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1. Introduction

The mining industry is an important asset for the economy of many regions throughout
Canada, especially with respect to exports and employment, but also through numerous
technological developments. Nevertheless, mining operations generate various types of
wastes that can be harmful to the environment, particularly when they have the potential
to generate acid mine drainage (AMD). In this case, appropriate control and remediation
measures must be applied at the mine waste storage facility. Over the last few years,
various techniques have been developed and implemented in Canada to limit the
production of AMD and mitigate its environmental impacts. Usually, these techniques
aim at eliminating one (or more) of the three main reactants in the oxidation reactions
that lead to acid production: oxygen, water, and sulphide minerals. Some typical
examples are summarized here.

2. Principal AMD control methods used in Canada

Sulphide separation and reuse of desulphurized tailings

The presence of sulphide minerals is essential to generate AMD; by extracting
(separating) a sufficient portion of these minerals, the quantity of AMD generated can be
effectively limited. The necessary recovery of sulphide minerals will depend on the
amount of neutralizing minerals. Various techniques, such as flotation and gravimetric
separation, can be used to separate the sulphides from the tailings (e.g. McLaughlin and
Stuparyk 1994; Benzaazoua et al. 2000). This control method is mainly applicable for
actively operating sites (e.g. Derycke, 2012), but the recycling (sulphide extraction
combined with metal recovery) of abandoned mine wastes can also be considered in
some cases.

This relatively new approach is at the planning stage at the Doyon-Westwood mine in
Québec, Canada. Around 20% of the tailings produced at the Westwood mine would be
desulphurized and the resulting non-acid generating tailings will be recycled to construct



a monolayer cover over the reactive tailings of the neighboring Doyon’s site (Rey et al.
2016). In association with the elevated water table (EWT) technique, this type of cover is
designed to prevent AMD through the control of oxygen flux (this approach is described
below). The same principle has already been used at the Detour Lake gold mine in
Ontario, where a 1 to 1.5 m monolayer cover of desulphurized tailings was deposited in
1998-1999. The installation has been monitored since 2001-2002 and has shown a
reduction of the oxygen fluxes where the EWT was maintained at a sufficiently high
level. Nevertheless, due to the use of coarser cover materials than was originally planned,
the efficiency of the design was found to be insufficient in some areas (Dobchuk et al.
2013). Desulphurized tailings have been used at the Kemess mine in British Columbia, in
an innovative manner, to reduce the construction cost of a tailings storage facility.
Tailings have undergone flotation for desulphurization and cycloning in order to remove
the finer portion and thus obtain a more uniformly graded non acid-generating tailings
sand. This material was then recycled as filling for the dam structure (Ramussen et al.
2004).

Oxygen barriers

Limiting oxygen availability for the reactive mine wastes is one of the most practical
and effective approaches to control AMD, especially under humid climatic conditions
(e.g. SRK 1989; MEND 2001). Various approaches can be used to create an oxygen
barrier such as placing a water cover; elevating the water table and adding a single-layer
cover; placing a layered cover with capillary barrier effects (CCBE) over the reactive
wastes; or installing an oxygen-consuming barrier; these techniques (except the latter) are
briefly described below.

Water cover and elevated water table techniques

The water cover technique consists of completely covering the reactive mine wastes
with water by submerging the mine wastes in a lake or by building dykes to hold both the
mine waste and the water that submerges them. Because the solubility of oxygen is much
lower in water (8.6 mg/L) than in air (285 mg/L) and the oxygen diffusion coefficient is
about 10,000 times smaller in water (2 x10” m?/s at 25°C) than in air (1.8x10” m?/s at
25°C) (e.g. Romano et al. 2003; Awoh et al. 2013), the flux of oxygen reaching the mine
wastes can be sufficiently low to prevent significant AMD generation. However, a water
cover is a complex, dynamic system that is subjected to several phenomena that influence
its capacity to control AMD generation. These include tailings erosion and resuspension,
oxygen migration, oxidation of sulphidic tailings by dissolved oxygen (DO), release of
dissolved metals, and water exchange with the surrounding environment (see Figure 1)
(e.g. Rescan 1996; Adu-Wusu et al. 2001; Vigneault et al. 2001; Catalan and Yanful
2002).

The water cover technique has been applied to control AMD at many sites throughout
Canada, and the efficiency of this technique has been well demonstrated. For instance, at



the Don Rouyn site, located 4 km west of Rouyn-Noranda (Québec, Canada), an old
quarry filled with sulphide-rich tailings (83% pyrite) from the Gallen mine was flooded
with water to control AMD (Awoh et al. 2013). The old AMD tailings pond, Solbec-
Cupra, was flooded by building two small impervious dams. The water cover since its
construction is able to control AMD generation. An artificial reservoir was built using 2.5
km impervious dykes to create a water cover at the Louvicourt mine site located 25 km
east of Val d’Or (Québec, Canada). These tailings (30 to 50% pyrite) were deposited
directly underwater to prevent interactions between atmospheric oxygen and sulphide
minerals (Vigneault et al. 2001). Since the construction, no significant AMD generation
has been observed at the site. At the Equity Silver mine in British Columbia (Canada),
tailings containing pyrite (5 to 10%), arsenopyrite, and pyrrhotite were submerged under
a 4-m water cover to limit oxidation (Rescan 1996). Also, at the Quirke cell 14 tailings
site, located 16 km north of the city of Elliot Lake (Ontario, Canada), pre-oxidized
uranium mine tailings were flooded under a 1-m water cover over an area of 192 ha to
reduce the long-term generation and mobility of contaminants (Peacy et al. 2002).
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Figure 1: Conceptual model of a water cover (adapted from Li et al. 1997 and
Aubertin et al. 2002)
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Water covers can, however, raise serious concerns about physical stability, and can be
difficult to maintain over the long term (Aubertin et al. 1997). To reduce the geotechnical
risks associated with a water cover, an alternative approach for tailings was proposed
relatively recently: the EWT technique (Orava et al. 1997; Ouangrawa et al. 2010). The
EWT technique consists of maintaining a high degree of saturation in the tailings by
raising the water table, in order to reduce the oxygen diffusion rate and prevent sulphide
oxidation (see Figure 2). A high degree of saturation is maintained by limiting water
losses by seepage and evaporation, while favoring capillary rise. As for a water cover, the
EWT relies on the low effective diffusion coefficient of oxygen in nearly saturated media
(Mbonimpa et al. 2003). This reclamation approach was recently applied at two
abandoned mine sites in Québec: the Aldermac site and the Manitou site. Detailed



monitoring programs have been implemented at both sites to assess the performance of
this relatively new approach (Magsoud et al. 2013; Ethier et al. 2013).
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Figure 2: Conceptual model of an elevated water table within reactive tailings for
reducing acid mine drainage (adapted from Quangrawa et al. 2010)

Cover with capillary barrier effects

A multi-layered CCBE uses unsaturated soil properties to create the capillary barrier
effects that maintain one of the layers at a high degree of saturation S; at all times. The
high value of S; in the moisture-retaining layer creates an efficient barrier against oxygen
ingress by impeding gas advection and diffusion (Mbonimpa et al. 2003). Such types of
cover can thus limit AMD generation by limiting sulphide oxidation reactions.

The effectiveness of this type of cover is dependent upon a phenomenon called the
capillary barrier effect. This effect can be induced when a fine-grained material layer is
placed over a coarser one. The two materials have different hydrogeological properties
because of their different textures. In the initial desaturation stage, the fine-grained
material retains water more easily than the coarse material due to its smaller pores that
increases its air entry value (AEV). As the coarse material drains, the presence of gas in
its pore space reduces the interconnectivity of the voids and the related hydraulic
conductivity (k). This reduction of k in the coarser material layer reduces the vertical
water flow from the finer material above; the latter layer can remain thus almost fully
saturated at all times, creating an oxygen barrier. More details about capillary barrier
effects and CCBEs can be found in various publications including Nicholson et al.
(1989), Aubertin et al. (1995, 2002, 2006), and Bussiere et al. (2003).

CCBE:s usually contain three to five layers of distinctive materials; each layer has a
specific purpose. Figure 3 is a schematic illustration of a CCBE. The bottom layer is
made of a fairly coarse material which functions as both a mechanical support and a
capillary break. The fine-grained material that forms the moisture retaining layer is
placed on top of the support layer to create the capillary barrier effect. Another coarse
material is placed over the fine-grained material layer to prevent water loss by



evaporation and aid lateral drainage. The other two layers (protection and surface) protect
the CCBE against erosion and bio-intrusion.

The acid-generating Les Terrains Auriferes (LTA) site, located in Abitibi, Québec,
Canada, was reclaimed with a CCBE to control AMD. This CCBE was constructed
nearly 20 years ago and it has been monitored since then, demonstrating that such a cover
can be efficient as an oxygen barrier (Bussiere et al. 2006). A somewhat similar layered
cover has also been successfully applied at the Lorraine mine site, near Latulippe,
Québec, Canada (Aubertin et al. 2006). Another example of CCBE is the Equity Silver
site, situated in the humid, alpine climate of north central British Columbia, Canada. The
ability of this soil cover system to limit oxygen flux and water flow to underlying
reactive waste rock was evaluated using a detailed instrumentation program. The field
data indicated that the lower, compacted layer maintained a high degree of saturation (i.e.
> 90%), which controlled the oxygen flux (Weeks and Wilson 2005).
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Figure 3: Typical configuration of a CCBE used to limit the production of AMD
(Aubertin et al. 1995, 2016)

Water infiltration barriers

As mentioned earlier, water is one of the essential components for the generation of
AMD. Hence, one can control the production of acid by limiting water flow though the
reactive mine wastes. To do so, a water infiltration barrier may be built on top of the
mine waste disposal area. Covers made of low hydraulic conductivity soils and/or
synthetic materials, such as geomembranes or bentonite geocomposites, can be used. The
configuration of these covers can be similar to designs developed for the isolation of
domestic and hazardous wastes (e.g. Aubertin et al. 1995). There are however many



concerns regarding the use impervious materials (soils or geosynthetics) in covers (Aubertin
et al. 2016). For instance, in the case of a geomembrane included in the cover placed over
an acid-generating mine sites, the critical issues include: (i) their limited lifetimes, which are
usually on the order of decades, while the reclamation of mine sites is required for centuries
(at least); (i1) the presence of defects and wrinkles that may significantly diminish their
efficiency; (iii) the effects of settlement and risk of sliding along the slopes (Aubertin et al.
2016). A few mine sites in the province of Québec have been covered with a geomembrane
and/or natural fine-grained soils, including the Normetal, Poirier, Aldermac, and Barvue
sites; however, very little information is available to assess the actual performance of the
covers with respect to controlling AMD.

Another option to limit water infiltration in arid and semi-arid conditions is the use of
store-and-release (SR) covers (also known as alternative, water balance, or
evapotranspirative covers). Such engineered systems are attracting considerable interest
as they may represent an advantageous alternative to more traditional covers that rely on
materials having a low saturated hydraulic conductivity (e.g. Morris and Stormont 1997;
Zhan et al. 2001). Some indications also suggest that this approach could be used in the
cold, semi-arid climate of the Canadian Arctic.

Insulation covers for cold climate

A reclamation technique specific to arctic (cold) regions is the insulation cover, which
aims to incorporate tailings into the natural permafrost. Low temperatures in the reactive
tailings will slow down the oxidation reactions and reduce the generation and migration
of pollutants (Dawson and Morin 1996; Holubec 1993). A typical insulation cover
consists of adding, over reactive tailings, one or many layers of non-reactive material
having a thickness greater than the active layer depth (i.e. the depth of ground that is
subject to annual thawing and freezing in areas underlain by permafrost; e.g. Kyhn and
Elberling 2001; IPA 2015; see Figure 4). An insulation cover, as a reclamation technique,
has been used to reclaim tailings storage facilities at some sites in Canada (Holubec 2004;
Rykaart and Hockley 2009).
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Figure 4: Schematic temperature profile representing the active zone for a tailings
storage facility with an insulation cover in a continuous permafrost zone (modified
from Andersland and Ladanyi 2004)

3. Final remarks

Reclamation of AMD generating sites requires careful planning, rigorous design, and
sound construction methods. The reclamation program also involves many other aspects
to complement the main elements of the closure plan. For example, the establishment of
vegetation on the surface of the disposal site is often needed to control erosion, and is
sometimes a requirement included in the regulations. In this case, the effect of the
vegetation on the engineered systems must be carefully assessed. Also, engineered
systems and their surroundings must be instrumented and monitored closely. In the case
of AMD generating wastes, monitoring must last for an extremely long time, and should
be attached to a well- controlled maintenance program. An emergency plan is also
required during the mine operation and upon its closure. It must identify all of the
potential problems (even the least likely) and the actions needed to resolve them; these
actions must be planned and prepared in advance by identifying the responsibilities and
required resources. More information on the challenges related to AMD mine site
reclamation are provided in Aubertin et al. (2002, 2016).
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