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Abstract: Waste rock piles (WRPs) are commonly remediated with cover systems to limit water and
oxygen influx and mitigate the impacts of acid mine drainage (AMD) on the environment. While
numerous types of cover systems exist, simple, single-layer soil covers remain an attractive option
due to their low cost and simplicity of installation. Since knowledge of their long-term performance in
humid climates is limited, this study was undertaken to assess and predict a single-layer cover system
at a WRP in Nova Scotia, Canada. A two-dimensional finite element model was developed to simulate
variably saturated flow and solute transport at the WRP and surrounding area. Key parameters
collected during five years of field monitoring, including moisture contents, groundwater levels and
dissolved metal concentrations, were used to produce a well-calibrated and verified model. Early
results confirm that the cover system has already decreased AMD into both groundwater (reduced
water infiltration/seepage in the WRP) and surface water (eliminated contaminated surface water
runoff). Long-term acidity depletion rates indicate that all sulphidic minerals within the pile will
be oxidized within 34 years, but due to the slow leaching rates into water, it will take over 9000
years to deplete all acidity. Numerical simulations predict the evolution of groundwater and surface
water quality over time until full acidity depletion. Current work involves kinetic tests on waste rock
samples to more accurately access the annual generation and release of AMD.

Keywords: contaminant remediation; cover system; FEFLOW; acidity; variably saturated flow;
environmental monitoring

1. Introduction

Mine waste rock piles (WRPs) are large accumulations of waste rock, fine coal, tailings and other
mining and processing wastes. WRPs can contain significant amounts of reactive sulphide minerals,
including pyrite and pyrrhotite, which when exposed to oxygen and water, can generate acid mine
drainage (AMD). This AMD is generally characterized by low pH and high concentrations of sulphate,
heavy metals and other toxic elements [1–3]. As a result, WRPs have the capacity to cause severe
environmental impacts, particularly on soil, water resources and aquatic communities [4,5]. Numerous
studies provide detailed reviews of AMD components, including geochemistry [6], impacts [7] and
remediation options [8].

To prevent and/or control the generation of AMD, cover systems are installed over the WRP to
isolate the reactive waste from the atmosphere and thereby limit the influx of meteoric water and
atmospheric oxygen to the waste rock [9,10]. The design of a cover system is site-specific and dependent
on several factors, including site conditions (i.e., climate, hydrogeology, waste rock geochemistry),
installation complexity and cost, material availability and site closure objectives [11,12]. As a result,
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numerous covers exist, ranging from a single-layer of earthen material to multiple layers of different
materials such as native soils, organic materials and geosynthetics [12–16].

Single-layer cover systems are the most straightforward option to implement and maintain at
WRPs. A single layer of earthen material uses the moisture ‘store-and-release’ concept to limit water
influx by storing infiltrating water within the material and subsequently releasing it back to the
atmosphere via evapotranspiration. The earthen material also provides a medium for the establishment
of a vegetative canopy. This cover type is most commonly used in semi-arid and arid climates, where
potential evaporation exceeds precipitation [17,18].

In humid regions, water storage can be overwhelmed in the earthen material layer. Monolayer
covers with elevated water table have been effective in humid climates to act as a barrier to oxygen
influx and prevent new AMD generation [19]. Multi-layer systems have also been applied, which
include layered covers with capillary barrier effects (CCBE) [20], geosynthetic clay liner (GCL) [21]
or geomembrane liner [12]. However, these more complex and expensive systems can also suffer in
humid climates. For example, it can be challenging for CCBE covers to maintain a high degree of
saturation all year (i.e., high evaporation during summer months; freeze and thaw effects) [22], while
GCLs can be significantly affected by desiccation and freeze-thaw cycling [23]. As a result, single-layer
covers can still be an attractive closure option at WRP sites: They are the least complex and most
inexpensive system to both install and maintain and can meet other key performance criteria at WRPs,
such as landform stability, sustainable vegetation canopy and removal of contaminated surface water
runoff [15].

Historically, cover performance has been evaluated by monitoring various parameters within
the WRP, such as site-specific climate, pore-gas concentrations, moisture content, net percolation
and seepage water quality [24,25]. Power et al. [15] demonstrated the application of a single-layer
cover to (i) eliminate contaminated surface water runoff, (ii) minimize AMD impacts to surface water
receptors, (iii) maintain a stable landform and (iv) provide a sustainable vegetative canopy. While
these field studies have been able to directly assess single-layer cover performance, they are limited to
the short-term immediately following installation (≤5 years). No information is available on long-term
cover performance and associated AMD evolution.

Numerical modeling is necessary to predict the long-term evolution of groundwater contaminants
during and/or following remediation, including chlorinated solvents [26], acid mine drainage [27] and
landfill leachate [28]. In WRP studies, numerical models have been used to examine various processes
occurring within the waste rock, ranging from unsaturated water flow in hypothetical WRPs [29] to
complete representations of sulphide oxidation (including heat transport, diffusive and convective
air transport, spatially and temporally dependent pyrite oxidation rates) at full-scale WRPs [30–32].
A comprehensive review of WRP numerical modeling studies is provided by Amos et al. [1].

While complex hydrological and geochemical processes within WRPs have been studied, a very
limited number of studies have simulated the spatial and temporal evolution of AMD emanating
from WRPs. The evolution of AMD impacts on groundwater quality at a WRP site remediated with a
geomembrane-lined cover has been simulated [27]; however, no study has incorporated the unsaturated
flow through the WRP following remediation, which is still significant when a single-layer soil cover
is installed. In addition to AMD, analogous studies have simulated the migration of groundwater
plumes containing RDX and nitrate [33] and acrylonitrile [34].

In this study, a numerical investigation is presented of a remediated mining site that includes a
WRP overlain with a single-layer moisture ‘store-and-release’ cover system. A two-dimensional (2D)
variably saturated water flow and contaminant transport model of the study site was developed in
FEFLOW and then calibrated and verified with key parameters collected during post-remediation
field monitoring. The model was then simulated for 10,000 years to predict the spatial and temporal
evolution of AMD and assess the long-term effectiveness of remediation.
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2. Materials and Methods

2.1. Study Site

2.1.1. Site Description

The Sydney Coalfield in Nova Scotia, Canada is one of the oldest mined coal fields in North
America, with mining activities performed between the early 1700s and the early 2000s. Mining
activities at the former Lingan Mine Colliery site occurred between 1970 and 1992, during which time
approximately 28 million tonnes (tonne = Mg) of coal were extracted from the Lingan Harbour Seam.
During operation, surplus coal fines and mine waste rock from both the Lingan colliery and adjacent
Phalen colliery were deposited into a WRP [16].

The consolidated WRP covers an area of 82,000 m2 and contains 380,000 m3 of waste rock. It is
approximately 15 m high, with slopes ranging between 1% and 10% on the plateau of the pile and
between 4% and 20% on the side slopes. Figure 1 presents a plan view of the Lingan WRP and
surrounding area. The site lies in a seasonally humid region with a mean annual precipitation of
1500 mm.
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Figure 1. Plan view of the study site showing the Lingan waste rock pile (WRP; including the location
of key field instrumentation/monitoring points) and environmental receptors.

2.1.2. Geology and Hydrogeology

A number of site investigations were conducted at the site between 2004 and 2010 to assess
and delineate the adverse impacts of the Lingan WRP on the receiving environment and assist in
the remedial and cover system design. As part of these investigations, a number of boreholes with
monitoring well installations were completed in 2008, within and around the footprint of the WRP.
In 2011, four soil monitoring stations (SMSs) and four continuous multi-level tubing (CMT) wells were
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installed alongside the cover system. At all wells, soil stratigraphy was continuously logged with
respect to soil type. The location of these wells is indicated in Figure 1.

Figure 2a presents a schematic of the geological vertical cross-section (A-A′) through the WRP,
and illustrates the waste rock, till and bedrock units. The waste rock material consists of non-native
black and brown gravel with sand and coal fines ranging from 1.3 m to 15.2 m in thickness, with the
thickest deposits near the center of the WRP. The waste rock overlies a geologic unit of native till
material, which consists of brown silty sand with gravel and ranges in thickness from 0.5 m to 6.4 m
beneath the pile. The bedrock unit is characterized as soft, brown/grey sandstone from the Morien
Group Sydney Mines Formation, of the Late Carboniferous period. Table 1 presents a summary of
each geologic unit.
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Figure 2. (a) Schematic diagram of the geological cross-section A-A′ through the WRP, indicating the
location of the various monitoring wells (MWs), continuous multi-level tubing (CMT) wells and soil
monitoring stations (SMSs), and (b) groundwater flow regime beneath the WRP. CMT-1 and CMT-3 are
represented by dashed outlines to indicate their location is offset from cross-section A-A′. The yellow
dashed lines and blue arrows in (b) represent the piezometric surface and dominant groundwater flow
directions, respectively.

Table 1. Summary of geological units at the Lingan mine site.

Unit Geology Thickness
(m)

Hydraulic
Conductivity (m/s) Porosity (–) PSD (%) a Model

Layer

Cover Till 0.5 2.72 × 10−5–8.38 × 10−3 0.37 36/43/21 1
Waste rock Fill 1–15 2.78 × 10−5–9.08 × 10−4 0.35 38/44/18 2–5

Till Till 0.5–5 5.09 × 10−5–1.69 × 10−3 0.25 28/40/32 6
Bedrock Sandstone ~ 25 2.83 × 10−6–1.69 × 10−3 0.11 - 7

a Particle size distribution (PSD) percentages are listed as ‘gravel’/’sand’/’silt/clay’.

Groundwater levels were measured at the historical monitoring wells in September and December
2008. Since these wells were then decommissioned in 2009, it was not possible to get groundwater
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levels at the same time as the four CMT wells, which had been installed in 2011. As a result, the mean
of the water levels recorded at the monitoring wells in 2008 were combined with the water levels at the
four CMT wells in June 2012 to highlight the groundwater flow regime at the site. The piezometric
surface and flow directions within the WRP and surrounding area are illustrated in Figure 2b. The
groundwater is predominantly flowing in an east-to-northwest direction and coincides with the
orientation of the cross-section in Figure 2a. Groundwater is also flowing in an east-to-west direction
through the southern part of the pile.

As shown in Figure 1, the stream (known as ‘Graces Brook’) adjacent to the western slope of
the WRP flows northwards and ultimately discharges to the Atlantic Ocean. Due to the known
groundwater flow direction, Graces Brook is considered downgradient of the WRP and is known to
receive shallow groundwater discharge. A small toe seep exists at a single location near Graces Brook
where flowing groundwater ‘daylights’ at the surface. From this preliminary investigation, the main
environmental receptors of AMD at the study site are the underlying groundwater and Graces Brook.
While no subsurface information is available to the west of the WRP and the stream, groundwater is
expected to continue along a northwestern path towards the Atlantic Ocean.

2.1.3. Material Characterization

The various materials within the WRP site have been characterized using several methods.
Figure 3a,b presents the particle size distribution and moisture retention curves, respectively, for the
till material used in the cover and the waste rock material.
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Figure 3. (a) Particle size distribution for both the till cover and waste rock material, and (b) moisture
retention curves based on the mean moisture content and suction measurements taken at various depth
intervals at the four SMSs.

Acid base accounting (ABA) tests are well established and widely accepted to characterize waste
rock acidity [35,36]. ABA tests were performed on eight waste rock samples that were collected during
drilling of the four CMT wells: One shallow and one deep sample were used from each CMT well.
Waste rock acidity exists in two forms: Stored acidity or potential acidity. Stored acidity is existing
acidity that is readily available for transport to the receiving environment, while potential acidity first
requires oxidation of the sulphidic minerals to generate ‘additional’ stored acidity.

2.2. Site Remediation and Monitoring

The key remedial objective at the Lingan WRP was to attenuate the impact of AMD to the primary
environmental receptors (groundwater and Graces Brook) over time.

2.2.1. Cover System

The primary mechanisms for long-term mitigation of AMD impacts to the receiving environment
would be through: (i) Maintaining and/or reducing AMD loading to underlying groundwater, and (ii)
eliminating contaminated surface water runoff from the pile into Graces Brook.
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In 2011, the Lingan WRP was overlain with a moisture store-and-release cover system. The cover
consists of a 0.5 m thick single layer of till material sourced from local borrow areas. The 0.5 m thickness
was sufficient to meet the necessary requirements and provide sufficient depth to allow a vegetative
cover and root system to thrive. The cover was then hydro-seeded to promote the establishment of
sustainable vegetation. Perimeter ditches were installed around both the plateau and base of the WRP
to help manage and divert surface runoff from the pile, and any toe seepage water, into Graces Brook
and prevent soil cover erosion. Toe protection was installed at the base of the WRP for long-term
protection and stability.

2.2.2. Field Monitoring

An extensive field monitoring program was performed at the study site using state-of-the-art field
instrumentation. A meteorological station measured rainfall, air temperature, relative humidity, wind
speed and direction, barometric pressure, net radiation and snowpack depth at the pile. Meteorological
parameters were measured every 60 s, with hourly and daily averages stored by robust Campbell
scientific data acquisition systems (DASs). A 60◦ V-notch weir monitored runoff flow rates in the
perimeter ditch at a southeast location as indicated in Figure 1.

The four SMSs installed across the WRP were used to continuously monitor moisture and
temperature conditions within the cover and shallow waste rock material. SMS-1 to SMS-3 are located
on the pile plateau, while SMS-4 is located on the slope to capture the differing hydraulic behavior.
At all stations, thermal conductivity sensors measured in situ matric suction (negative pore-water
pressure), while time domain reflectometry (TDR) sensors measured in situ volumetric moisture
content. These sensors were installed along single depth profiles at each station, with sensor depths of
0.05, 0.10, 0.20, 0.30, 0.40, 0.48, 0.52 and 1.85 m. Each parameter was automatically recorded every
three hours by DAS. It is assumed that all sensors are unaffected by surrounding soil conditions.

The four CMT wells were installed across the WRP and through the entire depth of the waste rock
and completed in the shallow bedrock (depths ranging from 13.7 m to 19.7 m). Each CMT well provided
six sampling depths, ranging from 1.4 m to 14.9 m. Soil temperature is automatically monitored at
each depth, with pore-gas pressure monitored at two depths and pore-gas concentrations manually
measured at the remaining depths. Groundwater levels and groundwater samples (for chemical
analysis) were typically collected monthly through the central channel of each CMT well.

The post-remediation monitoring program was conducted between June 2012 and December
2016. This program included the monthly collection of data/samples from the meteorological station,
weir, SMSs and CMT wells. Furthermore, surface water flow rates and geochemical analysis was
also monitored at various locations along Graces Brook. While the historical monitoring wells were
decommissioned in 2009, the groundwater levels and samples collected at these wells in September
2008 and December 2008 were used to estimate pre-remediation conditions. Table 2 summarizes the
Lingan WRP site monitoring elements and sampling periods.

Table 2. Summary of groundwater sampling (levels and geochemistry) in the study area.

Monitoring Element Number Geologic Unit
Monitoring Period

Pre-Cover a Post-Cover b

Soil Monitoring Station 4 Cover, waste rock - Jun 2012–Dec 2016 (30)
CMT Wells 4 Till, bedrock - Jun 2012–Dec 2016 (30)

Monitoring Wells 4 Till, bedrock Sept 2008–Dec 2008 (2) -
Surface Water Sampling 2 Graces Brook - Jun 2012–Dec 2016 (14)

a The CMT wells were only installed in 2011 so ‘pre-cover’ groundwater information does not exist. b The number
of samples collected in the stated sampling period is given in parentheses.
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3. Model Development

A 2D transient flow and contaminant transport numerical model was developed to analyze and
predict the variably saturated flow and AMD contaminant transport at the study site. The model
was developed using FEFLOW 6.2, which is a 2D and 3D finite element modeling package that can
simulate steady or transient state, unsaturated and saturated flow, fluid density, coupled flow and
mass transport [37]. It has been widely used in a range of hydrogeological studies [38,39].

3.1. Model Discretization

Due to the low sampling density and subsurface information available at the site, it was not
possible to simulate a 3D model of the site but instead a representative 2D cross-section through
the WRP. As indicated in Figure 2b, the cross-section is parallel with the dominant flow direction,
orientated in a southeast-to-northwest direction. It intersects the center of the WRP and traverses
alongside a number of sampling locations, including SMS-2, SMS-4, CMT-2, CMT-4, MW-03, MW-11
and MW-02. The developed model domain comprises all geologic units and extends beyond the WRP
footprint to include upgradient and downgradient geology and the surface water receptor at Graces
Brook. The final 2D model domain was 351 m wide and 35 m high.

The model domain was discretized into a 2D finite element mesh. The mesh was generated using
the algorithm of the Triangle Mesh generator, with the mesh size ranging from 0.5–1.0 m in length.
The resulting model domain consisted of 14,474 triangular finite element cells. It was then subdivided
vertically into seven layers with variable thicknesses to represent the various geologic units. The 0.5 m
thick cover material was modeled by a single layer (Layer 1), while the variably thick waste rock was
modeled by four layers (Layers 2 to 5). Layer 6 and Layer 7 were used to represent the till and bedrock,
respectively. Table 1 summarizes the various layers in the model domain.

3.2. Boundary Conditions

The various boundary conditions assigned to the model domain are indicated in Figure 4. Both
the right-hand side and left-hand side boundaries of the model were defined as a variable head.
The variable heads are based on the varying groundwater levels measured over time in the CMT wells
located closest to the boundary. A recharge boundary condition was assigned to the ground surface,
with temporally variable flux rates defined for the WRP cover and surrounding overburden. A no
flow condition was applied to the bottom boundary, while Graces Brook was defined as a river head
boundary. Although not expected to be significant, the small toe seep was modeled by a seepage
face boundary that was 1 m in length and located at the downslope of WRP just above the Graces
Brook boundary.Hydrology 2019, 6, x 8 of 23 
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Hydrology 2019, 6, 83 8 of 21

development, calibration and verification of the transient flow and contaminant transport model:
Material hydraulic properties, hydraulic heads, recharge and contaminant source.

3.3.1. Material Hydraulic Properties

To simulate flow within the variably saturated WRP, the pressure head–saturation and relative
hydraulic conductivity–saturation relationships needed to be defined for each finite element. The van
Genuchten empirical model [40] was used to describe these relationships, which included the following
parameters: Curve fitting parameter (α), pore size distribution index (n), residual saturation (Sr) and
maximum saturation (Ss). The initial van Genuchten parameters were based on values using by
Widomski et al. [41] for unsaturated layers, and subsequently modified through calibration.

3.3.2. Hydraulic Head

The initial hydraulic head distribution was based on groundwater levels recorded at the four
CMT wells following cover installation (June 2012) and the mean groundwater levels recorded at the
historical monitoring wells (September and December 2008). Figure 2b shows the piezometric surface
at the site following remediation, which indicates the groundwater flow direction that is parallel
to the modeled cross-section. The groundwater level along this cross-section is shown in Figure 3.
For instance, the initial hydraulic head at CMT-2 and CMT-4 were 20.2 and 23.8 m above sea level
(masl), respectively.

3.3.3. Groundwater Recharge

The recharge rate assigned to the surface of the WRP is the net percolation (NP) through the cover
system into the waste rock. Annual water balances were developed between 2012 and 2016 to assess
cover system dynamics and consisted of the following components:

PPT = R + AET + ∆WS + ∆SS + NP, (1)

where PPT is precipitation, R is surface runoff, AET is actual evapotranspiration, ∆WS is the change in
water storage and ∆SS is the change in snow storage. NP is estimated as the residual of Equation (1).
Table 3 presents the flux of each component and their ratio to PPT (%). A detailed description of the
water balance development is shown by Power et al. [15].

Table 3. Annual water flux components between 2012 and 2016.

Component
2012 2013 2014 2015 2016 Mean

mm % a mm % mm % mm % mm % mm %

PPT 1191 - 1311 - 1322 - 1426 - 1442 - 1338 -
R 418 35 454 35 534 45 535 37 541 38 496 37

AET 408 34 416 32 414 34 356 25 365 25 392 30
∆WS –13 0 3 0 –5 0 8 1 19 1 2 0
∆SS 3 0 127 9 2 0 128 9 111 8 74 5
NP 375 31 311 24 377 31 399 28 406 28 374 28

a Each water balance component is also indicated as a percentage of precipitation (% PPT).

The mean annual NP rate between 2012 and 2016 was 374 mm (mean NP/PPT = 28%). Although
the cover did not significantly limit water influx to the waste rock and was similar to previous NP
rates through single-layer soil covers [42], it did provide a reduction from the previously exposed
waste rock. For instance, King et al. [43] demonstrated a NP/PPT ratio of 34% on similar waste rock/fill
material; this would have provided a mean ‘uncovered’ NP of 434 mm.

The monthly NP measured between 2012 and 2016 was used to develop a relationship between
recharge and PPT. A monthly recharge/PPT ratio was then applied to monthly climatic data between
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January 1981 and December 2010 (Canadian Climate Normals) to incorporate long-term trends of
climate and recharge variations into the model predictions.

3.3.4. AMD Contaminant Source

The geochemical source term for the WRP was determined from representative wells installed
within the pile footprint. Wells screened within the waste rock would normally provide the most
representative AMD pore-water seeping from the WRP; however, only CMT wells screened in the
underlying till and bedrock were available. As a result, groundwater quality at the four CMT wells
was used to represent the AMD source.

AMD is generally characterized by sulphate, pH, alkalinity and dissolved concentrations of iron
(Fe), aluminum (Al) and manganese (Mn). The majority of acidity in mine water arises from free
protons (manifested in low pH) and the mineral acidity arising from dissolved Fe, Al and Mn [44].
The acidity of a mine water sample can be calculated from its pH and the sum of the milliequivalents
of these dissolved acidic metals. In many AMD studies, the acidity is calculated as follows [44,45]:

Aciditycalc = 50 ·
{
2 · [Fe]/56 + 3 · [Al]/27 + 2 · [Mn]/55 + 1000 · 10(−pH)

}
. (2)

For this study, acidity will be used as the AMD indicator or geochemical tracer. Acidity
concentrations calculated from geochemical parameters measured at the four CMT wells between June
2012 and December 2016 were used to represent the AMD source within the WRP.

3.3.5. Waste Rock Acidity

Table 4 provides a summary of the ABA results on the eight waste rock samples. Due to the
measured low paste pH values, negative acid neutralization potential (ANP) values and low ANP:acid
generation potential (AGP) ratios (< 1), the waste rock was classified as acid generating. These
results were similar to previous ABA testing conducted in 2008 on 26 waste rock samples (not shown).
The mean acid generation potential (AGP) of 11.50 kg CaCO3/tonne indicated a potential acidity
volume of 7432 tonnes. Based on the mean 0.34 wt% sulphate–sulphur content, 10.71 kg CaCO3/tonne
was present as stored acidity, indicating a total volume of 6922 tonnes.

Table 4. Summary of ABA tests (N = 8), including paste pH, total sulphur, acid neutralization potential
(ANP), acid generation potential (AGP) and net neutralization potential (NNP).

Sample Paste pH Total S Sulphide Sulphate ANP AGP NNP

wt% wt% wt% kg
CaCO3/t

kg
CaCO3/t

kg
CaCO3/t

Mean 4.75 0.71 0.37 0.34 –0.38 11.50 −11.88
Min–max 3.2–7.2 0.17–0.99 0.10–0.60 0.07–0.51 −8.66–6.95 3.06–18.63 −23.97–3.89
Std dev 1.63 0.28 0.16 0.15 6.49 5.10 9.45

3.3.6. Sulphide Oxidation Rate

To estimate the sulphide oxidation rate, oxygen (O2) ingress rates were first determined. O2 flux
through the cover to the underlying waste material can occur through molecular diffusion, barometric
pumping and dissolved O2 within percolating water. Diffusive O2 flux is driven by the concentration
gradient across the cover/waste rock interface and was estimated by Fick’s Law:

Jdi f f = −D · ∆C/∆x (3)

where D is the diffusivity coefficient (m2/s), ∆C is the change in O2 concentration (mol/m3) and ∆x is
the distance across the cover/waste interface (m). The change in O2 concentration was determined
from O2 concentrations measured within the cover material and waste rock at each SMS.
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Advective O2 flux can occur through convection and barometric pumping, which is dependent on
the magnitude and duration of changes in monitored atmospheric pressure and air conductivity in
the cover material. Advective flux was found to be negligible, as although barometric pumping is
causing O2 to breath in and out of the cover, the maximum penetration depth does not exceed the cover
thickness (e.g., maximum O2 depth in 2014 was equal 0.33 m). Dissolved O2 flux was determined by
combining dissolved O2 concentration with NP. The dissolved O2 concentration was estimated by
(Muralikrishna and Manickam 2017):

CO2diss
= (P− p) · 0.678/(35 + t) (4)

where P is the measured barometric pressure (torr), t is the measured water temperature (◦C) and is
the saturated vapor pressure (torr). Table 5 presents the annual flux of each component and the total
O2 flux. A detailed description of the oxygen flux is shown in Power et al. [15].

Table 5. Annual oxygen flux between 2012 and 2016 for each mechanism.

Mechanism
2012 2013 2014 2015 2016 Mean

mol/m2 mol/m2 mol/m2 mol/m2 mol/m2 mol/m2

Diffusion 46.33 62.47 78.39 20.48 40.04 49.54
Dissolved 0.044 0.036 0.044 0.046 0.047 0.043

Total 46.37 62.51 78.44 20.53 40.09 49.58

The total O2 flux can be converted to an acidity load on the basis of H2SO4 equivalent (mol/m2/yr).
The overall summary reaction of pyrite weathering to form AMD is shown in Equation (5), where
oxidation of 1 mole of pyrite (FeS2) generates 2 moles of sulphuric acid (H2SO4) per 3.75 moles of O2

present [6]:
FeS2 + 15/4O2 + 7/2H2O→ Fe(OH)3 + 2H2SO4. (5)

3.3.7. Source Depletion Rate

The mean calculated acidity at CMT-2 and CMT-4 between 2012 and 2016 was 13.06 mg/L and
77.58 mg/L, respectively, to provide a WRP average of 50.72 mg/L. This acidity was combined with the
mean NP (equal to basal seepage) of 0.97 L/sec (374 mm/yr) to provide a mean acidity loading from the
WRP of 1.56 tonne/yr.

From Equation (3), the 2012–2016 mean O2 flux of 49.58 /mol O2/m2/yr (Table 5) generated
26.44 mol H2SO4/m2/yr. Using this acidity rate, the total extrapolated catchment acidity load over
the area of the cover system was 216.83 tonnes of acidity per year (as CaCO3). This indicates a high
ongoing oxidation rate for sulphide minerals within the WRP. Since the total potential acidity was 7432
tonnes (Section 3.3.5), 2.9% of this potential acidity will oxidize each year. Consequently, it will take
approximately 34 years to fully deplete the potential acidity.

Since this oxidation rate of 216.83 tonnes is larger than the acidity seepage rate of 1.56 tonnes,
the stored acidity in the pile will actually increase by 215.10 tonnes each year for the 34 years to
complete oxidation. At that time, the original stored acidity of 6922 tonnes will have increased to
14,301 tonnes. Assuming a constant seepage rate of 1.56 tonne/yr, it will take a total of 9229 years for
full WRP acidity depletion.

3.4. Variably Saturated Flow Model

The key parameters used during the calibration and verification of the transient variably saturated
flow model were moisture content and hydraulic heads, which were recorded at the SMSs and CMT
wells, respectively. As shown in Figure 2a, SMS-2, SMS-4, CMT-2 and CMT-4 are located along the
model domain.
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Calibration of the flow model was performed (by systematic trial-and-error) using the first
2.5 years of observed data (June 2012 to December 2014), while model verification was completed
using the subsequent two years of observed data (January 2015 to December 2016).

3.4.1. Unsaturated Zone

The unsaturated model layers were calibrated and verified against moisture contents recorded at
SMS-2 and SMS-4 between June 2012 and December 2016. Specifically, moisture contents recorded
near the base of the cover material (0.48 m depth) and within the waste rock (1.30 m at SMS-4 and
1.80 m at SMS-2) were used.

The model was first calibrated to achieve the best correlation between the simulated and the
observed moisture contents. For this trial-and-error calibration, the primary variables that were
adjusted within an allowable range from initial input values were hydraulic conductivity, porosity and
four van Genuchten parameters. The calibration was performed until the mean error of simulated
versus observed moisture contents was minimized as much as possible.

Figure 5a plots the observed and simulated moisture contents at both depths at SMS-2 (0.48
m and 1.80 m) and SMS-4 (0.48 m and 1.30 m). It is evident from the calibration period that the
simulated moisture contents are reasonably correlated with the observed moisture contents. For
instance, the general variation and trend in moisture content at all four observation points were
obtained by the model simulation.Hydrology 2019, 6, x 12 of 23 
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Figure 5. (a) Evolving simulated and observed moisture content at SMS-2 and SMS-4 during calibration
and verification periods, and (b) scatter plot of simulated and observed moisture contents. The solid
black line in (b) represents the 1:1 and the dashed lines represent one standard deviation of ±1.74%.
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Following model calibration and optimization of primary variables, the model was simulated
for two years to coincide with the model verification period between January 2015 and December
2016. Figure 5a again demonstrates that the simulated moisture contents are correlated to the temporal
variation of the observed moisture contents. In general, moisture contents exhibit expected seasonal
variations, with moisture content decreases observed during dry periods (summer) or frozen periods
(winter). Similarly, moisture content increases were observed during high water infiltration periods
(spring snowmelt and high rainfall in fall).

Furthermore, Figure 5b presents a scatter plot that compares simulated and observed moisture
contents at both depths at SMS-2 and SMS-4. It is evident that the larger depths at SMS-2 and SMS-4
(red and purple circles) were generally well correlated, while the shallower depths (blue and green
circles) were less correlated; however, their trends were still somewhat linear. This variation in
correlation success at the SMSs was related to the assumption that each geological unit is uniform
and homogeneous; however, it is expected that the cover material and particularly waste rock are
highly heterogeneous.

Table 6 presents the primary variables—hydraulic conductivity, porosity and van Genuchten
parameters—following model calibration and verification. The corresponding saturation–pressure
curves are realistic (not shown) and exhibit realistic profiles with depth, similar to Figure 3b.

Table 6. Values of key model parameters following flow model calibration and verification.

Model
Layer

Hydraulic
Conductivity (m/s) Porosity Maximum

Saturation (Ss)
Residual

Saturation (Sr)
α (Fitting

Coefficient) (l/m)
n (Fitting

Parameter)

1 4.32 × 10−3 0.37 1 0.025 0.07 2.6
2

5.00 × 10−4

0.35 1 0.1 0.07 2.6
3 0.35 1 0.1 0.2 2.68
4 0.35 1 0.1 0.1 4.4
5 0.35 1 0.1 0.1 4.4
6 2.50 × 10−4 0.25 - - - -
7 5.90 × 10−4 0.11 - - - -

3.4.2. Saturated Zone

The saturated model layers were calibrated and verified against hydraulic heads recorded at
CMT-2 and CMT-4 between June 2012 and December 2016. The model was first calibrated to achieve
the best correlation between the simulated heads and the observed heads. For this trial-and-error
calibration, hydraulic conductivity and the variable head boundary conditions were adjusted within
an allowable range until the mean error of simulated versus observed hydraulic heads was minimized
as much as possible.

Figure 6a,b plots the observed and simulated hydraulic heads at CMT-2 and CMT-4, respectively.
It is evident from the calibration period that a good correlation exists between the simulated and
observed heads. For instance, the general variation and trend in hydraulic heads at both well locations
are obtained by the model simulation.

Following calibration, the model simulation continued for two years (January 2015 to December
2016) for model verification. Figure 6a,b again demonstrates that the simulated heads are strongly
correlated to the observed heads. In general, hydraulic heads exhibit expected seasonal variations,
with decreases during dry periods (summer) or frozen periods (winter) and increases during wet
periods (spring snowmelt and fall rainfall).

Furthermore, Figure 6c presents a scatter plot that compares simulated and observed heads at both
CMT wells. It provides further evidence that the correlation between simulated and observed heads
was reasonable. Table 4 presents the optimized hydraulic conductivity following model calibration
and verification.
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Figure 6. Comparison of the simulated and observed hydraulic heads at (a) CMT-2 and (b) CMT-4
over time. (c) Scatter plot of simulated and observed heads at both CMT-2 and CMT-4. The solid black
line in (c) represents the 1:1 and the dashed lines represent one standard deviation of ±1.22 m.

3.5. Contaminant Transport Model

3.5.1. Transport Process

Acidity transport in groundwater is assumed to follow an advection and dispersion–diffusion
process. Furthermore, acidity is assumed to be non-reactive in groundwater and no retardation occurs.
Transport parameters such as molecular diffusion, longitudinal dispersivity and transverse dispersivity
for each geologic unit are presented in Table 7. As site-specific values were not available, established
literature values were used [46–48].

Table 7. Key input parameters to contaminant transport model.

Parameter Unit Overburden Bedrock

Molecular diffusion m2/s 1 × 10−9 1 × 10−9

Longitudinal dispersivity m 6 3
Transverse dispersivity m 0.6 0.3

3.5.2. Acidity Source Function

Acidity concentrations measured at CMT-2 and CMT-4 between June 2012 and December 2016 are
shown in Figure 7. As shown in Figure 2b, CMT-4 is downgradient along the prominent groundwater
flow direction and contaminant pathway, thereby exhibiting higher acidity concentrations compared
to CMT-2.
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Figure 7. Evolution of acidity concentrations at CMT-2 (red) and CMT-4 (blue) between June 2012 and
December 2016, along with the monthly net percolation values (green).

The acidity at both CMT wells in Figure 7 indicates a slightly decreasing trend with seasonal
variations correlated to the humid continental climate and variations in NP. For instance, lower
concentrations occur during high PPT periods (i.e., snowmelt in April and May and high rainfall in
October and November), which causes increased dilution by higher velocity upgradient groundwater.

The initial groundwater acidity was based on the ‘pre-cover’ acidity measured at three
representative historical wells in 2008. MW-03, MW-11 and MW-02 were located along the simulated
cross-section, as indicated in Figure 1. MW-03 (upgradient of pile), MW-11 (center of pile) and MW-02
(downgradient edge) had acidity values of 24.59 mg/L, 81.32 mg/L and 240.73 mg/L, respectively.
The mean value of 115.55 mg/L was used as the homogeneous, pre-cover acidity in the saturated zone.

3.5.3. Model Calibration and Verification

The calibrated transient state flow model was used as the basis for the transient transport model.
The mean of the monthly acidity observed at CMT-2 and CMT-4 between 2012 and 2014 was assigned
as the transient AMD contaminant source within the model layers of the WRP. Some trial-and-error
calibration was performed as a first step against this observed 2012–2014 data. The transport parameters
in Table 7 were adjusted to improve the correlation as much as possible between the observed and
simulated acidity concentrations.

It is evident from Figure 8a,b that a reasonable correlation exists between the simulated and
observed acidity concentrations over time at both CMT-2 and CMT-4. The general trends in observed
acidity concentrations were repeated in the simulated concentrations. The magnitude of simulated
acidity concentrations were somewhat overestimated at CMT-2; the homogeneous ‘starting’ acidity
included the high downgradient acidity, while CMT-2 was located at the upgradient end of the pile.
The calibrated model was then verified with the subsequent two years of observed data (January 2015
to December 2016).Hydrology 2019, 6, x 16 of 23 
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Figure 8. Comparison of the simulated and observed acidity concentrations at (a) CMT-2 and (b)
CMT-4 over time.
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It is evident that the transient flow and transport model has been well calibrated and verified
to moisture content, hydraulic head and acidity concentration observed during the field monitoring
period. The mean monthly acidity shown in Figure 7 will be repeated over 9229 years. This assumes
that the WRP will continuously release AMD to groundwater until source depletion. Once depleted,
the source concentrations will change to a desired concentration of 1.75 mg/L, which was based on
water quality measured upgradient of the WRP study area.

4. Results and Discussion

4.1. AMD in Groundwater

Figure 9 presents the predicted spatial and temporal distribution of the acidity contaminant plume
over the 10,000-year simulation period. After 1 year, the WRP source concentrations had begun to
seep into and dilute the underlying groundwater. While the general groundwater flow was from
west-to-east, mounding of the water table within the center of the pile generates local gradients to both
the west and east directions. Within 100 years, the pre-cover groundwater acidity of 115.55 mg/L had
almost all continually improved to the post-cover pile acidity (mean = 50.72 mg/L). At 10,000 years,
the pile source acidity was depleted and groundwater concentrations had decreased to the target
concentration of 1.75 mg/L.
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To better analyze the evolution of the AMD plume, Figure 10 presents the acidity concentrations
in groundwater at CMT-2 and CMT-4. Acidity concentrations at both wells improve from their initial
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pre-cover concentrations to the post-cover seepage concentrations. At 9229 years, the acidity at CMT-2
and CMT-4 decreases to the target concentration of 1.75 mg/L.Hydrology 2019, 6, x 18 of 23 
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4.2. AMD in Surface Water

As shown in Figure 9, the groundwater plume migrates to the left-hand side of the model domain
towards the key environmental receptor Graces Brook, which flows adjacent to the WRP (see Figure 1).
As part of the field monitoring program, acidity concentrations were monitored at a location in Graces
Brook downstream of the WRP. Figure 11a presents the acidity concentrations observed at Graces
Brook (blue squares) between 2012 and 2016, with the mean pre-cover acidity concentration indicated
by the large red-outlined square. This field observed data indicates that water quality in Graces Brook
is gradually improving over time. Acidity concentrations measured at the toe seep are indicated by
red x’s.
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Figure 11. (a) Evolution of observed and simulated acidity concentrations in Graces Brook, and acidity
observed at the toe seep (red x’s), and (b) predicted acidity concentrations during the simulation period.
The blue square with the red outline in (a) represents the mean observed pre-cover acidity.

While modeling Graces Brook was beyond the scope of this work, the flow model was used
to indirectly assess long-term AMD impacts to Graces Brook. An observation point in the model
domain directly below Graces Brook was used to monitor acidity concentrations over time. These
simulated concentrations in groundwater at Graces Brook were also plotted in Figure 11a (blue line).
It is evident that the simulated acidity concentrations closely followed the same trend as observed
acidity concentrations.

While trends were similar, there was a large discrepancy in concentration magnitude, with
observed concentrations much lower than simulated concentrations. The observed concentrations
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were based on water samples collected from Graces Brook, with concentrations impacted by dilution
from high water velocity, rainfall and/or surface water runoff. It also indicates that groundwater was
not easily discharging into Graces Brook.

In contrast, the observed toe seep concentrations were based on water samples taken directly
from ‘daylighting’ groundwater, which then overflowed on the surface directly into Graces Brook. As
shown in Figure 11a, the toe seep concentrations were very similar to the simulated concentrations,
which was expected as the toe seep water was coming from groundwater at that location.

Figure 11b presents the predicted acidity concentrations over the long-term in groundwater
directly below Graces Brook. It is evident that groundwater (and surface water) quality would continue
to improve over time until WRP acidity is depleted at 9229 years. Therefore, the remedial performance
objectives, which were already being met during the field monitoring program [15], will continue to be
achieved over the long-term.

4.3. Model Limitations

It is acknowledged that a number of simplifying assumptions were used in this study. The model
layers were assumed to be homogeneous and isotropic, which might be overly simplistic as WRP
and geologic units are typically heterogeneous and complex. Therefore, it is acknowledged that this
assumption simplifies water flow and contaminant distribution in the model simulation. Mean values
used for hydrogeological parameters, such as hydraulic conductivity and porosity, might have led to
underestimation, or overestimation, of simulated data (e.g., moisture contents and hydraulic heads) and
increased discrepancies with observed data, as evident during model calibration. These discrepancies
could then lead to inaccuracies in flow velocities and contaminant concentrations. Nevertheless, it is
common in large and complex study areas to assume representative mean values. The mean values
used were carefully selected and then subsequently adjusted to obtain the well-calibrated and verified
flow and contaminant transport model.

Using the field monitoring data and water balance method, a relationship was developed between
NP and precipitation. This monthly NP as a percentage of precipitation was then applied to long-term
climatic variations to generate long-term NP rates for the predictive models. simulation. It is
acknowledged that a fully calibrated soil-atmosphere model such as VADOSE/W [49] could be used to
incorporate climate variability and predict long-term NP through the cover system [14].

It was not possible to obtain pore-water samples directly from the waste rock, as the CMT wells
were screened below the waste rock into the shallow bedrock; therefore, groundwater samples from
the underlying bedrock were used to represent water quality seeping from the WRP. As a result,
acidity generation and loading is likely underestimated as it based on groundwater concentrations
that may have already diminished due to dilution with upgradient groundwater. The assumption
of homogeneity was also applied to the WRP source concentration, which was taken as the mean
acidity concentration from two sampling points (i.e., CMT-2 and CMT-4). Furthermore, the calculated
acidity values used in this study assumed there was no buffering within the pile, thereby providing a
conservative estimate of acidity seeping from the WRP.

Due to the limited information available and low sampling density at the study site, the modeling
was performed in 2D along a representative cross-section through the WRP. It is acknowledged that
the 2D model results might be limited the variably saturated flow regime and the AMD contaminant
plume transport at the site is 3D in nature.

It is acknowledged that kinetic aspects would need to be incorporated to more accurately access
the annual generation and release of AMD to groundwater. Current work involves laboratory tests
with humidity cells and leaching columns on waste rock samples to assess various kinetic aspects
such as the velocity of sulphide oxidation and metal leaching rates. Future work will incorporate the
PHREEQC geochemical reaction model [50] into the FEFLOW model to include kinetic and multiphase
transfer processes for improved long-term AMD predictions.
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5. Conclusions

A numerical investigation was conducted to predict the long-term performance of a single-layer
cover system installed over an acid-generating WRP. In 2011, the Lingan WRP in Nova Scotia, Canada
was remediated with a single-layer moisture ‘store-and-release’ cover system. The field monitoring
program demonstrated that the cover system generated a small reduction in water infiltration into the
WRP, decreasing from 34% to 28% of precipitation. Furthermore, the placement of the cover over the
previously exposed waste rock ensured only clean surface water runoff to the adjacent surface water
receptor (Graces Brook), with groundwater discharge now the primary source of AMD contamination.

A 2D variably saturated flow and contaminant transport model of the site (WRP and receiving
environment), was developed in FEFLOW. Key field parameters observed during post-remediation
field monitoring, including moisture content and hydraulic head, were used to effectively calibrate
and verify the model.

The model was used to simulate the long-term spatial and temporal distribution of AMD over a
10,000-year period, which was based on the estimated time to acidity depletion in the WRP. Groundwater
quality was predicted to improve from initial pre-cover acidity to post-cover pile seepage acidity
within 100 years, before eventually reaching background water quality following source depletion
at 9229 years. A key site remedial objective was related to water quality improvement in Graces
Brook, whose long-term source of AMD contamination was from groundwater discharge. The model
was used to confirm that groundwater quality adjacent to Graces Brook (i.e., point of discharge)
continually improved over the long-term, thereby indirectly predicting the long-term improvement of
Graces Brook.

This study demonstrated the effective long-term performance of a single-layer cover system to
reduce the impacts of AMD on the WRP receiving environment. While the findings were from a
single field site, they are applicable to other WRP sites reclaimed with a single-layer cover system.
Nevertheless, it should be noted that cover performance evolves over time in response to climatic
conditions and site-specific physical, chemical and biological processes that are extremely difficult
to incorporate in predictive models. If possible, periodic monitoring and physical studies of in situ
processes such as freeze-thaw, vegetation and erosion cycles should be conducted to maintain a rigorous
evaluation of long-term cover performance.
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of water balance for temporary landfill cover in North Germany. J. Plant Nutr. Soil Sci. 2015, 178, 401–412.
[CrossRef]

42. Barber, L.A.; Ayres, B.K.; Schmid, B. Performance evaluation of reclamation soil covers at Cluff Lake mine in
northern Saskatchewan. In Mine Closure 2015: Proceedings of the Tenth International Conference on Mine Closure,
Vancouver, BC, Canada, 1–3 June 2015; Fourie, A.B., Tibbett, M., Sawatsky, L., van Zyl, D., Eds.; Australian
Centre for Geomechanics: Perth, Australia, 2015; ISBN 9780991790593.

http://dx.doi.org/10.1061/(ASCE)1090-0241(2007)133:5(550)
http://dx.doi.org/10.1139/t05-088
http://dx.doi.org/10.1016/j.apgeochem.2011.12.026
http://dx.doi.org/10.1190/geo2012-0395.1
http://dx.doi.org/10.1016/j.jconhyd.2018.07.007
http://www.ncbi.nlm.nih.gov/pubmed/30093079
http://dx.doi.org/10.1016/j.wasman.2009.09.006
http://www.ncbi.nlm.nih.gov/pubmed/19800213
http://dx.doi.org/10.1007/s10230-005-0093-z
http://dx.doi.org/10.1016/j.jconhyd.2005.06.005
http://www.ncbi.nlm.nih.gov/pubmed/16039751
http://dx.doi.org/10.1080/17480930.2011.644473
http://dx.doi.org/10.1080/17480930.2014.889362
http://dx.doi.org/10.1007/s00254-007-0984-3
http://dx.doi.org/10.1016/j.jconhyd.2013.02.010
http://www.ncbi.nlm.nih.gov/pubmed/23680827
http://dx.doi.org/10.1016/j.mineng.2015.03.015
http://dx.doi.org/10.1007/s10661-016-5462-5
http://www.ncbi.nlm.nih.gov/pubmed/27435620
http://dx.doi.org/10.1016/j.jconhyd.2015.09.001
http://www.ncbi.nlm.nih.gov/pubmed/26379086
http://dx.doi.org/10.1016/j.jhydrol.2017.03.038
http://dx.doi.org/10.2136/sssaj1980.03615995004400050002x
http://dx.doi.org/10.1002/jpln.201400045


Hydrology 2019, 6, 83 21 of 21

43. King, M.; Check, G.; Carey, G.; Abbey, D.; Baechler, F. Groundwater and contaminant transport modelling at
the Sydney Tar Ponds. In Proceedings of the 56th Annual Canadian Geotechnical Conference and 4th Joint
IAH-CNC/CGS Groundwater Specialty Conference, Winnipeg, Manitoba, Canada, 29 September–1 October
2003; Kingerski, D., Ed.; Canadian Geotechnical Society: Alliston, Ontario, Canada, 2003.

44. Kirby, C.S.; Cravotta, C.A., III. Net alkalinity and net acidity 1: Theoretical considerations. Appl. Geochem.
2005, 20, 1920–1940. [CrossRef]

45. Park, D.; Park, B.; Mendinsky, J.J.; Paksuchon, B.; Suhataikul, R.; Dempsey, B.A.; Cho, Y. Evaluation of
acidity estimation methods for mine drainage, Pennsylvania, USA. Environ. Monit. Assess. 2015, 187, 4095.
[CrossRef]

46. McWhorter, D.B.; Sunada, D.K. Ground-Water Hydrology and Hydraulics; Water Resources Publications:
Highlands Ranch, Colorado, 1981; ISBN 0918334187.

47. Domenico, P.A.; Schwartz, F.W. Physical and Chemical Hydrogeology-Hydraulic Testing: Models, Methods, and
Applications; John Wiley & Sons Inc.: New York, NY, USA, 1990.

48. Schulze-Makuch, D. Longitudinal dispersivity data and implications for scaling behavior. Ground Water
2005, 43, 443–456. [CrossRef]

49. Krahn, J. Vadose Zone Modeling with VADOSE/W: An Engineering Methodology, 1st ed.; GEO-SLOPE International
Ltd.: Calgary, AB, Canada, 2014.

50. Charlton, S.R.; Parkhurst, D.L. Modules based on the geochemical model PHREEQC for use in scripting and
programming languages. Comput. Geosci. 2011, 37, 1653–1663. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.apgeochem.2005.07.002
http://dx.doi.org/10.1007/s10661-014-4095-9
http://dx.doi.org/10.1111/j.1745-6584.2005.0051.x
http://dx.doi.org/10.1016/j.cageo.2011.02.005
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Site 
	Site Description 
	Geology and Hydrogeology 
	Material Characterization 

	Site Remediation and Monitoring 
	Cover System 
	Field Monitoring 


	Model Development 
	Model Discretization 
	Boundary Conditions 
	Model Input Parameters 
	Material Hydraulic Properties 
	Hydraulic Head 
	Groundwater Recharge 
	AMD Contaminant Source 
	Waste Rock Acidity 
	Sulphide Oxidation Rate 
	Source Depletion Rate 

	Variably Saturated Flow Model 
	Unsaturated Zone 
	Saturated Zone 

	Contaminant Transport Model 
	Transport Process 
	Acidity Source Function 
	Model Calibration and Verification 


	Results and Discussion 
	AMD in Groundwater 
	AMD in Surface Water 
	Model Limitations 

	Conclusions 
	References

