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Abstract: The production of solid mine wastes is an integral part of the extraction and metallurgical
processing of ores. The reclamation of highly reactive mine waste, with low neutralizing potential,
is still a significant challenge for the mining industry, particularly when natural soils are not available
close to the site. Some solid mine wastes present interesting hydro-geotechnical properties which can
be taken advantage of, particularly for being used in reclamation covers to control acid mine drainage.
The main objective of this research was to evaluate the use of mining materials (i.e., tailings and waste
rock) in a cover with capillary barrier effects (CCBE) to prevent acid mine drainage (AMD) from
highly reactive tailings. The first part of the project reproduced in this article involves context and
laboratory validation of mining materials as suitable for a CCBE, while the companion paper reports
laboratory and field results of cover systems made with mining materials. The main conclusions of
the Part 1 of this study were that the materials studied (low sulfide tailings and waste rocks) had
the appropriate geochemical and hydrogeological properties for use as cover materials in a CCBE.
Results also showed that the cover mining materials are not acid-generating and that the LaRonde
tailings are highly reactive with pH close to 2, with high concentrations of metals and sulfates.

Keywords: acid mine drainage; cover with capillary barrier effects; mine wastes; reactive tailings;
kinetic tests; laboratory column tests; field cell tests

1. Introduction

In recent decades, stricter regulations have forced the mining sector to better protect the
environment both during and after operations. One important environmental issue of the mining
sector is the generation of acid mine drainage (AMD) from mine wastes such as tailings and waste
rocks [1–4]. In order to control AMD generation, most current reclamation methods seek to control one
or more of the main components involved: atmospheric oxygen, sulfide minerals, and water [5–8].
In humid climates, oxygen barriers are recognized as the one of the most efficient approach to control
the AMD generation [9] among which cover with capillary barrier effects (CCBE) made of multiple
layers of soils or other geological materials is one of the preferred options. The three main CCBE layers
are (from bottom to top): (1) the capillary break layer (CBL), which consists of a coarse-grained material
that acts as a capillary break; (2) the moisture-retaining layer (MRL), which is made of a fine-grained
material and is aimed at controlling fluid (gas and water) movement; and (3) the drainage layer (DL),
which is made of a coarse-grained material, prevents evaporation, and favors water lateral drainage [10].
In a CCBE. the contrasting unsaturated hydrogeological properties of the cover materials [11–13]
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allows maintaining the MRL at a high degree of saturation (Sw; typically > 85%). Since the diffusion
of oxygen through water is low (2.4 × 10−9 m2 s−1), this high Sw value limits oxygen diffusion to the
reactive waste [11,14–16].

The full-scale implementation of CCBEs at tailings storage facilities (TSF) requires a significant
volume of natural materials [17,18]. Therefore, when the appropriate cover materials are not located
within close proximity to a site, costs related to transportation can be prohibitive [19,20]. Furthermore.
the stripping of undisturbed lands to extract cover materials for the CCBE can affect the capacity of mine
operators to obtain the social acceptability. Consequently, many mining companies are increasingly
becoming interested in valorizing mine wastes (e.g., tailings, waste rocks, and water treatment sludges)
as materials for reclamation covers and other geoengineering applications. The reuse of mining
materials can reduce waste management and reclamation costs as well as the environmental risks
associated with mine waste storage facilities [21,22]. The effectiveness of CCBEs constructed from
low-sulfide or desulfurized tailings has been demonstrated in prior laboratory studies [23,24], as well
as in several case studies [17,18,25,26]. The possibility of using waste rocks as a material in the CBL and
DL of a CCBE was also successfully assessed in the laboratory and by numerical modelling [27–30].

In the literature, many studies examined the efficiency of different types of covers to control and
mitigate AMD generation, but few examined the reclamation of highly pyritic tailings with no or
very low neutralizing capacity. The reclamation of such tailings is uncertain and has always been a
considerable challenge. From the existing studies on reclamation of tailings rich in sulfides, one can
find the study on turbulence driven metal release from suspended pyrrhotite tailings [31] conducted
on Falconbridge Strathcona mine tailings (75% pyrrhotite and 0.14% chalcopyrite contents). Davé and
Paktunc [32] assessed the surface reactivity of high-sulfide copper mine tailings under shallow water
cover conditions. This study was performed on a copper mine tailings that had a sulfide content
of 20%, a negligible neutralization potential of approximately 0 to 2 kg CaCO3/t, and a negative net
neutralization potential in the range of −600 to −700 kg CaCO3/t. A laboratory study on pyritic tailings
(80% pyrite content with very low neutralizing capacity) placed under a water cover for various
hydrodynamic conditions was carried out by Awoh et al. [33]. The same material was studied in the
field to assess their in situ chemical and physical stability [34]. Hence, most of the work on sulfide-rich
tailings with low neutralizing potential focused on controlling their AMD generation using laboratory
or field scale water cover. To the authors’ knowledge, studies that focused on controlling AMD of a
sulfide-rich tailings (% sulfides > 30%) with no or very low neutralizing capacity by a CCBE made
entirely of low sulfide mine wastes are rare in the literature.

The main objective of this research was to study the hydrogeochemical behavior of highly reactive
tailings protected by a CCBE made entirely of low sulfide mine wastes (i.e., tailings and waste rock).
The work was performed using existing materials from two mines owned by Agnico Eagle Mine Ltd.,
the LaRonde and Goldex mines. Experiments in the laboratory were first conducted to characterize
the physical, hydrogeological, geochemical, and mineralogical properties of the reactive tailings and
the cover mine waste materials. The characterization of cover materials was conducted in order to
verify if the available low sulfide tailings and waste rock had suitable properties for use in a CCBE,
and to assess how reactive were the highly reactive LaRonde mine tailings. Secondly, using a large
column test. the hydrogeochemical behavior of a CCBE made with mining materials and placed
over acid-generating highly reactive tailings was evaluated. The large column was instrumented and
monitored for 18 cycles (504 days). Then. the same laboratory CCBE configuration was tested in situ
at an intermediate scale in a field experimental cell, in addition of a control cell. Field experimental
cells (control and covered cells) were also instrumented and monitored for 3 years (2017–2019). Due to
the size of the study, results are integrated into two distinct but complementary articles. The present
article describes the context and the laboratory validation of the suitability of the tested mine waste
materials to be used as CCBE layers, while the Part 2 of this study reports the main laboratory and
field results related to the CCBE made with the tested mine wastes (characterized in the Part 1).
The Part 2 of this study also analyzes and compares the hydrogeochemical results and oxygen flux
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obtained from the laboratory column and the field experimental cell exposed to real climatic conditions.
The main originality of this study is related to the use of mining materials in a CCBE to reclaim highly
reactive tailings. If the approach is demonstrated successful, it would allow to reduce the footprint of
mine sites by limiting the use of natural soil, while controlling water contamination from the highly
reactive tailings.

2. Materials and Methods

2.1. Sampling Sites and Material Preparation

Reactive tailings and the three cover materials used in the present study (low-sulfide tailings,
non-acid-generating waste rocks, and potentially acid-generating waste rocks) were taken from
different mines owned and operated by Agnico Eagles Mines Ltd. (AEM, Canada). The reactive
tailings (TR) came from LaRonde mine, which produces copper and zinc concentrates by flotation
and gold and silver by cyanidation and electrowinning. The LaRonde underground mining complex
generates approximately 2.4 Mt of acid-generating tailings annually, which are disposed of in a 165 ha
TSF. The TR were taken directly from the TSF, in a portion of the site where the tailings were not
already oxidized. The low-sulfide tailings (TG) were taken from Goldex mine, which produces gold,
gold-bearing pyrite concentrates, and desulfurized (i.e., low-sulfide) tailings. The non-acid-generating
waste rocks (WL) and potentially acid-generating waste rocks (WP) were sampled at the LaRonde
mine and sieved on-site to a maximum particle size of 50 mm. This size fraction was selected because
preliminary tests showed that similar waste rock fractions can act as efficient capillary break layers
in CCBEs [28,35,36]. The reactive tailings and cover materials were transported to the laboratory
for characterization. Samples of all materials were homogenized using a spade to avoid, as much
as possible, heterogeneities in the chemical and mineralogical properties. The reactive tailings were
submerged in water prior to the start of the tests. However, despite this precaution, at the beginning of
the laboratory experiments the interstitial water was acidic (pH = 1.87) and loaded with dissolved
metals and sulfate (e.g., Fe = 2.350 g/L, Zn = 2.940 g/L, and SO4 = 22.018 g/L).

2.2. Physical, Hydrogeological, Chemical, and Mineralogical Characterizations

The grain-size distributions (GSDs) of the TR and TG were determined using a Malvern Mastersizer
laser particle size analyzer [37]. The GSD of the WL and WP were determined by mechanical sieving
according to ASTM standard D422 [38] for particles larger than 425 µm and using laser particle size
analysis for finer grain sizes. The specific gravity (Gs) of each material was determined by a helium
pycnometer (Micromeritics AccuPyc 1330, Micrometrics Instrument Corporation, Norcross, GA, United
States) according to ASTM standard D854-10 [39].

The saturated hydraulic conductivities (ksat) of the tailings samples were evaluated using a standard
rigid-wall permeameter according to ASTM standard D5856 [40]. The ksat of the waste rocks was measured
using a constant head permeability test in a large high-density polyethylene (HDPE) column (0.80 m in
height and 0.30 m in diameter) using the method proposed by Peregoedova et al. [41]. Water retention
curves (WRCs) were determined for the tailings using a pressure cell (Tempe Cell) following ASTM
D3152-72 [42]. Experimental data were fitted with the RETC software [43] to the van Genuchten
model [44]. The waste rocks’ WRCs were obtained through column drainage tests following the
procedures proposed by Chapuis et al., Hernandez, and Peregoedova et al. [45–47]. In brief, this method
involved first saturating a column of waste rocks, then draining it under atmospheric pressure. Waste
rocks were removed from the column in 10-cm layers and their gravimetric water content was measured.
Assuming hydrostatic equilibrium. the calculated volumetric water contents were plotted against
elevation to obtain the WRC. Experimental data were also fitted with the RETC software.

The bulk chemical composition of all samples was determined by inductively coupled plasma
atomic emission spectrometry (ICP-AES; Perkin Elmer Optima 3100 RL, PerkinElmer, Billerica, MA,
United States) following a complete digestion with HNO3/Br2/HF/HCl. The mineralogy of the materials
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was obtained through X-ray diffraction (XRD) using the quantitative Rietveld refinement method
implemented with TOPAS software v2.2 [48,49]. The detection limit of this method is approximately
±1% [50]. The identification of minor phases was achieved using scanning electron microscopy (SEM)
analyses [51]. Mineralogical reconciliation was performed using ICP-AES and XRD data to provide
a better quantification of the mineralogical composition; details on this approach were presented
by Bouzahzah [50]. The total sulfur and carbon contents of all materials were analyzed by infrared
absorption after combustion in an induction furnace (Eltra CS-2000). The detection limit of these
analyses was approximately 0.05% for Ctotal and 0.009% for Stotal. The acid potential (AP) was calculated
from the total sulfur content (%S × 31.3) and the neutralization potential (NP) was calculated using the
total carbon content (%C × 83.3) [52–54]. Oxidation–neutralization curves, which were first developed
by Benzaazoua et al. [55], were used to predict the long-term acid generation potential of the materials.
This method works by using data from kinetic tests to first construct a line representing the ratio
between the cumulative–normalized mass releases of Ca + Mg + Mn and S. The initial contents of Ca +

Mg + Mn vs. S in the bulk solid material is then plotted on the same graph. If the point representing
the initial composition lies below the curve representing the leachates. the material is considered acid
generating in the long-term, and vice versa. The effective reaction rate coefficient (Kr) was estimated to
evaluate the diffusive flux of oxygen migrating the cover materials (TG, WL, and WP) into the reactive
tailings. To determine the Kr of the TR and TG, a single-chamber oxygen consumption test (OCT) was
performed [56–58]. During this test, oxygen diffusing through the tailings is consumed by sulfide
minerals. A gradual decrease in O2 concentrations in the sealed headspace was recorded over 3 to
5 h. The raw data obtained from these tests were iteratively compared with models generated using
the Pollutev7 software from GAEA Technologies [59]. By fixing the effective diffusion coefficient (De)
based on the volumetric water content and porosity of the material in the cell. the Kr could be varied
until the model matched the experimental data. More details on the interpretation of OCTs using the
Pollute software can be found in the literature [57,58,60].

2.3. Construction of the Laboratory Column Tests and Analyses

Four columns (14 cm in diameter for the tailings and 30 cm for waste rock, 50–80 cm in height)
were constructed in the laboratory in order to study the separate geochemical behavior of reactive
tailings and cover materials (Figure 1). The top of the columns was left open to the atmosphere.
The bottom boundary condition of the columns was controlled by a porous ceramic plate and a drain
that maintained a hydraulic pressure equivalent to the water table, which was located approximately
1 m below the base of the columns. Every 28 to 30 days, 2 L of deionized water was added at the
top of the columns. This volume represents the void volumes of the TR, which also corresponds to
approximately 50% of typical monthly precipitation at the sample sites based on the average local
climate [10,61,62]. A total of 19 cycles (532 days) were applied to Column 1 and 16 cycles (448 days) to
Columns 2, 3, and 4.

The effluents recovered after a maximum flush time of 24 h for each cycle were submitted to
physicochemical analyses. The pH and electrical conductivity (EC) were measured using an Oakton
pHTestr® 30 probe (accuracy of ±0.01 for pH and ±0.5% for EC) that was calibrated with standard
buffer solutions at pH 4, 7, and 10 and using EC standards at 100 and 1.413 µS/cm. The Oakton
ORPTestr® 30 probe was also used to determine the redox potential (Eh). Alkalinity and acidity were
measured using a Metrohm 848 Titrino plus automatic titrator. Sulfate concentrations were determined
with an 850 Professional IC Anion—MCS, while metal concentrations were measured by ICP-AES.
The accuracy of the methods used for sulfate concentrations, metal concentrations, and alkalinity and
acidity measurements was approximately ±15%. Samples for sulfate and metal concentration analyses
were filtered to 0.45 µm prior to analysis. Samples for metal concentration analyses were also acidified
to 2% v/v HNO3 for preservation before analysis.
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2.4. Description of the Control Field Cell and Geochemical Monitoring

A field experimental control cell, which contained only uncovered reactive tailings, was built
in early autumn 2016 at the LaRonde mine site to evaluate the influence of field conditions on the
reactivity of the tailings. Results from the control column and the control cell were intended to serve as
a basis for comparison with the scenarios with covers. To construct the cell, a hydraulic excavator was
used to create an inverted truncated pyramid in a waste rock pad. The interior sides of the cell were
sloped (2H:1V) to obtain the desired size and geometry (Figure 2a).Minerals 2020, 10, 596 6 of 18 
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Figure 2. (a) Inverted truncated pyramid form of the experimental cell, (b) excavation of the trench,
and (c) installation of the PVC pipe for the drainage water.

A trench was excavated with a slope of 1% over a distance of approximatively 16 m in order to
create the exit for the drain (Figure 2b). A 30-cm-thick compacted fine sand layer was placed at the
bottom of the trench and a 2-inch diameter PVC pipe was installed for channeling drainage waters
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(Figure 2c). The pipe was protected by another 30 cm of compacted fine sand on top. Sand was placed
at the bottom and along the sides of the cells (Figure 3a), which were then lined with a geomembrane
to control exfiltration and avoid external water contamination (Figure 3b).
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Figure 3. (a,b) sand and geomembrane installation, respectively, and (c) filling the control cell with
reactive tailings.

The control cell was instrumented with sensors for volumetric water content (θ) and matric
suction (ψ), then filled with uncovered reactive tailings (Figures 3c and 4). 5TM sensors (version R2.04,
Decagon Devices, Pullman, WA, United States) were used to monitor θ from a monitoring station that
was equipped with an Em50 data logger. Suction measurements were performed using WATERMARK
sensors (model 200SS, IRROMETER Company, Riverside, CA, United States). The measurement
frequency was fixed at once every four hours for θ, whereas ψ values were measured every two weeks.
The surface of the control cell was approximately 25 m2 (5 m × 5 m) (Figure 4). The top of the cell was
open to natural infiltration. The drainage outlet was equipped with a sampling port and connected to
a tote tank with a storage capacity of more than 1000 L, which was used to quantify the volume of
drainage water (Figure 4).

Drainage waters were collected from the control cell once every two weeks for 3 years (2017–2019)
during unfrozen periods (May to October). The two biweekly samples taken each month were mixed
to form a composite sample for metal and sulfate analyses. Measurements of pH, EC, Eh, acidity,
and alkalinity were performed on each sample. The pH, Eh, and EC of the leachates were measured
directly on site at the time of sampling to avoid water quality evolution during transport; all other
chemical analyses were performed in the laboratory. All water samples were immediately refrigerated
until analyses.
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3. Results and Discussion

3.1. Physical, Hydrogeological, Mineralogical, and Environmental Characteristics

The main material characterization data are presented in Tables 1–3. These data show that
TG tailings are somewhat finer than the TR tailings, and that both waste rocks have similar GSDs.
According to USCS classification [63]. the GSD of the tailings and waste rocks were typical of a plastic
silt (ML) and well-graded sand (SW), respectively. Given the high relative density (Gs) of sulfide
minerals, their relative proportions in each material (TR = 24%, TG = 0.3%, WP =1.4%, and WL = 0.5%)
explain the Gs values (TR = 3.2, TG = 2.7, WP = 2.7, and WL = 2.8).

Table 1. Main physical and hydrogeological properties of the materials used in this study.

Parameters Units TR TG WP WL

D10 mm 0.009 0.0026 0.160 0.165
D50 mm 0.068 0.016 10 10
D60 mm 0.088 0.022 17 15
GS - 3.22 2.68 2.72 2.76
ksat cm/s 2 × 10−4 5 × 10−5 3 × 10−2 2 × 10−2

AEV m of water 2 2.5 0.002 0.003
θs m3/m3 0.45 0.43 0.35 0.35
θr m3/m3 0.01 0.06 0.00 0.00

Dx—particle diameter corresponding to x% passing in the cumulative grain-size distribution curve; θs—saturated
volumetric water content; θr—residual volumetric water content; -: dimensionless quantity.
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Table 2. Mineralogical and geochemical composition of reactive tailings and cover materials.

Mineral Phase Reactive Tailings (TR) Low-Sulfide Tailings (TG) Waste Rock (WP) Waste Rock (WL)

% w/w % w/w % w/w % w/w
Albite 8.2% 52% 27% 38%

Actinoline - 0.2% - 5%
Anhydrite - 0.2% - -

Calcite - 8.7% - 4%
Chalcopyrite 0.9% - - -

Chlorite 4.4% 13% - 14%
Dolomite - 1.2% - -
Gypsum 1.4% 0.7% - -

Muscovite 1.8% 2.8% 3.4% -
Pyrite 24% 0.3% 1.4% 0.5%

Pyrrhotite 4.5% - - -
Quartz 53% 22% 68% 34%
Rutile 0.4% - - -

Sphalerite 2% - - -

-: Not detected.

Table 3. Environmental characteristics of reactive tailings and cover materials.

Environmental Parameters Reactive Tailings (TR) Low-Sulfide Tailings (TG) Waste Rock (WP) Waste Rock (WL)

Stotal 17% 0.13% 0.61% 0.21%
Ctotal 0.03% 0.85% 0.14% 0.26%
AP 531 4 19 7
NP 3 71 12 22

NNP −528 67 −7 15
NP/AP 0.006 17 0.63 3.14

Kr 3.2 × 10−4/s 4.2 × 10−6/s - -

NNP = net neutralization potential (NNP = NP − acid potential (AP)), AP, NP, NNP in kg CaCO3 eq/t and -:
not determined.

The ksat values obtained during the permeability tests ranged from 2 to 3 × 10−2 cm/s for WL and
WP, respectively, and were 2 × 10−4 cm/s for TR, and 5 × 10−5 cm/s for TG. The air entry values (AEV)
obtained from the materials’ WRCs, were 2 m and 2.5 m of water for TR and TG, respectively. The AEV
for the waste rocks varied between 0.002 m and 0.003 m of water. These hydrogeological properties are
similar to those found in the literature for other tailings [64] and waste rocks [28,30,41,47].

Mineralogical analyses identified mostly sulfide, carbonate, and silicate minerals in the different
materials, with some smaller contributions from other phases (Table 2).

Sulfide minerals such as pyrite (24%), pyrrhotite (4.5%), sphalerite (2%), and traces of chalcopyrite
(<1%) were identified in the reactive tailings, but no carbonate minerals were present. The silicate
minerals in the reactive tailings that can neutralize at least some acid were albite (8.2%) and chlorite
(4.4%). There is a low amount of pyrite (<1%), high amount of carbonate (dolomite, <2% and calcite,
9%) and silicate (albite, 52%) in the TG sample. Sulfide and silicate minerals such as pyrite (<2%),
albite (27%), muscovite (3%), and quartz (68%) were identified in the WP, but no carbonate minerals
were found. The WL sample contained small amounts of pyrite (<1%), calcite (4%), quartz (34%), albite
(38%), and approximately 20% of other silicate minerals. Two silicate minerals (quartz and albite)
represent between 70% and 95% of the mineralogy of the three cover materials. Sulfate minerals, such
as gypsum, were found in both the TR (1.4%) and TG samples (0.7%).

To classify the acid generation potential of the tested materials. the following criteria were used:
(1) NP/AP ≤ 1 and/or net neutralizing potential (NNP = NP −AP) ≤ 20 kg CaCO3 eq/t is acid generating;
(2) 1 < NP/AP < 2.5 and/or 20 < NNP < 20 kg CaCO3 eq/t is uncertain; and 3) NP/AP ≥ 2.5 and/or NNP
≥ 20 kg CaCO3 eq/t is not acid generating [52,65]. Calculated values for the NNP and NP/AP of all
materials are displayed in Table 3.

The TR showed an NNP of −531 kg CaCO3 eq/t and an NP/AP ratio well below one, indicating
that the material is acid-generating. The NNP of the TG sample was 67 and its NP/AP was 17, clearly
indicating that the material is non-acid generating. The WP sample had an NNP of −7 kg CaCO3
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eq/t, which is situated within the zone of uncertainty, and an NP/AP ratio below 1, indicating that WP
is potentially acid-generating. The NNP of the WL was 15 kg CaCO3 eq/t, suggesting that the acid
generation potential is uncertain, but its NP/AP ratio was greater than 2.5, meaning that the material is
likely not potentially acid-generating.

Figure 5 shows the decreases in oxygen concentrations measured during the OCTs that were used
to determine the effective reaction rate coefficient, Kr, of the tailings samples. Oxygen concentrations
decreased from 20.6 to 18.2% after 3 h for TR (Figure 5a). Models generated using Pollutev7 predicted
a decrease in oxygen concentrations of up to 18.4% after three hours for TR. In contrast to the OCT
performed on TR, it took nearly 24 h to achieve a similar decrease (20.5 to 18.9%) for TG (Figure 5b).
The Kr values were determined iteratively by varying the value until the model produced the best
fit with the empirical data. The Kr values obtained for the TR and TG samples were 3.2 × 10−4 s−1

and 4.2 × 10−6 s−1, respectively. The Kr of the TG sample is on the same order of magnitude as
values obtained by [66] and [30] for desulfurized and low-sulfide tailings, respectively. For reactive
tailings, [67] found values that were lower than those obtained in this study by about two orders of
magnitude. There are almost no results in the literature presenting Kr on materials with a similar level
of reactivity to the TR sample used in this study.
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3.2. Geochemical Behavior of the Reactive Tailings and Cover Materials

Chemical analyses were performed on the leachates collected from the laboratory columns for
each wetting cycle (Figure 6). The water quality of the field control cell was also measured. Table 4
summarizes the physicochemical results of leachates collected.



Minerals 2020, 10, 596 10 of 17

Minerals 2020, 10, 596 10 of 18 

 
Figure 6. Water quality evolution in leachates from the reactive tailings and cover materials. 

The pH of the leachates from the control column and field cell varied between 1.2 and 2, and 1.0 
and 5, respectively (Figure 6). The average concentrations of metals and sulfate measured in leachates 
from the TR were (lab/field): Fe = 1560/4330 mg/L, Zn = 230/170 mg/L, Ca = 300/370 mg/L, Mg = 50/300 
mg/L, As = 0.14/4.0 mg/L, Pb = 0.5/7.0 mg/L, Ni = 2.0/2.0 mg/L, Cu = 33/15 mg/L, and SO4 = 6300/18,000 
mg/L. As observed, the average concentrations of Fe, Mg, Ca, As, Pb, and SO4 were generally higher 
in leachates from the field. All leachates from the cover materials (TG, WP, and WL) had pH values 
between 6 and 9 throughout the duration of the column tests (Figure 6). Average concentrations of 
Fe and Zn in the leachates from the cover materials were less than 1 mg/L. The average concentrations 
of Ca and Mg in the leachates of the cover materials were between 120 and 420 mg/L, and 10 to 20 
mg/L, respectively. Concentrations of Ni, Pb, and Cu in the leachates of the cover materials were less 
than 0.1, 0.02, and 0.03 mg/L, respectively (Figure 6). Concentrations of As were less than 0.1 mg/L in 
leachates from the TG and WP samples, and less than 0.2 mg/L in leachates from the WL sample 
(Figure 6). A significant decrease in sulfate concentrations, down to about 10 mg/L, was observed in 
the TG tailings after 200 days. For the two tested waste rocks, sulfate concentrations were typically 
between 100 and 2000 mg/L. 

Figure 6. Water quality evolution in leachates from the reactive tailings and cover materials.

The pH of the leachates from the control column and field cell varied between 1.2 and 2, and 1.0 and
5, respectively (Figure 6). The average concentrations of metals and sulfate measured in leachates from
the TR were (lab/field): Fe = 1560/4330 mg/L, Zn = 230/170 mg/L, Ca = 300/370 mg/L, Mg = 50/300 mg/L,
As = 0.14/4.0 mg/L, Pb = 0.5/7.0 mg/L, Ni = 2.0/2.0 mg/L, Cu = 33/15 mg/L, and SO4 = 6300/18,000 mg/L.
As observed. the average concentrations of Fe, Mg, Ca, As, Pb, and SO4 were generally higher in
leachates from the field. All leachates from the cover materials (TG, WP, and WL) had pH values
between 6 and 9 throughout the duration of the column tests (Figure 6). Average concentrations of Fe
and Zn in the leachates from the cover materials were less than 1 mg/L. The average concentrations of
Ca and Mg in the leachates of the cover materials were between 120 and 420 mg/L, and 10 to 20 mg/L,
respectively. Concentrations of Ni, Pb, and Cu in the leachates of the cover materials were less than 0.1,
0.02, and 0.03 mg/L, respectively (Figure 6). Concentrations of As were less than 0.1 mg/L in leachates
from the TG and WP samples, and less than 0.2 mg/L in leachates from the WL sample (Figure 6).
A significant decrease in sulfate concentrations, down to about 10 mg/L, was observed in the TG
tailings after 200 days. For the two tested waste rocks, sulfate concentrations were typically between
100 and 2000 mg/L.
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Table 4. Summary of the water quality results from reactive tailings and cover materials.

Physicochemical
Parameters

Reactive Tailings (TR)
(Laboratory Control Column)

Reactive Tailings (TR)
(Field Control Cell) Low Sulfide Tailings (TG) Waste Rock (WP) Waste Rock (WL)

Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean

pH 1.2 2.0 1.6 1.1 5.1 2.3 6.7 9.9 8.2 6.5 9.3 8.0 6.5 9.7 8.3
Fe (mg/L) 65 3210 1560 495 14,700 4325 0.003 0.192 0.07 0.003 0.13 0.04 0.003 0.05 0.02
Zn (mg/L) 7 2940 230 57 368 163 0.02 0.5 0.2 0.10 0.47 0.24 0.003 0.14 0.05

Sulfates (mg/L) 1533 22,000 6300 4660 47,644 18,022 10 3340 1330 580 2250 1200 120 1200 460
Ca (mg/L) 23 660 300 307 447 369 26 750 420 250 650 420 50 400 120
Mg (mg/L) 0.8 400 50 69 621 298 3.0 140 10 10 25 15 7.0 50 20
As (mg/L) 0.06 0.48 0.14 0.06 34 3.9 0.06 0.1 0.06 0.06 0.06 0.06 0.093 0.27 0.2
Cu (mg/L) 8.53 72 32 0.3 73 15 0.002 0.02 0.007 0.002 0.02 0.007 <DLM <DLM N.D.
Ni (mg/L) 0.028 30 2.0 0.7 3.0 2.0 0.002 0.02 0.008 0.007 0.02 0.010 0.006 0.09 0.02
Pb (mg/L) 0.13 2.0 0.5 0.34 35 7.0 <DLM <DLM N.D. <DLM <DLM N.D. <DLM <DLM N.D.
S (mg/L) 650 7600 2100 0.1 11,900 5618 6.0 840 400 270 600 430 60 420 150

EC (mS/cm) 2.5 11 5 4.2 20 10 0.2 3.0 1.4 0.2 1.9 1.4 0.4 1.8 0.7
Alkalinity(mg CaCO3/L) <DLM <DLM N.D. <DLM <DLM N.D. 70 200 100 7.0 40 25 25 100 40
Acidity (mg CaCO3/L) 900 14,000 1500 447 34,020 15,864 0.0 14 7.0 0.0 28 9.0 0.0 28 6.0
Redox potential (mV) 500 700 600 349 575 509 360 580 470 370 570 520 380 580 500

DLM: detection limit of the method; N.D.: Not determined.
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The difference between the mean Fe concentrations of the reactive tailings and the cover materials
was five orders of magnitude. The high Ca concentrations (60 to 600 mg/L) appearing in the beginning
of the column tests on the TR sample (between 0 and 200 days) appeared to be related to gypsum
dissolution since no carbonate minerals were detected in this material. The subsequent reduction in Ca
concentrations was more rapid in the laboratory control column than in the field cell.

The sources of some elements measured in the leachate (especially Pb, Ni, and Co), some of which
are not presented here) were not able to be identified through XRD and SEM analyses. These elements
are assumed to originate from impurities in sulfides [68,69].

Figure 7 presents oxidation–neutralization curves for the materials used in this study. According
to this approach. the reactive tailings are categorized as acid generating (i.e.. the point representing
the initial composition lies below the curve) and the TG sample and waste rocks (WL and WP) are
classified as non-acid generating (i.e.. the points representing the initial compositions are above the
curves).
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3.3. Selection Criteria of Materials for a Cover with Capillary Barrier Effects

Table 5 uses data from prior studies to summarize the main selection criteria for materials to be
used in the construction of a CCBE. These criteria are compared with the physical, hydrogeological,
and environmental properties of the waste materials examined in the present study.
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Table 5. Criteria for choosing materials for covers with capillary barrier effects.

Criteria Recommended Values Values of Mining Materials from
This Study References

Moisture retaining layer (MRL)

Grain size (µm) D90 ≤ 100 D90 = 75
Classification Silts of low plasticity or no plastic (ML) Plastic silt (ML) [10,15,64]

Hydraulic conductivity (cm/s) 10−6 to 10−5 5 × 10−5 [10,64,70,71]
Air entry values (m of water) 1.5 to 2 and more 2.5 [15,72]

Water entry value (m of water) >10 50 [11,72,73]
Environmental characteristics not potentially acid-generating not potentially acid-generating [24,60]

Capillary break layers (CBL)

Grain size (mm) Coarse grain size D90 = 30
Classification Well-graded sand (SW) well-graded sand (SW) [17,18,28,41,47,74]

Hydraulic conductivity (cm/s) 10−3 to 10−1 2–3 × 10−2 [10,28,41,75–77]
Air entry value (m of water) Low water retention capacity 0.002 to 0.003 [11,75,76]

Water entry value (m of water) 0.5–1 0.15 [11,75,76]
Environmental characteristics not potentially acid-generating not potentially acid-generating

The hydrogeological properties of the materials from the present study are similar to those found
in the literature for tailings [64] and waste rocks [28,30,41,47]. Values of ksat for the tailings and
waste rock are within the range of those previously published in the literature for CCBE materials.
The significant contrast between the ksat values of the fine and coarse materials (nearly three orders of
magnitude) is in accordance with the recommendations made by [10] for the development of capillary
barrier effects. Moreover. the AEV of the MRL is significantly greater than the WEV of the waste rock
material used as the CBL (2.5 m of water vs. 0.7 m of water). This means that the waste rock will reach
its residual volumetric water content before the MRL starts to drain; thus, ensuring that the MRL will
maintain a high degree of saturation [24]. The environmental and geochemical behavior of the cover
materials presented above shows that they are not acid-generating or metal leaching, which is essential
for cover materials.

4. Conclusions

The main objective of this research was to study the hydrogeochemical behavior of highly reactive
tailings protected by a CCBE made entirely with low-reactivity mine waste materials (i.e., desulfurized
tailings and waste rocks). Since all cover materials can have an influence on the hydrogeological
and geochemical behavior of a cover system, experiments were first conducted in the laboratory to
characterize the physical, hydrogeological, geochemical, and mineralogical properties of the reactive
tailings and the cover mining materials.

In this first article in a series of two, geochemical results and the extrapolation of the kinetic
tests results indicate that the reactive tailings are highly acid-generating and the cover materials
(TG, WP, and WL) are not acid-generating or metal leaching. Results also showed that hydrogeological
properties of the tested materials are similar to those found in the literature for tailings and waste
rocks. The low-sulfide materials that were used in this study have suitable hydrogeological properties
to be used as CCBE materials. More specifically. the low-sulfide tailings have a ksat value on the
order of 10−5 cm/s and an AEV of 2.5 m of water; these values are similar to values used in the past in
efficient CCBEs [17,18,26,64,78]. The waste rocks tested in this study have hydrogeological properties
typical of those expected for the CBL of a CCBE, with a high ksat value (10−2 cm/s) and a low water
retention capacity (AEV = 0.002–0.003 m of water). Therefore. the tested materials have the appropriate
geochemical and hydrogeological properties to be used as CCBE components.

In the second part of this study. the materials are tested in CCBE cover systems, both in
the laboratory and in the field, to validate their capacity to control AMD generation from highly
reactive tailings.
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