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The oxidation of sulfide minerals such as pyrite present in waste rock results in elevated

sulfate, enhanced metal loadings and in many cases low pH conditions. Recently, many

mines have opened in remote areas, including regions subject to permafrost conditions.

In these regions, freeze-thaw cycles and the possible development of permafrost in mine

waste add to the complexity of weathering processes, drainage volumes and mass

loadings. To assess weathering in these waste rock piles, the reactive transport code

MIN3P-HPC has been enhanced by implementing constitutive relationships related to

freeze-thaw cycles that control flow patterns, solute transport, generation and transport

of heat, as well as geochemical reactions and their rates. Simulations of a hypothetical

pyrite-rich waste rock pile placed onto natural permafrost were conducted under

reference climate conditions. Additionally, the effect of a warming climate was also

studied through a sensitivity analysis. The simulation results indicate a potentially strong

coupled effect of sulfide mineral weathering rates and a warming climate on the evolution

and persistence of permafrost within waste rock piles and the release of acidic drainage.

For relatively low sulfide mineral oxidation rates, the simulations indicate that permafrost

can develop within waste rock piles, even under warming climate conditions. However,

the results for low reactivity also show that mass loadings can increase by >50% in

response to a slight warming of climate (3◦C), relative to reference climate conditions.

For the chosen reference reaction rates, permafrost develops under reference climate

conditions in the simulated waste rock pile; however, permafrost cannot be maintained

for a marginally warmer climate, leading to internal heating of the pile and substantially

increased production of acidic drainage (>550%). For high reaction rates, the simulations

suggest that internal heating takes place irrespective of climate conditions. Evaluation of

thermal covers indicates that significant reductions of mass loadings can be achieved

for piles with low and reference reactivity (91–99% in comparison to uncovered piles),

but also suggest that thermal covers can be ineffective for piles with high sulfide content

and reactivity. Together, these simulations provide insights into the complex interactions

controlling waste rock weathering in cold-region climates.

Keywords: reactive transport modeling, waste rock, freeze-thaw (F/T) cycle, permafrost, thermal cover, water

quality
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INTRODUCTION

Mining activities can produce large amounts of waste rock which
is commonly stored at the surface in partially water-saturated,
porous stockpiles (Amos et al., 2012). When sulfide minerals
such as pyrite are present, waste rock piles (WRPs) have the
potential to generate acid rock drainage (ARD), characterized
by high concentrations of sulfate, low pH, and metals (Lefebvre
et al., 2001). Even in regions with cold and long winters,
internal heating can be observed in WRPs (Gélinas et al.,
1994), identified by localized high temperatures as high as
70◦C, sparked by the exothermic oxidation of sulfide minerals.
Resulting temperature gradients tend to draw more oxygen into
the permeable material, which fuels further pyrite oxidation and
additional heat generation (Lefebvre et al., 2001). However, it
is more common to observe a frozen core within WRPs in
cold regions, where low temperatures slow down the oxidation
kinetics and also limit contaminant migration (MEND, 1996;
Elberling et al., 2000; Neuner et al., 2013; Pham, 2013).

Within cold regions, the subsurface is often subject to
permafrost, implying that soils remain perennially frozen for
at least 2 consecutive years due to sub-zero average annual
temperatures (Woo, 2012; Bell and Brown, 2018). However,
seasonal thawing is experienced within the top layer of soils,
facilitating the formation of an active layer (also termed as
“seasonally frozen ground” or “annually thawed layer”). The
thickness of this active layer depends on soil properties and
climatic conditions (Figure 1) (Dobinski, 2011; Woo, 2012). The
active layer controls near-surface water drainage pathways and
water storage (Walvoord and Kurylyk, 2016). Permafrost extends
from the base of the active layer to the depth where geothermal

FIGURE 1 | Permafrost degradation induced by a warming climate. Modified after Dobinski (2011). Dashed lines represent the temperature profiles for warmer climate

conditions; an increase in temperature leads to permafrost degradation and an increase in active layer thickness.

heat flux maintains ground temperature above freezing (Woo,
2012).

Recent research in cold regions has revealed impacts of
warming climate trends on permafrost stability. Specifically,
increased temperatures can contribute to warming soil
temperatures, increased active layer thickness, and thawing
of underlying permafrost, termed “permafrost degradation”
(Dobinski, 2011). If occurring in waste rock, an increase in active
layer thickness can directly affect acid generation and water
drainage from WRPs (MEND, 2011; Walvoord and Kurylyk,
2016; Rasmussen et al., 2018).

To evaluate the influences of climate change on flow and
thermal regimes of WRPs located within permafrost regions,
reactive transport modeling provides a versatile tool for analyzing
the relevant coupled thermo-hydrological-chemical processes.
Several reactive transport models have been developed or
enhanced to simulate dynamic freeze-and-thaw processes in
permafrost regions and have been applied at a range of sites
(Zhao et al., 1997; Hansson et al., 2004; McKenzie et al., 2007; Li
et al., 2008; Voss and Provost, 2010; Kurylyk andWatanabe, 2013;
Walvoord and Kurylyk, 2016). However, few modeling studies
have assessed processes controlling the evolution of mine waste
in permafrost regions. To this end, our study aims to improve
the understanding of strongly coupled hydrological, geochemical,
and heat transport processes withinWRPs in permafrost regions.
Specific objectives of this work include: (1) development of
capabilities for simulating freeze-thaw cycling in WRPs; (2)
characterizing the potential impacts of various warming climate
scenarios on WRP weathering and mass loadings; (3) assessment
of the reactivity of sulfide minerals on mass loadings under
reference and warming climate conditions; and (4) conceptual
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evaluation of cover reclamation approaches to limit ARD.
Model results presented in this study were simulated using the
multicomponent reactive transport code MIN3P-HPC (Mayer
et al., 2002; Su et al., 2020a), which was enhanced as part of this
work to include the effect of freeze-thaw cycles on flow, transport
and reaction processes in order to meet these objectives.

CONCEPTUAL MODEL

The conceptual models in Figure 2 bracket the processes
that can occur within sulfidic mine waste rock in permafrost
environments with different outcomes. WRPs are often
constructed above a layer of low-permeability material, which
ensures that drainage water released from the mine waste is
captured for treatment (Piteau Associates Engineering Ltd, 1991;
Smith et al., 1995, 2013). The conceptual model in Figure 2A

depicts a case with high sulfide mineral reactivity, leading to
internal heating, thereby avoiding the development of permafrost
within the pile. Sulfide mineral oxidation can be described by the
following equation:

FeS2 + 3.5O2 +H2O → Fe2+ + 2SO2−
4 + 2H+ (1)

Pyrite oxidation is strongly exothermic; in some instances,
causing internal heat production, leading to temperature
gradients driving heat conduction toward the surface of the
pile. Another heat transfer mechanism in such WRPs is heat
convection with pore water and pore gas, which is often
seasonally controlled. Under arid conditions, the relatively low
humidity in the atmosphere can lead to internal drying and
removal of pore water by evaporation (Bea et al., 2012), while
infiltration of relatively cold meteoric water may also affect the
energy balance of a WRP.

If heat production by pyrite oxidation is insufficient to cause
substantial internal heating, permafrost can develop in cold
regions. In this case, WRPs show different behavior in terms of
pyrite oxidation, heat transfer, flow of water, and solute transport

(Figure 2B). The presence of permafrost is often conceptualized
as an impermeable barrier that inhibits deep infiltration and
alters internal water routing (Walvoord and Kurylyk, 2016).
Permafrost can be present in the core of a WRP, as shown
in Figure 2B, while waste rock near the surface is subject to
freeze-thaw cycles, hosting an active layer (Collette, 2017). In the
active layer, water can flow freely during the warm season, but
becomes immobile when frozen during the cold season. Since
movement of water is both spatially and temporally constrained,
release of reaction products from sulfide mineral oxidation is
also more limited. Although heat production and convection
are more limited due to restricted pyrite oxidation and limited
water flow, respectively, heat conduction still can be driven by
temperature gradients – especially during periods when the pile
surface is heated during the summer months, while the pile core
remains frozen.

METHODOLOGY

Model Development
MIN3P-HPC (Mayer et al., 2002; Su et al., 2020a) is a general
purpose multicomponent reactive transport code designed for
multi-dimensional and variably-saturated porous media. The
code contains previous developments, including simulation
capabilities for density dependent flow and heat transport
(Henderson et al., 2009, Bea et al., 2012, 2016), in addition to
basic reactive transport capabilities (Mayer et al., 2002). Recently
parallel computing and unstructured grid capabilities have been
added to the code (Su et al., 2020a). A brief summary of the
governing equations of the MIN3P-HPC code is provided below
with specific focus on the key model components, including
variably saturated flow, multi-component reactive transport, and
energy balance equations. Additional details can be found in
Mayer et al. (2002), Henderson et al. (2009), Bea et al. (2012), and
Su et al. (2017, 2020a,b). The code has been extensively applied
to address problems related to environmental aspects of mine

FIGURE 2 | Coupled processes occurring within a waste rock pile for (A) internal heating and (B) permafrost conditions. Modified after Lefebvre et al. (2001) and

Amos et al. (2015).
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waste (Bea et al., 2012; Demers et al., 2013; Wilson et al., 2018b;
Raymond et al., 2020; Seigneur et al., 2021).

For this study, several constitutive relationships were
implemented to account for the effect of freeze-thaw cycles on
flow, transport, and reaction processes. Parameters influenced
by freeze-thaw cycles include hydraulic conductivity, kinetic rate
coefficients, and specified heat sinks and sources. Although phase
transformation between ice andwater was not explicitly included,
the code distinguishes between ice and water as a function
of a user-specified freezing point. In addition, implementation
of transient thermal boundary conditions facilitates capturing
freeze-thaw cycles driven by seasonal temperature variations.
These relationships are described in more detail below.

Variably-Saturated Flow Equation
The implementation of flow is based on the formulation of
Richards equation (Richards, 1931):

SaSs
∂h

∂t
+ φ

∂Sa
∂t

= ∇ ·
[

kraK∇h
]

+Qa (2)

where t [T] is time, φ
[

L3 void L−3 porous medium
]

is porosity
Sa

[

L3 water L−3 void
]

is the saturation of the aqueous phase
(here including ice and water), Ss

[

L−1
]

is the specific storage
coefficient, h [L] is hydraulic head, K [LT−1] is the temperature-
dependent hydraulic conductivity tensor, kra [-] is the relative
permeability of the porous medium with respect to the aqueous
phase, and Qa [T−1] is a source-sink term. The non-linear
relationships between Sa, kra, and pressure head ψa = h − z [L]
are accounted for through the functions given byWösten and van
Genuchten (1988):

Sa = Sra +
1− Sra

(

1+ αψn
a

)m (3)

kra = Slea

[

1−

(

1− Slea
1
m

)m]2

(4)

where z is the elevation with respect to a given datum. Sra [-]
defines the residual saturation of the aqueous phase. α [L−1], m,
n, l are the soil hydraulic function parameters with m defined by
m = 1 − 1/n. Sea defines the effective saturation of the aqueous
phase defined by:

Sea =
Sa − Sra
1− Sra

(5)

Phase transformations between water and ice are not considered
in the current formulation. Instead, the current formulation
accounts for the effect of freezing by drastically reducing the
hydraulic conductivities (see for details below). For illustrate
purposes, the code distinguishes between ice and water
saturations. Aqueous phase saturations are reported as water
saturations Sw [-] above freezing, while they are reported as ice
saturations Sice [-] below freezing.

Reactive Transport Equations
The mass conservation equations for multicomponent reactive
transport can be written as Mayer et al. (2002):

∂

∂t

[

SaφT
a
j

]

+
∂

∂t

[

SgφT
g
j

]

+
∂Ts

j

∂t
+ ∇ ·

[

qaT
a
j

]

−∇ ·
[

SaφDa∇Ta
j

]

− ∇ ·
[

SgφDg∇T
g
j

]

−Qa,m
j

−Qa,ext
j −Q

g,ext
j = 0 i = 1, Nc (6)

where Sg
[

L3 gas L−3 void
]

is the saturation of the gaseous

phase, Ta
j

[

mol L−3H2O
]

and T
g
j

[

mol L−3gas
]

are the total
aqueous and gaseous component concentrations for component
Ac
j , T

s
j [mol L−3 bulk] are the total concentration of adsorbed

species. qa is the aqueous phase flux [LT−1], Da [L2T−1]
and Dg [L2T−1] are the dispersion and diffusion tensors for
the aqueous and gaseous phases, respectively. In this context,
free phase diffusion coefficients for each phase are scaled by
using Dp = τpD0

p, in which p represents the phase, D0
p

[L2T−1] is the free-phase diffusion coefficient, and τp[-] is the
phase-dependent tortuosity factor calculated after Millington

(1959) (τp = S7/3p φ1/3). The scaled diffusion coefficients
enter the dispersion and diffusion tensors Da and Dg in
Equation (6). Qa,m

j [mol L−3 T−1] is an internal source-
sink term toward the total aqueous component concentrations
due to kinetically controlled dissolution-precipitation reactions.

Qa,ext
j and Q

g,ext
j [mol L−3 T−1] are external source-sink terms

for the aqueous and gaseous phases, respectively. Nc defines
the number of components in the system. Additional mass
conservation equations used to describe the change of mineral
quantities over time are defined by:

dϕi

dt
= Vm

i R
m
i i = 1, Nm (7)

where ϕi [L
3 mineral L−3 porous medium] is the volume fraction

of the mineral, Vm
i and Rm

i are the molar volume of the mineral
[

L3mineral mol−1
]

and the corresponding overall dissolution-
precipitation rate for the mineral

[

mol L−3porous medium T−1
]

.
Nm defines the number of minerals in the system.

Energy Balance Equation
The energy balance equation in MIN3P-HPC has been
implemented by Bea et al. (2012) and is coupled with
both the variably-saturated flow equation and the reactive
transport equations:

∂φcaSaρaT

∂t
+

∂φcgSgρgT

∂t
+

∂ (1− φ) csρsT

∂t
+

∂LwφSgρg
∂t

= ∇ · Je +Qm
e (8)

where ca, cg, and cs
[

E M−12−1
]

are the heat capacities for
aqueous, gaseous and solid phases, respectively, Lw

[

E M−1
]

is the latent heat of vaporization for water as a function of
temperature T, ρgand ρs

[

M L−3
]

are the densities of gaseous
and solid phases, ∇ · Je and Qm

e [E L−3T−1] define the energy
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flux and the energy source-sink term due to heat production or
consumption by mineral reactions. Details on the components of
the energy flux can be found in Bea et al. (2012).

No attempt was made to distinguish between the energy fluxes
and storage in water and ice due to the relatively low average
ice and water contents relative to the solid phase content. The
contribution of ice-water phase transition on the energy balance
was not included explicitly due to its reversible nature that
induces negligible impacts in the long-term behavior, and limited
energy adsorption or production from melting or freezing in
comparison to other energy transfer processes in the pile (e.g.,
heat production from pyrite oxidation).

Temperature-Dependent Constitutive Relationships
Freezing can result in a significant reduction in flow rates due to
the formation of ice and blocking of flow channels. The cessation
of flow as a function of freezing can be captured by a reduction of
hydraulic conductivity as a surrogate for phase transformation
(Azmatch et al., 2012; Zhao et al., 2013). Furthermore, the
transition from unfrozen to frozen conditions occurs gradually
over a temperature range, rather than following a sharp phase
change (McCauley et al., 2002; Walvoord and Kurylyk, 2016).
To capture these effects, the following relationship was modified
based on Henderson et al. (2009) and Bea et al. (2012) and used
to correct hydraulic conductivities as a function of temperature:

β = βmax = 1 for T > Tc

K = β
kρag

µa
with β =

(βmax + βmin)

2
sin

((

π

Tc − Tm

) (

T−
(Tc + Tm)

2

))

+
(βmax + βmin)

2
for Tm ≤ T ≤ Tc

β = βmin = 10−6 for T < Tm (9)

where T, Tc, Tm [2] are the current temperature, the
temperature when water starts to freeze, and the temperature
when all water is completely frozen; β [-] is the freezing
correction coefficient, µa

[

M L−1 T−1
]

and ρa
[

M L−3
]

define
the dynamic viscosity and density of the fluid, respectively,
k is the intrinsic permeability tensor

[

L2
]

, and g defines the
gravitational acceleration

[

L T−2
]

. Above Tc, β = βmax is equal
to 1, and K depends on µa and ρa , which are functions of
temperature and total solute concentrations. Additional details
on the controls of temperature on µa and ρa can be found in
Henderson et al. (2009) and Bea et al. (2012). For completely
frozen conditions below Tm, β is assigned a low value, βmin

(e.g., 10−6) to effectively stop flow. Parameter assignments and
a graphical representation of β as a function of temperature, as
used in this study, are shown in the Supplementary Figure 1.
This formulation provides an effective approach to capture the
effect of freezing on flow processes, without the need to account
for a phase change.

In reality, the oxidation of pyrite is a complex process
affected by oxygen supply into the WRP and internal pore water
chemistry; geochemical parameters such as pH and availability
of dissolved ferric iron, which serves as a preferred oxidant, are
known to affect sulfide oxidation rates (Singer and Stumm, 1970;

Lefebvre et al., 2001; Palandri and Kharaka, 2004). Temperature
is an additional important factor controlling the rate of pyrite
oxidation, correlated to microbial activity (Lefebvre et al.,
2001). Since the focus of this study is not on the detailed
analysis of geochemical conditions within the pile, a simplified
formulation for pyrite oxidation was used. It was assumed that
the pile remains sufficiently aerated to sustain pyrite oxidation
everywhere in theWRP, with reference reaction rates constrained
by literature values, unaffected by geochemical variability. Under
these conditions, the oxidation rate of pyrite can be expressed as
a simple zero-order reaction:

Rm
FeS2 = kFeS2 (10)

where Rm
FeS2

[

mol L−3porous medium T−1
]

represents
the oxidation rate of pyrite by O2(aq), and
kFeS2

[

mol L−3porous medium T−1
]

is the corresponding
rate coefficient that varies with temperature subject to
the Arrhenius equation (Arrhenius, 1889). For moderate
temperatures above freezing, the temperature-dependence
of chemical reaction kinetics is adequately described by the
Arrhenius equation; however, frozen conditions are expected to
severely limit reaction progress (Stewart, 1988). Similarly, pyrite
oxidation rates may also become impaired in high-temperature
environments due to a reduction in microbial activity. The
activity of most microorganisms increases to a maximum
at an optimal temperature, while higher temperatures can
lead to cell death by denaturing essential enzymes (Barton,
1979). As a result, microbially mediated reaction rates decline
for temperatures exceeding an optimum temperature. The
temperature-dependence of the rate of pyrite oxidation is here
defined as:

kFeS2 = γkrefFeS2 with γ = e

(

−1Ea
R

(

1
T−

1
Tref

))

1

1+ e
δ
(

T−To
To

) for T ≥ Tf

γ = 10−10 for T < Tf (11)

where kFeS2 and k
ref
FeS2

[

mol L−3porous medium T−1
]

are the rate
coefficients at current temperature T, and reference temperature
Tref [2]. Tf [2] is the threshold temperature below which
reaction progress immediately ceases. The selected Tf is within
the range of Tm and Tc. γ [-] is the temperature correction
coefficient, capturing the temperature dependence of the reaction

rate. The term e

(

−1Ea
R

(

1
T−

1
Tref

))

represents the contribution of
the Arrhenius equation with 1Ea

[

1E mol−1
]

defining the
activation energy which controls the rate as a function of
temperature, with R

[

E mol−1 T−1
]

being the ideal gas constant.
To [2] is the optimum temperature when microbial activity
reaches the maximum (Xie et al., 2007) and δ [-] is an empirical
parameter controlling the nature of rate decrease above To. The
correction accounting for inhibition at elevated temperatures
( 1

1+e
δ
(

T−To
To

) ) is close to 1 when temperature is below To, ensuring

that the temperature dependence follows the Arrhenius equation
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for temperatures between freezing and To. When temperature
exceeds the optimal value, the function effectively suppresses the
reaction rate, representing the decline in microbial activity (see
Supplementary Figure 1, for parameterization and a graphical
presentation of γ as a function of temperature).

Previous studies have shown that high temperatures can be
naturally achieved in reactive waste rock due to the exothermic
nature of oxidation processes (Lefebvre et al., 2001; Amos et al.,
2015). A source-sink term, accounting for heat generation due to
mineral dissolution-precipitation reactions, is therefore included
in the energy balance equation:

Qm
e =

∑Nm

j=1

(

1E⊖r
)

Rm
i j = 1, Nm (12)

where E⊖r
[

E mol−1
]

is the standard heat (i.e., heat produced

or adsorbed for every mole of a mineral dissolved) of the jth

dissolution-precipitation reaction.

Model Verification
The verification and validation of the model developed here is
challenging due to a lack of alternative models that are able to
simulate the highly coupled THC processes in the context of mine
waste weathering in permafrost environments. However, the
implementation of the coupled THC processes, as implemented
in the code, was previously verified by Bea et al. (2012, 2016).
The code has also been verified by participating in a wide
range of reactive transport benchmark benchmarks and code
intercomparisons (e.g., Mayer andMacQuarrie, 2010; Alt-Epping
et al., 2015; Poonoosamy et al., 2018). The modifications to
account for the effect of freeze-thaw processes were limited

to those described above (Section Temperature-Dependent
Constitutive Relationships). In addition, a simple version of the
relationship describing the reduction of hydraulic conductivity
caused by freezing has been previously been successfully used
for reactive transport modeling at the Diavik Mine, located in a
typical permafrost region (Wilson et al., 2018a).

Modeling Approach
Since flow and transport processes in WRPs are predominantly
vertical under temperate climate conditions, the domain may
be simplified as a one-dimensional (1D) column composed of
waste rock on natural terrain. The 1D simulations evaluate the
new freeze-thaw capabilities developed for the model and assess
the effect of different levels of sulfide mineral reactivity on the
performance of a WRP for reference climate conditions and for
a warming climate. However, this approach does not account
for the diversion of vertical flow due to permafrost formation,
blocking the percolation of infiltrating water. Following these
1D simulations, 2D flow and reactive transport simulations were
conducted to further assess the dynamic interactions between
flow, reactive transport and heat transport processes under cold
climate conditions, accounting for the diversion of infiltration,
leading to lateral flow and mass transport.

1D Model Description
Before waste rock placement, the active layer thickness present
near the ground surface was assumed to be controlled by the
local climate and soil properties. As conceptualized in Figure 3,
after waste rock pile construction, permafrost encroaches into
the waste rock pile, with the active layer now present in the
shallow portion of the pile. For our conceptual simulations,

FIGURE 3 | 1D conceptual model of waste rock placed on natural soil with corresponding boundary conditions.

Frontiers in Water | www.frontiersin.org 6 April 2021 | Volume 3 | Article 645675

https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles


Yi et al. Waste Rock Weathering in Cold Regions

a 25m tall WRP was placed onto 300m thick natural soil
in a permafrost environment; with thicknesses constrained
by the examples of Piteau Associates Engineering Ltd (1991)
and Booshehrian et al. (2020), respectively. The domain was
discretized in the vertical direction as 300 1m and 250 0.1m
control volumes for the natural soil and the pile, respectively.
Simulations were performed for 50 years, which was considered
sufficient to characterize the long-term evolution of the pile
and underlying soil. Physical, chemical, and thermal parameters
used to parameterize the model and their sources are listed in
Table 1. Physical parameters used for the WRP and underlying
soil, including water retention curves, hydraulic conductivity
and porosity, were constrained by literature data (Pantelis et al.,
2002; Zhang et al., 2010; Noel and Ritchie, 2012; Wilson et al.,
2018a), while parameters to control heat transport in WRPs were
taken from Pantelis et al. (2002) and were assumed identical
for the underlying soil. The volume fraction of pyrite was based
on Lefebvre et al. (2001). Kinetic reaction parameters for pyrite
oxidation under reference temperatures were slightly adjusted
from reported values for the Doyon mine (Lefebvre et al., 2001)
within ranges reported in the literature.

Only the most relevant chemical components related to pyrite
oxidation were considered in the model, including SO2−

4 , Fe2+,
H+, and O2(aq). The initial compositions of pore water within the
waste rock and infiltrating water were similar to dilute rainwater
(pH = 5.5). Pyrite was considered as the only reactive mineral
present in the pile with a finite amount, and the underlying
natural terrain was assumed as pyrite-free. Other complex
chemical processes such as hydrolysis, aqueous complexation,
dissolution of other primary minerals, and precipitation of
secondary minerals were not considered in the model. As
discussed above, pyrite oxidation was treated as a simple zero-
order rate expression (Equation 10) without consideration of
dynamic evolution of oxidation processes as a function of pore
water geochemistry. Due the simplified geochemical reaction
network, it was not possible to consider the different reaction
pathways for pyrite oxidation (initiator reaction and propagation
cycle). Sulfate was tracked and used as an indicator for the
occurrence and progress of pyrite oxidation. Other chemical
components were only included, since they are part of the
reaction stoichiometry of pyrite oxidation but were not further
evaluated in this study. In addition, it was assumed that the pile
is well-aerated with respect to O2 (pO2 was fixed at 0.2 atm), in
line with observations at WRPs with permafrost present (Pham
et al., 2008; Wilson et al., 2018a). It is acknowledged that this
assumption yields a worst-case scenario for situations with high
pyrite reactivity and internal heating. Since O2 concentrations
are fixed at atmospheric levels throughout the entire pile, the
simulations also neglect transport limitations related to gas
advection and gas phase diffusion. The effect of ice formation
and water accumulation at the base of the active layer on
gas ingress was also neglected. However, since O2 demand in
permafrost is negligible, this simplification is unlikely to affect
the results in a significant manner. Both pile and natural soil were
assumed to possess homogeneous porosity and permeability. The
effect of hydrodynamic dispersion and the impact of salinity on
freezing point depression were assumed negligible. The resulting

TABLE 1 | Parameterization of 1D and 2D waste rock THC models.

Properties Symbols and units WRPa Natural soilb

Thickness L - m 25 300

FLOW AND TRANSPORT PARAMETERS

Residual saturation Sr - unitless 0.2 0.1

Van Genuchten α factor α − m−1 5.0 4.6

Van Genuchten n factor n - unitless 2.7 1.35

Permeability – unfrozen

condition

k - m2 1.5 × 10−11 7.5 × 10−12

Porosity φ - unitless 0.4 0.3

Free-phase aqueous

diffusion coefficient

D0
a - m2s−1 2.1 × 10−9

Temperature when

water starts to freeze

Tc −◦ C 1

Temperature when

water freezing

completes

Tm −◦ C −1

HEAT TRANSPORT

Thermal conductivity of

waterc
λw - W m−1 K−1 0.6

Thermal conductivity of

solids

λs -W m−1 K−1 2.0

Heat capacity of waterc cw - J kg−1 K−1 4,180

Heat capacity of air ca J kg−1 K−1 1,010

Heat capacity of solids cw - J kg−1 K−1 1,093

Bulk density of solid

phase

ρs - kg m−3 1,750

Latent heat of

vaporization at 0◦C

Lw - kJ/kg 2,501

PYRITE OXIDATION

Initial volume fraction of

pyrite

ϕFeS2
- unitless 0.01 -

Standard exothermic

heat

1E⊖
r − kJ mol−1 pyrite 1,409 -

Arrhenius activation

energy

1Ea− kJ mol−1 pyrite 64

Threshold temperature

for pyrite oxidation

Tf −◦ C 0 -

Optimum temperature

for microbial

metabolism

To −◦ C 45 -

aThe porous medium properties of waste rock based on the Noel and Ritchie (2012)

and Pantelis et al. (2002); the heat transport parameters are chosen at the midpoints of

literature values from Pantelis et al. (2002); the chemical parameters as well as gaseous

diffusion coefficient are constrained by literature values reported in Lefebvre et al. (2001)

and Manaka (2007). Optimal temperature for microbial activity was obtained from Xie et al.

(2007).
bSoil properties are mainly taken from Zhang et al. (2010); the heat transport parameters

are assumed to be the same as for waste rock.
cThermal conductivity and heat capacity of water have been applied to both water and ice.

physical and geochemical is highly simplified in comparison to
WRPs in the real world. However, these simplifications allow
to focus the study on dynamics related to permafrost and
active layer evolution for a variety of climate conditions and
pyrite reactivities.

The initial conditions for water and ice content, as well
as temperature are mainly controlled by air temperature,
precipitation, and geothermal heat flux. These conditions have
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developed over long time frames and for the modeling, the
following assumptions were made: First, a simulation subject
to an annual infiltration rate of 280mm year−1 at the top and
a constant head of 295m at the base was run in the absence
of the waste rock pile, until steady state was reached. The
initial temperature distribution was subsequently determined by
assigning a mean annual air temperature (MAAT) of−9◦C at the
surface (Pham, 2013) and a basal geothermal heat flux of 0.08
Wm−2 (Booshehrian et al., 2020). For simplification, the initial
temperature within the WRP after its placement was assumed to
be the same as MAAT with permafrost present throughout the
pile. Effects of pile construction during different seasons on the
thermal regime of the pile was neglected.

Given these initial conditions, transient boundary conditions
were then assigned at the surface, accounting for the occurrence
of seasonal freeze-thaw cycles. A sine function was used to
represent transient temperatures with a maximum temperature
of 20◦C and a minimum temperature of −38◦C (Wilson et al.,
2018b) (Figure 4). A constant geothermal flux of 0.08 Wm−2

was retained as the boundary condition at the base of the
domain. The annual infiltration rate was set to 280mm year−1

and was assumed to be seasonally controlled, correlating with
fluctuating temperatures and also following a sine function,

although infiltration was not permitted for surface temperatures
below freezing (Figure 4). The impact of snowmelt on the annual
distribution of infiltration was neglected for simplicity, which is
justified considering the 50-year time frame of the simulations.

A warming of the MAAT of up to 4◦C was forecast at 50N
by the end of the century (Etkin et al., 1998). To evaluate
the long-term effect of climate warming, the sine function for
temperature in Figure 4 was modified by creating two alternative
scenarios, increasing temperatures throughout the years by 1 and
3◦C to delineate the potential warming scenarios in cold-climate
regions in coming decades. These modified climate conditions
were applied throughout the simulation. Accounting for the
effects of gradual climate warming was beyond the scope of
the present study. These simulations were then assigned with
modified infiltration patterns, which followed the corresponding
temperature functions, remaining sinuous and assuming the
same annual infiltration rate for simplicity, although it is
recognized that infiltration rates might also change with warming
temperatures. Both infiltration and temperature patterns were
assumed to be consistent over the 50-year simulation period and
were repeated annually.

A scenario analysis in relation to pyrite reactivity and
MAAT (Table 2) was conducted to evaluate the impacts of

FIGURE 4 | Seasonally controlled temperature profiles (mean annual air temperature is −9◦C) and infiltration rates at the WRP surface boundary (annual infiltration

rate is 280mm yr−1). The profile is assumed to repeat during the 50-year simulation period.

TABLE 2 | Parameters for sensitivity analyses of 1D and 2D simulations (k refers to krefFeS2
).

1D simulations 2D simulations 2D simulations (cover)

Cases Rate constant

(mol dm−3 day−1)

MAAT

(◦C)

Case Rate constant

(mol dm−3 day−1)

MAAT

(◦C)

Case Rate constant

(mol dm−3 day−1)

MAAT

(◦C)

0.1k 3.7 × 10−5 −9 0.1k 2.1 × 10−5 −9 0.1k 2.1 × 10−5 −9

−8 −8 −8

−6 −6 −6

k 3.7 × 10−4 −9 k 2.1 × 10−4 −9 k 2.1 × 10−4 −9

−8 −8 −8

−6 −6 −6

10k 3.7 × 10−3 −9 10k 2.1 × 10−3 −9 10k 2.1 × 10−3 −9

−8 −8 −8

−6 −6 −6
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these parameters on weathering processes and mass loadings.
The base case with reference pyrite reactivity includes three
simulations under reference and future climate scenarios with
MAATs of −9 and −8 or −6◦C, respectively. Two additional
cases were considered to investigate WRPs with lower and
higher reactivity for the same temperature scenarios, which
was achieved by decreasing or increasing the reference pyrite
reaction rate constant by one order of magnitude, respectively.
These modifications to the rate constant were selected based on
literature values reported by Lefebvre et al. (2001) and Manaka
(2007). All cases were simulated with for well-aerated conditions
(assuming a fixed pO2 at atmospheric levels). The simulations
were run with the sequential version of the code, and the total
runtime was <5min on a PC equipped with an Intel R© CoreTM

i7-8700K CPU @ 3.70 Ghz with 16 GB of RAM.

2D Model Description
To expand the analysis to more realistic conditions accounting
for diversion of flow due to permafrost formation, a 2D-model
was developed consisting of a 25m tall WRP, overlying a 1.5m
thick low-permeability liner on top of natural soil (Figure 5A).
The liner was considered to avoid the potential for infiltration
of mine drainage into the natural soil. The simulated pile base
and liner were 110m long and the slopes of the pile were set
at 35◦ (1.2 H: 1V) (Smith et al., 2013). The pile was assumed
to be located on an inclined ground surface with a slope of
5◦. The domain containing natural soil below was extended
laterally to 260m in width and to 305m in depth to minimize
the horizontal temperature gradients near the lateral boundaries
and to reasonably assign the base of the domain with geothermal
heat flux, respectively. An unstructured grid method was used
to discretize the domain using 17,206 nodes. Since the specific
focus of the study is on the WRP, the unstructured grid was

more refined for the WRP and the liner than for the underlying
soil. The purpose of this discretization strategy was to allow an
adequate representation of important processes occurring in the
pile and to minimize grid effects on simulations results. The
properties of both the pile and soil are given in Table 1. The low-
permeability liner with no sulfide minerals has as significantly
reduced permeability of 1.5 × 10−17 m2 and a porosity of
0.15 constrained by data from Fetter (1994) and Brachman et al.
(2017), representative for such materials.

The reaction network considered was identical as for the
1D simulations. The initial conditions for the 2D domain were
also calculated using the same method as for the 1D model.
The same boundary conditions for flow, reactive transport, and
temperature were assigned to the domain shown, as shown
in Figure 5B, with the exception of the infiltration boundary
assigned to the pile surface, which wasmodified to enable seepage
when boundary nodes became saturated. Since infiltration into
the soil on either side of the pile has little impact on processes
in the WRP, only infiltration into the pile was taken into
consideration for the simulations.

Analogous to the 1D modeling, a scenario analysis consisting
of an additional set of 2D simulations was performed. Three
cases with different levels of pyrite reactivity were simulated
under reference and warming climate conditions (Table 2). The
reference rate constant for the base case was slightly modified
from 1D base case to best capture the long-term impacts
of a warming climate for the more complex geometry. The
modifications were necessary since the heat and flow transport
processes differ as a function of dimensionality (lateral transport
in 2D). Simplifications and assumptions for the 2D simulations
are the same as for the 1D case. These simulations also assume
that the WRP is well-aerated (at atmospheric pO2 levels),
providing worst-case scenarios in terms of sulfide oxidation and

FIGURE 5 | (A) Geometry and discretization of 2D model, (B) Corresponding boundary conditions.
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mass loadings. These simulations were carried out using the
OpenMP parallel version of the code on the Optimum HPC
Cluster at EOAS UBC using 20 processors (Intel’s Ivy Bridge 2.8
GHz E5-2680v2 processor) and 128 GB memory, and the parallel
runtime was about 48 h.

Thermal Cover
A thermal cover as an insulating barrier is one reclamation
approach uniquely suited to permafrost environments to control
contaminated drainage (Kyhn and Elberling, 2001; Coulombe
et al., 2012; Boulanger-Martel et al., 2017; Stevens et al., 2018).
Typically, thermal covers consist of locally sourced, non-acid-
generating materials to encapsulate the mine waste, in order
to maintain the active layer mostly within the cover material
(Boulanger-Martel et al., 2017; Stevens et al., 2018). To assess
the controls and functions of the thermal cover, additional
2D simulations were conducted as outlined in Table 2 for the
same climatic conditions and pyrite reactivities as previously
described. For these simulations, a WRP with the same geometry
and parametrization as for the uncovered cases was considered,
but capped with a 3.2 m-thick cover over the bench and slopes
(Stevens et al., 2018). The domain of the bare waste rock
was expanded to include the cover, and the new domain was
discretized using 19,836 nodes. The simulations were subject to
the same assumptions (e.g., a well-aerated pile) as the uncovered
cases, and the same boundary conditions were used. The material
properties of the cover were assumed to be the same as for waste
rock, with the only difference that the cover was composed of
non-acid generating material (i.e., sulfide-free).

SIMULATION RESULTS

1D Modeling Analysis
Simulated seasonal temperature profiles for reference sulfide
mineral oxidation rates are depicted in Figure 6A for the three
climatic conditions considered. The temperature profiles were
selected at the end of each season to provide good representation
of permafrost degradation during thawing conditions (spring),
maximum extent of thawing (summer), permafrost aggradation
during freezing conditions (autumn), and maximum extent of
freezing (winter). Under reference climate conditions (MAAT of
−9◦C), permafrost can be observed within the pile capped by
an active layer extending to a depth of 2.5m after 50 years. The
temperatures in the active layer are strongly affected by seasonally
controlled air temperatures. For this scenario, the temperature
distribution within the waste rock column remains relatively
unaffected for a slightly warmer climate with an increase in
the MAAT by 1◦C. The active layer thickness (3m) for this
scenario has increased only modestly in comparison to the base
case scenario. However, if MAAT is increased from reference
climate conditions by 3◦C (MAAT of −6◦C), the simulation
results suggest that the temperature profile is significantly altered,
showing dramatically increased temperatures reaching up to
60◦C after 50 years with no permafrost present in the pile.
For this simulation, the internal temperatures rapidly increase
due to heat generation by sulfide mineral oxidation, causing
permafrost to completely disappear throughout the pile during

FIGURE 6 | Spatial distribution of temperature (T) vs. depth in a WRP at the

end of each season after 50 years, demonstrating the sensitivity of

temperature profiles and permafrost development to (A) climate change and

(B) pyrite reactivity. Based on the temperature profiles at the end of each

season, the light orange and blue zones represent the estimated active layer

thickness and continuous permafrost region, respectively (k refers to krefFeS2
).

the first 5 years of the simulation (see Supplementary Figure 2).
For these conditions, the active layer extends throughout the
entire pile thickness and into the natural soil, allowing for
pyrite oxidation to occur everywhere in the pile. The internal
temperature remains high for the remainder of the simulation
with a slight increasing trend, mainly due to constraints on
microbial activity limiting the reaction rate along with heat
production, especially in the core (see Supplementary Figure 2).
For the reference reactivity scenario and an increase of MAAT
by 1◦C, pyrite oxidation remains restricted to the shallow active
layer due to the persistence of permafrost deeper in the pile. This
set of simulations demonstrates that under specific conditions,
a relatively slight increase of the MAAT can severely affect the
persistence or development of permafrost within a WRP with
substantial effects on weathering processes.

Results for lower and higher pyrite reactivity were compared
to the base case scenario to investigate the response of WRPs as
a function of sulfide oxidation rates under the various climate
conditions. The results show that for the lower reactivity scenario
(0.1k), permafrost becomes established and remains long-term
with an active layer thickness of about 2m, even for the case with
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a more pronounced warming climate (Figure 6B), whereas the
higher reactivity scenario (10k) does not allow for permafrost to
develop under any conditions, including the reference climate.
For higher reaction rates, temporary freezing only occurs in the
uppermost waste rock layers during winter months, while pile-
internal temperatures are higher than for the base case for all
climate conditions.

The increase in pile-internal temperatures are induced by a
positive feedback termed as self-heating (Figure 7) (Rosenblum
and Nesset, 2001), diminishing or preventing the formation of
permafrost. The development of such conditions depends on the
reactivity of sulfide minerals contained within the waste rock but
can be aggravated by a warming climate. Simultaneously, the lack
of permafrost formation caused by rising temperatures allows
more volume of the waste rock exposed to water and oxygen,
thus more pyrite is available for oxidation. The results of the
scenario analysis illustrate how internal self-heating phenomena
can become more likely in a warming climate.

2D Modeling Analysis
Base Case
For reference climate conditions and pyrite reactivity, contours
for temperature, ice saturation, sulfate concentration, and

FIGURE 7 | Thermochemical processes contributing to self-heating.

volume fraction of pyrite are depicted in Figure 8 at t =

50 years at the end of the summer season (more detailed
results on the temporal model evolution are provided in the
Supplementary Material, Animation 1). Under the reference
climate, a temperature gradient is observed near the pile surface
reflecting seasonal heating from the surface. The depth of the
0◦C isotherm represents the maximum extent of the active layer.
The extent and configuration of permafrost within the pile are
directly related to the pile shape and the frozen core of the pile is
characterized by temperatures close to reference MAAT.

Contours of ice saturation also reveal the transition from
the active layer (shallow ice-free layer) to permafrost (ice-
containing zone), which is bordered by a thin ice-saturated zone,
a result of ice formation at the base of the active layer and the
associated blocking effect of permafrost. The simulations predict
that infiltration of water into deeper regions of the pile ceases,
due to a strong decline in hydraulic conductivity in permafrost
directly below the active layer, mimicking ice formation. The
simulations illustrate the lateral redirection of flow paths through
the active layer, indicating that seepage will exit the pile at the
base of the slopes without passing through the core of the pile
(Supplementary Figure 4A). The pronounced and continuous
ice-saturated region in this simulation indicates the depth of the
active layer under quasi steady-state conditions, while other less
pronounced and discontinuous regions of elevated saturation
above reflect the infiltration of snow melt and precipitation
following the thawing front at the output time.

For the simulated conditions, sulfide mineral oxidation is
restricted to the active layer, with no significant oxidation
throughout the permafrost region, due to a strong decline of
reaction rates under frozen conditions. For the relatively low
pyrite content specified (1% volume fraction) and reference
reactivity, the results show that pyrite is becoming depleted
throughout the active layer 50 years after pile construction.

FIGURE 8 | Contours of temperature (T), ice saturation (Sice), residual volume fractions of pyrite ( ϕpyrite), and sulfate concentrations (SO4) in the waste rock pile in the

summer of the 50th year for the base case (krefFeS2
, MAAT = −9◦C). The contours after 10 and 20 years are presented in Supplementary Figure 3.
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Despite the assumption of well-aerated conditions throughout
the pile, pyrite in the core of the pile remains stable and does
not undergo oxidation. Sulfate release is controlled by sulfide
oxidation in the near-surface active layer, occurring during the
warm seasons. Sulfate accumulates in infiltrating water and is
then partially released along lateral flow pathways toward the
right and left toes of the slopes. The simulations also indicate
that sulfate gets trapped at the interface between the active layer
and permafrost in regions of lower hydraulic conductivity and
ice formation. At the presented output time, highest sulfate
concentrations occur in the lower part of the active layer,
reflecting accumulation along the infiltration flow path as well as
declining pyrite abundance and reactivity near the pile surface.

In summary, the simulation results suggest that permafrost
can develop, despite the exothermic nature of pyrite oxidation.

For the conditions simulated, the energy balance of the
pile is dominated by seasonal temperature fluctuations and
the geothermal heat flux coming from below, leading to
permafrost development similar to natural soils. The effect of
pyrite oxidation on the energy budget and system evolution
is insufficient to substantially inhibit the development of
permafrost within the WRP.

Climate Warming
The simulation results under future warming climates for
reference pyrite reactivity are shown in Figure 9 (more detailed
results on the temporal model evolution are provided in the
Supplementary Material, Animations 2 and 3). A slight warming
by 1◦C (Figure 9A) still allows for the long-term establishment
of permafrost with the active layer being restricted to zones

FIGURE 9 | Contours of temperature (T), ice saturation (Sice), residual volume fractions of pyrite ( ϕpyrite), and sulfate concentrations (SO4) in the waste rock pile in the

summer of the 50th year for scenarios with reference pyrite reactivity (k refers to krefFeS2
) under warming climate conditions with (A) MAAT = −8◦C and (B) MAAT =

−6◦C.
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near the pile surface, similar to the reference climate scenario
(base case). However, the ice-saturated layer in this scenario
is located deeper into the pile than for the reference climate
scenario, due to the increased air temperature, implying a deeper
extent of the active layer and partial permafrost degradation. As a
result, more sulfide-bearing waste rock is accessible for oxidation,
which is occurring under slightly warmer temperatures, leading
to modestly increased mass loads of sulfate relative to the base
case. Despite small changes relative to the base case in terms of
active layer thickness, permafrost extent, pyrite oxidation and
sulfate mass loadings, the overall evolution of the waste rock pile
remains very similar to that of the base case scenario.

Considering a temperature increase of 3◦C over the reference
climate scenario; however, leads to a substantially different
long-term evolution of the waste rock pile (Figure 9B). The
temperature contours show that permafrost will not be present
in the pile after 10 years. In fact, simulations indicate that pile-
internal temperatures increase substantially above the MAAT,
with core temperatures reaching up to 70◦C, caused by internal
heating due to the exothermic nature of pyrite oxidation.
Ice formation as well as increased water saturations near
the surface of the pile are no longer observed due to the
complete disappearance of permafrost within the pile (Monthly
changes of ice and water saturations are provided in the
Supplementary Material, Animation 4). Without the barrier
imposed by permafrost, infiltrating water can freely penetrate
through the pile and forms a high water-saturation layer
above the low-permeability liner near the base of the pile
(Supplementary Figure 4B). As a result, the right toe becomes
the main drainage location, receiving water that has passed
through the core of the pile. These conditions can develop
due to the exothermic nature of pyrite oxidation, leading to
internal heating. Together with warmer climate conditions,
pyrite oxidation rates and associated heat production had a
pronounced effect on the energy balance of the waste rock
pile, effectively leading to reaching a “tipping point” causing a
gradual expansion of the active layer and ultimately the complete
degradation of permafrost, while simultaneously promoting
further self-heating. Under these conditions and assuming no
oxygen limitation, oxidation of pyrite occurs throughout the pile
at increased rates leading to enhanced sulfate release and higher
concentrations. For the selected parameters, pyrite depletion
occurs after 50 years within a large fraction of the pile with
the exception of the core, where the temperatures are high and
exceed the optimal temperature for microbially mediated pyrite
oxidation, restricting reaction rates.

In summary, although the abovementioned three scenarios
have the same initial reactivity of pyrite, the analysis
demonstrates that climate warming has the potential
to significantly change the thermal, hydrogeological and
geochemical regimes of the entire system due to the self-heating.
Warming by only a few degrees can enhance the heat production
from pyrite oxidation so that permafrost degradation will occur.
The higher air temperature more easily triggers self-heating, with
pronounced effects on the pile’s energy balance, flow system,
sulfide oxidation, and mass loadings. In this context, it must be
emphasized that rate parameters were purposefully chosen to

induce this transition. These results are not predictive in nature
for the chosen pile geometry and parameters, but they illustrate
the possibility of reaching a tipping point and transitioning from
a permafrost regime to a regime of internal heating.

Mass Loadings for Increased and Reduced Pyrite

Reactivity
The results for sulfate mass loadings of low-reactivity and high-
reactivity cases obtained by lowering or increasing the reference
rate coefficient by a factor of 10 are summarized in Figure 10, in
comparison to simulations performed for the base case reactivity.
For a WRP with high reactivity (10k), all simulation cases
show essentially the same elevated release of SO4 over time,
independent of the climate condition considered. The release of
sulfate occurs only at the right toe of the WRP because pyrite
oxidation takes place throughout the pile at significant rates,
leading to rapid degradation of permafrost and transitioning
to internal heating. For the 2D-cross section considered, the
gently sloping ground surface enables drainage water to percolate
toward a single focused discharge point. These results illustrate
that the energy balance of the pile is dominated by heat
generated from sulfide mineral oxidation, with limited impact
of climate warming on the evolution of the pile and associated
mass loadings.

For conditions with lower reactivity (0.1k) of sulfide minerals,
the long-term evolution of the pile is similar to that of the
base case, with permafrost developing in the core of the pile,
surrounded by an active layer. In this case the energy balance of
the pile is dominated by climate conditions and the geothermal
heat gradient, as discussed above for the base case. Considering
the low reactivity of pyrite, it is not surprising that internal
heating does not occur for any of the climate scenarios. Although
effects of climate warming are not as dramatic as for the base
case, marked differences can be observed for the different climate
scenarios in terms of long-term mass loadings. For the lower
pyrite reactivity, a warming climate enhances pyrite oxidation to
generate more sulfate relative to the reference climate scenarios.
Enhanced sulfate release is due to a thicker active layer, increasing
access to pyrite, a longer duration of the warm season, and a
marginally higher reaction rate due to a temperature-driven rate
increase. Although mass loadings remain relatively low, these
compounding effects lead to an increase inmass release over a 50-
year time period of 18 or 65% for very modest MAAT increases
of 1 and 3◦C, respectively (Table 3).

The same effect can be seen for the base case reactivity, where a
mild MAAT increase of 1◦C leads to an increase of mass loadings
by 21% relative to the reference climate scenario (Table 3). As
discussed above, the development of internal heating for aMAAT
increase of 3◦C causes more drastic changes, increasing the mass
loading by 550% of the reference climate scenario (assuming that
O2 does not become limiting).

Thermal Cover
Simulated sulfate mass loadings for the scenario with a thermal
cover are summarized and compared to uncovered scenarios
in Table 3. The factors of mass loading reduction for the
covered cases vs. uncovered cases for lower and reference pyrite
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FIGURE 10 | Total sulfate release over elapsed time at the two drainage locations at the toes of the waste rock pile for all scenarios (k refers to krefFeS2
).

TABLE 3 | Sensitivity analysis to climate warming for all simulation cases (k refers

to krefFeS2
) (no cover).

Case MAAT (◦C) Total mass loading of

sulfate without cover

(tonnes)

Increase of mass loading

over reference climate

[%]

0.1k −9 2.05 -

−8 2.42 18%

−6 3.38 65%

k −9 21.4 -

−8 25.9 21%

−6 139 550%

10k −9 137 -

−8 137 0%

−6 137 0%

reactivities indicate that the insulating effects of the cover can
dramatically decrease cumulative sulfatemass loadings, assuming
the same initial conditions remain valid. The sulfide-free cover
hosts most of the active layer, reducing accessibility to pyrite
and temperatures in the pyrite-containing zone during the warm
season, as well as the duration of above-freezing conditions in the
portion of the active layer extending into the waste rock. Together
these factors lead to a reduction in mass loadings of >90%
for all cases considered (with reactivity of k and 0.1k), relative

TABLE 4 | Performance analysis of cover effectiveness for all simulation cases (k

refers to krefFeS2
).

Case MAAT (◦C) Total mass

loading of

sulfate with

cover (tonnes)

Total mass

loading of

sulfate without

cover (tonnes)

Reduction of

mass loading

[%]

0.1k −9 0.02 2.05 99%

−8 0.07 2.42 97%

−6 0.30 3.38 91%

k −9 0.26 21.4 99%

−8 0.76 25.9 97%

−6 4.38 139 97%

10k −9 133 137 3%

−8 133 137 3%

−6 133 137 3%

Reduction of mass loading = difference between total sulfate release without and with

cover/total sulfate release without cover × 100%.

to the uncovered WRP (Table 4). For the reference reactivity
scenario with an increase of the MAAT to −6◦C, the total
mass loadings reveal that in some select instances, the thermal
cover can effectively prevent the development of internal heating
and permafrost degradation, maintaining the long-term stability
of permafrost within the pile (see Supplementary Figure 5),
providing a pronounced reduction in mass loadings. In addition,
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examining these scenarios also shows that an increase of MAAT
will tend to decrease the effectiveness of a thermal cover. This
can most clearly be seen for the reactivity case with 0.1k, for
which the cover is 99% effective at reducing sulfate release for
the reference climate scenario, while it is only 91% effective for
an increase of the MAAT of 3◦C (Table 4). Although simulated
mass loadings are quite low for these two covered cases (0.1k,
MAAT of −9◦C and MAAT of −6◦C), it is notable that sulfate
release for an increase in MAAT by 3◦C increases by a factor
of 13 relative to the reference climate (Supplementary Table 1).
The decreases in the benefits and effectiveness of the cover caused
by climate warming is due to a deeper extent of the active layer,
reaching into the waste rock for cases with increased MAAT (see
Supplementary Table 1).

For the higher reactivity scenarios (10k), the simulations
indicate that the placement of a thermal cover is ineffective in
protecting the waste rock pile from self-heating and permafrost
degradation. The reduction ofmass loadings in this case is equally
insignificant for all climate scenarios. Overall, the simulation
results suggest that a thermal cover can provide a practical and
effective option to control the release of contaminated drainage
under many, but not all conditions.

DISCUSSION

Climate Change and Effluent Quality
Simulated results demonstrate that a mild increase in air
temperature can strongly influence the drainage water quality
from a well-aerated pile in many cases, indicated by a substantial
increase in sulfate mass loadings. The simulation results reveal
that a series of phenomena caused by a warming climate
enhance sulfate release from the active layer in the pile, including
partial permafrost degradation, a deeper extent of the active
layer, enhanced access to sulfide-bearing waste rock, and a
marginally increased oxidation rate, which together pose risks to
the persistence of permafrost within waste rock (MEND, 1996,
2011). In rare instances, a higher air temperature may lead to a
transitioning of the pile to internal-heating conditions and alter
the drainage evolution dramatically through the mechanisms
described above (MEND, 1996). In these cases, the internal
self-heating occurs because the pile’s energy balance becomes
dominated by the exothermic nature of sulfide oxidation
(Rosenblum and Nesset, 2001; Arisoy and Beamish, 2015). As a
result, permafrost cannot be sustained, resulting in more sulfide
oxidation at enhanced rates occurring through the entirety of
the pile. It is unlikely that such a drastic outcome is reached in
many instances. Physical and geochemical conditions in a pile
must be in a very narrow range to facilitate the transitioning from
a permafrost-containing pile to an internal heating scenario.
However, the more significant finding is that sulfide weathering
and associated mass loadings can still increase significantly for
lower reactivities, even if the increase in temperature is only
relatively minor (1–3◦C). This is due to the compounding effects
of a warming climate on active layer thickness, reaction rates, and
duration of the warm season. On the other hand, the simulations
suggest that sulfate mass loading for highly reactive piles is
not significantly affected by the climatic conditions; the strong

exothermic nature of oxidation governs the energy balance and
inhibit the development of the permafrost in the pile irrespective
of climate conditions.

In real-world waste rock piles, the long-term evolution of
the piles is likely more complex than simulated here due to
additional factors that influence the effluent quality. Foremost,
it must be noted that these findings are only valid if the system is
supplied with sufficient oxygen. Oxygen availability can constrain
the oxidation processes especially for high-reactivity piles. The
inclusion of secondary mineral formation also tends to affect
sulfate release and mass loadings of other elements. In addition,
mineral precipitation reactions can as act as passivating agents
for sulfide mineral oxidation. Physical heterogeneity and pile
structure may also affect the basal drainage evolution and effluent
quality, as are impacts from snowfall and snowmelt in the
spring, affecting flow and heat transport dynamics. It must be
acknowledged that the outcome of the simulations can be affected
by the initial thermal conditions, which are highly simplified
in the simulations presented here. These conditions are difficult
to anticipate due to the duration of pile construction, typically
spanning several years.

Considering the uncertainties with respect to material
properties, placement of waste rock, and initial conditions, the
models were designed in a simplified fashion to isolate the
potential impacts of climate warming and sulfide reactivity
on the weathering behavior of WRPs constructed in cold-
region climates, specifically focusing on permafrost degradation
and mass loadings in drainage. The results provide (1) a
preliminary analysis of these complex systems, (2) a reference
for assessing long-term weathering behavior, and (3) an aid to
better understand the internal coupled processes. The results
presented for low reactivity are least affected by the assumptions
made, since the thermal regime within the pile is dominated
by climate effects and the geothermal heat flux. It is therefore
reasonable to expect that thermal conditions will evolve in a
similar manner as simulated. On the other hand, the simulations
for reference reactivity represent more unstable conditions, with
the energy balance similarly affected by external forcing (climate
and geothermal heat flux) and internal processes (exothermic
nature of sulfide oxidation). These simulations must therefore
be viewed as illustrations on how a waste rock pile could evolve
under the given conditions, but not as predictions for a pile of the
specified geometry and material properties. The simulations with
reference reactivity for reference climate and a MAAT increase
of 3◦C conceptually bracket the outcomes for these unstable
conditions. The simulations for high reactivity present worst-
case scenarios, since the effect of O2-limitation was not taken
into consideration.

Cover Performance and Mass Loading
Controls
Simulated sulfate mass loadings for the various cases suggest
that the efficacy of thermal covers is maximized for piles with
relatively low reactivity, especially for cases in which the active
layer is completely or at least mostly maintained in the cover.
For such cases, it may be possible to reduce mass loadings by
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>90%. The results also indicate that for some special scenarios,
the cover can be used to prevent a WRP from transitioning
into conditions of internal heating and reaching a tipping point,
because the cover can suppress the contribution of exothermic
sulfide oxidation in the pile’s energy balance. Such conditions
must be considered uncommon, as discussed above. The sulfate
mass loading results also suggest that a warming climate, even
if only by a few degrees, can substantially affect the cover
performance. Depending on tolerable mass loadings and general
water treatment needs, an appropriate increase in cover thickness
could be considered to offset the decline in cover performance
(MEND, 2009, 2011). Generally, it is advisable to take into
account a safety factor related to potential hazards and challenges
caused by climate warming during the construction of the cover
(MEND, 2011). For a WRP containing material of known high
reactivity, the simulation results suggest that a thermal cover
design may be ineffective at controlling sulfate mass loadings.
This can occur, if the active layer extends beyond the thickness
of the cover, allowing the development of internal heating despite
the presence of the cover. It may be possible to avert this situation
by increasing the cover thickness. However, since in reality,
both pile construction and cover placement take time, highly
reactive piles may commence to weather during construction and
accumulate internal heat prior to cover placement. In that case,
even a thicker cover may fail to avoid progressive internal heating
after cover installation.

Similar to the uncovered cases, the outcome of the simulations
with reference and high reactivity are most strongly affected
by underlying assumptions, in particular regarding the initial
thermal conditions and O2 limitations. For the simulations,
it is difficult to take the duration of pile construction into
consideration, and how sulfide oxidation, internal heating and
permafrost development proceed during this period. Predictive
modeling is difficult under such circumstances and site-specific
conditions must be taken into consideration carefully. A purely
thermal cover may be ineffective, if waste rock has already
been affected by sulfide oxidation and internal heating prior
to cover placement, which is not considered in our analysis.
Irrespective of the uncertainties associated with the model, other
cover options may provide useful alternatives to control the
drainage quality, such as covers limiting oxygen ingress (Bussière,
2010).

SUMMARY AND CONCLUSIONS

Numerical modeling can be a useful tool to investigate processes
in mine waste and forecast long-term behavior in these complex
systems. In this study, a sensitivity analysis of waste rock
weathering in a permafrost environment was performed using
MIN3P-HPC. The overall simulation results and findings provide
insights in the internal hydrogeological, chemical, and thermal
evolutions of uncovered as well as covered piles for reference
climatic conditions and warming climates. Scenario analyses
were performed to test different hypotheses and different controls

on the energy balance of WRPs affected by climate forcing,
geothermal heat flux, and internal heating. Such model results
are potentially useful to guide decision making on site-specific
cover design to effectively and efficiently mitigate potential
contaminated drainage.

The results also demonstrate the benefit of recent advances
made in unstructured grid capabilities in MIN3P-HPC,
enabling future users to simulate field-scale problems
where the complex coupled THC processes requires high
discretization, and to simulate other complex systems with
irregular geometry, such as multi-lift waste rock stockpiles.
Future work could also address other aspects such as effects
of oxygen depletion, physical and chemical heterogeneities,
more complex geochemical reaction networks, different initial
conditions, and mass transfer between ice and liquid water.
The evaluation of cover scenarios could also be expanded
to improve the understanding of the functionality and
effectiveness of thermal covers, providing information to
help contrast different reclamation technique in the design
planning stage.
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