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Abstract: Many countries employ mining and ore processing techniques to concentrate
and extract precious natural resources. However, the slow leaching of numerous dis-
solved elements and compounds from large quantities of waste rock and mine tailings
can significantly threaten groundwater quality in the affected region. When exposed to
oxygen and water, sulfide minerals in mine tailing oxidize, potentially forming acid mine
drainage (AMD). Various reclamation techniques can inhibit AMD generation, including
monolayer cover combined with an elevated water table (EWT), hydraulic barrier, and
cover with capillary barrier effect (CCBE). Selecting the most suitable technique requires
consideration of site-specific hydrogeological conditions (e.g., water table depth) and
available cover materials. Numerical modeling tools such as PHT3D and MT3D can help
identify optimal reclamation methods during preliminary planning stages. The 119-hectare
Quémont 2 mine site near Rouyn-Noranda city will undergo reclamation following the
closure of its tailings storage facilities (TSF). A three-dimensional numerical groundwater
and solute-transport model were constructed and calibrated to simulate the site’s hydro-
geological behavior post-closure, enabling selection of the most effective AMD control
technique. Subsequently, a three-dimensional multicomponent reactive transport model
incorporating various cover designs was developed, with simulations considering climate
change impacts. The PHT3D model code, which integrates the PHREEQC geochemical
model with the MT3D three-dimensional transport simulator, was employed to evaluate
cover performance on the Quémont 2 TSF. Four reclamation configurations were tested:
Cell #1 (80 cm single-layer clay cover), Cell #2 (60 cm single-layer clay-sand cover), Cell #3
(60 cm single-layer clay-silt cover), and Cell #4 (120 cm multilayer clay-sand-clay sequence).
Simulations were conducted under various climate change scenarios (Representative Con-
centration Pathways—RCPs 2.6, 4.5, and 8.5). This paper describes the numerical model,
cover materials, and modeling results both with and without covers. Results indicate that
Cells #1 and #4, completely reduced sulfate in groundwater, suggesting these configurations
would provide the most effective reclamation solutions for the Quémont 2 mine site.

Keywords: acid mine drainage; reclamation techniques; numerical modeling; PHT3D;
MT3D; PHREEQC
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1. Introduction
The Canadian economy greatly benefits from mining mineral resources. However,

mining activities produce large quantities of waste rock and mine tailings. These wastes
can contain sulfide minerals such as pyrite (FeS2) or pyrrhotite (Fe1-xS). When exposed to
oxygen and water, these minerals oxidize, generating acidity and dissolved pollutants in a
process known as acid mine drainage (AMD). This oxidation reaction occurs in aqueous
solution, as described by the following equation:

4FeS2 + 15O2 + 14H2O → 4Fe(OH)3 + 8H2SO4 (1)

AMD can significantly harm the environment. In such cases, human intervention
becomes necessary to limit contaminant production and prevent environmental damage
to nearby ecosystems. Various management approaches and reclamation techniques are
available, with selection depending on factors such as climate conditions, water budget,
water table depth, and material availability [1–4].

Techniques used for mine site reclamation include an oxygen and water barrier [5]. In
humid climates, typical of most Canadian regions, reducing oxygen availability by limiting
oxygen diffusion is often most effective [6–8]. Water cover can be employed to reduce
oxygen flux reaching reactive mine wastes (tailings or waste rocks) [9–11]. However, a key
drawback of water covers is the challenge of maintaining the long-term physical stability
of containment infrastructure [12,13].

The monolayer cover combined with an elevated water table (EWT) has been proposed
as an alternative to water covers for tailings storage facilities (TSF) reclamation [14–24].
This method maintains high saturation levels in AMD-generating tailings by raising or
maintaining the water table to keep reactive tailings highly saturated, thereby preventing
oxygen diffusion [16,19,22,23,25–31].

Another approach to establishing an oxygen barrier involves covering the area with
organic wastes such as wood trash, straw mulch, or other oxygen-consuming materials [32,33].

Cover with capillary barrier effects (CCBE), as described in [34–38], effectively reduce
oxygen migration by using capillary barrier effects to minimize vertical water flow at
interfaces. This is achieved by exploiting the contrast in hydrogeological properties (water
retention curve and saturated hydraulic conductivity) between overlaid materials (fine-
grained over coarse-grained). The capillary barrier effect maintains near saturation in the
fine-grained material layer when it is overlaid by a coarse-grained material layer.

Hydraulic barriers represent another strategy to reduce water infiltration. Geomem-
branes, geosynthetic materials, and compacted clay can all create effective hydraulic barriers.

The REGENERE Chair’s research program aims to identify the optimal reclamation
scenario for the Quémont 2 TSF, which is expected to reach maximum capacity between
2022 and 2024 [39]. This site was selected due to its proximity to Rouyn-Noranda’s urban
center and Dufault Lake. Effective TSF reclamation is essential for environmental protec-
tion and requires assessment of the local hydrogeological and geochemical framework to
support appropriate technique selection.

Previous studies have employed laboratory and field experiments, along with monitor-
ing, to evaluate mine site reclamation performance. The effectiveness of selected approaches
over short and long terms can be assessed using numerical simulations of water flow and
reactive transport under various scenarios [16,20,22,40–42].

The Quémont 2 mine site has been extensively studied in recent years to identify its
hydrogeological and hydrochemical behaviors [39,43–46]. Additionally, field and laboratory
tests have evaluated different mine site reclamation approaches [47–49].
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Analyzing the impact of TSF reclamation on the hydrogeological and hydrochemical
behaviors of the Quémont 2 mine site is crucial. This analysis can be performed through
hydrogeological and transport modeling of the site, which constitutes the goal of this paper.

2. Site Description
The Quémont 2 TSF, owned by Glencore Fonderie Horne, is located north of Rouyn-

Noranda’s urban perimeter (Abitibi-Témiscamingue, Québec) between latitudes 48◦27′ N
and 48◦26′ N and longitudes 79◦00′ W and 78◦97′ W (Figure 1).
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Figure 1. Location map of the study area.

Fonderie Horne has operated since 1927, processing copper. With over 90 years of
existence, it proudly holds the title of the only copper foundry in Canada “https://www.
fonderiehorne.ca/ (accessed on 19 November 2021)”. Between 1949 and 2018, the TSF
nearly reached its storage capacity, receiving more than 7.6 Million tons (Mt) of sulfide
tailings, 14.2 Mt of slag, and 1.1 Mt of sludge [45].

Covering approximately 119 hectares (ha), the TSF presents unique environmental chal-
lenges due to its mine waste composition and proximity to Rouyn-Noranda’s metropolitan
border. This TSF borders:

• Dufault Lake, the main source of drinking water for Rouyn-Noranda;
• Osisko Lake, previously contaminated by smelting activities, mine tailings storage,

and municipal wastewater.

The regional hydrogeological context of the Quémont 2 site is defined by a bedrock
that is generally exposed or covered by unconsolidated glacio-lacustrine deposits.

The Quémont 2 TSF has been used successively for sulfide tailings deposition and
the co-deposition of sludge and slag. These co-deposited materials consist of fresh slag
generated from copper flotation at the Horne smelter concentrator and lime treatment from
the weak-acid treatment unit [44]. These materials can potentially generate contaminated
water, posing a risk to the health and safety of Rouyn-Noranda’s population and affecting
the surrounding environmental quality.

3. Methodology
This paper first provides an overview of the Quémont 2 site, then introduces the

hydrogeological database and numerical model used to characterize and simulate the
hydrogeological and hydrochemical behaviors of the Quémont 2 TSF.

https://www.fonderiehorne.ca/
https://www.fonderiehorne.ca/
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3.1. Data Collection and Field Measurements

Data Acquisition: The most expensive step in establishing the database is data
collection. This process involves gathering various subsurface and water resources
data from the study area and incorporating them into the hydrogeological database.
The data were collected from Glencore Fonderie Horne databases and several online
sources, including Government of Quebec websites (e.g., “diffusion.mern.gouv.qc.ca, don-
neesquebec.ca, SIGÉOM” accessed on 19 November 2021). Input alphanumeric data,
digitization of maps, profiles, and cross-sections, as well as spatial entities, were pro-
cessed, followed by integration of attributes and descriptive semantic data into the
hydrogeological database.

To determine precise properties of various subsurface units within the TSF, cross-
sections, drilling, and survey data provided by [46] were utilized. Twelve drill holes with
depths ranging from 4 to 16 m were examined across the TSF. Additionally, high-precision
topographic data from the Glencore database, provided in AutoCAD format (.DWG),
determined the TSF altitude.

A geophysical study conducted near the old TSF in 2021 by [44] employed two
main techniques: Ground-Penetrating Radar (GPR) and Electrical Resistivity Tomogra-
phy (ERT). GPR was deployed in Common Mid-Point mode to determine the propa-
gation speed of Electromagnetic Waves (EMW) within the tailings. This approach en-
abled the estimation of surface water content by leveraging the established relationship
between EMW propagation speed, dielectric constant, and water content. The results
demonstrated the effectiveness of GPR in assessing surface moisture content and iden-
tifying physical discontinuities, particularly within the dams surrounding the tailings.
ERT mapped the subsurface and estimated physical and hydraulic properties of the
mine tailings. Through Archie’s Law application, a cross-sectional map of porosity dis-
tribution was developed. Furthermore, by combining resistivity data with the Kozeny–
Carman equation, a hydraulic conductivity highlighted a strong spatial heterogeneity of
these properties.

The variables of interest in this study include reservoir geometry (topography as
Digital Elevation Model (DEM), bottom, aquifer thickness, hydrogeological units), hydro-
geology, hydro-climatology, and groundwater quality parameters such as pH and water
temperature (T◦). These variables were obtained from multiple data sources and relevant
reports (Tables 1 and 2) and were used for conceptual model preparation.

To ensure accurate integration and representation of spatial data in the GIS, all col-
lected geolocation data originally defined using the WGS84 coordinate system were
converted to the Canadian NAD 1983—MTM 10 projection using ArcGIS software
(Version 10).

Field measurements: In November 2021, additional investigations were conducted
as part of this study to measure hydraulic head, temperature, and water electrical con-
ductivity (Research Institute on Mines and the Environment (IRME) laboratory, Rouyn
Noranda, QC, Canada). In 2018, Solinst Levelogger Edge probes were installed in wells
Q2-RMPO-09-18, Q2-R-PO-03-18, Q2-RM-PO-06-18, and Q2-R-PO-01-18 for hydraulic
heads monitoring [44]. Data were collected between 5 November 2020, and 3 June 2022,
at hourly intervals. Additionally, a Barologger installed at well Q2-R-PO-03-18 moni-
tored atmospheric pressure, enabling correction of piezometric levels obtained with the
Levelogger probes.
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Table 1. Data products of geology/reservoir are used for the preparation of the conceptual model.

Data Data Types Conceptual Model Sources Values or Year of Data
Production

Geology/
Reservoir

Subsurface: sludge and
slag, tailings,
glacio-lacustrine
deposits, and the rock

■ 4 Layers, phreatic and
semi-captive layers ■ [39] ■ 2018

Boundary
conditions

■ No flow on the north ■ [39] ■ Q = 0 m3/day (2018)

■ No flow on the south ■ [39] ■ Q = 0 m3/day (2018)

■ Newman conditions
on the southeast
(Outflow)

■ Calculated in 2022 ■ Q = 216 m3/day (2020)

■ Newman conditions
on the east limit
(Outflow)

■ Calculated in 2022 ■ Q = 0.855 m3/day (2020)

■ Dirichlet condition:
Constant-head on the
west (Catch Basin)

■ [44] ■ H = 323.5 m (2020)

■ Z(x,y) Ground/ocean
■ Glencore, Fonderie

Horne database

■ 2022

■ Topographic maps
(AutoCAD Format).

■ Contour line and point ■ [50]

■ DEM (1/20,000) ■ [50]

■ ESRI Map ■ ArcGIS Software

■ U1(x,y) top of the
mine tailing:
9 boreholes.

■ [39]
■ 2018, 2017
■ Values per point

(x, y, levels)

■ U2(x,y) top of the
glacio-lacustrine
deposits, mainly
clays: 9 boreholes.

■ [39,51,52]
■ 2018, 2007, and 1993
■ Values per point

(x, y, levels)

■ U3(x,y) top of the
fractured rock:
10 boreholes.

■ [39,52]
■ 2018, 2017, 2007
■ Values per point

(x, y, levels)

■ B(x,y) top of the
bedrock: 10 boreholes
reach the bottom.

■ [39,52]
■ 2018, 2017, 2007
■ Values per point

(x, y, levels)

Humidity cell tests were conducted to evaluate the hydrochemical behavior of the sulfide
tailings, as well as sludge and slag materials, at the Research Institute on Mines and the
Environment (IRME) laboratory in Rouyn-Noranda, QC, Canada. Geochemical parameters
were analyzed at the SGS (Société Générale de Surveillance) laboratory using ICP-AES and
ICP-MS to assess the metal leaching potential of elements such as As, Cu, Fe, Pb, and Zn.
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Graphical representations were generated using Microsoft Excel (Version 2019). Groundwater
flow simulations and geochemical modeling were carried out using MODFLOW 2000, PhT3D,
and MT3D, implemented through the Visual MODFLOW interface (Version 2014).

Table 2. Data products of hydrogeology, hydro-climatology, and groundwater quality used for the
preparation of the conceptual model.

Data Data Types Conceptual Model Sources Values or Year of
Data Production

Hydrogeology

Hydrodynamic
parameters

■ Permeability, K (m/s):
10 pumping tests ■ [39] ■ 2018

Piezometry and depth
■ Four wells: water Depth (m).
■ Four wells: piezometric

level (m).
■ Collected data ■ From 2020 to 2022

Hydro-
Climatology

Precipitation and
Temperature

■ Rouyn station completed by
surrounding stations ■ [53] ■ From 2020 to 2022

Projected precipitation
and temperature

■ Location: Latitude: 48,27◦ N,
Longitude: 78.99◦ W ■ [54] ■ From 2020 to 2100

AMD, Catch basin ■ Drain ■ [39] ■ 2018

Groundwater
Quality

Physical and chemical
parameters

■ Geochemical results of
groundwater in µg/L from
10 wells

■ [45] ■ 2019, 2020

■ Groundwater quality analysis
in µg/L from 10 wells ■ [39] ■ 2018

3.2. Climate Data

Climate data were obtained from the Rouyn meteorological station [53]. In 2020, the
average annual precipitation was 882.8 mm, while the average minimum and maximum
monthly temperatures were −17 ◦C (in February) and 26 ◦C (in July), respectively. The
region’s climate is characterized by cold winters and warm summers.

This assessment incorporates a combination of regional climate modeling projections
data generated by the Government of Canada [54] and a local observational dataset for
precipitation (P) and temperature (T) specific to the study area. The analysis involved
extracting a time series of P and T variables from 2006 to 2100. MATLAB software
(Version R 2024b) was employed to process and extract time data from NetCDF
(Network Common Data Form: “www.unidata.ucar.edu/software/netcdf (accessed on
1 January 2022)” files (.nc). Data extraction was conducted for a specified latitude and
longitude coordinates, covering the entire timeframe from 2006 to 2100.

Time series plots based on the climatic data, which summarize the most up-to-date
knowledge on the study area’s climatology, are presented in Figure 2a,b. These figures
illustrate the predicted evolution of P and T for the coupled model intercomparison
project 5 (CMIP5) climate model, considering multiple scenarios used to study the fu-
ture impact of climate change (CC). The scenarios include the Representative Concen-
tration Pathways (RCPs) 2.6, 4.5, and 8.5, which have been analyzed and edited for
this study.

www.unidata.ucar.edu/software/netcdf
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Figure 2. Temperatures (a) and precipitations (b) over time (2006–2100) in the study area for RCP 2.6,
RCP 4.5, and RCP 8.5.

For all three scenarios, these graphs clearly show an upward trend in both tempera-
tures and precipitation, indicating increases in these variables over time.

3.3. Hydrogeological Database

A geodatabase was created using data collected from various organizations and stud-
ies, providing detailed information on surface water and groundwater resources, including
geology, piezometry, geometry, and quality. This database generates decision-support
thematic maps and diagrams. The resulting thematic layers were organized to meet the
needs of managers and decision-makers, covering the study area’s location, administration,
hydrology, climatology, hydrogeology, and aquifer geometry. This organization facilitates
easy consultation, customization, and replication of information across different water
resources management applications. Additionally, the conceptual model of the study area
has been integrated into this database.

3.4. Hydrogeological Setting

At the Quémont 2 TSF, four piezometers were equipped with data loggers to continu-
ously monitor groundwater levels from 5 November 2020 to 3 June 2022.

The hydrostratigraphic units presented in this section were established using borehole
logs from previous studies [51,52,55] and survey campaign conducted in 2017 and 2018 [39].
A total of seventeen boreholes, with depths ranging from 4 m to 41 m, were utilized across
the Quémont 2 TSF.

A three-dimensional (3D) model was developed based on available data concerning
the non-reactive sludge and slag material, Quémont 2 tailings, and underlying structural
units (rock and glacio-lacustrine deposits) (Figure 3). The Quémont 2 TSF is primarily
characterized by four hydrogeological units, extending from the bottom to the surface.

3.4.1. Unit 1 (Rock)

The rock unit at the Quémont 2 site is relatively homogeneous. Based on observations
made during drilling, the bedrock beneath the TSF consists of basalt and andesite, exhibiting
varying degrees of alteration.

The till unit has not been considered in this research, as it lies outside the study area.
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3.4.2. Unit 2 (Glacio-Lacustrine Deposits)

The glacio-lacustrine deposits unit consists of clayey silt and clay layers. Due to
limitations in the available data for Quémont 2, it is not possible to distinctly differentiate
between a clay unit and an overlying clayey silt unit. Therefore, for modeling simplicity,
these two units have been grouped. The clay deposits are characterized by rhythmites of
clay and silt, with a thickness ranging from 0 m to 15 m. The thickness of the clay deposit
units is shown on Figure 3, between the garnet and purple raster layer.

3.4.3. Unit 3 (Mine Tailings)

Unit 3 consists of mine tailings accumulated at the Quémont 2 site, primarily composed
of silty materials with low compactness. The thickness of the tailings is shown in Figure 3,
between the garnet layer and the DEM raster layer. Based on drilling data, the mine tailings
thickness ranges from 0 m to 25 m, with the greatest thickness observed in the center of the
TSF. This unit is present throughout the entire TSF, except in the northern part.

3.4.4. Unit 4 (Sludge and Slag)

Mine tailings (unit 3) are covered by a mixture of sludge and slag materials. According
to [56], sludge has a much finer grain size compared to slag and is generally less dense.
The average thickness of this mixed unit is approximately 1.6 m, which was determined by
calculating the difference between the DEM and the mine tailing unit.

3.5. Hydrodynamic Parameters

The hydraulic conductivity values obtained through the interpretation of the slug-test
method [57] range from 3.34 × 10−7 m/s to 3.81 × 10−6 m/s in the mine tailings unit, with
a geometric mean value of 1.4 × 10−6 m/s (Table 3).
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Table 3. Hydraulic conductivity throughout the Quémont 2 TSF.

Unit Borehole
Hydraulic Conductivity (m/s)

Test 1 Test 2 Geometric
Mean

Unit 1 (Rock)

01–18 9.97 × 10−7 7.36 × 10−7

6.6 × 10−7
02–18 2.17 × 10−7 1.26 × 10−7

03–18 4.42 × 10−6 n/d
04–18 3.41 × 10−7 3.25 × 10−7

05–18 1.5 × 10−6 1.54 × 10−6

Unit 4 (Mine
Tailings)

06–18 3.5 × 10−6 3.81 × 10−6

1.4 × 10−6
07–18 1.2 × 10−6 1.16 × 10−6

08–18 2.7 × 10−6 3.32 × 10−6

09–18 3.55 × 10−7 3.34 × 10−7

10–18 9.11 × 10−7 1.12 × 10−6

In the rock unit, hydraulic conductivity varies between 1.26 × 10−7 m/s
and 4.42 × 10−6 m/s, depending on the degree of rock fracturing, with a geometric
mean value of 6.6 × 10−7 m/s for the rock mass as a whole. We acknowledge that the
density and distribution of fractures significantly influence hydraulic conductivity values
in fractured rock units. In our study, we considered the degree of fracturing as a critical
factor when estimating hydraulic conductivity. However, we did not directly measure the
fracture density.

We also recognize that slug tests in fractured rock can be misleading if the tested volume
is not representative of the overall rock mass. To address this, we conducted multiple slug
tests across different locations to obtain an average hydraulic conductivity value.

In addition, pumping tests from previous studies [57–59], as reported in the
WSP report [39], provided permeability values for the clay unit. A typical value of around
10−9 m/s is generally considered representative for the glacio-lacustrine deposits unit.

3.6. Kinetic Test Method

Humidity cell tests performed by [43] were used to evaluate the geochemistry of the
Quémont 2 tailing storage facility, specifically to accelerate sulfide mineral oxidation and acid
generation. The test procedure involved weekly wetting and drying cycles, with 1 L of deionized
water being flushed over 1 kg of the studied material. At the end of each humidity cell test
cycle, the water flush was analyzed for various geochemical parameters to assess oxidation
rates, alkalinity generation, and the potential for metal leaching (As, Cu, Fe, Pb, and Zn).

These tests were conducted over 16 cycles (105 days) on material from both the
sludge/slag and the mine tailing. The results showed that the sludge/slag exhibited
generally lower pH values (ranging from 6.2 to 7.0) compared to the mine tailings (ranging
from 7.0 to 8.3) over the 105-day period. The electrical conductivity of water from the mine
tailings ranged between 944 µs/cm and 3750 µs/cm, consistently higher than that from the
sludge/slug, except during the final leaching phase.

The sludge/slag produced higher Zn and Cu concentrations compared to the mine
tailings. Specifically, the Zn concentration reached up to 0.13 mg/L in the mine tailings
and up to 2.25 mg/L in the sludge/slug. For Cu, concentrations were up to 0.03 mg/L
in the mine tailings and up to 4.34 mg/L in sludge/slug. However, after 42 days, the
Zn concentration in the mine tailings became acceptable (<1 mg/L), in accordance with
Directive 019 requirements [60], established by the Ministry of the Environment of Quebec,
Canada. These regulations ensure that mining activities adhere to strict environmental
protection measures to minimize the impact of tailings and wastewater on the environment.

A significant difference in sulfur (S) concentrations was observed between the
sludge/slag and the mine tailings, with values ranging from 12 mg/L to 1018 mg/L.
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Iron (Fe) concentrations in both the sludge/slag and mine tailings remained very low,
either close to or below the detection limit of 0.007 mg/L throughout the tests.

3.7. Model Construction and Boundary Conditions

The conceptual model was developed based on the hydrogeological database and field
data, while the mathematical model was constructed to simulate transient groundwater
flow for the Quémont 2 TSF from 2020 to 2100 (Figure 4). The conceptual model and model
discretization were developed using Visual MODFLOW software (Version 2014). In the
plan view, the simulation domain was discretized into a grid consisting of 22,800 grid
cells, with a layout formed by 190 columns and 120 rows of 10 m × 10 m cells, aligned
along the north–south (NS) and west–east (WE) directions (Figure 5a). Vertically, the model
grid incorporates four layers of varying thicknesses, corresponding to the Quémont 2 TSF
hydrostratigraphic units described earlier (Figures 3 and 5b).
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The modeled area spans a total of 119 ha, with the base elevation of the model set
at 285 m above sea level and a maximum elevation of 332 m at the surface. The model
grid includes a mesh of 11,953 active cells, capturing the subsurface structure in detail.
The domain encompasses layers representing rock, glacio-lacustrine deposits, Quémont 2
tailings, and sludge/slag tailings cover layers, as illustrated in Figure 5b, which provides a
cross-section of the model domain and the thicknesses of its various layers.

3.8. Groundwater Flows and Contaminant Transport Modeling

Visual MODFLOW software [61], a fully integrated 3D finite-difference subsurface
flow model based on the diffusivity equation, was used to simulate groundwater flow and
contaminant transport over time.

The USGS (United States Geological Survey) groundwater flow model MODFLOW
and the MT3D contaminant transport model, along with add-on packages (e.g., PHT3D,
MODPATH, ZONE BUDGET, and FMBUDGET), are integrated into the widely used Visual
MODFLOW software to simulate a complex three-dimensional groundwater flow at the
study site.

For this study, MODFLOW 2000 [62] was chosen to assess three-dimensional ground-
water flow in a porous medium (Figure 6). The groundwater flow partial differential
equations were solved using the Bi-Conjugate Gradient Stabilized (Bi-CGSTAB) acceler-
ation technique in Visual MODFLOW. The convergence of the calibrated model’s matrix
solver was assessed using head changes of 0.01 m and residual criteria of 0.001 m.

A three-dimensional numerical groundwater flow model was calibrated under steady-
state and transient groundwater flow conditions, solving Equation (2) [63] for a 576-day
period, from 5 November 2020 to 3 June 2022. The model also predicts hydraulic head and
contaminant concentration in the Quémont 2 TSF from 2021 to 2100 under three different
CC scenarios (RCPs 2.6, 4.5, and 8.5), as well as the water balance over time.

∂
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The parameter Kxx, Kyy, and Kzz represent hydraulic conductivity values along the x,
y, and z-axis directions (L/T); h denotes the potentiometric head (L); W is the volumetric
flux per unit volume representing sources and/or sinks (T−1); Ss is the specific storage of
the porous material (L−1); and t represents time (T).
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geochemical code (PHREEQC-2) and the transport model (MT3D), which work together to simulate
reactive transport processes within the PHT3D framework.

The coupled flow and transport code (MT3D), which solves Equation (3) [64], was ap-
plied to both qualitatively and quantitatively study contaminant transport in the Quémont
2 TSF.

∂C
∂t

=
∂

∂xi

(
Dij

∂C
∂xj

)
− ∂

∂xi
(ViC)−

qsCs

θ
+

N

∑
k=1

Rk (3)

Here, C represents the contaminant concentration in groundwater (ML−3); T rep-
resents time (T); xi,j denotes the position along the Cartesian coordinate axes (L); Dij is
the hydrodynamic dispersion coefficient tensor (L2T−1); Vi is the fluid velocity (LT−1);
qs volumetric flow rate per unit volume of aquifer representing fluid sources (positive) and
sinks (negative) (T−1) ; Cs is the concentration of the source or sink flux (ML−3); θ is the
porosity of the subsurface medium (dimensionless), and Rk (k = 1, . . . , N) represents the
rate of solute production or decay in reaction k of N different reactions (ML−3T−1).

To reliably predict contaminant transport at the site, an accurate groundwater
flow model must first be developed, calibrated, and validated to adequately represent
site conditions.

A reactive multicomponent transport model based on MODFLOW/MT3D was re-
cently developed by [65]. This model solves various mixed equilibrium and kinetic reactive
transport problems by sequentially coupling the geochemical model PHREEQC-2 [66]
with the three-dimensional transport simulator MT3D [64] (Figure 6). The model can
solve both equilibrium and kinetically controlled reactions, with total aqueous component
concentration serving as the main dependent variable [67,68].

The PHT3D model was selected because it allows for the addition of new reactions to
those already in the database, with levels that can be established by other species. Visual
MODFLOW facilitates easy formatting of Input data for both the PHT3D model (advection,
dispersion, and concentration) and the MODFLOW model (geometry and permeability),
and provides visualization of the model’s outputs (head changes and concentrations).
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Iron and sulfur were defined as the principal contaminating species for this simulation,
due to their significance in AMD production. In the bedrock unit, high concentrations of
iron and sulfate in the presence of oxygen and water can contribute to acidity and AMD
production. According to data from wells PO-Q2-19-07, PO-Q2-22-07, Q2-R-PO-02-18,
and Q2-R-PO-04-18, from summer 2020 monitoring [45], the iron concentration in the
bedrock unit averages 42.5 mg/L, the sulfate concentration averages 1913.8 mg/L, and the
pH averages 6.1 (Table 3).

The movement of pollutants through porous media is governed by complex mecha-
nisms. These processes are formally described in the model, with differential equations
applied using the field data provided in Table 4. The concentrations of iron, sulfur, and other
components were assessed based on groundwater quality measurements, supplemented
by kinetics tests conducted by [43] on Quémont 2 materials.

Table 4. Geochemical parameters of groundwater in 2020 [45].

N◦ W19-07 W22-07 W02-18 W04-18

Fe (µg/L) 1300 42,000 17,000 11,0000

SO4 (µg/L) 15,500 2,170,000 2,750,000 2,720,000

pH 5.54 6.68 6.67 5.51

For simplicity, a two-dimensional reactive transport model was established for the
tailings and sludge/slags. This study used the “wateq4f.dat” PHREEQC-2 database.
Reactive transport was modeled for eight components—calcium (Ca), Arsenic (As),
Cadmium (Cd), Cobalt (Co), copper (Cu), iron (Fe), lead (Pb), sulfur (S), and zinc (Zn)—in
equilibrium phases, within the context of the local hydrogeologic conditions of the Qué-
mont 2 site (Table 5). As required by PHT3D, the concentrations of these components
were converted to mol/L. A constant head boundary was used for point source concen-
trations in this simulation. A key focus of this study was assessing the impact of varying
concentrations on groundwater quality in and around the central Quémont 2 area.

Table 5. Transport model parameters and initial concentration (mmol/L) of aqueous components.

Parameters Unit Values

Effective porosity 0.3

Longitudinal dispersivity (αL) 9

Transverse dispersivity (αT) 3

TRPT ratio m 0.333

TRVT ratio m 0.0333

Components and Concentration Tailings Sludge and slag

As 0.000034703 0.00004138
Cd 0.000007704 0.00043412
Co 0.000184955 0.00007432
Cu 0.000140056 0.04547887
Fe 0.001092309 0.00039395
Pb 0.000000820 0.05791506
S 31.37866500 0.37429819

Zn 0.000565922 0.02493117
pH 7.51 6.85
pe 413 598

Sulfur 0.0313 mol/L -
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4. Modeling Results
4.1. Steady-State Calibration

The calibration of the groundwater flow model involved adjusting parameters to
ensure simulated results closely matched observed conditions, while maintaining parameter
values within appropriate ranges. The steady-state, three-dimensional finite-difference
flow model of Quémont 2 was calibrated and validated using statistical metrics including
Root Mean Squared Error (RMSE), Mean Absolute Error (MAE), normalized RMSE, and
percent mass balance discrepancy.

Steady-state calibration was performed by comparing simulated and measured hy-
draulic heads at each monitoring station (Figure 7c). The calibration results demonstrated
an average correlation coefficient of 1.0, a MAE of 0.046 m, and an RMSE of 0.052 m.
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Figure 7. Simulated hydraulic head (m) of: (a) mine tailing, (b) rock, and (c) correlation between
simulated and measured hydraulic heads for 5 November 2020. The arrows represent flow direction
or vector velocities. The blue lines represent equipotential lines or hydraulic head contours.

Groundwater primarily flows from north to east, with a secondary flow component
toward the west. Flow directions are illustrated by vector velocities in Figure 7. Figure 7a
depicts the simulated flow patterns within the mine tailing unit, with dry cells in the
northern portion of the model resulting from the absence of mine tailings in that area.
Figure 7b illustrates the simulated flow within the rock unit.
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4.2. Transient State Calibration

The model was calibrated in the transient state using average hydraulic head mea-
surements from 5 November 2020 to 3 June 2022. In Figure 8a, the line represents the
correlation between modeled and observed results after 80 days. Piezometer probes from
wells 1, 6, and 9 are located in the mine tailings (Layer 2: red points), while the probe
from well 3 is located in the rock unit (Layer 4: blue points). It should be noted that the
lower hydraulic head values in Figure 8a correspond to the lower hydraulic head shown
in Figure 8b in the transient state, while the higher values in Figure 8a correspond to the
higher hydraulic heads shown in Figure 8b.
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Figure 8. (a) Calibrated hydraulic heads comparing estimated and observed transient state in a scatter
diagram (Time = 80 days), (b) simulated (line and points) and observed (line) daily hydraulic heads at
observation wells 1, 3, 6, and 9 from 5 November 2020, to 3 June 2022. The orange/red line represents
monitoring well 9, light blue line shows monitoring well 3, green line represents monitoring well 6,
and purple line shows monitoring well 3.

The calibration achieved a RMSE of 0.12 m for hydraulic head and a correlation
coefficient (R) of 1.0, indicating acceptable results. The decline in hydraulic heads can be
attributed to a drier winter with predominantly solid precipitation (snow) (Figure 8b). The
observed data dispersion partly results from local seasonal fluctuations in hydraulic heads.

The model’s ability to replicate the hydrogeological behavior of the Quémont 2 TSF
was demonstrated through a transient-state simulation. Daily hydraulic head variations
were simulated for the period from 5 November 2020 to 3 June 2022. The transient analysis
utilized boundary conditions, initial conditions, and material properties derived from
the steady-state calibration. Figure 8b presents the results for this period. Additionally,
the simulation incorporated the degree-day snowmelt approach to account for the drier
winter conditions and the spring snowmelt period, characterized by a significant increase in
water input. The degree-day method is a temperature-index approach that relates the total
daily melt to the difference between the mean daily temperature and a base temperature
(commonly 0 ◦C), using the following equation:

M = CM (Ta − Tb) (4)
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where M is the snowmelt (mm/day), Ta is the mean daily air temperature (◦C), Tb is the
base temperature (◦C), and CM is the degree-day coefficient (mm/degree-day ◦C), which
varies seasonally and spatially. Typical values range from 1.6 to 6.0 mm/degree-day ◦C.
For this study, a value of 2.74 mm/degree-day ◦C was used, based on [69].

4.3. Climate Change

Following these calibrations, the model was used to simulate the water resource
dynamics of the TSF through the year 2100, considering CC impacts under three different
scenarios (RCP 2.6, RCP 4.5, and RCP 8.5).

In these simulations, the primary projected effect of CC on the Quémont 2 TSF is
an increase in groundwater levels, mainly driven by higher precipitation rates. The re-
sults indicate that the hydraulic heads in both the lower (mine tailing) and upper (rock)
hydrogeological units (Figure 9) are clearly hydraulically interconnected.
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Figure 9. Time series of predicted hydraulic heads (in meters) at the Quémont 2 TSF for piezometers
01, 06, and 09 in the mine tailing unit, and piezometer 03 in the Roc Unit.

4.4. Contaminant Transport Using MT3D

A contaminant transport model calculates the concentration distribution of dissolved
pollutants in each cell within the model domain based on input parameters and boundary
conditions. The transport modeling results are depicted as multiple sets of concentration
contours (ranging from 200 mg/L to 2600 mg/L), each representing the simulated pollutant
plume at a specific simulation time (Figure 10a).

Sulfate was selected for the initial contaminant transport simulations, as it is con-
sidered a conservative tracer unaffected by sorption. Simulating the transport of a tracer
pollutant first allows for a better understanding of the contamination source term and
dispersion effects without the influence of sorption. The model effectively described the
observed sulfate plume evolution in the rock unit (in 2020), achieving an average correlation
coefficient of 1, a MAE of 0.34 mg/L, and a RMSE of 0.432 mg/L (Figure 10b).
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The abrupt transition to zero concentration in the eastern part of the rock unit appears
unrealistic and is likely an artifact resulting from model boundary conditions. It is impor-
tant to note that this area corresponds to surface water bodies rather than groundwater.
Additionally, no concentration measurements were conducted in these surface water bodies
in 2020, which may further contribute to the apparent discrepancy. Future simulations
should consider these aspects to minimize abrupt transitions and improve the realism of
the modeled plume distribution.

Groundwater contamination is primarily attributed to leachate infiltration into the
rock unit where the glacio-lacustrine deposits, predominantly composed of clayey silt and
clay units, are absent.

From 2020 to 2100, the contaminant plume primarily follows the direction of groundwater
flow, with minimal dispersion when moving against the flow. As a result, the solute plume
continues to migrate towards the eastern and western boundaries of the model domain
(Figure 11a,b). Due to their alignment with the groundwater flow, wells 1 and 3 become
progressively contaminated over time (Figure 12). While concentrations in wells 1 and 3
continued to increase throughout the simulation period, the high concentrations in well 2
remained stable from the late 2020s until the end of the simulation in 2100.

4.5. Contaminant Transport Using PHT3D
4.5.1. Copper in Sludge and Slag

In this model, the sludge and slag unit, defined in column 1 for layer 1 (Figure 13),
was used to represent the system. Reactive transport simulations were performed for
eight components—calcium (Ca), Arsenic (As), Cadmium (Cd), Cobalt (Co), copper (Cu),
iron (Fe), lead (Pb), sulfur (S), and zinc (Zn). Cu was identified as the primary contami-
nating species, while the concentration of the other seven components remained within
acceptable levels.
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Figure 13. Simulated (a) copper and (b) sulfur concentrations after 400 and 1200 days, constant head
boundaries (blue symbols) and point source concentrations (orange symbols) were used for in this
modeling study as shown in Column 1.

In column 8, the simulated Cu concentrations began to rise during the first 400 days, as
shown in Figure 13a. After 400 days, the Cu concentration reached approximately 0.012 mmol/L
(0.76 mg/L) and continued to increase, reaching about 0.048 mmol/L (3.05 mg/L) by 1200 days
(Figure 13a). After this period, Cu concentrations remained stable until the end of the simulation
(7000 days).

4.5.2. Sulfur in Mine Tailing

Additionally, this study focuses on identifying groundwater flow and the transport
of two key chemical species—iron (Fe) and sulfur (S)—across the mine tailing site over a
20-year period. AMD is one of the most significant environmental challenges faced by the
global mining industry [70]. Pyrite oxidation is a major contributor to AMD formation,
releasing iron into the drainage system and contaminating groundwater. These two species
were therefore selected for their relevance to this issue [71]. Managing AMD formation
remains challenging, particularly in predicting the movement of these chemical species
and the generation of pyrite.

Based on the kinetic test conducted by [43], sulfur and iron concentrations were
measured using ICP-AES and ICP-MS. The water flush exhibited an iron concentration near
or below the detection limit (0.007 mg/L), while sulfur concentration reached 1018 mg/L.
As a result, sulfur was identified as the primary contaminant and was defined in column 1
for layers 2 and 3 of the model, representing the mine tailing unit. A sulfur concentration
of 0.0313 mol/L was assigned in the model as part of the mineral phases.

In Figure 13b, PHT3D displays concentration values using a color gradient ranging from
red to blue, with blue representing the highest concentration. The color profile changes as
contamination migrates from the source, illustrating an increase in sulfur concentration within
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the mine tailings over 1200 days due to leaching and plume migration. Sulfur concentration
values ranged from 0.0014 mol/L to 0.0112 mol/L (equivalent to 134 mg/L to 1056 mg/L).

4.6. Climate Change, Reclamation Technique Using Visual Modflow

After completing calibration, the model was used to simulate the system through the
year 2100, incorporating a cover layer on the Quémont 2 TSF. Simulations were conducted
under various CC scenarios (RCP 2.6, 4.5, and 8.5). In this final phase, twelve simulations
were performed to test different reclamation techniques with varying material properties
(Table 6).

Table 6. Simulation conducted under CC scenarios and different reclamation techniques.

Reclamation Technique and RCPs RCP 2.6 RCP 4.5 RCP 8.5

Cell #1: Single layer covering clay
(e = 80 cm) Simulation 1 Simulation 2 Simulation 3

Cell #2: Single layer covering
Clay–Sand (e = 60 cm) Simulation 4 Simulation 5 Simulation 6

Cell #3: Single layer covering
Clay–Silt (e = 60 cm) Simulation 7 Simulation 8 Simulation 9

Cell #4: Multilayer covering
Clay–Sand–Clay (e = 40 cm each) Simulation 10 Simulation 11 Simulation 12

Cell #1, which models a single 80 cm thick clay layer, and Cell #4, representing a
multilayer cover composed of clay–sand–clay sequence with a total thickness of 120 cm,
shows fewer impacts on renewable resources and water quality in the Quémont 2 TSF
compared to Cel l#2 and Cell #3. Under the RCP 2.6 scenario, a decrease in contaminant
concentration in Well 2 is observed from 2020 to 2047 (Figure 14a,d), with concentrations
in wells 1 and 3 remaining near zero. However, under the RCP 4.5 and 8.5 scenarios,
concentrations of approximately 240 mg/L are projected to reach wells 1 and 3 by 2030.

The impacts on renewable resources and water quality are more significant in Cell #2 than
in Cell #1. Cell #2 models a single layer of clay and sand with a thickness of 60 cm. Under the
RCP 2.6 scenario, well 2 shows a decline in contaminant concentration from 2020 to 2058, while
concentrations in wells 1 and 3 remain near zero. However, under RCPs 4.5 and 8.5 scenarios,
the concentration in well 2 declines over a longer period, from 2020 to 2074, eventually reaching
wells 1 and 3.

Cell #3, which features a single 60 cm thick layer of clay and silt covering the Quémont
2 TSF, has a greater impact on renewable resources and water quality than Cell #2. In well
2, contaminant concentrations decrease from 2020 to 2052. Under the RCP 8.5 scenario, the
most pessimistic case, an increase in hydraulic heads due to CC is observed from 2030 to
2100. Consequently, the solute plume gradually reaches wells 1 and 3 during this period,
with expected concentration exceeding 200 mg/L (Figure 14c).

Notably, Cell #1 and Cell #4 demonstrated shorter contamination breakthrough
times compared to Cell #2 and Cell #3. In the RCP 4.5 and 8.5 scenarios across all cells
(#1, #2, #3, and #4), the observed concentration increases in well 1 and 3 can be attributed
to CC impacts, particularly the rise in hydraulic heads caused by increased recharge
predictions from 2020 to 2100 in the study area (e.g., the pessimistic RCP 8.5 scenario,
Figure 15).
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Figure 14. Simulated sulfate plume concentration under CC scenarios and different reclamation
techniques of (a) Cell #1, (b) Cell #2, (c) Cell #3, and (d) Cell #4.
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Based on these simulations, the most effective reclamation techniques for the mine
site are those modeled by Cell #1 and Cell #4. These findings highlight the performance of
cover systems placed on the Quémont 2 tailing storage facility.

5. Conclusions
The Fonderie Horne is one of Canada’s most important copper foundries. Between

1949 and 2018, the Quémont TSF nearly reached its capacity, having received more than
7.6 Mt of sulfide tailings, 14.2 Mt of slag, and 1.1 Mt of sludge. The Quémont TSF, covering
approximately 119 ha, presents unique environmental challenges due to the nature of its
mine waste and proximity to the metropolitan border of Rouyn-Noranda.

The water table at Quémont 2 exists within a highly heterogeneous complex composed
of non-reactive sludge, slag tailings, Quémont 2 tailings, and an underground structural unit
(rock and glacio-lacustrine deposits). The site primarily consists of relatively homogeneous
rock at the Quémont 2 site, overlain by mine tailings predominantly made of silty materials.
In certain areas, an intermediate layer containing glacio-lacustrine deposits (comprising clayey
silt and clay units) is intercalated between the rock and mine tailings. This layer can act as a
semi-permeable screen, isolating the two underground units (rock and mine tailings).

This study developed a hydrogeological geodatabase organized within a GIS frame-
work. The database contains several information layers related to the aquifer and water
resources in the study area, including topography, hydrology, climatology, geology, reser-
voir geometry, hydrogeology, water quality, and hydrodynamic functioning. These layers
were used to produce various decision-making thematic maps such as administrative maps,
hydrogeological maps, piezometric maps, and hydrodynamic parameters maps.

Using this database, geostatistical analysis, three-dimensional geometric modeling, and
a conceptual model were developed based on newly acquired knowledge. Subsequently, a
mathematical three-dimensional groundwater flow and transport model, calibrated under steady
and transient conditions, was created using Visual MODFLOW software. The general direction of
groundwater flow is from north to east with a component oriented towards the west. Groundwater
contamination is mainly due to the leachate infiltration into the rock, especially in areas where
glacio-lacustrine deposits (predominantly composed of clayey silt and clay units) are absent.

The establishment of a hydrogeological database and a groundwater model has signifi-
cantly improved our understanding of the Quémont 2 TSF’s hydrogeological properties and
hydrodynamic performance, particularly under CC conditions. After calibrating the model
in both steady and transient states, linking these results to various CC scenarios was critical
for identifying the impacts of CC (precipitation and temperature changes from 2006 to
2100). These results are instrumental in assessing the long-term performance of the TSF and
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identifying the most suitable reclamation techniques that site managers should consider
for the recovery of the Quémont 2 TSF. The numerical modeling tool has supported the
preliminary selection of the best method for mine site reclamation.

The PHT3D model revealed that copper and sulfur in the groundwater remain at
excessively high levels. This study enhances our understanding of the reactivity of sulfur
generated by mine tailings and the elevated concentrations of copper (Cu) associated
with sludge/slag material. These materials contribute to water contamination, posing a
significant risk to the quality of the surrounding environment.

The effect of CC on the Quémont 2 TSF is projected to result in increased groundwater
levels, primarily due to higher precipitation, especially rain relative to snow. Consequently,
a solute plume with concentrations greater than 200 mg/L is expected to gradually reach
two observation wells (wells 1 and 3) between 2030 and 2100.

Furthermore, the coupled model indicate that two specific reclamation techniques
are most effective the Quémont 2 TSF; a single-layer clay cover (Cell#1) and a multilayer
layer cover consisting of a clay–sand–clay sequence (Cell#4). These approaches have
demonstrated reduced impacts on renewable resources and improved water quality at the
Quémont 2 TSF, making them the most appropriate options for site reclamation.
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