
(2) from Romano et al. (2003) and Wunderly et al. (1996) who used 1x10-7 to 3x10-7 m2/yr for tailings;
and Gerke et al. (1998) who used 10-3 m2/yr for waste overburden.
(3) based on system scale; see, for example, Gerke et al. (1998), and Schulze-Makuch (2005)
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3. STOCHASTIC MODELLING RESULTS
3.1 Water flow
Four distributions of the scaling factors have been used for the simulations. These are shown in
Figures 4, 5 (horizontal correlations), 6 (vertical correlation), and 7 (mixed correlation). Calculation
results with the sandy (SBL, S3 to S6) and gravelly (GRV, S7 to S11) materials are shown for cases
with a strong correlation along the horizontal axis (cases S3, S4, S7, and S8) and the vertical axis
(cases S5 and S9) and for mixed conditions (cases S6, S10, and S11). These are shown in Figures 8 to
16 described below.

Cases with SBL
In simulation S3 (Figure 8), a small variation in the hydrogeological characteristics (standard deviation
equal to 1 for hydraulic conductivity and pressure, and 0.1 for the water content) with a strong
horizontal correlation (of 100 m comparatively to 5 m vertically) is introduced. The resulting
hydrogeological property distribution is similar to a horizontal stratification which is often encountered
with waste rock piles constructed on relatively flat surfaces (e.g. Aubertin et. al. 2002, 2005). The
behaviour of the pile changes comparatively to the homogeneous case S1. The wetting zone patterns
become almost horizontal and less uniform (Figure 8). Water tends to move horizontally, especially
where the AEV is relatively higher. The zone near the surface is affected by evaporation in the
summer, and the dry part during August is more extensive than in simulation S1 (a few decimetres in
S1 compared with several meters in S3). In part of the pile, the volumetric water content reaches much
higher values (i.e. 0.23 to 0.30) as a consequence of a localized capillary barrier effect. In these areas,
water is retained locally due to the difference in material properties in adjacent ‘layers’ (e.g. Fala et al.
2005). In the remainder of the pile, the volumetric water content varies from 0.01 to 0.05.
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a)

b)

c)

d)

Figure 8: Contours of volumetric water content at the end of March (a), June (b), August (c) and
December (d). Case S3 (SBL).
In simulation S4, the strong correlation of hydrogeological characteristics is still oriented horizontally
(Figure 5), but the standard deviation values are 10 times those of S3. The contours of the volumetric
water content (Figure 9) show variations between 0 and approximately 0.08. The results indicate that
increasing the standard deviation leads to higher horizontal components of seepage. Thus, water seeps
more rapidly towards the interior of the pile. An important part of the pile is at residual water content in
August. This is related to the fact that some of the SBL behaves as a relatively fine grained material,
keeping a relatively high hydraulic conductivity even when the suction is fairly high. The depth of the
drying front is thus more important in this case, reaching approximately 5 m.
The scaling factors for simulations S5 (vertical correlation) are shown in Figure 6. Figure 10 shows the
volumetric water content distribution. The volumetric water content in SBL is between 0.01 and 0.07,
although it reaches a maximum value of 0.25 locally. In simulations S6 (Figure 11), with a standard
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deviation of 10 (for the pressure and hydraulic conductivity) and mixed orientation of the strong
correlation (see Figure 7), the volumetric water content generally varies from 0.01 to 0.04. In the higher
part of the dump, it reaches 0.055. The distribution of water content values highlights the oblique
distribution of the hydrogeological properties.

a)

b)

c)

d)

Figure 9: Contours of water content at the end of March (a), June (b), August (c) and December (d).
Case S4 (SBL).
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a)

b)

c)

d)

Figure 10: Contours of volumetric water content at the end of March (a), June (b), August (c) and
December (d). Case S5 (SBL).
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a)

b)

c)

d)

Figure 11: Contours of volumetric water content at the end of March (a), June (b), August (c) and
December (d). Case S6 (SBL).

Cases with GRV
In simulations S7 to S11, the waste rock pile is made of the gravelly material (GRV). The volumetric
water content in the GRV usually lies between 0.05 to 0.12 when the standard deviation is 1 (Fig. 12,
horizontal correlation), and between 0 to 0.1 when the standard deviation is 10 (Figures 13-15, cases
with a horizontal, vertical or mixed correlation). The volumetric water content (shown here for June
and December only) is generally slightly higher in the GRV than in the SBL. At a given suction, the
hydraulic conductivity of the SBL can be higher (according to the hydraulic conductivity functions),
causing slower flow in the GRV (and thus a locally higher volumetric water content). In the GRV, the
depth of the drying front is almost similar to the basic homogeneous case (S2, see Fig. 3).
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It is also seen that the effect of the orientation of the hydraulic property distribution is less obvious with
the GRV than in the case of SBL (compare Figures 8-11 with Figures 12-15), although the same
general tendencies are also observed.
An additional simulation was carried out to assess the effect of a much larger standard deviation of the
hydrogeological properties on the preferential flow in the GRV (results not shown here). In this
simulation, the orientation of the strong correlation is mixed and the standard deviation was increased
to 1000 for the suction and hydraulic conductivity (the standard deviation of the water content was not
changed). The results (presented in Fala 2008) indicate that a larger standard deviation leads to more
pronounced preferential flow. This type of behaviour is not unexpected for actual waste rock piles
(based on field investigations, e.g. Aubertin et al. 2005, 2008; Anterrieu et al. 2010).
The results presented here illustrate the effect of stochastic distributions of material properties on water
flow and moisture content distribution. It should be mentioned that such results have been obtained for
specific realizations; repeating the calculations for the same cases (same distribution parameters) would
not give the same results due to the stochastic approach. Nonetheless, the simulations illustrate well the
effect of heterogeneous properties on the behaviour of a typical waste rock pile.

a)

b)

Figure 12: Contours of volumetric water content at the end of June (a), and December (b). Case S7
(GRV).
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a)

b)

Figure 13: Contours of volumetric water content at the end of June (a), and December (b). Case S8
(GRV).

a)

b)

Figure 14: Contours of volumetric water content at the end of June (a), and December (b). Case S9
(GRV).

a)

b)

Figure 15: Contours of volumetric water content at the end of June (a), and December (b). Case S10
(GRV).
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Seepage velocity
The velocity fields also reveal some interesting aspects of the pile response. Results obtained on the
sandy material (SBL) are used here to illustrate this aspect.
In the base case homogenous pile with SBL (S1), two zones with different seepage velocity are
observed (Figure 16). These two zones are separated by the wetting front which can be clearly
identified. The seepage velocity is about 0.25 cm/d in the upper part, and is lower in the lower part. For
a strong vertical correlation (S5), water accumulates along vertical columns where the velocity of water
is relatively high (Figure 17). With horizontal or mixed orientations (Figures 18 and 19), the velocity
has a strong horizontal or mixed component. Outside of these wet zones, the velocity is almost nil.
The maximum velocity in the preferential flow areas is much higher than in the homogeneous case,
being about 2.5, 2 and 1 cm/d in the case of the strong vertical, horizontal and mixed correlations,
respectively. At specific locations and particular times, the maximum velocity can reach 4.5 cm/d in the
case of a strong vertical correlation, 3.5 cm/d in the horizontal case and 1.8 cm/d in the mixed case. In
the homogeneous case, the maximum velocity occurs near the border at the base of the pile where it is
about 3.5 cm/d. It is also seen that the water flow tends to change direction in the mixed
hydrogeological properties case and to a lesser extent in the horizontal case. The direction is more
uniform in the vertical case. These sinuous (or tortuous) movements of water have an influence on the
maximum velocity of water. It appears that the changes in water direction tend to reduce the maximum
velocity.
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Figure 16: Seepage velocity (cm/d) at the end of the year. Case S1

Figure 17: Seepage velocity (cm/d) at the end of the year. Case S5.
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Figure 18: Seepage velocity at the end of the year. Case S4

Figure 19: Seepage velocity at the end of the year. Case S6
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Summary of main tendencies
Results from the simulations presented above indicate that the variation of the volumetric water content
tends to follow the distribution of the hydrogeological properties; for instance the volumetric water
contents are strongly correlated according to vertical and horizontal correlations when the properties
are strongly correlated along such directions. This is an important observation when assessing the
environmental behaviour of a pile as the degree of saturation may have an influence on the
geochemical response of the waste rock (as illustrated below).
The wetting fronts near the base and drying fronts at the surface are not uniform and move along
preferential flow paths, according to the direction of the strong correlation of the properties. A higher
standard deviation of the hydrologic properties tends to produce more rapid moisture movement in the
pile, particularly in the preferential direction. This makes the wetting front advance deeper in the pile
when the standard deviations are higher. Except for a few locations within the pile (generally where
hydraulic conductivity is the lowest), the average volumetric water content for the various cases is
comparable with the base case S1 and S2 (homogeneous material). This is partly a consequence of the
fact that the standard deviation of the volumetric water content scaling factor was kept fairly small in
all simulations (equal to 0.1).

3.2 Geochemical transport
The spatially-correlated distributions of selected physical parameters (grain radius, sulphide fraction)
for the first conceptual model are shown in Figure 20 (for SBL). The input parameters were generated
to be correlated in the horizontal direction, with the grain radii varying from 0.1 mm to 1 mm and the
sulphide fraction varying from 1 to 5%. The simulated moisture content distribution varies from about
0.01 to 0.1 and also shows a strong horizontal correlation as seen in Figure 9. Figure 18 indicates that
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the flow field is predominantly downward, but shows significant local deviations which are caused by
the material stratification.
Selected results for the reactive transport simulation of the case with a strong horizontal correlation (in
SBL) are provided in Figure 21, showing oxygen, pH, sulphate and Fe(II) after 20 years. Although the
volumetric water content is highly variable, it is relatively low (<0.1) thus the effective oxygen
diffusion rate is governed primarily by the higher diffusion rate through the air phase. As a result, the
oxygen concentrations in the air phase are relatively uniformly dispersed, showing no clear influence
from the moisture content distribution in this case.

Figure 20. Case of waste rock pile with horizontal correlation: Grain radii, and sulphide fraction (pile
made with SBL); the corresponding volumetric water content distribution is shown in Fig. 9d, and the
velocity field is shown in Fig. 18.
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Figure 21: Case of waste rock pile (SBL) with horizontal correlation: Simulated oxygen, pH, sulphate
and iron after 20 years.

By 20 years, the oxygen concentrations have reached a steady state distribution, decreasing from the
fixed atmospheric concentration at the pile surface (0.26 mg/L) to about 0.14 mg/L in the interior.
Diffusion from the outer surface is thus balanced by oxygen consumption in the interior of the waste
rock pile. After 20 years, the pH remains buffered at about 2.8 throughout a large part of this pile.
Where the sulphide oxidation rate is high and the buffering minerals have been depleted, the pH drops
to about 2.5. Most of the acidity originates from the surface of the waste rock pile and propagates
downward with the flow system. Low-pH sources are created at the pile surface in localized areas
where oxygen concentrations and the sulphide fraction are high and where the grain radii are small,
providing a large reactive surface area. In other areas, relatively less acidic zones (pH of 4-5) can be
seen where the sulphide minerals have not been as extensively oxidized due to larger grain diameters
(and thus a lower surface area per volume) and lower sulphide content. Sulphate and iron
concentrations can be correlated to the pH distribution, with high concentrations coinciding with the
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low pH zones, and with lower concentrations within the three relatively less active flow zones of more
neutral pH.
A mixed correlation is used for the second conceptual model. The grain radius and sulphide fraction
distributions are shown in Figure 22; the corresponding volumetric water content distribution is shown
in Figure 11 and the velocity field is given in Figure 19. In this case, the grain size is generally coarser
towards the base and toe of the pile. Although the water content variability is similar to the case with
horizontal correlation, the rate of oxygen consumption is clearly higher since the minimum steady state
oxygen concentration has decreased to about 0.08 mg/L (Figure 23). This trend of higher oxygen
consumption in the mixed correlation case is likely due to the combination of smaller grain size (which
increases the reactive surface area) and higher sulphide mineral fractions toward the core of the waste
rock pile.
In this mixed case, the pH has decreased even further compared to the case with horizontal correlation,
and the concentrations of sulphate and iron, especially in the central part of the domain, are
significantly higher. These trends are consistent with the higher oxygen consumption rate which
coincides with the zone of smaller grain size and higher sulphide mineral fraction.

Figure 22. Case of waste rock pile (SBL) with mixed correlation: Grain radii and sulphide fraction; the
volumetric water content and velocity fields are shown in Fig. 10 and 19, respectively.

30

Fala et al.

Figure 23. Case of waste rock pile (SBL) with mixed correlation: Simulated oxygen, pH, sulphate and
iron after 20 years.

4. DISCUSSION AND CONCLUSION
The simulation approach presented here may be used to assess the unsaturated flow behaviour of a
waste rock pile, and to understand its long-term hydrogeological behaviour, hence providing insight for
selecting the most appropriate construction sequence and for designing groundwater monitoring
systems. The simulations indicate how variable properties of the waste rock may influence the water
distribution and velocity in such complex systems.
In the field, different deposition methods can produce various types of property distributions, with
strong spatial correlations, within a single waste rock pile. Only a single type of distribution is
considered here since HYDRUS2D cannot handle multiple distributions in the same model. Hence,
more than one type of correlation may have to be simulated in order to represent the complete internal
structure of a pile, i.e. mixed correlations within the external regions and horizontal correlations for the
core of the pile.
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Furthermore, in the calculations, the scaling factors for hydraulic conductivity, suction and volumetric
water content were generated independently. This may lead, in some cases, to inconsistent property
distributions since there are actually physical relationships between these properties (e.g. Mbonimpa et
al., 2000). The stochastic distributions used here nevertheless constitute fairly general cases that are
useful for evaluating the effect of a variation of these properties.
Also, although the stochastic characterization of the hydraulic conductivity can provide a realistic
description of the property distribution in the pile, the general approach adopted here has not explicitly
taken into account the relationship between the hydraulic properties and the support scale. It is well
known, however, that when hydraulic properties (such as Ks) are measured at small support scales, the
individual measurements can be expected to deviate significantly from the mean. The variance of the
measurements will thus be high, and the correlation length scale will be small (typically on the order of
the support scale). If, in the same porous medium, the hydraulic properties are measured over a much
larger support scale, then it is expected that individual measurements at different locations would be
much closer to the ensemble mean, with a relatively smaller variance of the measurements and a larger
correlation length scale. This sensitivity of the statistical properties to the support scale of the
measurements, known as the scale effect, implies that relevant properties in heterogeneous systems
should be assessed using tests at various scales, and with a sufficient number of tests to give
meaningful relationships (Fala 2008; Aubertin et al. 2008; Dawood and Aubertin 2009). When this is
done, the average properties over scales much larger than the support scale of individual measurements
can then be estimated by assuming a log-normal distribution of the hydraulic properties, with an
exponential correlation function (Dagan, 1989). This is the basis for the approach adopted here.
It should also be recalled that each distribution used in this study is the result of only one particular
realization for each simulation. For the same correlation lengths and the same values of the mean and
standard deviation, one could perform a large number of simulations with different stochastic
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distributions. Nonetheless, other realizations with the same correlation lengths and the same mean and
standard deviation values (results not presented here) show that the hydrogeological behaviour of waste
rock piles is in general similar to the results presented above (for a given set of parameters).
The stochastic simulations also provide insights on sulphide mineral oxidation and generation of acid
mine drainage within heterogeneous and reactive waste rock piles. These are complex processes which
depend on the spatial distribution of the physical, geochemical and hydrogeological properties. While
the rate of oxygen diffusion through an unsaturated waste rock pile depends on the moisture
distribution, at relatively low water contents the effect of water content on oxygen diffusion appears
relatively weak. In these cases, the rate of oxygen advance into the waste rock pile, and thus the oxygen
concentrations, appear more sensitive to the oxygen consumption rate due to sulphide oxidation, which
is governed primarily by the grain size distribution (through the reactive surface area) as well as by the
sulphide mineral fraction.
The influence of water content is expected to be more important at higher water contents and in
systems with positive or no correlation between grain size and sulphide content. The simulations have
shown that drainage from structured waste rock piles with horizontal stratification may be less acidic
relative to poorly structured piles (i.e. without strong horizontal stratification). This appears partly the
result of the tendency in the mixed correlated pile considered here towards higher sulphide content and
smaller grain radii near the outer pile surface toward the top of the pile, which promotes sulphide
oxidation. In the horizontally structured case, the zones of high sulphide fraction and low grain radii are
distributed more deeply within the pile, delaying the rate of oxidation.
Additional work is still underway to develop appropriate characterizing methods (in the laboratory and
in the field) for waste rock properties. The results are being used in numerical models to propose
alternative construction methods that would help prevent deep water infiltration into the pile and the
subsequent contamination of drainage water.
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