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Abstract: Until 2008, the Aldermac mine was considered one of the most problematic abandoned
mines sites in Québec due to the high production of acid mine drainage caused by mine tailings
spread over a large area. The site was reclaimed between 2008 and 2009 to reduce the ecological
footprint and to minimize any further tailings oxidation (production of acid mine drainage). For
this purpose, a monolayer cover with an elevated water table was used as an oxygen barrier on
the north zone of the site. To assess the performance of the monolayer with an elevated water
table cover, a network of observation wells was set up to monitor the water table level and collect
groundwater samples for the analysis of physical and chemical parameters. Results of water table
level measurements show that the cover successfully maintains the tailings within the water table
at all times, thus preventing further tailings oxidation. Hydrogeochemical results, interpreted with
principal component analysis, show that the quality of water is improving, thus indicating that
reclamation is helping to reduce groundwater contamination at the site.

Keywords: acid mine drainage; cover performance; mine site reclamation; monolayer cover with an
elevated water table

1. Introduction

The extraction of mineral resources plays an important role in the Canadian economy.
However, mining operations generate large volumes of solid wastes. These wastes include
soil overburden, waste rock extracted to reach the orebody, and fine-grained mill tailings
produced by ore processing plants [1]. Mine wastes can have significant adverse effects
on the environment if they are not properly managed, particularly when they contain
iron sulfide minerals such as pyrite (FeS2) or pyrrhotite (Fe1-xS). This is primarily because
the oxidation of these minerals (in the presence of water) by atmospheric oxygen often
results in the production of acid, which can contaminate surrounding environments. This
oxidation reaction takes place in aqueous media in the presence or absence of bacteria
according to the equation:

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

When mine wastes contain carbonate minerals, partial or complete neutralization of
the acid produced by sulfide oxidation is possible. However, if the acid neutralization
potential of a waste is not sufficient or has been exhausted, acid mine drainage (AMD)
will be generated. Under acidic conditions, many of the metals contained in mine wastes
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become mobile and can spread to receiving waters [1]. In these situations, actions must be
taken at the mine site to prevent environmental impacts caused by AMD [1–3].

A variety of management options and reclamation strategies are available to avoid
or mitigate acid production in potentially acid-generating (PAG) mine wastes. In humid
climates, which are predominant throughout most Canadian provinces, techniques that
limit the availability of oxygen are generally the most viable options [2–4].

For this purpose, it is possible to use a water cover to reduce the availability of oxygen
to the underlying acid-generating mine wastes [5–7]. An oxygen barrier can also be created
by placing a cover made of oxygen-consuming materials such as wood waste, straw mulch,
or other organic residues [8,9]. Another effective way to limit oxygen migration is to use
a cover with capillary barrier effects (CCBE) (e.g., [10–16]). A CCBE relies on the water
retention contrast between two superimposed materials (fine-grained over coarse-grained
materials), to create a capillary barrier effect that limits the vertical flow of water at the
interface. When overlapped by a coarse–grained material layer, the CCBE maintains the
fine-grained material layer near saturation. Another alternative is to use a monolayer cover
with an elevated water table (EWT). The concept behind a monolayer-EWT cover is to
raise or maintain the water table to a position that allows maintaining the reactive tailings
at a sufficiently high degree of water saturation; the high degree of water saturation will
prevent tailings oxidation (for more detail see [17–25]).

Other techniques can be used such as hydraulic barriers with the objective to limit
water infiltration. These hydraulic barriers can be made by compacted clay material,
geosynthetic material and geomembranes. Additional details can be found in [26].

The present study examines the case of the abandoned Aldermac mine site (Abitibi,
Québec), where a monolayer EWT cover made of a granular material was implemented.
This article begins with a brief description of the Aldermac site and history of its reclamation.
Piezometric level measurements and geochemical data are presented in order to evaluate the
performance of the site’s reclamation. Statistical analyses, including principal component
analysis (PCA), are used to aid in the interpretation of the geochemical data. Finally, major
outcomes and perspectives on future research work conclude this paper.

2. Site Description

The Aldermac mine site is located in the Abitibi region of Québec about 15 km west
of Rouyn–Noranda (Figure 1). This abandoned mine site is the result of the exploitation
of rich deposits of zinc and copper between 1931 and 1943. Over its lifespan, the mine
produced nearly 1.5 million tons of acid-generating tailings that contain significant amounts
of both pyrite and pyrrhotite. The acid generating potential (AP) of the tailings was
previously determined to be about 253.54 kg CaCO3/t [27]. Since the tailings do not contain
neutralizing minerals, their neutralization potential (NP) is essentially negligible.

Although tailings at Aldermac were placed in an impoundment, a lack of appropriate
confinement structures resulted in the wastes spreading to cover an area of about 60 ha,
including both the tailings storage facilities (TSF) and affected spill zones in the valley of
Stream 1 (Figure 1). Therefore, until 2008 the Aldermac mine site was considered one of the
most problematic abandoned mine sites in Québec.

Various options have been proposed for the reclamation of different areas of the
Aldermac site, including CCBEs, a monolayer-EWT cover, hydraulic barrier (constructed
from a geomembrane), forestry residue cover, and water flooding [27]. In order to determine
the most appropriate option for each area of the site, a Pugh matrix was used to identify
the options that could best meet a list of predefined criteria. The targeted criteria were:
environmental effectiveness, technical feasibility, availability of materials, environmental
impact of construction, maintenance of structures, compatibility with the environment,
capital cost, and risk of failure.
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Figure 1. Location of the Aldermac mine site (modified from [27]).

After thorough evaluation, the Aldermac site was reclaimed between 2008 and 2009 [27].
The main objective of this work was to limit further oxidation of the reactive tailings and
prevent the production of more AMD. Reclamation of the site (Figure 2) was performed as
follows [27,28]:

1. Tailings in the South area were excavated with part of the contaminated soils and
confined using a high-density polyethylene (HDPE) geomembrane cover.

2. Tailings and contaminated soils along Stream 1 were excavated and deposited in the
North area.

3. Tailings and contaminated soils from the Intermediate area were excavated and
deposited in the North area.

4. Two areas separated by a dike (Terrace 1 and 2, see Figure 2) were created in the North
area. Tailings in this area were confined with watertight dikes to create ideal conditions
for a monolayer-EWT cover composed of a granular material (sand and gravel). The
monolayer-EWT cover has a thickness of about 1 m and acts as a protective layer
against evaporation.

Thus, two different techniques were combined for the reclamation of the abandoned
Aldermac mine site: a low saturated hydraulic conductivity (ksat) cover made of an HDPE
geomembrane and a monolayer-EWT cover. Further details can be found in [20,21].

The concept behind a monolayer-EWT cover is based on maintaining the water table
above the reactive tailings. By maintaining the underlying tailings at a high degree of
saturation, oxygen fluxes from the surface can be greatly reduced and the oxidation of
sulfides essentially inhibited. Prior studies on reactive tailings have shown a correlation
between the depth of the water table and oxygen fluxes. Furthermore, laboratory tests
have shown the influence of the degree of saturation on the sulfide oxidation rates in
tailings [7,22–24,29–36].
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Figure 2. Location of different sectors at the Aldermac mine site (modified from [27]): T1 to T11 and
CP-1 and CP-2 are piezometers; ALD 9 and ALD10 are the water effluent of the mine site.

3. Materials and Methods

The performance of the Aldermac monolayer-EWT cover was evaluated through geo-
chemical monitoring of groundwater. However, in the absence of geochemical background
data (i.e., prior to mining activity), this assessment was a major challenge, and it is for this
reason that the approach described in the following sections was adopted.

3.1. Observation Well Network

The success of the reclamation of the North area of the abandoned Aldermac mine
site using a monolayer-EWT cover is based on the cover’s ability to permanently maintain
an EWT above the interface between the cover and the reactive tailings. To evaluate the
cover’s, a network of six observation wells was installed during the site’s reclamation (T1
to T6; Figure 2). The depths of these observation wells (surface wells) are close to the
interface between the granular cover and the underlying tailings. These observations wells
enable sampling of the groundwater and water table level measurements. However, only
observation wells T4 and T6 are equipped with data loggers that allow for continuous
measurements of water table levels.

Piezometers (CP-1, CP2, T7 to T11) were installed in the glacial till aquifer around the
mine site. The different layers encountered below the cover (from top to bottom) and their
thicknesses are presented in Table 1. Table 1 shows that the tailings lie directly on top of a
natural clayey soil. The thickness of this clay layer is between 3.4 and 17.2 m. Below the clay,
on can find glacial till material that are found directly on the bedrock. These piezometers
were mainly used for groundwater sampling monitoring campaigns that were performed
after the site’s reclamation with the objective of evaluating aquifer contamination. However,
the present study focuses primarily on pore waters in the tailings.
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Table 1. The different layers encountered below the cover (from top to bottom) and their thicknesses.

Thickness (m) Sand and Gravel Tailings Top Soil Clay Glacial Till Rock

T7 1.07 2.89 1.68 10.87 1.83
T8 1.52 2.59 1.52 17.15 1.57
T9 4.93

T10 1.10 4.29
T11 1.52 3.35 0.76 1.09
T12 1.10 3.76 2.05
CP1 4.24
CP2 4.12 1.24

3.2. Water Sampling

Three water sampling campaigns have been performed each year (spring, summer,
and fall) since the site’s reclamation. Water sampling was performed using a low-flow
method, with flow rates of 0.1–0.5 L/min. This method minimizes the stress (drawdown)
imposed during sampling [37–40]. Physical and chemical parameters, such as pH, electrical
conductivity (EC) and temperature, were measured in situ during the pumping tests and,
once the parameters stabilized, water sampling was performed. Samples were collected
in clean polyethylene bottles, transported to the laboratory in iceboxes (to preserve their
quality by avoiding precipitation), and stored at 4 ◦C until physical and chemical anal-
yses could be performed. Samples for determining metal concentrations were collected
separately and preserved with ultrapure nitric acid (pH < 2).

3.3. Physical and Chemical Analyses

Field measurements of pH and EC were performed using a PCSTestr 35 multi-parameter
probe. Metal concentrations were determined in the laboratory by ICP-AES for: Al, As,
Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, Mg, Mn, Mo, Ni, Pb, Se, S, Ti, and Zn. Sulfate (SO4)
concentrations were determined using ionic chromatography (IC).

3.4. Statistical Analyses

Statistical tools used in this study included the Principal Components Analysis (PCA),
which is a statistical method considering at least two variables. The PCA allows a graphical
representation of the correlation between the variables, as well as of positions of the original
variables with regard to the vectors of these variables [39–43]. Graphs showing the results
are then drawn using the correlation matrix. Using diagrams, the PCA describes the
correlation between the various variables and the chosen determining factors. Then, these
graphs are represented in a circle of radius 1. The interpretation considers that the greater
the correlation value (closer to −1 or +1), the stronger the correlation between the variables
and the factor. The position of variables is thus determined by their correlation to the
factors. The PCA method was adopted in several hydrogeochemical studies [21,40,44–51]
because of its relative superior efficiency compared to other available methods, such as
Collins, Stiff, Schoeller and Piper diagrams [51].

4. Investigation Results
4.1. Hydrogeological Behavior

Manual measurements of the water table level were performed three times per year
from June 2012 to October 2014. Results from these measurements are presented in Figure 3.
The lowest water table levels were measured in August, while the highest levels were
usually measured in November. This behavior reflects the lower precipitation levels and
higher evaporation that occur during summer and the higher water table recharge that
occurs in the fall.
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Figure 3. Piezometric level measurements (in meters above sea level—MASL) performed in various
observation wells installed in the Aldermac mine site.

Water table level measurements were also used to evaluate the location of the EWT
with respect to the soil surface and the interface between the reactive tailings and the
monolayer cover. Results showed that, over the studied period, the EWT was constantly
maintained above the cover/tailings interface. Therefore, oxidation of the tailings by
atmospheric oxygen should be negligible. Minimum, maximum, and average values of
the water table height (relative to the depth of the tailings) are shown in Table 2 for all
observation wells. Minimum water table heights ranged from 0.34 m (T6) to 0.85 m (T2)
above the cover/tailings interface; maximum water table heights varied from 0.48 m (T6)
to 0.99 m (T2) above the interface; and average water table height varied from 0.40 (T6) to
0.93 m (T2) above the interface.
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Table 2. Minimum, maximum and average water table level in meters above the cover/tailings interface.

Observation Well Minimum (m) Maximum (m) Average (m)

T1 0.75 0.88 0.79
T2 0.85 0.99 0.93
T3 0.59 0.73 0.66
T4 0.83 0.98 0.91
T5 0.59 0.97 0.80
T6 0.34 0.48 0.40

As previously mentioned, observation well T4 was instrumented in 2012 with a data
logger for continuous water table level measurements. An additional sensor was also
placed outdoors near the piezometer for atmospheric pressure measurements. Continuous
water table levels and precipitation (measured at the Rouyn-Noranda climate station) for
the period from 2012 to 2014are presented in Figure 4. The data show that the water
table level at T4 was sensitive to changes in precipitation, increasing after precipitation
events and decreasing after periods without precipitation. The water table level at well T4
remained close to the soil surface, with stagnant water even occasionally observed at the
soil surface during the spring period (Figure 4). Maximum water table levels were observed
during April (22 April 2013 and 23 April 2014) following the end-of-winter snowmelt. After
the spring freshet, water table levels showed a downward trend, corresponding to periods
of recession and drying up. After these periods, there was a further increase in the water
table level during late summer and early fall. Finally, during the winter, a slight decreasing
tendency was observed. This behavior is typical of a water table close to the soil surface.
This is because the piezometric behavior of such materials is directly influenced by climatic
conditions. For example, significant rainfall generates an increase in the water table; lack
of precipitation, higher evaporation, or increased drainage can cause decline in the water
table level.

Figure 4. Continuous piezometric level measurements at observation well T4.



Mining 2022, 2 72

The lowest piezometric levels were observed in July (15 July 2012; 31 July 2013 and 29
June 2014), with the water table located 0.43, 0.63, and 0.68 m above the cover/tailings in-
terface for each year, respectively. These levels are significantly lower than those measured
manually (Table 2), thus suggesting that continuous monitoring of the water table level
could be highly relevant for monitoring.

4.2. Hydrochemical Behavior

During the studied period, 10 water sampling campaigns were performed at the
different observation wells. This section presents data on EC, pH and the correlation
between Ca + Mg and SO4, followed by a statistical analysis of the data corresponding to
the relevant parameter analyzed and interpretation of the results with PCA.

4.2.1. Electrical Conductivity and pH

Figure 5 shows the EC and pH measured in wells T1–T6. Well T3 had the highest
average EC at 1234 µS/cm, while well T1 had the lowest average EC at 237 µS/cm. EC
showed a decreasing trend in well T6 (from 3020 µS/cm in 2011 to 240 µS/cm in 2014),
which is located close to the final effluent of the terraces. This was most likely as a result
of mitigation measures. The highest pH values were measured in well T5, which showed
an average value of 6.5, while the lowest values were measured in well T6, which had an
average value of 4.2.

Figure 5. Electrical conductivity and pH in water samples from wells T1–T6.

4.2.2. Correlation between Concentrations of Ca + Mg vs. SO4

To identify the origin and processes contributing to water mineralization, correlations
of Ca + Mg vs. SO4 were performed for all sampling campaigns at each observation well.
Figure 6 shows that the correlation between Ca + Mg vs. SO4 in wells T4 and T6 is very high
(R2 = 0.97 and 0.87, respectively). Sulfate concentrations in wells T4 and T6 were higher
than those in waters from the other wells, sometimes exceeding 1000 mg/L. This could be
explained by a combination of gypsum/anhydrite dissolution and/or evaporation. The
excess of Ca is likely related to the dissolution of gypsum.

4.2.3. Principal Component Analysis

As previously mentioned, for the purposes of interpretation, only results obtained
during two campaigns of water table sampling were considered in the PCA: (i) after the
end of the mine site reclamation as the initial stage (first campaign); (ii) three years later
(tenth campaign).
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Figure 6. Evolution of Ca2+ + Mg2+ vs. SO42−.

• First campaign

Statistical parameters such as minimum, maximum, median, and mean values were
calculated. These parameters were plotted using box plot presentations (Figure 7) for EC,
Ca, Al, Fe, Zn, and SO4 [51]. Graphical representation showed the lowest, highest, and
median values, as well as the first and third quartiles. Samples were characterized by
very broad variation between the minimum and maximum values (Figure 7), which are as
follows: EC (498 and 3020 µS/cm), Ca (40.50 and 230.0 mg/L), Al (0.67 and 22.04 mg/L), Fe
(11.7 and 194.0 mg/L), Zn (0.03 and 1.99 mg/L), and SO4 (147 and 1343 mg/L). Additionally,
the relative standard deviations of the EC, Ca, Fe, Zn, and SO4 (974 µS/cm, 74.52, 80.43,
0.77 and 481.56 mg/L, respectively) were high and indicated that the measured values vary
over a large range (Figure 7).
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Figure 7. Distribution of major components in sampled water collected during the first campaign.

PCA was performed using EC, Al, Ca, Co, Cd, Cr, Fe, Mg, Mn, Ni, Pb, SO4, Ti, Zn and
pH as inputs and calculations were limited to three factors. The total percentage of the
variance captured by these three factors corresponded to 98.99%; F1 = 87.5%, F2 = 6.4%,
and F3 = 5.0% (see Table 3). Since F2 and F3 were lower than 10%, which is the minimum
accepted value for hydrochemical groundwater analysis [40,45], they were not included in
the PCA interpretation.
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Table 3. Correlation between chemical parameters from observation wells installed in 2011
(first campaign).

Factor F1 (87.5%) Factor F2 (6.4%) Factor F3 (5%)

SO4 0.97 −0.19 −0.10
Pb 0.61 0.41 0.67
Ni 0.99 0.04 −0.07
Mn 0.89 0.30 −0.31
Mg 0.98 0.06 −0.15
Fe 0.88 −0.30 −0.14
Cu 0.95 −0.21 0.09
Co 0.96 0.16 −0.07
Cr 0.93 0.22 −0.18
Ca 0.98 −0.10 −0.14
Cd 0.96 0.12 0.26
Ba −0.20 0.82 −0.28
Al 0.99 0.01 0.03
Ti 0.96 0.20 0.14
Zn 0.95 −0.04 0.27
EC 0.98 −0.11 −0.17
pH −0.92 0.28 −0.02

The correlations between different variables are presented in Table 4, which shows
that the EC and the concentrations of metallic elements and SO4 are correlated. These
parameters are mainly related to AMD contamination. The fact that Ti did not present
any correlation with other parameters was interpreted as an indication that this element is
possibly originating from a different source.

Table 4. Correlation between variables and factors (F1 and F2) from observation wells installed in
2011 (first campaign).

Variables SO4 Pb Ni Mn Mg Fe Cu Co Cr Ca Cd Ba Al Ti Zn Ec pH

SO4 1

Pb 0.46 1

Ni 0.95 0.57 1

Mn 0.83 0.46 0.93 1

Mg 0.95 0.52 0.99 0.95 1

Fe 0.96 0.34 0.83 0.68 0.84 1

Cu 0.97 0.57 0.90 0.73 0.89 0.96 1

Co 0.89 0.60 0.99 0.95 0.98 0.72 0.82 1

Cr 0.85 0.53 0.96 0.98 0.97 0.68 0.76 0.99 1

Ca 0.99 0.47 0.97 0.89 0.98 0.92 0.95 0.92 0.91 1

Cd 0.88 0.81 0.94 0.81 0.91 0.76 0.90 0.92 0.87 0.88 1

Ba −0.28 −0.04 −0.19 0.08 −0.15 −0.23 −0.29 −0.13 −0.06 −0.23 −0.17 1

Al 0.96 0.63 0.99 0.89 0.98 0.85 0.93 0.97 0.93 0.96 0.97 −0.21 1

Ti 0.88 0.76 0.97 0.89 0.95 0.73 0.86 0.97 0.94 0.90 0.98 −0.12 0.93 1

Zn 0.92 0.76 0.90 0.73 0.88 0.86 0.97 0.85 0.78 0.90 0.97 −0.22 0.95 0.93 1

EC 0.99 0.45 0.97 0.88 0.98 0.94 0.95 0.91 0.89 0.99 0.88 −0.21 0.96 0.89 0.90 1

pH −0.95 −0.46 −0.89 −0.69 −0.87 −0.92 −0.94 −0.82 −0.75 −0.89 −0.86 0.35 −0.92 −0.90 −0.90 0.92 1
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In the spatial presentation, factor F1 is positively correlated with metal (Al, Co, Fe, Mg,
Cu, Cr, Ni, Pb and Zn) and SO4

2− concentrations, as well as with EC (Table 4 and Figure 8)
and negatively correlated with pH.

Figure 8. Principal component analysis for sampled water during first campaign: projection of
variables on the plane F1-F2.

In the spatial representation and along factor F1 (Figure 9), water samples showing
low pH values (T6) are opposed to water samples with higher pH values and lower metallic
concentrations (T1, T2, T4 and T5). This is an indication that the factor F1 entails opposition
between contaminated water with relatively high concentrations and the water without
contamination.

Figure 9. Principal component analysis for sampled water during first campaign: projection of
individuals on the plane F1-F2.



Mining 2022, 2 77

Contamination in the water sampled from well T6 is likely related to leaching of the
contamination that occurred before the site was reclaimed. However, it is also possible that
the contamination is due by the surface effluent water which originates around piezometers
CP-1 and CP-2 and where the soil has not been properly cleaned (see Figure 2 for location).

Factors F2 and F3 cannot be interpreted due to low variance expressed by these factors
and due to the absence of opposition between water sampled in the observation wells.

• Tenth campaign

Statistical parameters such as minimum, maximum, median, and mean values were
determined and plotted using box plot presentations for EC, Ca, Al, Fe, Zn, and SO4
(Figure 10).

Figure 10. Distribution of major components in sampled water collected during last campaign.
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Graphical representation showed the lowest, highest and median values, as well as
the first and third quartiles. Samples were characterized by very broad variation between
the minimum and maximum values (Figure 10): EC (76 and 292 µS/cm), Ca (10.5 and
115 mg/L), Al (0 and 5.8 mg/L), Fe (0.01 and 16.4 mg/L), Zn (0.004 and 0.276 mg/L), and
SO4

2− (13.1 and 440 mg/L). In addition, the relative standard deviations of the EC, Ca,
Fe, Zn and SO4 (86.38 µS/cm, 36.59, 2.61, 7.64 and 170.96 mg/L, respectively) are also
presented. These values are lower than those calculated for the first campaign.

A direct comparison to the results obtained during the first campaign (2011, Figure 7)
clearly indicates that mineralization of waters sampled during 2014 was lower than that
of waters collected during the first campaign. This evolution of water mineralization is
related to the beneficial impact of the mine site reclamation.

PCA was performed using the same parameters as in the first campaign and the
variance calculation was limited to three factors. Results showed that total percentage of
the variance expressed by these three factors corresponded to more than 94.1%, whereas
the variance expressed by factors F1 and F2 was 70.3% and 14.8%, respectively. In addition,
the variance expressed by factor F3 was about 9%. Therefore, factor F3 was not included in
the PCA interpretation (see Table 5 for factors and parameters correlation).

Table 5. Correlation between variables and factors (F1 and F2) from observation wells installed on
the abandoned Aldermac mine site, in 2014 (tenth campaign).

Factor F1 (70.3%) Factor F2 (14.8%) Factor F3 (9%)

SO4 0.99 0.16 0.03
Pb 0.62 0.78 −0.05
Ni 0.86 −0.30 0.22
Mn −0.20 −0.27 0.86
Mg 0.97 0.15 0.21
Fe 0.98 −0.02 −0.15
Cu 0.79 −0.51 −0.25
Co 0.68 −0.62 0.16
Cr −0.90 −0.03 0.43
Ca 0.91 0.36 0.12
Cd 0.99 −0.04 −0.03
Al 0.71 −0.69 −0.13
Ti 0.94 0.30 0.04
Zn 0.98 −0.03 0.06
EC 0.89 −0.09 0.13
pH −0.63 −0.44 −0.34

Correlations between different variables are presented in Table 6 and show that the EC
and the concentrations of metallic elements and SO4 are correlated. The Mn is correlated
to Cr and Ba. In addition, pH was not correlated with Fe, Cu, Co, Cr, Al or EC. These
parameters are mainly related to the AMD contamination. However, the fact that Mn
presented no correlation with any other parameters was interpreted as an indication that
possibly, this element is originating from a different source.
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Table 6. Correlation between chemical parameters from observation wells installed on the Aldermac
mine site, in 2014 (tenth campaign).

Variables SO4 Pb Ni Mn Mg Fe Cu Co Cr Ca Cd Al Ti Zn Ec pH

SO4 1

Pb 0.74 1

Ni 0.79 0.25 1

Mn −0.19 −0.34 −0.03 1

Mg 0.98 0.70 0.82 −0.05 1

Fe 0.96 0.61 0.76 −0.26 0.91 1

Cu 0.71 0.13 0.71 −0.16 0.64 0.86 1

Co 0.55 −0.11 0.93 0.04 0.59 0.60 0.74 1

Cr −0.88 −0.61 −0.66 0.55 −0.79 −0.94 −0.81 −0.51 1

Ca 0.96 0.85 0.65 −0.12 0.96 0.87 0.52 0.36 −0.78 1

Cd 0.97 0.59 0.88 −0.24 0.95 0.97 0.81 0.71 −0.91 0.87 1

Al 0.59 −0.08 0.76 −0.04 0.56 0.74 0.97 0.86 −0.68 0.39 0.74 1

Ti 0.98 0.83 0.66 −0.16 0.96 0.92 0.61 0.39 −0.84 0.99 0.91 0.47 1

Zn 0.95 0.56 0.93 −0.20 0.95 0.92 0.75 0.75 −0.85 0.86 0.99 0.70 0.88 1

EC 0.89 0.51 0.66 0.12 0.88 0.91 0.80 0.53 −0.75 0.85 0.85 0.71 0.88 0.80 1

pH −0.67 −0.68 −0.66 0.15 −0.73 −0.49 −0.10 −0.38 −0.42 −0.96 −0.64 −0.07 −0.65 0.73 −0.33 1

Factor F1 is positively correlated with SO4, Ni, Mg, Fe, Cu, Co, Ca, Cd, Al, Ti, Zn and
EC and negatively to Cr, Ba, and pH. These oppositions indicate that when pH decreases,
sulfate and metallic elements concentration increase (see Figure 11).

Figure 11. Principal component analysis for water sampled during the tenth campaign: projection of
variables on the plane F1-F2.
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In the spatial representation and along factor F1 (Figure 12), water samples with low
pH and relatively high concentrations of SO4 and metallic elements (T6 and T4) are opposed
to water samples with low metal concentrations and high pH (T1, T2 and T5).

Figure 12. Principal component analysis for water sampled during the tenth campaign: projection of
individuals on the plane F1-F2.

This is an indication that factor F1 captures the difference between waters with rela-
tively high concentrations in metals, SO4, and low pH and less-contaminated waters with
circumneutral pH.

The higher mineralisation of the waters in observation wells T4 and T6 are likely
related to the contamination by AMD effluents.

Factor F2 (explaining 14.79% of the variance) is positively correlated with Pb (Figure 12)
and along this factor is observed opposition between water with Pb concentration (T3) to
the other samples without Pb. Due to low correlations between Pb and Ni, Mn, Cu Co, Ba
and Al, the Pb likely has a different origin than that of the AMD.

5. Other Results

Results of the PCA show that contaminated water was collected in observation well F6.
This contamination could be related to the location of a channel that drains effluents from
the abandoned Aldermac mine site. Surface water likely infiltrates across the monolayer
cover, then reaches the water table. However, based on the statistical parameters and the
PCA configuration, it may be concluded that the water displays significant improvement
(Figures 6 and 10). To illustrate this effect, observation well T6 (considered the most
contaminated with AMD) was selected. For this last selected observation well, PCA was
performed using all available hydrogeochemical data (Campaigns 1 to 10 performed after
mine site reclamation); the variance expressed by three factors being 87.66%.

As presented in Figure 13, factor F1 (79.4% of total variance) correlates positively
with all elements except Cr. Factor F2 (8.3% of total variance) correlates positively with
Cr. Finally, factor F3 has 5.5% of the total variance. Due to variance expressed by F2 an F3
(lower than 10) these factors cannot be interpreted.
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Figure 13. Principal component analysis for sampled water at the observation well T6: projection of
variables on the plane F1-F2 (campaigns 1 to 10).

In the individual plan presentation projection and along factor F1, the opposition
between highly mineralized waters (samples 1 and 2) and waters with low mineralization
(samples 7, 8, 10) is observed (Figure 14). However, along factor F2 there is opposition
between metal-loaded waters and waters with low metal concentrations. Two principal
groups of groundwater can be identified:

• Group 1 has a high mineralization and low pH; these samples were collected in the first
stage after the mine site reclamation. These waters can be considered contaminated
water with existing AMD where the EC ranged between 3020 and 1636 µS/cm and
SO4 between 1342 and 1415 mg/L.

• Group 2 has low mineralization and relatively high pH (close to 5 for samples collected
during the tenth campaign). These waters represent low metal contamination.

Between these two groups, two samples with intermediate positions showing the
hydrochemical evolution of sampled water were observed. This evolution confirms the
positive impact of the mine site reclamation in terms of improvement of the water quality
at the Aldemac mine site.



Mining 2022, 2 82

Figure 14. Principal component analysis for sampled water at the observation well T6: projection of
individuals on the plane F1-F2 (campaigns 1 to 10).

6. Conclusions

The main objective of this study was to evaluate the impact of the construction of
a monolayer cover with an EWT at the abandoned Aldemac mine site. The behavior
of the EWT was directly influenced by climatic conditions (precipitation input, loss by
evaporation or drainage) in addition to the type of floor soils. The level of this water table
was consistently maintained above the tailings/cover interface, and on multiple occasions,
it was very close to the ground surface. The water table height varied between 0.40 and
0.93 m above the interface.

Hydrogeochemical analyses indicated that:

• Concentrations of different dissolved elements and EC declined between the first
water sampling campaign performed at the end of the site’s reclamation, and the tenth
sampling campaign, which was performed three years later.

• Matrix of correlations indicated that mineral associations of the last campaign were
different than those obtained during the first campaign.

All results indicate an improving trend in terms of the geochemical quality of ground-
water samples. This effect was confirmed with samples taken from the most contaminated
observation well, where a concentrations of all dissolved elements (from the beginning of
hydrochemical monitoring in November 2011 until November 2014) showed reductions.

Consequently, these results showed a trend towards improvement of the geochemical
quality of the groundwater due to reclamation measures performed at the Aldermac
mine site. However, water quality monitoring programs must be pursued. Additionally,
hydrogeochemical modeling should be performed in order to estimate the time required
for complete dissipation of AMD contamination at the Aldermac mine site.
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