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Abstract: In order to reduce contaminant mass loadings, thermal cover systems may be incorporated
in the design of waste rock piles located in regions of continuous permafrost. In this study, reactive
transport modeling was used to improve the understanding of coupled thermo-hydrological and
chemical processes controlling the evolution of a covered waste rock pile located in Northern Canada.
Material properties from previous field and laboratory tests were incorporated into the model to
constrain the simulations. Good agreement between simulated and observational temperature
data indicates that the model is capable of capturing the coupled thermo-hydrological processes
occurring within the pile. Simulations were also useful for forecasting the pile’s long-term evolution
with an emphasis on water flow and heat transport mechanisms, but also including geochemical
weathering processes and sulfate mass loadings as an indicator for the release of contaminated
drainage. An uncertainty analysis was carried out to address different scenarios of the cover’s
performance as a function of the applied infiltration rate, accounting for the impacts of evaporation,
runoff, and snow ablation. The model results indicate that the cover performance is insensitive to
the magnitude of recharge rates, except for limited changes of the flow regime in the shallow active
layer. The model was expanded by performing an additional sensitivity analysis to assess the role of
cover thicknesses. The simulated results reveal that a cover design with an appropriate thickness can
effectively minimize mass loadings in drainage by maintaining the active layer completely within
the cover.

Keywords: reactive transport modeling; mine waste rock; thermal cover; freeze-thaw cycles; permafrost;
contaminated drainage

1. Introduction

Large volumes of waste rock (considered non-economically viable materials) are gen-
erated and removed from the subsurface during mining operations. This waste rock (which
is usually stored in large and unsaturated stockpiles at ground surface) poses long-term
environmental risks related to acid rock drainage (ARD) or contaminated neutral drainage
(CND), if sufficient pH-buffering minerals are present in the waste rock, such as carbonate
minerals. The weathering of potentially acid-generating (PAG) materials, in particular sul-
fide minerals, may trigger the release of ARD/CND and dissolved metals [1–3]. Different
techniques have been proposed to control the release of contaminants and limit adverse
impacts of ARD/CND, such as the placement of covers (including water covers, covers
with capillary barrier effects, elevated water table with monolayer covers, low saturated
hydraulic conductivity covers, store-and-release covers, inorganic or organic coatings, elec-
trochemical covers, and thermal covers) [4–8]. Thermal covers (also known as insulation
covers) are a unique option in cold regions where permafrost is typically found due to
prevailing cold temperatures, implying that soils remain perennially frozen for at least
two consecutive years [5,9–12]. In this scenario, non-potentially acid-generating (NPAG)
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waste rock also extracted from the site can be used as the cover material to encapsulate
the PAG material. The role of the cover is to provide an insulating effect to maintain
permafrost in the underlying waste rock, while the active layer, defined as the top layer
subject to seasonal thawing, remains within the cover material. The low temperatures
maintained in the reactive waste rock control the oxidation of sulfide minerals, whereas
freezing conditions reduce the potential for transport of contaminated water [7]. Therefore,
the design for cover thickness will depend on site-specific conditions (e.g., permafrost
extent, climate, soil properties) [13,14].

In addition to laboratory and field tests, regarded as essential methods to understand
waste rock behavior, reactive transport modeling (RTM) can also provide insights into
the coupled thermo-hydrological-chemical (THC) processes occurring within a waste
rock pile (WRP), responsible for controlling conditions in the field. Another practical
application of modeling is to assist with improving the design of reclamation methods for
mine wastes to minimize their environmental impacts. Increasing attention has been given
to the capabilities of RTM to address various mine waste related issues [15–23]. While
several codes have been developed to simulate dynamic freezing and thawing processes in
permafrost regions [24–27], only a few studies have applied this functionality to mining
environments. In this paper, the reactive transport code MIN3P-HPC [28,29] was used
to assess the performance of thermal covers placed on WRPs, based on the example of
the Meadowbank mine, located in the Kivialliq region in Nunavut, Canada. At this site,
a thermal cover system of 4-m thickness was emplaced to avoid potential ARD/CND [30].
Laboratory experiments were performed to characterize the Meadowbank materials, and
field measurements were taken to improve understanding of the overall thermal behavior
of the WRP. However, a quantitative two-dimensional analysis of the coupling of THC
processes has not been conducted to date. The main objectives of this study are to: (1) assess
the long-term THC behavior of a sulfide-bearing WRP in a cold-climate region featuring
a thermal cover, (2) assess the sensitivity of the modeling results to uncertainties with
respect to the magnitude of seasonal recharge, and (3) evaluate the functionality and
effectiveness of thermal cover designs on controlling the weathering of waste rock and
ARD/CND release.

2. Conceptual Model

The simplified conceptual model presented here was developed to capture the cou-
pling of the most important processes with respect to freeze-thaw cycling in sulfidic mine
waste rock encapsulated by a thermal cover. Under cold-region climate conditions, large-
scale WRPs usually allow for the development of permafrost within the waste rock and the
relocation of the active layer from the underlying soil to near the pile surface, as shown
in Figure 1 [31]. Permafrost established within the waste rock can be conceptualized as a
nearly impermeable barrier, limiting deep recharge, and in this way altering internal water
routing and enhancing lateral flow [31]. Unlike in temperate climates, where precipitation
is often dominated by rainfall and the duration of ground freezing is relatively short and
restricted to the shallow ground, infiltration into WRPs is more complex in cold regions,
due to extended periods of frozen ground during the winter months and the presence
of permafrost at depth. During the winter months, snow can either accumulate at or
ablate from the pile surface. The accumulation and ablation rates are determined by a
variety of parameters such as topographic features, vegetation, climate, and wind [10].
In cold regions, spring snowmelt is a particularly significant event for water infiltration
into piles [32] and has important influences on solute transport and moisture content.
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Cold-region climates also influence chemical reactions and gas transport within the
pile. The establishment of permafrost as well as the freezing of porewater can result in a
significant reduction in chemical reaction rates, effectively leading to cessation of reaction
progress [33,34]. Moreover, the limited thickness of the active layer and short period of
thawed conditions also limit chemical reactions as well as the release and transport of
solutes. Oxygen consumption is associated with the oxidation of PAG minerals present in a
WRP. However, the cover is designed to minimize the effects of freeze-thaw cycling within
the WRP, restricting oxidation processes, oxygen consumption. Therefore, also oxygen
ingress. As a result, the oxygen content within the pile is expected to remain relatively
stable at atmospheric levels.

In addition, heat transfer processes occurring within a WRP are tightly associated
with above-mentioned processes. A temperature gradient is present between the frozen
core and the seasonally thawed surface layer, which can drive heat transport through
conduction in or out of the pile. The magnitude of the conductive energy flux is controlled
by temperature gradients and thermal properties of both NPAG materials in the cover and
PAG materials in the core [3]. Another heat transfer mechanism is convection in association
with pore water and pore gas. The limitation on deep infiltration of water due to the
presence of permafrost is accompanied by limited convective heat flux by water flow. The
oxidation of sulfide minerals is known as strongly exothermic, potentially causing internal
heat production. However, the mostly frozen state of the WRP may slow down oxidation
processes and associated heat production. In the case of low internal sulfide oxidation
rates, convection driven by pore gas is also restricted.

3. Site Description

In this study, the Meadowbank Gold Mine is used as an example for quantitatively
evaluating cover performance in cold-region climates. The mine is located approximately
300 km from Hudson Bay in the Kivialliq region (65◦ N 96◦ W), which is subject to typ-
ical low Arctic eco-climatic conditions with a mean annual air temperature (MAAT) of
−11 ◦C [35]. The mine site has been in operation by Agnico Eagle Mines Limited since
2010, generating large quantities of both PAG and NPAG waste rock. Previous baseline
studies show that the thicknesses of the active layer and the underlying permafrost in the
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region typically vary from 1.3 to 4 m and 450 to 550 m, respectively [35,36]. Based on these
observations, it has been decided to construct a 4-m insulation cover WRP made of NPAG
waste rock to control contaminant generation from the WRP. To validate the cover design,
two field experimental cells with a cover of 2 m and 4 m were constructed over 1–2 m
tailings to aid with closure planning for the reactive tailing storage facilities (TSFs) [12].
Since the test results from monitoring the temperatures showed that 4m is effective for
the TSFs, it was assumed that this cover configuration would also work for the WRP. As
shown in Figure 2, the waste rock pile contains five benches, which are covered with 4m
NPAG waste rock, resulting in a large pile (118 m in height × 650 m × 1020 m), located on
a layer of till. The batters of the pile are sloped at 27◦ (2H:1V) [37].
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Figure 2. Plan view of the waste rock pile at the Meadowbank mine site.

A total of fourteen vertically instrumented multipoint thermistor strings were in-
stalled into borehole casings within the WRP in 2013 (YSI 44031 from GKM Consultants,
Sainte-Julie, QC, Canada) and 2015 (G176-TH002 from Hoskin Scientific Ltd., Burnaby, BC,
Canada), to monitor the temperature and thermal behavior of the entire covered system.
Thermistor strings were installed inside borehole casings surrounded by gravel rejects of
3
4 inches. All thermistor sensors had an interchangeable tolerance of ±0.1 ◦C. Figure 2
shows the locations of the thermistors distributed across the pile. Detailed information
about the thermistors, including the thermistors’ elevations, depths, string lengths, and the
total number of sensors, are available in [37]. Strings that span through all pile benches
include RSF-3, RSF-4, RSF-5, and RSF-6, containing more than 26 sensors. Based on the
available sensors, cross section AA’ (Figure 2) was selected for the numerical analysis
performed in this work. Except for RSF-4, which was installed on a higher bench (and was
not measured from 2015 to 2017 due to its loss of functionality), strings were installed on
the second or third benches. Daily air temperature and precipitation were also recorded on
site at a meteorological station 1km away from the WRP [37]. Additional laboratory tests
were completed at the Université du Québec en Abitibi-Témiscamingue (UQAT, Rouyn,
QC, Canada) to characterize the hydrogeological, thermal, physical, and chemical proper-
ties of both NPAG and PAG materials. Detailed method descriptions and results of these
laboratory tests are available in [35,37–44].
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4. Methods
4.1. Modeling Approach
4.1.1. Reactive Transport Code MIN3P-HPC

MIN3P-HPC [28,29] (a parallel version of the MIN3P-THCm code) is a multicompo-
nent reactive transport code designed for simulating the primary thermo-hydro-chemical
and mechanical (THCm) processes in variably saturated porous media with unstructured
grid capabilities. Key features of the code include density dependent flow and solute
transport, gas transport, biogeochemical reactions, heat transport, and one-dimensional
hydromechanical coupling [20,28,29,45,46]. In addition, the code has recently been en-
hanced to simulate freeze-thaw related processes. The cessation of flow due to freezing is
considered through lowering the hydraulic conductivity as a surrogate for phase transfor-
mation between ice and water phases. Previous studies have shown that the temperature
dependence of reaction rates is adequately described by the Arrhenius equation, even at or
slightly below the freezing point [33,47,48]. More recent work has shown that, for sub-zero
temperatures, sulfide mineral reactivity is negligible, implying that the Arrhenius equations
cannot represent sulfide oxidation rates for completely frozen conditions [12]. The effects
of freezing on sulfide oxidation can therefore be simplified by defining a threshold temper-
ature (site-specific) below which the reaction progress ceases [12]. The Arrhenius equation
was also modified for sulfide mineral oxidation in high temperature environments, to
account for the decline of microbial activity under these conditions [49]. Furthermore,
the energy balance equation in the code was enhanced by including heat generation from
pyrite oxidation as a source term. The governing equations for flow, reactive transport,
and heat transport, along with details regarding abovementioned relationships can be
found in [50]. For this study, the code was used to simulate a base case scenario with
specific focus on coupled thermal-hydrological and geochemical evolution of a covered
WRP, constrained by data from field observations and laboratory experiments, followed
by uncertainty analyses. Details regarding the parameterization and assigned boundary
conditions are provided in the following sections.

4.1.2. Spatial Discretization

The model domain was constrained by the dimensions of the covered waste rock
pile at the Meadowbank mine. The 2D-model was set up following cross section A-A’
(Figure 2) to facilitate quantitative interpretation of field observations, accounting for pile
geometry. A deep and wide section of natural terrain (991 m × 500 m) underlying the WRP
has been included in the model. The vertical dimension was extended to the base of the
continuous permafrost where the geothermal heat flux could be reasonably estimated based
on literature [51]. The domain was also extended laterally in order to avoid interference
of lateral heat flux with the boundaries. Figure 3 shows the model configuration and
spatial discretization, along with the locations of the thermistors, which provided the data
to constrain the model. The enhanced unstructured grid capabilities of the MIN3P-HPC
code [29] allow for inclusion of multiple benches and sloped surfaces, as well as grid
refinements in areas of interest to simulate the covered pile. The domain was discretized
by using 22,455 nodes. Discretization of the cover and waste rock is more refined than that
of the underlying soil, since the focus on the study is on processes occurring in the WRP.
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4.1.3. Base Case Specific Input Parameters

The base case was designed to investigate the short- and long-term performance of
the covered WRP, for comparison with temperature data collected at the site. The model
was constrained by measured physical, hydrogeological, thermal, and chemical param-
eters of both NPAG and PAG materials, summarized in Table 1. The bulk densities,
porosities, and saturated hydraulic conductivities were directly derived from laboratory
experiments [37–39], while thermal conductivities [38] were obtained from a generalized
thermal model reported in [41,43]. The hydraulic conductivity under frozen conditions
was drastically reduced to a value low enough to represent the cessation of flow under
permafrost conditions. The van Genuchten model was used to parameterize the relation-
ships between volumetric water content and suction [37] (Figure A1, Appendix A). The
parameters used for the underlying natural soil were obtained from [50].

Mineralogical composition in the models were justified based on previous stud-
ies [37,38] (Table A1, Appendix A). With specific focus on the generation of acid rock
drainage and generation of heat, only pyrite and carbonates (expressed as equivalent
calcite) were included in the model as primary mineral phases to represent acidification
potential (AP) and neutralization potential (NP). At this site, pyrite oxidation dominates
the contribution of mineral dissolution precipitation reactions towards the energy balance
due its strong exothermic nature. The contribution of dolomite towards pH-buffering
reactions was combined with calcite based on total carbonate content to capture the full
NP. The volumetric abundances of both primary minerals were constrained by field ob-
servations [37,38] (Table A1, Appendix A). Although abundant, silicate minerals were
neglected, since they are not expected to make significant contributions to pH buffering
and the energy budget of the pile. Secondary mineral phases ferrihydrite and gypsum
were allowed to precipitate to provide solubility controls for iron, carbonate, and sulfate.
Therefore, the aqueous components and species considered in the simulations were re-
stricted to those involved in these mineral reactions, including SO4

2−, Fe2+, Fe3+, Ca2+,
CO3

2−, H+, and O2(aq). The initial porewater compositions in both materials were assumed
similar to dilute rainwater with concentrations of 10−10 mol·L−1 for SO4, Fe(II/III), and
Ca, and in equilibrium with O2 and CO2 at atmospheric concentrations. Table 2 gives
information about the reaction stoichiometries, rate expressions, equilibrium constants,
and rate constants of included primary and secondary phases. Reaction rates for calcite,
ferrihydrite and gypsum reflect quasi-equilibrium conditions, while the reference rate
constant for pyrite oxidation is within the range of values reported in the literature [50].
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Previous laboratory tests performed on Meadowbank tailings suggest negligible reactivity
of the tailings below 0 ◦C [12]. In line with these findings, it was assumed that mineral reac-
tion rates are negligible in the waste rock, if temperatures are below freezing, while above
freezing, the rate constant for pyrite oxidation was varied with temperature as a function
of the Arrhenius equation and equilibrium constants were temperature-compensated by
the van’t Hoff equation.

Table 1. Hydrogeological, thermal and selected geochemical model parameters.

Properties Symbols & Units NPAG PAG Natural
Terrain

Thickness/Height L/m 4 m [37] 118 m [37] 500 m [50]

Porous medium
Residual saturation Sr/unitless 0.08 1 [37] 0.1 1 [37] 0.1 [50]

Van Genuchten α factor α/m−1 0.22 1 [37] 0.64 1 [37] 4.6 [50]
Van Genuchten n factor n/unitless 1.65 1 [37] 1.70 1 [37] 1.35 [50]

Saturated hydraulic conductivity
at reference temperature (25 ◦C) Ksat/m s−1 7.9 × 10−4 [37] 1.6 × 10−3 [37] 7.4×10−5 [50]

Porosity φ/unitless 0.39 [37] 0.31 [37] 0.30 [50]
Free-phase aqueous diffusion coefficient D0

a /m2s−1 2.1 × 10−9 [15]

Heat transport
Thermal conductivity of water 2 λw/W·m−1·◦C−1 0.6

Thermal conductivity of solid λs/W·m−1·◦C−1 4.8 [35] 5.3 [35] 2.0 [50]
Heat capacity of water 2 cw/J·kg−1·◦C−1 4180

Heat capacity of air ca/J·kg−1·◦C−1 1010
Heat capacity of solid cw/J·kg−1·◦C−1 1400 [37] 1600 [37] 1093 [50]

Bulk density of solid phase ρs/kg·m–3 1763 [37] 2015 [37] 1750 [50]
Threshold temperature for pyrite oxidation Tf/◦C 0 [50]

Pyrite oxidation
Volume fraction of pyrite Vpyrite /unitless - 0.002 [35] -

Standard exothermic heat ∆E	r /kJ·mol−1

pyrite
- 1409 [15] -

Arrhenius activation energy ∆Ea/kJ·mol−1

pyrite
- 64 -

Volume fraction of calcite Vcalcite /unitless 0.19 [35] 0.06 [35] -
1 Estimated porous-medium parameters based on laboratory data report in [37]. 2 Thermal conductivity and heat capacity of water have
been applied to both water and ice.

Table 2. Primary and secondary minerals with their rate expressions, stoichiometries, equilibrium constants (Ki), and
effective rate constants (keff

i ) at 25 ◦C.

Mineral Reaction Rate Expression logKi
logkeff

i
[mol·dm−3·s−1]

Primary mineral reactions
Pyrite FeS2 + 3.5O2 + H2O→ Fe2+ + SO2−

4 + 2H+ R = keff
FeS2

- −9.6 [50]

Calcite CaCO3 → Ca2+ + CO2−
3 R = keff

CaCO3

[
1− IAP

10−8.48

]
−8.48 [52] −7.3 [53]

Secondary mineral reactions
gypsum CaSO4·2 H2O→ Ca2+ + SO2−

4 + 2H2O R = keff
Fe(OH)3

[
1− IAP

104.89

]
4.89 [52] −7.0 [53]

ferrihydrite Fe(OH)3 + 3H+ → Fe3+ + 3H2O R = keff
CaSO4 H2O

[
1− IAP

10−4.58

]
−4.58 [52] −7.0 [53]

Infiltration into the pile was simulated as seasonally controlled discontinuous events,
based on cumulative precipitation data shown in Table 3. Details of the recorded daily
precipitation rates are available in [37]. In the simulations, recharge was assumed to
only occur when the air temperature was above freezing. Specifically, a constant rate of
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infiltration was applied for average daily air temperatures above freezing, assuming a
value of 0.32 mm day−1 for the base case, derived from cumulative rainfall between 2014
and 2017, accounting for evaporation and runoff, which was assumed to comprise 70% of
rainfall. The percentage was selected from the midpoint of the evaporation ranges between
50% and 90% in other mining studies located in similar climates [54,55]. In addition,
recharge due to snowmelt was considered during the first month after spring thaw. During
this period, infiltration from melting snow was set at 0.55 mm day−1, assuming that 50%
of snowmelt infiltrates and that 25% of cumulative snowfall remains at the surface when
spring arrives. The percentage of snowmelt represents the contribution of snowmelt to
the infiltration that was derived from the midpoint of the range (10–90%) reported in the
literature [32], and the percentage of accumulated snowfall was selected from the midpoint
of the model calibration conducted for the Meadowbank mine, which determined that
5–45% of snowfall forms the snowpack at the surface at the onset of spring thaw [37].

Table 3. Yearly cumulative precipitation (rainfall and snowfall) with corresponding event durations between 2014 and 2017 [37].

Year
Rainfall Snowfall 1

Event Duration
(Days)

Cumulative
Precipitation (mm)

Event Duration
(Days)

Cumulative
Precipitation (mm)

2014 138 116 227 118
2015 115 127 250 178
2016 122 166 243 135
2017 141 137 224 113

Average rate (mm day−1) 1.06 0.58
1 Snowfall reported as rainfall equivalents.

The exposure of the covered pile to atmospheric conditions necessitated the incor-
poration of seasonal temperature fluctuations. The average daily temperatures (Ta) from
January 2014 to October 2017 are shown in Figure 4, and a sinusoidal function dependent
on time (t) captures the seasonal variations adequately [37]:

Ta(
◦C) = −11.4 ◦C + 23.2 ◦C sin

((
2π

365t

)
+ 4.2

)
(1)
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Figure 4. Observed average daily air temperatures (Avg) for the period from 2014 to 2017 represented by a sinusoidal
function (Sin fct).

The temperature fluctuates around the mean annual air temperature (MAAT =−11.4 ◦C),
and 23.2 ◦C represents the annual amplitude of temperature variations. The geothermal
heat flux at the model base was assumed to be 0.087 W m−2 [51], yielding the permafrost
thickness observed in this region. All other boundaries were considered impermeable for
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both water flow and heat flux (Figure A2, Appendix B). The base case simulation was run
for 50 years starting from 2014.

4.2. Infiltration Uncertainty Analysis

Although infiltration rates used for the base case simulation separately consider
contributions from rainfall and snowmelt, account for snow ablation, evaporation and
runoff, as well as seasonal controls, uncertainty remains due to a lack of site-specific
infiltration measurements into the pile. Expanding on the base case study, additional
simulations for both increased and reduced infiltration rates were performed to investigate
the sensitivity on pile-internal flow patterns, moisture contents, as well as thermal and
geochemical evolution. The infiltration rates in the uncertainty analysis used the upper
limits of the literature ranges for the increased infiltration scenario and the lower limits for
the reduced infiltration scenario, as summarized in Table 4. The model geometry and other
parameter inputs remain the same as for the base case.

Table 4. Infiltration uncertainty analysis.

Case # Rainfall Snowfall Precipitation

Infiltration
Fraction

(% of Rainfall)

Rain
Infiltration
(mm day−1)

Snowpack
Fraction

(% of Snowfall)

Infiltration Fraction
(% of Snowpack)

Snowmelt
Infiltration
(mm day−1)

Infiltration 1

(mm day−1)
Infiltration 2

(mm day−1)

Reduced 10 0.11 5 10 0.02 0.13 0.11
Base 30 0.32 25 50 0.55 0.87 0.32

Increased 50 0.53 45 90 1.78 2.31 0.53

1 Infiltration rate during first month of spring thaw. 2 Infiltration rate during other months with above-freezing average daily air temperatures.

4.3. Cover Thickness Scenario Analysis

Expanding on previous studies on cover thickness [12], an additional three simulations
were performed with no cover, a 2 m cover, and a 6 m cover. The purpose of these
simulations was to evaluate and illustrate the effect of the presence and thickness of the
cover system on sulfide oxidation, long-term drainage evolution, and mass loadings. The
WRP configuration remained the same as for the base case, except for the presence or
thickness of the cover. The material properties of both cover and pile remained unchanged
relative to the base case and all boundary conditions also remained as specified for the
base case.

4.4. Assumption and Simplifications

Some simplifications and assumptions had to be made when building the conceptual
and numerical models. Infiltration rates were based on seasonal averages rather than
individual daily rates, and no infiltration was considered when the surficial ground was
frozen. The magnitude of the infiltration rate was estimated by removing assumed frac-
tions of evaporation, runoff, and snow ablation from precipitation data, according to the
suggested ranges reported in the literature. Furthermore, the temperature and infiltration
patterns assigned to the pile surface were assumed to be repetitive over the 50-year simu-
lation period, while all other boundary conditions remain unchanged. Consideration of
the potential meteorological changes in the long term was beyond the scope of the study.
Other input parameters derived from related experiments and the literature were assumed
homogeneous for the various materials. The consideration of the effect of heterogeneities
was also beyond the scope of the study, and preferential flow was neglected. In addition to
the simplified mineralogy simulated, pyrite oxidation was simplified without considera-
tion of dynamic evolution of oxidation processes as a function of porewater geochemistry
(complex parallel reactions or multiple oxidation pathways), since geochemical data were
unavailable and geochemical conditions are expected to remain relatively stable due to the
presence of carbonate minerals and the assumption of abundant oxygen [3,15]. A simple
zero-order reaction expression was used for pyrite oxidation, since the main focus was on
temperature dependence. In order to highlight and isolate the contribution towards sulfate
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mass loadings from the weathering of PAG waste rock, it was also assumed that limited
sulfur content present in the cover material is negligible. In addition, it was assumed that
the pile is well aerated and that O2 concentrations remain at atmospheric levels throughout
the whole pile (pO2 was fixed at 0.2 atm), in line with previous observations at WRPs
located in permafrost environments (pore gas including O2 level were found to closely
resemble those of air) [56,57]. This implies that the simulations neglect gas phase diffusion,
gas advection, and gas supply through soil gas. The heat convection with pore gases is
therefore not included in the simulations. For the conditions at this site, neglecting this
process is not expected to have any significant implications on the energy balance, since the
heat capacity of air is much lower than that of the waste rock and water. The contribution
of water–gas phase transitioning on the energy balance was considered in the model, but
that of ice–water phase transitioning was not included explicitly due to its irreversible
nature which alternates seasonally in the active layer where flow and reactive transport
processes occur, and its relatively low latent heat of melting when compared to that of
vaporization. The effects of hydrodynamic dispersion and freezing point depression due
to salinity were also neglected.

5. Results and Discussion
5.1. Base Case Results

Comparing simulated temperature fluctuations from January 2014 to October 2017
at RSF-4, RSF-5, RSF-6, RSF-15, and RSF-16 to the measured temperature data at the site
indicates the simulations provide an adequate representation of the thermal regime in the
covered pile (Figure 5). Simulated temperature values from June to November in each
year show good agreement to the measured values at all stations, especially at the stations
with the most complete data sets (i.e., RSF-4, RSF-5, and RSF-6). Although simulated
temperatures were lower than the measured values at RSF-15 and RSF-16, the simulation
results adequately capture the two peaks in 2016 and 2017. Overall, simulated results
capture the penetration of the seasonally induced thermal waves, with a penetration depth
limited to the upper 10–15 m of the WRP. Simulations show that seasonal temperature
fluctuations at greater depth are much lower and lag significantly behind temperature
changes near the surface due to the effects of heat conduction, consistent with observed
patterns. Both measured and simulated results show that the core of the WRP remains
frozen and nearly constant in extent, even in the warm seasons for the first 4 years, with
only the cover thawing in summer and early fall. Winter temperature data was limited and
only available over the four-year period at RSF-6, and over the first year at RSF-4 and RSF-5.
These field measurements show a multiyear warming trend from 2015 to 2017, most clearly
seen for the winter season, ranging from about 3 to 7 ◦C as a function of depth (as shown at
RSF-6), while the simulations yielded identical minimum temperatures over the four-year
period. These results indicate the covered pile in the field was warmer than predicted
by the model, especially for the shallow depths in the winter months (1.0–2.2 m). These
differences are at least in part caused by insulating effects of the surface snowpack [9],
which is only seasonally present and was not considered in the model. Other differences,
also visible in the warm seasons, were likely to result from (1) neglecting heterogeneity
of material properties in the numerical simulations (such as thermal conductivity), which
influence heat transport; (2) wind effects at the batters of the pile (i.e., RSF-15 and RSF-16),
leading to gas advection and convective heat transport into or out of the pile; (3) variations
in cover thickness over the pile surface of the constructed WRP; (4) preferential flow
through large pores in the pile; and (5) the slope orientation. Specifically, the surface
temperatures along south-facing slopes are expected to be higher than on north-facing
slopes. The model fit increases later during the simulations since early results are strongly
affected by the initial condition relevant to temperature evolution during the process
of pile construction, which is difficult to take into consideration. When simulating the
pile behavior and implement the conceptual model based on measured data, no attempt
was made to calibrate the model parameters to improve the fit at individual locations to
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observed temperature data. Discrepancies between observed and simulated data exist,
especially during early time, limiting the predictive capabilities of the model. However,
seasonal trends and the dampening of the temperature amplitude with depth are well
represented by the model, providing confidence in the modeling approach for waste rock
weathering and cover functionality in cold-region climates.
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The long-term thermal evolution of the covered pile is shown in Figure 6. Since
the seasonally controlled temperature function is assigned for the entire 50-year simula-
tion period, the core temperature of the WRP approaches the average yearly value (i.e.,
MAAT = −11.4 ◦C) (due to the main controls of climatic condition and geothermal heat
flux), surrounded by temperature gradients (due to freeze thaw processes in the active
layer) towards the surface. The simulations indicate that the 0 ◦C isotherm remains in the
surficial 4m NPAG material (above the PAG waste rock) in the long term, implying that the
active layer is maintained within the cover.
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Temperature fluctuations and seasonal thawing in the active layer allow for the
percolation of water. In Figure 6, the observed ice-free layer near the surface, present in
the summer, is another indicator of the active layer extent. The distribution of ice and
water in the waste rock pile, and in particular the presence of ice within the cover material
and above the waste rock, confirms that the active layer is restricted to the cover and
does not extend into the waste rock. The simulations indicate that some limited ponding
of water occurs within the cover above an ice layer (especially on the benches near the
toes of the batters), resulting from the blocking effect of permafrost to deeper infiltration,
facilitating the accumulation of infiltrating water within the cover, followed by lateral
diversion towards the toes of the pile during the warm seasons. The underlying low
permeability till blocks infiltration into natural soils at the toe of the WRP, which explains
the increased water-saturation zones at the base of the slopes.

In the absence of geochemical data on pore water chemistry, the model is used to
illustrate the expected long-term geochemical evolution of the system (Figure 6). Sulfate
and calcium concentrations are good indicators for the occurrence of pyrite oxidation
and calcite dissolution, respectively. Very low concentrations of sulfate observed in the
system indicates a lack of pyrite oxidation and acidity production, except for spatially
constrained zones within the steep slopes (Figure A3, Appendix C). These results illustrate
the functionality of the cover, showing that sulfide oxidation is very limited, since the
PAG waste rock will remain frozen in the longer term. At the top of each tipping face
(where the pile bench meets the sloped face, referred to as a “break”), multi-directional
heat conduction enhances the thaw depth (i.e., down from the bench and from the batters)
leading to some sulfate release. However, the simulations indicate that basal drainage
remains free of sulfate for the entire simulation period. Calcite (which was considered as the
primary pH-buffering mineral) dissolves in the cover mostly in response to slightly acidic
infiltration from rain and snow, establishing equilibrium under atmospheric conditions
and leading to slightly basic pH-values in the near surface pore water (Figure 6).

5.2. Uncertainty Analysis to Infiltration

Simulated ice and water saturations for increased and reduced infiltration rates are
depicted in Figure 7 for the summer after 50 years in comparison to the base case results.
An ice-free layer of similar thickness is observed near the surface in all infiltration scenarios,
indicating that the active layer is maintained within the cover and the waste rock remains
frozen in the long term, regardless of the infiltration rate. The distributions of water
saturations are directly related to the flow regime and infiltration rates. In the increased
infiltration scenario, water accumulation within the cover is more pronounced, depicted
by the higher average water saturations and more pronounced internal water ponding
in Figure 7. The occurrence of the water ponding is related due to the blocking effect
of permafrost. Ponding also becomes more obvious at the breaks of each batter, where
the direction of flow instantly changes to lateral flow. As for the base case scenario, the
toes of the piles become water-saturated due to underlying low-permeability materials,
leading to outflow during the summer months. Darcy flux vectors, presented by scaled
arrows, are used to visualize flow patterns for the different scenarios. In the scenario with
a reduced infiltration rate, flux vectors suggest that water is also laterally diverted through
the cover during the summer months, although it moves more slowly than for the base case.
Conversely, flow is faster in the scenario with an increased infiltration, while flow patterns
remain similar. The simulations indicate that, in the long term, basal drainage at the toes of
the pile is to be expected, with the magnitude of outflow a function of the recharge.
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Figure 7. Simulated contours of ice and water saturations with reduced or increased infiltration rates compared to the
base case in the summer after 50 years. The grey arrows represent the Darcy flux vectors. The contours were cropped to
more clearly illustrate the differences at the basal drainage location. The white line and white arrows indicate the interface
between waste rock and cover materials.

The sensitivity analysis for infiltration was designed to assess how uncertainties
related to infiltration will affect flow processes and the thermal regime within the pile, with
an emphasis on cover performance. Simulation results illustrate that the applied recharge
has an insignificant impact on the thickness of the active layer, since flow patterns and
locations, as well as the ice distributions, are similar for all infiltration scenarios. Due to
a lack of observational data, further analysis of the effects of the recharge on drainage
water chemistry was not performed. However, since the simulation indicate that active
layer thickness is not significantly affected, it can be postulated that mass loadings will
also not be affected materially, although drainage water volumes will be a function of the
infiltration rates in the long term.

5.3. Sensitivity Analysis to Cover Thickness

The simulated results of the internal temperature and ice saturation distributions for
the four cover-thickness scenarios are shown in Figure 8. Simulated active layer thickness
is similar for the different scenarios in spite of differences of variations of heat capacities
between NPAG and PAG materials. This result is not unexpected, considering that heat
capacities of the two materials differ by less than 15% (Table 1). However, for a thinner
cover, the simulations indicate that the active layer extends into the PAG material. The
0 ◦C isotherm in the scenarios with no cover and 2 m cover are located within the PAG
material, while this isotherm remains near, but above the interface between the cover
and the PAG waste rock for the scenarios with 4 m and 6 m covers. In other words, the
results suggest that PAG material near the pile surface will be affected by seasonal thaw
in the long-term for the scenarios with a 2 m cover or no cover (Figure A4, Appendix C).
Although the cover thickness has little impact on the active layer thickness, it determines
whether the PAG rock will experience thaw and allow for the oxidation of sulfides solute
transport of reaction products through this material in the warm seasons. The distribution
of ice and water saturations are reflective of the flow regime. All four scenarios show a
similar active layer extent, indicated by the thickness of the ice-free layer near the surface,
but their distributions are different with respect to the cover thickness. Although the
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waste rock remains mostly frozen for the no-cover case, a shallow active layer forms in
the summer, with increased water saturations and pronounced internal ponding, resulting
from deeper infiltration due to the relatively high hydraulic conductivity of the PAG waste
rock in combination with the blocking effect of permafrost. For the cases including a
cover, the cover with its lower hydraulic conductivity adds more complexity to the ice
and water distribution. Zones of water and ice saturations are both observed within the
cover material in the 4 m cover and 6 m cover scenarios. The ice layer formed above the
interface between the waste rock and cover is thicker in the 6 m cover scenario, whereas
elevated water saturations can be seen slightly extending into the PAG waste rock in the
2 m cover scenario (i.e., partial thawing of the shallow waste rock). These results confirm
that the active layer is likely to penetrate into PAG material for covers with a thickness of
less than 4 m.
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Figure 8. Simulated contours of temperature, ice saturation, and water distributions for no cover, 2 m cover, and 6 m cover
scenarios compared to the base case with 4 m cover in the summer after 50 years. The white line and white arrows indicate
the interface between waste rock and cover materials, where applicable.

As a function of the presence of the cover and cover thickness, the occurrence of
freeze-thaw cycles in the active layer affects geochemical processes within the WRP in
different ways. Simulated changes of pyrite volume fractions in the no-cover and 2 m-
cover scenarios indicate pyrite oxidation is occurring in the sulfide-bearing rock during
the summer months (Figure A5, Appendix C). Pyrite oxidation is more extensive in the
no-cover scenario since the active layer is entirely in the PAG material, whereas the active
layer in the 2 m cover scenario straddles both NPAG and PAG materials, which leads to a
thin zone of pyrite oxidation immediately below the cover. However, with thicker cover
designs (4 and 6 m cover scenarios), barely any pyrite is oxidized due to persistent frozen
conditions in the PAG waste rock over the 50-year simulation period. The oxidation of
pyrite during the warm seasons in the no-cover and 2 m cover scenarios release sulfate, as
shown in Figure 9. As expected, sulfate concentrations are the highest in the active layer
of the no-cover scenario. In the 2 m cover scenario, the release of sulfate is concentrated
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in the PAG-material located directly below the cover with some spreading into the cover
material, which results from mixing in response to lateral flow as well as solute diffusion.
In this case, sulfate release is most visible the uppermost bench (Figure A5, Appendix C),
followed by a downslope flushing with infiltrating water. However, the covered pile in the
4 m- and 6 m-cover designs remain sulfate-free, because pyrite oxidation does not occur in
the long-term.
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Both the cover material and PAG waste rock contain carbonate materials. The dissolu-
tion of calcite, as the sole carbonate mineral included in the model, was tightly correlated
with pyrite oxidation and sulfate production as seen in Figure 9. In the no-cover scenario,
pyrite oxidation in the active layer promotes calcite dissolution to buffer acidity. Iron, cal-
cium, and sulfate produced from pyrite oxidation along with calcite dissolution drives the
secondary precipitation of both ferrihydrite and gypsum (Figures A6 and A7, Appendix C).
Although pH is buffered in the no cover and 2 m cover scenarios, pH is lower than in
the other scenarios, because pyrite oxidation adds acidity to the system. For the 4m- and
6m-cover scenarios, calcite dissolution leads to mildly basic conditions in the cover.

Geochemical reactions occurring within the PAG waste rock control the effluent
geochemistry at the toes of the pile (Figure 10). Results for both the 4 m and 6 m cover
designs indicate that basal drainage remains nearly free of dissolved sulfate over the
50-year simulation period. However, the simulations also show that sulfate mass loadings
in basal drainage are higher for the 2 m cover and the no-cover scenarios. In addition,
sulfate mass loadings are not equally distributed at each of the toes of the pile due to pile
geometry (longer and gentler slope on the right side). Although simplifications have been
made regarding the mineralogical composition and corresponding reactions, the sensitivity
analysis is helpful at illustrating the effectiveness of thermal covers in a geochemical and
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mass loading context. The simulations results suggest that for the climate conditions and
materials considered, a cover with a thickness of less than 4 m would likely allow the active
layer to extend into the PAG material, possibly leading to the release of the contaminated
drainage at the toes of the pile. It is reassuring to note that there were negligible differences
in mass loadings between 4 and 6 m cover designs.
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5.4. Implications for Cover Design and Construction

The base case simulation results, which are constrained by experimental data and
field measurements, provide insights into the coupled processes occurring in sulfide-
bearing WRPs in permafrost environments. The results forecasted by the model illustrate
the influences of freeze-thaw cycles on flow, thermal, and geochemical regimes of the
covered pile in the short term, consistent with available observations for a four-year
time period. Long-term simulations suggest that, for the given climate conditions and
material parameters, conditions in the WRP will remain stable, subject to seasonally driven
dynamic equilibrium conditions. Although some assumptions had to be made regarding
infiltration rates and uncertainties regarding the magnitude and temporal distribution of
infiltration remains, the simulations indicate that the performance of thermal covers is
not very sensitive to infiltration. The simulation results suggest that the thickness of the
active layer is not significantly affected by uncertainties in infiltration rates, with impacts
mostly restricted to changes in the shallow active layer flow system. In this context, the
results indicate that the impacts of infiltration on mass loadings are likely limited, as
long as the active layer remains entirely within the thermal cover. Additional sensitivity
analysis related to the cover design demonstrates the functions and effectiveness of the
thermal cover as a unique reclamation approach commonly used for WRPs in cold-region
climates. The simulation results confirm and provide confidence in the cover’s ability
to prevent the sulfide-bearing waste rock from being oxidized and to effectively manage
the effluent quality in the long-term. Simulated results for mass loadings also imply that
the drainage quality is affected by the cover thickness. In general, the overall results
from this study indicate that modeling can be used as a guiding tool to help identify
and design suitable reclamation approaches. Different scenarios can be simulated in the
design planning stage, prior to the costly construction of field experimental studies, and the
simulation results can provide insights into the ability of different proposed cover designs



Minerals 2021, 11, 565 18 of 26

to control potential ARD/CND. Reactive transport modeling of thermal-hydrological and
geochemical processes can be used to address parameter uncertainties, assess different
future scenarios, and illustrate thermal, hydrological, and geochemical processes in WRPs.

6. Conclusions

In addition to experimental or field tests, RTM provides a versatile tool for assessing
the performance of thermal covers in permafrost environments and their impact on limiting
sulfide mineral oxidation and mass loadings. MIN3P-HPC, the modeling tool used in this
study, has the ability of to simulate thermo-hydrological-geochemical interactions in a
covered WRP under permafrost conditions. Simulation results provide insights and also
build confidence for using modeling to analyze other similar scenarios through sensitivity
and uncertainty analyses.

This study demonstrates the capabilities of MIN3P-HPC to simulate the problems
related to mine waste in permafrost regions undergoing frequent freeze-thaw cycles. Freeze-
thaw processes and their impact on water flow, geochemical reactions, and mass transport
are incorporated into the code, facilitating an integrated assessment of these coupled
processes. The recently added capability of unstructured grids allows to consider complex
geometries with angled surfaces and multiple layers, common at mine sites. Future studies
on thermal cover performance in cold-region climates could address additional complexity,
by considering physical and chemical heterogeneity, a more detailed geochemical reaction
network, and climate warming. In addition, future simulations could consider insulating
effects of seasonal snow covers, which may aid to further improving the understanding
of covered and uncovered WRPs in cold-region climates, and the prognostic value of
the model.
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Figure A1. Estimated water retention curves with parameters for both NPAG and PAG materials,
based on laboratory data reported in [37].

Table A1. Mineralogical composition.

Mineral 1
Volume Fraction

NPAG PAG

Actinolite 0.054 [35] -
Calcite 0.052 [35] 0.028 [35]

Chlorite 0.178 [35] 0.105 [35]
Dolomite 0.117 [35] 0.025 [35]
Magnetite - 0.034 [35]
Muscovite - 0.052 [35]

Quartz 0.047 [35] 0.334 [35]
Pyrite - 0.002 [35]
Talc 0.198 [35] 0.050 [35]

Stilpnomelane - 0.081 [35]

Other Parameters
Ssulfide (%) 0.03 [37] 0.36 [37]
Ctotal (%) 1.92 [37] 0.27 [37]

AP (kg CaCO3/t) 1.0 [37] 11 [37]
NP (kg CaCO3/t) 120 [37] 20 [37]

NP/AP 120 [37] 1.8 [37]
1 Calculated volume fractions of mineral phases from weight fraction (wt. %) reported in [35].
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Figure A2. Initial conditions for ice saturation and temperature. Initial temperature given to the WRP is assumed
homogeneous with a temperature of −3 ◦C, while the temperature of natural soil was simulated with MAAT = −11.4 ◦C at
the surface and geothermal heat flux of −0.087 W m−2 at the base until reaching a steady state. Initial ice saturation of
the system was estimated based on the water retention curves for NPAG and PAG materials as well as the underlying soil.
Boundary conditions for flow, reactive transport, and heat transport are assigned at each boundary. Transient flow and
temperature boundaries were assigned at the surface, while a constant geothermal heat flux boundary was assigned at the
base. Other boundaries were assumed as impermeable for flow and transport.
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presented here in log-scale). The purpose of this figure is to highlight the limited sulfate content at the breaks of between
some of the benches and slopes. The white arrows indicate the interface between waste rock and cover materials.
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Figure A4. Comparison of internal temperature fluctuations over time between the base case (4 m cover) and the no cover
scenario in the short term. The depth is measured from the surface of PAG waste rock.
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Figure A5. Sulfate concentrations for the four cover scenarios. In the 2 m-cover scenario, high sulfate content in the top
bench is only observed near the interface between cover and waste rock, indicating that the active layer partially extends
into the sulfide-bearing waste rock. The broader spread of sulfate concenatrtions into the cover in the lower benches is due
to mixing processes occuring during lateral drainage. The white line and white arrows indicate the interface between waste
rock and cover materials.
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Figure A6. Simulated contours of volumetric fraction changes of primary minerals, pyrite and calcite, for no cover, 2 m
cover, and 6m cover scenarios compared to the base case with 4 m cover in the summer after 50 years. The negative sign (-)
represents mineral dissolution. Only part of the pile is shown for illustrative purposes. The white line and white arrows
indicate the interface between waste rock and cover materials.
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