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Abstract 18 

Geochemical reactions taking place at the rock surface and pore water interface, and rapid preferential 19 

water flow through waste rock piles are identified as two primary steps for acid rock drainage (ARD) and 20 

metal leaching (ML) processes.  This paper (Part I) develops a water film model to describe the interactions 21 

among sulphide minerals, pore water and oxygen, which considers the reactive surface areas as the 22 

primary sites to capture geochemical reactions including sulphide oxidation and neutralization reactions, 23 

and also considers acid and metal ion storage in pore water. In addition, the proposed water film model 24 

is further coupled with a pile-scale mass transport model to investigate a specific case of the main waste 25 

rock pile at the Equity Silver mine, Canada. Overall, the simulated profile of oxygen concentration matches 26 

the historical monitoring data. The modeling results revealed potential controlling mechanisms for ARD 27 

generation inside the waste rock pile and provided insights into the impact of an engineered cover on the 28 

waste rock pile.  29 

30 
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1 Introduction 31 
Waste rocks are produced in mining operations, in particular, open pit mines. They are placed at or near 32 

mine sites forming waste rock piles. They can pose environmental hazards and can have high management 33 

costs. Over time, waste rock piles accumulate in volume, and can contain over one hundred million tonnes, 34 

with an areal extent over square kilometers. Waste rocks are also produced by civil construction projects 35 

such as highways, railways, airports, and hydroelectric structures.   36 

Many waste rocks contain sulphide minerals, such as pyrite, pyrrhotite, sphalerite, galena, arsenopyrite, 37 

chalcopyrite, tetrahedrite, and molybdenite.  Once sulphide minerals are exposed to oxygen and water, 38 

they oxidize, and dissolved metal ions, protons and sulphate ions can be remobilized to surface water and 39 

groundwater. It is common that the pH value of waste rock pile drainage is as low as 2-4 (Mayer, 2017), 40 

and metal ion concentrations such as copper, zinc and aluminum can be as high as a few hundred to a few 41 

thousand mg/L, significantly higher than water-quality criteria (Morin et al., 2012). When this happens, 42 

drainage from the waste rock pile has to be collected and treated for meeting mine drainage release 43 

regulations. This problem is called acid rock drainage and metal leaching (ARD-ML). It is in the interest of 44 

the mining industry and governments to predict ARD-ML through time so that the long-term cost 45 

associated with ARD-ML and the pollution of surface water and groundwater by ARD-ML can be minimized.  46 

Modeling and numerical simulation is one of the methods that have been developed and used for 47 

predicting ARD-ML. Overviews of the basic concepts of modeling and numerical simulation of ARD-ML are 48 

given by Lefebvre et al. (2001a), Pantelis et al. (2002), Molson et al. (2005), Fala et al. (2005), da Silva et 49 

al. (2009) and Mayer (2017). The most important aspect of a set of models is how well they can represent 50 

the physical processes (of full-scale waste rock piles) and their boundary conditions. Generally speaking, 51 

capturing geochemical reactions taking place at the interfaces between rock surfaces and liquid pore 52 

water is essential for accurately predicting drainage chemistry; another essential process is to capture 53 

water flow through a waste rock pile.  54 
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To simulate the geochemical reactions of sulphide minerals, a reasonably accurate representation of 55 

reality should address reaction areas, the availability of reactants (oxygen, water and ferric ions) and the 56 

storage of the reaction products. Reaction core models (Levenspiel, 1972; Davis and Ritchie, 1986; 57 

Elberling et al., 1994; Lefebvre et al., 2001b) use the rock particle’s radius as the primary variable for 58 

capturing the surface areas for geochemical reactions and mass transport phenomena of rocks, in 59 

particular, for capturing the diffusion of oxygen into rocks from their surfaces. This concept could work 60 

well when used for simulating hydrometallurgical processes. However, the radius of waste rock fragments 61 

is difficult to characterize in the field as waste rock grain size can vary from a micrometer clay-size fraction 62 

to meter-scale boulders. In addition, recent experimental evidence suggests that oxidation and leaching 63 

from large particles occur only at the surface, and in subsurface regions which are accessible from the 64 

surface by cracks (Ghorbani, et al., 2011). As cracks develop inside large particles during weathering, the 65 

reaction core models may not well represent the scenarios in the field.  66 

This first paper (Part I) proposes a particle-level water film model, in which surface area is used as the 67 

primary variable for capturing geochemical reactions including sulphide oxidation and neutralization 68 

reactions; and also for capturing the major phenomena of acid and metal ion storage. Coupled with pile-69 

scale mass transport model, the geochemical reactions inside a full-scale waste rock pile can be evaluated. 70 

Furthermore, a second paper (Part II) will present an integrated approach to predict leachate chemistry 71 

for ARD-ML by accurately modeling preferential flows and groundwater through waste rock piles.  72 

2 ARD-ML Processes in Waste Rock Piles 73 
A variety of coupled physical, geochemical and microbial processes control the generation of ARD and 74 

metal leaching. The processes include transport of 1) air and oxygen, 2) heat, 3) water, 4) 75 

acidification/neutralization reactions, and also 5) microbial activities.  76 

The exposure of the rock surface to the air provides oxygen for the oxidation reactions.  This exposure 77 

also provides water to the oxidation reactions since the gas phase in the pores contains water moisture 78 
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that can condense and/or evaporate on the rock surface. When water moisture condenses on the rock 79 

surface, it is in the form of tiny water droplets or a very thin water film. Also, when it rains, water infiltrates 80 

through waste rock piles, and some rocks would become wet with a thin film of water on their surfaces. 81 

In addition, this would raise relative humidity of the gas phase inside the waste rock pile, and can produce 82 

more condensed water droplets on the rock surface. 83 

When external groundwater flows into and through the waste rock pile, rocks below the water table are 84 

saturated.  However, some rocks just above the water table would become wet due to capillary rise from 85 

the water table, and the temporal variability of the water table introduces water and air to other rock 86 

surfaces.  In addition, groundwater that flows through the bottom part of the waste rock pile would carry 87 

downward migrating reaction products.  88 

In general, water flow through the unsaturated waste rock can be characterized as two types of flow (Li, 89 

1999; Amos et al., 2015): 1) matrix flow through the network made of a finer-grained matrix of low 90 

hydraulic conductivity, and 2) macro-pore or non-capillary flow through the network composed of coarser 91 

channels of high hydraulic conductivity. The flow mechanism is strongly controlled by the material 92 

properties of the waste rock and the hydrological conditions, particularly the magnitude and timing of 93 

precipitation and infiltration events (Perkins et al., 1995; Amos et al., 2015).  94 

For geochemical reactions and heat generation, current models focus on matrix flow, because most of the 95 

particle-surface area resides inside many piles typically having a lower proportions of coarse channels.  96 

Matrix flow is dominated by capillary or surface tension forces. A triple-phase boundary (water, oxygen 97 

and sulphide minerals) in the pore networks is considered as the “reactor” for the generation of acid rock 98 

drainage. The acid and metal ions produced within the oxidation stage are stored inside the water film on 99 

rock surfaces and/or water droplets trapped in pores and rock cracks.  100 

The latter macro-pore water flow is referred to as “channeling”, “preferential flow”, and “stratification” 101 

by Nichol et al. (2005) and Amos et al. (2015), which is controlled by gravity, viscous, and inertia forces, 102 
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where flow is rapid and channelized. The interaction between pore water and preferential flow 103 

determines the leachate chemistry.  104 

Our approach to calculate the leachate chemistry for ARD-ML is to model the geochemical reactions on 105 

the sites in contact with pore water (Part I); to model preferential flow through the entire waste rock pile 106 

separately, and then couple the geochemical reactions with mass transport of preferential flow together 107 

(Part II).  108 

3 Water Film Models 109 

3.1 Concept of water film models  110 

Consider a rock particle inside a waste rock pile. The rock particle contains sulphide minerals, which 111 

appear on the rock surface and inside the rock in the form of discrete small patches. The contribution of 112 

sulphide minerals inside the rock to the geochemical reactions is neglected as they are far away from the 113 

triple-phase boundary to reach reactants, so reaction rates and rates of transporting products out are 114 

assumed to be much lower than those occurring on the rock surfaces. The above described surfaces have 115 

to be captured in order to accurately simulate the geochemical reactions. Here the above surfaces are 116 

simplified into a thin water film covering a rock surface that contains sulphide minerals. On one side of 117 

the water film is the rock surface; the other side faces the gas phase in the pore network extending 118 

throughout the entire waste rock pile.  119 
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 120 

Figure 1   Concept of the water film model 121 

In general, Figure 1 shows the concept of the entire water film model. In terms of abiotic acid generation, 122 

the aqueous oxidation of sulphide minerals, particularly pyrite by dissolved oxygen and ferric ions, were 123 

considered to take place on the water/rock interface (bottom surface, bs), which separates the water film 124 

and rock particles. The geochemical reactions and the corresponding abiotic kinetics are given as 125 

(Otwinowski, 1994; Williamson and Rimstidt, 1994): 126 

2FeS2 + 7O2 + 2H2O → 2Fe2+ + 4SO4
2- + 4H+                                                   (1) 127 
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To consider the effect of neutralization processes in the water film model, a dissolution rate on the bottom 131 

water/rock interface to release equivalent of calcium carbonate can be simply estimated as a polynomial 132 

function of pH according to Palandri and Kharaka (2004) as:  133 

 pH22
3 ,, neuCabsCObs

fKK                                                                         (5) 134 

In addition, the following geochemical reaction was included within the water film domain to consider the 135 

oxidation of ferrous to ferric iron: 136 

4Fe2+ + O2 + 4H+ → 4Fe3+ + 2H2O                                                             (6) 137 

The corresponding oxidation rate in the water film (wf) for Eq. (6) can be estimated from Singer and 138 

Stumm (1970) as: 139 

        
    /smol/m1033.11091.2 322129

, 2
2

  FepOHQ OFewf
                                          (7) 140 

 

where 
2Op in Eq.(7) is the oxygen partial pressure (atm), which can be approximately estimated by 141 

 
H

O
pO

2
2
                                                                                         (8) 142 

where H  is the Henry’s law constant. 143 

Moreover, the ionization equilibrium equations for water and equivalent neutralization ions have also 144 

been integrated in the water film model as follows: 145 

H+ + OH- ↔  H2O                                                                       (9) 146 

H+ + CO3
2- ↔  HCO3

-                                                                              (10) 147 

H+ + HCO3
- ↔ H2O + CO2                                                                     (11) 148 
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In order to investigate how oxygen and other ions migrate within the water film, the following species 149 

diffusion equation in the solution phase was adopted here: 150 

    iwfiwfiiwf QCDC
t ,,, 

                                                                 (12) 151 

where iwfC ,  is the concentration for species i in the water film, iD is the corresponding diffusion 152 

coefficient within the water phase, and iwfQ ,  (sink or source term) represents a generation or 153 

consumption rate for each species  inside the water film. The value of iD  can be found in the reference 154 

(Cussler, 1997). 155 

To validate the proposed model, a set of experiments from Micheal and Hubert (1986) was simulated by 156 

using the water film models and their testing data is used to compare with the simulation results. In 157 

Micheal’s experiments, 3g prepared pyrite immersed in 800ml prepared oxidant solutions of ferric and 158 

oxygen. From the schematic diagram of experimental apparatus used in their study, the effective 159 

thickness of water film is estimated about 3 cm. The total pyrite active surface area were also measured, 160 

which is about 750 cm2.  The oxidation rates for pyrite under 100% and 21% ambient oxygen concentration 161 

at pH 1.9 were measured. In addition, a series of oxidation rates at 100% ambient oxygen concentration 162 

from different pH were also measured. The quantitative comparison between measurements and the 163 

curve fitted by simulation results are given in Figure 2 and Figure 3 respectively, which shows reasonable 164 

agreement. 165 
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 166 

Figure 2  Pyrite oxidation rate dependent on percentage of ambient oxygen concentration  167 

 168 

Figure 3  Pyrite oxidation rate dependent on pH in water film  169 

 170 

3.2 Parametric studies using the water film model 171 

In this section, parametric studies on the oxygen concentration at the water/air surface and on the 172 

thickness of the water film were performed to determine how these factors impact on overall oxidation 173 

reactions inside the water film. According to onsite monitoring data, the oxygen concentration within the 174 

waste rock pile could vary from near zero to ambient oxygen concentration, thus fractions of 10%, 50% 175 
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and 100% of the ambient oxygen concentration were studied. In addition, the thickness of the water film 176 

is typically 10 to 100 μm (Perkins et al. 1995). As a result, three scenarios with 10 μm, 100 μm and 500 μm 177 

thickness were also selected to investigate the effect of the water film thickness. The results of the 178 

parametric studies are shown in Figure 4 and 5. 179 

 180 

Figure 4   Effect of oxygen concentration fraction on water/air interface 181 

Figure 4 shows that when the water film thickness is fixed at 100 μm, the accumulated oxygen 182 

consumption inside the water film accelerates with the increase of oxygen concentration on the top of 183 

the water film, which is consistent with the relationship shown in Eq.(2). In Figure 5, the relative oxygen 184 

concentration is fixed at 50% while the thickness of water film varies.  It is observed that the 10 μm water 185 

film has a higher reaction rate in the beginning because the oxygen diffuses faster through a thinner water 186 

film. However, Eq.(2) also indicates that the ARD reaction rate is inversely proportion to the acid 187 

concentration. As the volume of the thinner water film is much smaller, the acid concentration goes up 188 

faster than in the thicker water film, the reaction rate for a 10 μm water film eventually is exceeded by 189 

100 μm and 500 μm scenarios. In general, the results from these parametric studies illustrate that the 190 

water film model is able to capture the concerning geochemical reactions and mass transport mechanisms 191 

at particle level. 192 
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 193 

Figure 5  Effect of water film thickness  194 

4 Pile-scale Mass Transport Model 195 

The water film model simulates geochemical reactions on the waste rock surface contacting water.  The 196 

supply of reactants, transport of products and reactive heat in the full waste rock pile are then calculated 197 

using a fully-coupled mass transport model described in this section. The pile-scale mass transport model 198 

is mainly for simulating matrix and air flows in pore networks, product transport in pore water, oxygen 199 

convection, and reactive heat conduction and convection. 200 

4.1 Matrix and air flows 201 

To describe the pattern of matrix and air flows in pore networks, two-phase Darcy’s law was applied to 202 

consider the capillary effects from both air and water phases. Here the saturation of each phase S  is 203 

defined as the fraction of the pore space occupied by a given fluid: 204 




 S                                                                                       (13) 205 
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where   is the volume content for phase  , and   is the porosity. Here the sum of the air and water 206 

saturations must be equal to one: 207 

1 wa SS                                                                                    (14) 208 

In addition, the definition of effective saturation for phase α is also given as following, 209 

minmax

min




 SS

SS
Se 


                                                                              (15) 210 

The capillary pressure in the pore is defined as the pressure difference between water and air. At the 211 

Darcy scale, the capillary pressure is commonly assumed to be a function of the water saturation: 212 

 ewcwac Spppp                                                                           (16) 213 

The relationship between capillary pressure and water saturation is called the water retention curve, for 214 

which van Genuchten (1980) introduced a very well-known form: 215 

     gg
nm

ewgewc SpSp
/1/1 1                                                                     (17) 216 

where gp  is defined as the capillary entry pressure. The exponents gm  and gn  with their linkage are 217 

related to the pore size distribution.  218 

By applying Darcy’s law, the velocities of air and water inside the pile can be determined using 219 

     



 


HSKp

Sk
 gq                                                      (18) 220 

where k  and K  are permeability and conductivity tensors, which depend on the saturation of the 221 

phase α. H is the fluid potential.  222 

The permeability under unsaturated conditions ( k  in Eq.(18)) is different from that for saturated 223 

conditions ( sk ) in the porous structure. If gg nm /11 is assumed, Mualem (1976) proposed that the 224 

relative permeability functions of air and water phases in the waste rock pile can also be deduced from 225 

the water saturation as given below: 226 
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         gg
mm

ewewsaewrasaaa SSkSkkSk
2/111                                             (19) 227 

         2/111
gg

mm

ewewswewrwswww SSkSkkSk                                            (20) 228 

where the connectivity factor κ can be treated as a fitting parameter of the model. In the waste rock pile, 229 

the water density w  for Darcy’s equation is considered as constant and also the air density a  can be 230 

estimated by 231 

RT

p
Tp

a

a ],[                                                                     (21) 232 

where K)J/(mol31447.8 R is the universal gas constant.  233 

4.2 Reactant and product transport with matrix and air flow 234 

To investigate the transport of all geochemical species in the matrix water phase related to ARD-ML 235 

processes inside a waste rock pile, a general species transport equation is adopted as: 236 

      iiwiiwiw QCCDC
t





q                                          (22) 237 

where iC  and iD are the concentration and diffusion coefficient for species i, wq is the Darcy velocity, 238 

and iQ  (sink or source term) is the generation or consumption rate. Similarly, the supply of oxygen with 239 

air flow (concentration
2OC ) to geochemical reactions can be calculated as: 240 

     
22222 OOaOOOa QCCDC

t





q                                         (23) 241 

4.3 Heat transfer 242 

To consider the effect of reaction heat and cyclic ambient temperature on ARD-ML processes, the 243 

equation for heat transfer in the waste rock pile is also included,  244 

hwwwp QTkTc
t

T
c 




)(q                                                 (24) 245 
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where pc is the specific heat capacity. hQ  denotes the heat generation rate from geochemical reactions. 246 

The effective mass density   and the effective thermal conductivity k  are defined as 247 

sswwwp ccSc  )1(                                                               (25) 248 

 drywetwdry kkSkk                                                                   (26) 249 

where wc  and sc  are heat capacities for water and solid (waste rock particles),  dryk  and  wetk  are the 250 

thermal conductivities for waste rocks in dry and wet conditions, respectively.  251 

5 Coupling between water film model and pile-scale mass transport 252 

model 253 

Figure 6 summarizes the functions of the pile transport model and the coupling with the water film model 254 

at each function. In Eq. (22) and (23), Qi and QO2 are coupled with the water film model, respectively. In 255 

Eq. (24), Qh is the heat generation rate calculated from the water film model.  256 

 257 

Figure 6  Diagram of coupling between the water film model and the pile transport model 258 

 259 
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Based on the theory of mass conservation, an assumption was made that the parameters for the pile-260 

scale mass transport model and the particle-scale water film model can be coupled together in the 261 

following way: 262 

           322
,

3 /mm/smol/m/smol/m iusi KQ                                 (27) 263 

where iQ  denotes the sink or source term for species i in the pile model, iusK , is the inward or outward 264 

flux for species i at the upper surface (us) in the water film model,  is the surface to volume ratio 265 

measured from waste rock pile,  is area ratio for sulphide minerals on the surface of waste rock particle, 266 

and  is the area ratio for water coverage on the waste rock surface.  267 

In real engineering practice,  ,  and  are dynamic and it is difficult to measure and monitor them 268 

inside the waste rock pile, parameter calibration may be required at current stage, which may limit the 269 

applications of the proposed model. Regarding the area ratio for water coverage  , it is roughly assumed 270 

to be proportional to the water content w , 271 


 w

                                                                                   (28) 272 

where   is the porosity of the waste rock pile. 273 

In the pile-scale mass transport model, the ambient temperature and infiltration rate are applied as 274 

boundary conditions; temperature, oxygen and water content concentration distributions are calculated 275 

and proton/ion concentrations are the outcomes from the coupled models.  276 

6 Case Study of the Main Waste Rock Pile at Equity Silver Mine 277 

6.1 Application of the Models to the Waste Rock Pile at Equity Silver Mine 278 

In this section, the water-film model coupled with the pile-scale mass transport model are applied to the 279 

waste rock pile at the Equity Silver Mine as an example to illustrate the capabilities of the proposed 280 
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coupling models. All models are built and implemented in the commercial software package COMSOL 5.3a. 281 

The Equity Silver Mine site is described in detail in Aziz and Ferguson (1997). The site is located in the 282 

central interior of British Columbia, Canada, and contains approximately 80 million tons of waste rock, 283 

covering an area of approximately 1.4 km2. The waste rock piles of the Equity Silver Mine have been 284 

producing acid rock drainage with high concentrations of metal ions since the 1980s. The temperature 285 

and oxygen concentrations at different lateral locations and different depths of the waste rock piles have 286 

been constantly monitored since 1990, which has provided valuable information to understand the acid 287 

generating and metal leaching processes in the field.  Extensive research has been conducted at the Equity 288 

Silver since the 1990s (O’Kane et al., 1995; Herasymuik, 1996; Saretzky, 1998; Morin et al., 2010, 2012).  289 

These studies have focused on hydrogeological characterization, cover system modeling, modeling of 290 

infiltration, and drainage chemistry, etc. Nevertheless, the ARD-ML processes within the Equity Silver 291 

waste rock are still not fully understood.  Full-scale monitoring shows the spatial and temporal 292 

complexities of the mobile pore gases within the piles, which need further study.  293 

The Equity Silver mine is situated on a plateau in a humid alpine environment. The mine site elevation is 294 

about 1300 m. Historical site records indicate that the average annual precipitation is about 600 mm with 295 

approximate 60% of the precipitation occurring as snow, which occurs from November to April. Snow 296 

starts to melt in April. The rainy season starts from late April and ends by the end of June. A soil cover 297 

system was installed on the waste rock piles during 1990-1994, with an average thickness of 0.5 m of 298 

compacted till and 0.3 m of uncompacted till for reducing the amount of infiltrated water and oxygen.  299 

The precipitation and ambient temperature data at the Equity Silver mine site can be retrieved from the 300 

website of the Environment Canada. However, some data for the time period before 1991 was incomplete. 301 

As a result, the data starting from Jan 1991 to Jan 2001 was applied for the simulation, which is plotted in 302 

Figure 7.  The simulation was initialized by a simplified uniform condition, and the first 3 years simulated 303 

the uncovered conditions to establish the initial geochemical reactions and mass transport conditions 304 
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inside the waste rock pile. Starting from Jan 1994, the effect of the soil cover system was included in the 305 

simulation, which is consistent with the completion time for the real cover installation on the main pile.  306 

The calculations continued until Jan 2001 to simulate seven years for the scenario with the soil cover 307 

system.  308 

 309 

 310 

Figure 7   Profiles of precipitation and temperature at Equity Silver Mine 311 

 312 

Figure 8   Topography of the waste rock piles at Equity Silver Mine  313 
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The parameters used for the case study are given in Table 1, which are mainly from previous 314 

characterization work at the Equity Silver Mine and data from similar mine sites study. Except for intrinsic 315 

air and water permeability, most of properties for the cover system is not available, so same value to 316 

waste rock was adopted in the simulation. For simplification, a 2-D cross section in the Main Dump as 317 

shown in Figure 8 (the red line) was simulated in this study. The schematic of the cross section is plotted 318 

in Figure 9 with more geometry information. The monitoring point P-7 (17 m depth) is at the left side of 319 

the 2D section, which is approximately considered as the center of the Main Dump. All of the waste rocks 320 

are piled on a bedrock slope. The height of the pile is around 50 m and the width is about 1000 m. The 321 

model mesh consists of totally 1843 cells and the whole simulation lasts for 73 hours 26 minutes and 52 322 

seconds (Intel Xeon E5-1650 v4, RAM 64G). 323 

Table 1 Parameters used in the case study 324 

Symbols Units Values 

  - 0.4  

min
wS  - 0.05 (A) 

max
wS  - 0.38 (A) 

gm  - 0.6 (B) 

gn  - 2.5 (B) 

  - 0.5 (B) 

gp  Pa 653 (B) 

aK  (waste rock) m/s 3.2e-3 (C) 

wK (waste rock) m/s 1e-3 (C) 

aK  (cover) m/s 3.2e-6 (C) 
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wK (cover) m/s 1e-5 (C) 

dryk  W/m °C 0.5 (D) 

wetk  W/m °C 3 (D) 

2OD  m2/s 1.76e-5 (E) 

H
D  m2/s 9e-9 (E) 

wc  J/Kg/K 4181 (F) 

sc  J/Kg/K 1139 (F) 

(A):  Molson et al, 2005; (B): Noel and Ritchie, 1999 (C): Lahmira et al, 

2009; (D): Lefebvre et al, 2001a; (E): Cussler, 1997; (F) Eppelbaum et al, 

2014  

 325 

 326 

Figure 9   Schematic of the 2D cross section 327 

For matrix flow calculation, the boundary condition (BC) on the top side of the domain was defined as a 328 

flow rate calculated based on total precipitation data times a net infiltration rate. The net infiltration rate 329 

was estimated as 40% before the cover was installed. A 5% infiltration rate was used after the cover was 330 

placed (O’Kane et al., 1995). Later studies show there is more than 5% passing through, but the actual 331 
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number is still not clear. The BC for the bottom side was assumed to be the water table which means fully 332 

saturated below this boundary. 333 

In terms of the air flow in the waste rock pile, the BCs that enclose the whole waste rock pile are defined 334 

as open air pressure, the elevation-dependent air pressure is given in the form of 335 







 

RT

gMh
pp exp0                                                                         (29) 336 

where kg/mol0289644.0M is the molar mass of the air, h  is the elevation and 0p  is the pressure at 337 

0h  which represents the sea level.  338 

Regarding the thermal calculation for the waste rock pile, the profile of ambient temperature shown in 339 

Figure 7 is set for the thermal BC on the top side of the pile. For simplicity, the thermal BC for the bottom 340 

side is considered to be insulated. 341 

As reaction heat is generated inside the waste rock pile due to the oxidation of sulphide, air convection 342 

must be considered for oxygen transport. As a result, both air inflow and outflow may exist on the top 343 

surface of the pile, and open boundary conditions for oxygen transport are applied as follows, 344 








0

00

,22

22

aatmOO

aOO

ifCC

ifCD

qn

qnn
                                                           (30) 345 

6.2 Results and Discussions 346 

Due to limited information on site characterization and conditions, not all of the parameters can be 347 

directly measured in the field or estimated from other mine sites. For example,   and   in Eq.(27) are 348 

difficult to characterize in practice; however, they are critical to the evaluation of total reaction rates for 349 

the ARD processes involved. As a result, a parametric sweep for     32/mm  was performed, to find 350 

a calibrated value that enables the simulated temperature profile inside the waste rock pile to match the 351 

pattern observed from monitoring data.  352 
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Figure 10 shows the measured temperature profile at 4m, 11m and 17m depth at P-7 location from 1994 353 

to 1995, when the cover was just installed in field. With minimum impact from the ambient environment, 354 

the temperature near the pile core may better reflect the total reaction rate in the waste rock pile, so the 355 

deepest monitoring temperature at 17 m depth of the P-7 point is used for this calibration. Based on the 356 

simulation results,     32/mm  is calibrated to 4000 [1/m] for the waste rock pile. To simplify the 357 

calculation, a constant water film thickness of 100 µm was used since the range of variation of water 358 

content is very small (less than 5%) for the matrix flow (Saretzky, 1998; Noel and Ritchie, 1999). 359 

 360 

Figure 10   Temperature profile at P-7 location 361 

 362 

Eqs. (2), (4) and (7) show that the total acid generation is directly related to the oxygen consumption and 363 

potential of neutralization. As the cycle of ambient temperature during a year may change the air 364 

convection as well as the oxygen supply in the waste rock pile, analyzing the competition of oxygen 365 

consumption and oxygen supply becomes essential to understand the limiting factors in ARD process. As 366 

shown in the monitoring data of the waste rock pile (Morin et al., 2010, 2012), the oxygen concentration 367 

in air phase within the pile fluctuates through the seasons. Figure 11 shows the comparison of oxygen 368 

concentration between measurement and simulation at 17 m depth of the P-7 point.  369 
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It should be repeated that the effect of a cover system was applied starting from January 1994 in the 370 

model, whereas the real cover system onsite was progressively installed from 1990 to 1993. The shaded 371 

area in Figure 11 is thus the initialization process of the simulation. The first observation is that, starting 372 

from January 1994, the simulated oxygen concentration has a similar fluctuation pattern to that observed: 373 

high concentration in winter and low concentration in summer. Measurements are missing from winter 374 

1996 to spring 1997, but it is believed that the oxygen concentration rose during this period based on its 375 

historical trend. Another observation is that the simulated oxygen concentration decreases on average 376 

during the first several years after the installation of the cover system, while the measurements also show 377 

a similar downward trend. Note that real grain size distribution, groundwater flow pattern and rate, real 378 

water infiltration rate, water content distribution, and microbial activity inside the piles, etc. are still not 379 

clear due to lack of characterization data or difficult to measure on site. Therefore, it’s difficult for the 380 

simulation results to completely match the monitoring data point by point. But matching the trend of the 381 

monitoring data can still reveal the mechanisms controlling the ARD generation processes.  382 

 383 

Figure 11 Measured and simulated O2 concentration at 17 m depth of P-7 point 384 

The explanation for above observations is that the installed cover system significantly changed the air 385 

flow pathway in the waste rock pile. Figure 12 shows the oxygen concentration and the air flow (unscaled 386 
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vector) driven by convection in Dec 1993, right before the cover installation in the simulation.  The 387 

convective flow entered into the pile through the bottom toe area and eventually vented out from the 388 

top of the pile. As a result, oxygen concentrations gradually decreased along the air flow pathway due to 389 

ARD reaction consumption. Figure 13 and Figure 14 illustrate the corresponding status in Dec 1996 and 390 

Aug 1997, respectively. The results indicate that the low permeability cover seemed to successfully block 391 

the main air flow outlet on the top side.  As a result, the air had to circulate within the pile, which increased 392 

the length of the air flow pathway and reduced the average oxygen concentration level in the pile.  Figure 393 

13 also indicates that in the winter, it is possible that some fresh air penetrates through the top side into 394 

the waste rock pile with inverse air flow, which is a result of air density change driven by a temperature 395 

difference. Meanwhile, the effect of oxygen diffusion, which is originally suppressed at the top side due 396 

to air outflow, may resume and additionally enhance the oxygen penetration as the air flow is inverted 397 

from outflow to inflow at this stage. This observation indicates that diffusive and advective oxygen 398 

transports may be dominant under different conditions in the pile, which is consistent to the conclusions 399 

from the studies by Binning et al., 2007, Molins and Mayer, 2007. 400 

In conclusion, after the cover was installed, the air outflow at the top of the pile is almost blocked by the 401 

cover.  When oxygen is depleted at the end of the air flow pathway in the top region, diffusion of oxygen 402 

starts to play a dominant role and increases the oxygen concentration. The competition of oxygen 403 

consumption and supply causes the annual fluctuation.   404 

Furthermore, Figure 15 illustrates the total amount of acidity generated from ARD reactions within the 405 

cross section. The plot shows that the total amount of acidity generation also fluctuated after the cover 406 

was installed, which is due to oxygen concentration fluctuation. The current model only considers matrix 407 

flow, while the leaching process related to channeling flow and the effect of lateral external groundwater 408 

inflow is not considered. These two factors will be studied in our future work.  409 

 410 
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 411 

Figure 12 Oxygen concentration and air flow direction in Dec 1993 412 

  413 

Figure 13 Oxygen concentration and air flow direction in Dec 1996 414 

 415 

Figure 14 Oxygen concentration and air flow direction in Aug 1997 416 
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 417 

 418 

Figure 15 Total acid generation rate in the simulation cross section 419 

7 Conclusions 420 

To comprehensively understand the physical and chemical processes involved in ARD-ML generation in 421 

waste rock piles, a particle-level water film model and a pile-scale mass transport model is presented in 422 

this paper. The water film model considers the impact of water film thickness, oxygen concentration as 423 

well as geochemical kinetics on the total ARD-ML generation at the particle level, which is fully coupled 424 

with a pile-scale mass transport model dealing with reactant/product transport and also heat transfer. 425 

The water film model was validated with the experiments in literature. Parametric studies on the water 426 

film model were performed and the results indicate that the effects of water saturation (thickness of the 427 

water film) and pH level on local geochemical reaction rate are included, which shows the advantages of 428 

the model. In addition, the developed model is coupled into a pile-scale mass transport model to 429 

investigate ARD generation in the main waste rock pile at the Equity Silver mine. The observations from 430 

the case study shows that the simulated oxygen concentration has the same annual fluctuation pattern 431 

with the monitoring data, which means the proposed model is capable of capturing the main ARD 432 
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chemical and physical mechanisms. Through analyzing the simulation data, it is confirmed that the cover 433 

system increases the length of the air flow pathway through the pile, thus reduces the average oxygen 434 

concentration level and the total geochemical reaction rate inside the pile. The proposed model can be a 435 

useful and effective tool to optimize waste rock pile configurations and evaluate the design of cover 436 

systems to prevent or reduce ARD-ML generation.  437 
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