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ACID MINE DRAINAGE FROM ABANDONED MINE SITES: PROBLEMATIC AND
RECLAMATION APPROACHES

Bruno BUSSIERE!

ABSTRACT: One of the most serious environmental issues related to the mining industry in Canada and elsewhere, is
the pollution from abandoned mine waste disposal sites. The wastes containing sulphide minerals can oxidize and
generate contaminants in the water drainage, a phenomenon called acid mine drainage (AMD). Different techniques are
available to control the production of AMD. However, these techniques were mainly developed for the closure of
operating sites, and are not as efficient for abandoned mine sites that were left exposed to natural conditions for years.
The main differences between an operating and abandoned mine waste disposal site are the quality of the interstitial
water, the presence of well implemented acidophilic bacteria, and the quality of the retaining infrastructures. To avoid
contamination of surrounding ecosystems, it is necessary to take into consideration these particularities at the
reclamation stage. The experience at the Lorraine mine site shows a slight improvement of the water quality in the
waste disposal site 10 years after reclamation even if the oxygen barrier is working as expected. The addition of a
passive treatment system to treat the contaminated pore water that will eventually flow out of the site is then a critical
component of the reclamation at any abandoned AMD mine waste disposal site.

KEYWORDS: Acid Mine Drainage (AMD), AMD control methods, abandoned mine sites, passive treatment, case
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INTRODUCTION

The mining industry is an important asset for the
economy of many regions across Canada, particularly
with respect to exports and employment, but also
through  numerous technological developments.
Nevertheless, mining operations generate different types
of wastes which are potentially environmentally harmful.
Effective and efficient waste management programs are
therefore required to ensure their long-term
environmental stability.

Active mining operations must respect governmental
environmental criteria and, by doing so, the production
of contaminants in the environment is limited to a level
considered acceptable by the overseeing governments.
Nevertheless, some abandoned mine sites are not well
controlled and have significant impacts on the
environment. Two Canadian examples of sites affected

by abandoned mine wastes are presented in Fig. 1a and b.

Before going any further, it is important to define
what is an abandoned mine site. Several expressions
(orphans, abandoned, retrocessed, inactive, closed, etc.)
can be found in literature and currently there is no
consensus on a unique definition. Identifying a clear
definition is an important step since it will affect the

number of sites categorized as abandoned. In the
following paper, a slightly modified version of the
definition proposed by van Zyl et al. (2002) is used:

A mine site is considered abandoned if there are no
solvable identifiable owners or operators for the
facilities, or if the facilities have reverted to
governmental ownership.

If we assume that having only one component of the
mine is sufficient to categorize a site as an abandoned
mine site (ex. a ramp, a shaft, an open cast, etc.), Canada
has more than 10 000 abandoned sites (with more than
1,000 in the province of Quebec). In US, more than
550,000 sites are categorized as abandoned, while
Sweden counts more than 1 000, 10,000 sites in Great-
Britain and more than 5,500 in Japan (van Zyl et al.
2002).

It is well known that some components of the mine
have a greater impact on the environment than others.
Tailings impoundments and waste rock piles (called
hereinafter mine waste disposal sites) are probably the
most critical components; they can generate significant
negative impacts on drainage water, on soils, and
eventually on water drainage (e.g. Aguilar et al. 2004;
Lee and Faure, 2007; Hakkou et al. 2008). To the
knowledge of the author, no detailed and global statistics
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(or inventory) are available, at the planet scale, to
quantify the volume and area of abandoned mine waste
disposal sites.

Fig. 1 Photographs showing environmental impacts
from two Canadian abandoned mine sites a) Aldermac
site, Rouyn-Noranda, Quebec, Canada, b) Manitou site,

Val-d’Or, Quebec, Canada

To have a better idea of the challenge facing
governments and the mining industry with abandoned
mine waste disposal sites, some statistics of the province
of Quebec, Canada are presented. In the province of
Quebec, 50 abandoned mine waste disposal sites (having
an area greater than 1 ha) are inventoried (see Fig. 2),
which collectively cover an area of approximately 2 000
ha. Each site has a different level of impact on the
environment. It is estimated that approximately 1 000 ha
are covered by mine wastes that can generate
contaminated drainage water. The estimated reclamation
costs for these sites, using typical unit costs, are $150
million (CDN). The picture depicted above for the
province of Quebec is similar for the other Canadian
hard rock mining provinces such as Ontario, British
Columbia, and Manitoba.

These statistics show the importance of the problem.
In the context of sustainable development, it is crucial
for the mining industry to develop effective reclamation
scenarios for existing and abandoned mine waste
disposal sites, especially for those that generate acidic
drainage (called acid mine drainage, AMD) in the
environment. In the following, a description of the AMD
problem will be given with some options available to
rehabilitate waste disposal sites with AMD potential.

The main differences at the reclamation stage between
abandoned and operating sites will be presented along
with a case study of a rehabilitated abandoned acid
generating mine waste disposal site. Finally, a short
description of actions taken recently in Canada to reduce
the environmental impacts of abandoned mine sites will
be presented.

Fig. 2 Location of the abandoned mine waste disposal
sites in the province of Quebec, with a close up on the
Abitibi region (the main mining region of the province),
that covers an area greater than 1 ha

AMD GENERATION

The AMD can be generated at or within a number of
mine site components such as waste rock, tailings, open
pit walls and underground workings (e.g. SRK, 1989;
Morin and Hutt, 1997). The sulphide minerals such as
pyrite and pyrrhotite oxidize in the presence of water and
atmospheric oxygen producing AMD through a number
of possible chemical and biochemical pathways. The
oxidation of sulphide minerals (pyrite which is the more
abundant sulphide mineral is taken here as reference) can
be described by the following equations (e.g. Kleinmann
et al. 1981; Ritcey, 1989; Blowes and Ptacek, 1994;
Evangelou, 1995; Perkins et al. 1995; Morin and Hutt,
1997). The first step is the direct oxidation of pyrite
(FeS,) by oxygen which produces sulphates (SO,>),
ferrous iron (Fe*") and acidity (H"):



2FeS, +70, +2H,0 — 2Fe> + 480> +4H" (1)

In the next step, the ferrous iron is further oxidized to
ferric iron (Fe*").

2Fe™ +1/20, +2H" — 2Fe™* +H,0 ()

Ferrous iron can also be oxidized to produce iron
hydroxide (FeOOH) and acidity.

Fe’* +1/40, +3/2H,0 — FeOOH +2H" 3)

At a pH>4, Fe'' is precipitated out as ferric
hydroxide (Fe(OH);), which releases more acid in the
environment.

Fe™ +3H,0 — Fe(OH), +3H" (4)

At pH<4, the ferric iron can remain soluble and can
directly oxidize pyrite, liberating more acid into the
surroundings.

FeS, +14Fe’ +8H,0 — 15Fe> +2S0> +16H"  (5)

The overall reaction for the complete oxidation of
pyrite can be expressed as follows:

FeS, +15/40, +7/2H,0 — Fe(OH), +2H,80,  (6)

The oxidation of 1 mole of pyrite generates two
moles of sulphuric acid. It is usually considered in the
literature (e.g. Aubertin et al. 2002a) that direct
oxidation by oxygen (Eq. 1) occurs at pH near neutrality
(5<pH<7) while the indirect oxidation (Eq. 5) is
predominant at lower pH values (pH<3). The equations
presented above are based on a stoichiometric
equilibrium that does not take into account the kinetic of
each reaction. The rate of oxidation is a function of
additional factors (Morth and Smith, 1966 ; Lowson,
1982; Rogowski et Pionke, 1984 ; Nicholson et al. 1988 ;
Frostad et al. 2000a,b ; Jerz and Rimstidt, 2004),
including oxygen supply, temperature, pH, bacterial
activity, mineral surface area, and crystallography.

It is usually considered that the rate of the reaction is
controlled by Eq. 2. The reaction rate is slow at a low pH
but increases rapidly as the pH drops due to the presence
of bacteria. For example, Acidithiobacillus ferrooxidans
bacteria have the capacity to catalyze the oxidation
reaction of the ferrous iron into a ferric iron (Eq. 2); the
rate of reaction can be increased by a factor up to 20 to
1,000 times (e.g. Berthelin, 1987). Some bacteria can
also oxidize the sulfur produced during the sulphide
oxidation:

S° +3/20, +H,0 - H,S0, 7

The chemical quality of the drainage will also depend
on the other minerals present in the mine waste. The acid
can react by being neutralized by carbonates and (in a
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lesser extent) silicate minerals, which are considered the
main neutralizing minerals (e.g. Sverdrup, 1990; Kwong,
1993; Lawrence and Scheske, 1997). Egs. 7 and 8
represent two possible reactions for the neutralization of
sulphuric acid (at pH>6.3) by calcite (CaCO;) and
dolomite (CaMg(CO;),) respectively, which are two
abundant carbonate minerals (Lapakko, 1994).

2CaCO, +H,S0, — 2Ca** +2HCO, +SO% (8)

CaMg(CO,), +H,S0, — Ca® +Mg™ +2HCO,

> )
+S0O;

The equations show that two moles of calcite and 1
mole of dolomite are necessary to neutralize 1 mole of
sulphuric acid. The capacity of the neutralizing mineral
to limit the production of AMD is also dependent on
different factors affecting the reactivity of the minerals
(ex. temperature, pH, CO, pressure, mineral surface area
and cristallography). The reactivity of carbonate
minerals can be classified from the more reactive to the
less: calcite > dolomite > Mg-ankerite > ankerite >
siderite (Blowes et Ptacek, 1994). More details on the
neutralization process in mine waste can be found in
other publications (e.g. Sverdrup, 1990; Blowes and
Ptacek, 1994; Lapakko, 1994; Sherlock et al. 1995;
Aubertin et al. 2002a; Jambor et al. 2002; Bussiére et al.
2005).

Finally, it is worth mentioning that other chemical
reactions (other than oxidation and neutralization) can
affect the rate at which AMD is generated. Precipitation
of the secondary minerals can affect significantly the
final water quality by reducing the concentration of
certain elements at the effluent (elements are transferred
from the liquid phase to the solid phase). For example, it
is common to find secondary minerals that contain iron
and sulfates in acid generating mine wastes (ex. goethite,
jarosite, iron hydroxyde; references). Precipitation of
secondary minerals can also affect the reactivity of
sulphides and carbonates (references) by forming a
coating on the particles. It is also documented that the
accumulation of secondary minerals in tailings (called
hard pan) can locally create a zone where the hydraulic
conductivity is lower which can reduce oxygen
migration and, consequently, the production of AMD
(sece Blowes et al. 1991; Aubertin et al. 2002a). The
comprehension of all of these mechanisms relating to the
secondary mineral formation is necessary when one
wants to predict the evolution of AMD in a given mine
site.

MAIN AMD CONTROL METHODS

When the neutralization potential of a given mine
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waste is less than the acidification potential, AMD will
occur and appropriate measures has to be taken at the
mine waste storage site to mitigate it. Over the last few
years, different techniques have been proposed to limit
the environmental impacts of AMD. One approach is to
control the production of AMD, from mine tailings or
waste rocks, by eliminating one (or more) of the three
main components of the oxidation reactions (see Eq. 1):
oxygen, water and/or sulphide minerals.

Sulphide Extraction

The presence of sulphide minerals is essential to
generate AMD. AMD can be controlled by extracting
a sufficient portion of these minerals thus limiting the
quantity of AMD generated in the environment. The
necessary recovery of sulphide minerals will depend
on the amount of neutralizing minerals. Different
techniques such as flotation and gravimetric
separation can be used to separate the sulphides from
the tailings (e.g. McLaughlin and Stuparyk, 1994;
Humber, 1995 ; Bussiére et al. 1995, 1998). This
control method is mainly applicable for operating sites
but the recycling (sulphide extraction combined with
metal recovery) of old abandoned mine wastes could
also be an option in some particular cases. More
information on sulphide extraction for environmental
purposes can be found in Bussiére et al. (1995, 1998),
Benzaazoua et al. (1998, 2000), Benzaazoua and
Kongolo (2003), Bois et al. (2005), and Mermillod-
Blondin et al. (2005).

Oxygen Barriers

Oxygen is one of the key ingredients for the
generation of AMD. Limiting oxygen availability for the
reactive mine wastes is one of the most interesting
approachs to control AMD, especially in humid climatic
conditions (e.g. SRK 1989; MEND 2001). Different
approaches can be used to create an oxygen barrier:
placing a water cover or by elevating the water table,
placing a cover with capillary barrier effects over the
waste disposal site, or installing an oxygen consuming
barrier (not discussed in this document).

Water cover and elevated water table technique

The water cover technique consists of completely
covering the reactive mine wastes with water by
submerging the mine waste in a lake or by building a
dyke to hold both the mine waste and the water that
submerges them. Because the oxygen diffusion
coefficient is 10 000 times lower in water than in air, the
flux of oxygen reaching the AMD mine wastes is usually
sufficiently low and avoids AMD generation. However,
a water cover is a complex, dynamic system subjected to

several factors such as tailings erosion and resuspension,
oxygen migration, oxidation of sulphidic tailings by
dissolved oxygen (DO), release of dissolved metals,
water exchange with the surrounding environment, etc.
Several studies on these aspects have been conducted to
develop appropriate design tools for water covers (e.g.
Adu-Wusu et al. 2001; Catalan and Yanful 2002; Yanful
and Catalan 2002; Mian and Yanful 2004).

Water covers can raise serious stability concerns and
can be difficult to maintain over the long term (Aubertin
et al. 1997a). To reduce the geotechnical risks associated
to a water cover, a new approach was proposed relatively
recently for tailings: the Elevated Water Table (EWT)
technique (MEND, 1996; Orava et al. 1997; Dagenais,
2005; Dagenais et al. 2006; Ouangrawa et al. 2006,
2009; Ouangrawa, 2007; Demers et al. 2008). The
principle on which the EWT technique is based consists
of maintaining a degree of saturation sufficiently high in
the tailings above the water table in order to reduce the
oxygen diffusion rate and prevent sulphide oxidation. A
high degree of saturation is maintained by controlling
seepage and capillary rise. Similar to water cover, the
elevated water table technique is based on the fact that
the effective diffusion coefficient of oxygen is very low
in saturated (or nearly saturated) media (Mbonimpa et al.
2003, Aachib et al. 2004).

Cover with capillary barrier effects

Multi-layered covers with capillary barrier effects
(CCBESs) use unsaturated soil properties to create the
capillary barrier effects that maintain one of the layers at
a high degree of saturation at all times. The high degree
of saturation makes the moisture-retaining layer an
efficient barrier against oxygen flow, by impeding gas
advection and diffusion. By limiting oxygen flux, the
cover limits AMD generation since oxygen is one of the
constitutive elements of the sulphide mineral oxidation
reactions.

The effectiveness of this type of cover is dependant
upon a phenomenon called the capillary barrier effect.
This effect is present when a fine grained material 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 layer retains water more easily then
the coarse layer because it has smaller interstitial pores.
As the coarse material drains, the presence of gas in its
pore space reduces the interconnectivity of the voids
which reduces its hydraulic conductivity (k). This
reduction of k in the coarse layer reduces the vertical
water flow from the fine material and thus the latter layer
can remain almost fully saturated at all times, creating
the oxygen barrier. More details about capillary barrier
effects and CCBE can be found in the literature (e.g.
Nicholson et al. 1989; Akindunni et al. 1991; Aubertin et



al. 1995; Aachib 1997; Bussi¢re 1999; Bussiére et al.
2003).

Covers with capillary barrier effects usually contain
three to five layers of different materials. Each layer has
to play one (or more) specific role(s). Fig. 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, utilized as the moisture retaining layer,
is placed upon the first layer to create the capillary
barrier effect. Another coarse material is placed upon the
fine grained material layer to prevent water loss by
evaporation and help lateral drainage. The other two
layers (protection and surface layers) are protective
layers against erosion and bio-intrusion for the CCBE;
these are not discussed further in this paper.

Water Infiltration Barriers

As seen in Eq. 1, water is one of the essential
components of AMD generation. Hence, one can control
the production of acid by limiting water flow though the
reactive mine wastes. To do so a water infiltration barrier
must be built on top of the mine waste disposal area. To
limit the influx of water, covers made of low hydraulic
conductivity soils or synthetic materials (such as
geomembranes or bentonite geocomposites) can be used.
The configuration of these covers is similar to designs
developed for the isolation of domestic and hazardous
wastes (e.g. Oakley, 1987; Aubertin and Chapuis, 1991;
Daniel and Koerner, 1993; Koerner, 1993, 1994,
Aubertin et al. 1995; Rowe et al. 2004).
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Fig. 3 Typical configuration of a CCBE used to limit
the production of AMD (Aubertin et al. 1995)

Another option to limit water infiltration in arid and
semi-arid conditions is the use of “Store-and-Release”
SR covers (also bearing various other names such 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

115

rely on materials having a low saturated hydraulic
conductivity (e.g. Morris and Stormont 1997; Ward and
Gee 1997; Dwyer 1998; Zhan et al. 2001; Scanlon et al.
2005).

A typical SDR cover includes a fine-grained soil
layer placed on top of a coarser material. The capillary
barrier effect at the interface between the fine and coarse
materials allows the finer soil layer to store incoming
water, which can later be released by evaporation. In
sloping areas, a capillary barrier cover also acts as a
lateral water diversion system. Additional layers can also
be added to help the cover play its role(s) efficiently.
Fig. 4 shows a typical water balance of a SDR cover.
The objective of the cover is to have sufficient runoff,
evapotranspiration, storage, and lateral percolation (in
the case of inclined covers) to avoid water infiltration
into the mine waste. The main advantages of a SR cover
lie in its relative simplicity, long-term stability, and
potentially lower construction costs compared to more
traditional covers that rely on materials (natural soils
and/or geosynthetics) with a low saturated hydraulic
conductivity (e.g. Morris and Stormont 1997). More
information on SR or SDR covers can be found in
Williams et al. (2003), Benson et al. (2001), Fourrie and
Moonsammy (2002); Bussicre et al. (2007) and Aubertin
et al. (2009).
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Fig. 4 Schematic representation of an SDR cover water
budget (MEND 2001)

DIFFERENCES BETWEEN OPERATING AND
ABANDONED MINE SITES

There are important differences between an operating
mine and abandoned mine site (left exposed to natural
conditions for years) and these differences influence the
selection of the most appropriate reclamation scenario.
These main differences are summarized in Table 1.

One of the main differences between abandoned and
operating AMD mine waste disposal is the quality of the
pore water. Sulphide oxidation in the mine wastes after
the mine closure can significantly contaminate the pore
water; typically, the pH of the water can be lower than 4,
with high concentrations of sulphates and metals (in the
order of thousands of ppm) such as iron, zinc, arsenic,
etc. (see Aubertin et al. 2002a for examples). Moreover,
a high concentration in iron can lead to indirect
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oxidation of sulphide minerals (see for example Eq. 5)
which would generate more acid even after the
placement of an oxygen barrier. The addition of a
neutralizing agent before the placement of the oxygen
barrier could be a solution to reduce indirect oxidation
(see Catalan et al. 2002). The objective is to precipitate
iron ions and to reduce the concentration in ferric iron
(Fe*") responsible of the indirect oxidation.

Table 1 Main differences between operating and
abandoned AMD mine waste disposal sites (modified
from Bussiére et al. 2005)

Characteristics Ope.rating Abar.ldoned
sites sites

Pore water Low risk High risk

contamination

Presence of AMD  Low activity Highly active

bacteria

Modern storage yes, in general No, in most

infrastructures cases

Presence of water

treatment system yes No

The main objective of AMD mine waste disposal
sites is to limit the environmental impacts to an
acceptable level. For abandoned mine sites, in addition
to the future contamination, the reclamation must take
care of the previous contamination. Hence, it is usually
necessary to integrate into the reclamation scenario the
treatment of the pore water that will flow out of the site.
In the context of sustainable development, traditional
chemical treatment of AMD is not considered a viable
long term solution. The other option available is the use
of passive treatment systems such as bioreactors with
sulphate-reducing bacteria (e.g. Zaluski et al. 2003;
Johnson and Hallberg, 2005; Neculita et al. 2007),
wetlands (see Kalin, 1993 ; Gazea et al. 1996 ; Goulet
and Pick, 2001), and oxic and anoxic limestone drains
(e.g., Ziemkiewicz et al. 1997; Bernier et al. 2002;
Cravotta, 2003). Because of metal concentrations and the
volume of water that have to be treated during the wet
season in humid climates, these approaches cannot
usually reach (alone) the environmental regulation
criteria for effluents coming from AMD abandoned mine
waste disposal sites. However, these approaches could
be an interesting option for sites where an oxygen or
water infiltration barrier is placed as a primary AMD
control method.

Other aspects also have to be taken into account for
an effective abandoned AMD mine waste disposal site.
Acidophilic bacteria are well implemented in mine
wastes. As mentioned earlier, the presence of these
bacteria can accelerate the production of AMD by a
significant factor. Limiting their development can help to

reduce the environmental contamination, but cannot
completely eliminate the problem (e.g. Kleinmann and
Erickson, 1981; Watzlaf, 1986; Rastogi, 1996). The old
infrastructures used to contain mine tailings are usually
made of the tailings themselves and were built by
experienced people that were taught empirically how to
construct dykes, without necessarily taking into account
state-of-the-art (at the time relatively poorly developed)
geotechnical considerations. Moreover, hydraulic deposition
produces a mnon-homogenous tailings mass, with
unsaturated portions and low strength characteristics that
induce difficulties with respect to final closure of the
impoundment, especially when the tailings have the
potential to generate AMD (Vick, 1990; Strachan, 2002;
Aubertin et al. 2002b; Bussiere, 2007).

THE LORRAINE CASE STUDY

Different abandoned mine waste disposal sites were
reclaimed worldwide in the last two decades or so. One
of these sites (Lorraine site, Quebec, Canada) is
described in more details. This case study allows for a
better understanding of the technical challenges
associated to the reclamation of an abandoned AMD
tailings impoundment.

The Lorraine Mine Site

The Lorraine mine site, located in the
Témiscamingue region, Québec, Canada (see Fig. 5),
was operated from 1964 to 1968. It generated
approximately 600,000 tons of acid generating tailings
disposed in a pond area covering approximately 15.5
hectares. The tailings thickness ranges from a few
centimeters in the pond area up to 6 m (Aubertin, 1996).
There was little mitigation work done at the end of the
operation and the abandoned tailings were left exposed
for 30 years. Chemical analysis of the seepage was
characteristic of AMD with elevated concentrations of
sulphates and metals, and by a pH ranging from 2.2 to
2.6.

Fig. 5 Lorraine mine site location



Fig. 6 Photographs of the site before and after
reclamation work

Lorraine CCBE and Dolomitic Drains

The design of the CCBE was made using basic
hydrogeotechnical properties of the soils located near the
site and numerical modeling tools (see Nastev and
Aubertin, 2000; Dagenais, 2005; Dagenais et al. 2005).
The CCBE is composed of three layers: a base layer
consisting of 30 cm of sand used as capillary break layer;
a moisture-retaining layer made of silty material with a
thickness of 50 cm that limits gas diffusion and water
infiltration; and a 30 cm top layer consisting of sand and
gravel to protect the silt layer from evaporation.
Saturated hydraulic conductivity (k) varies from 2x10°
to 1x10° cm/s for the silt material and is about
7x107 ecm/s for the sand. Suction tests done on the silt
material gave an air entry value (y,; pressure at which a
material starts to drain) ranging from 2.9 to 5 m of water
for a void ratio between 0.85 and 0.62. The measured y,
for the sand is around 0.25 m of water. The contrast
between the hydraulic properties makes possible the
development of capillary barrier effects in the CCBE.
More information on the construction, design and
material properties can be found in Nastev and Aubertin
(2000), Dagenais (2005), Dagenais et al. (2005), and
Bussiére et al. (2009).
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Even if the CCBE works as an oxygen barrier, the
AMD presents in the pore water will have to be treated
before discharging the water in the environment. At the
Lorraine mine site, three dolomitic drains (Dol-1, 2, and
3) were built to treat the contaminated exfiltration from
the south dykes. A fourth calcareous drain was installed
near the west dykes but since the construction of the
CCBE, the feed water draining to the drain was not
contaminated by AMD, therefore this drain will not be
discussed further.

The Lorraine dolomitic drains (see Fig. 7 for
location) are trenches filled with coarse dolomitic stones
(size of particles between 10 and 100 mm), with sides
made of a silty material with a low saturated hydraulic
conductivity (compared to the coarse dolomitic stones).
The trench is isolated on top by a GCL liner. AMD flows
by gravity into the drains that have a section of
approximately 1.5 m? and a length of 65, 69, 55 m for
Dol-1, 2, and 3 respectively. The hydraulic residence
time was estimated using tracer tests at values between
700 and 2 000 minutes depending on the influx of water
(the targeted value was 900 minutes). More information
on the dolomitic drains can be found in Magsoud et al.
(2007) and Bussiére et al. (2009).

A monitoring strategy was developed to follow the
performance of the CCBE and the dolomitic drains. TDR
probes and Watermark sensors monitored volumetric
water content and suction, respectively, in the different
layers of the cover; the location of the 20 monitoring
stations is presented in Fig. 7. Each station included four
TDR probes (SoilMoisture) and four Watermark ceramic
probes (Irrometer). A set of each was placed horizontally
in both the sand layers and two sets were placed in the
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silt layer of the CCBE. These instruments have been
used previously by the authors to monitor the hydraulic
behaviour of a CCBE during laboratory and test plot

studies (Aubertin et al. 1995, 1997b, 1999; Bussiére et al.

2003). The measurement of these characteristics gives
insight into the hydrogeological behaviour of the CCBE
and the development of capillary barrier effects. They
also allow evaluation of the oxygen flux through the
CCBE. Finally effluent flow and quality were also
monitored. The frequency of the readings was similar for
the CCBE and dolomitic drains monitoring: between 4 to
8 series of measurements per year. More information on
the monitoring can be found in Dagenais et al. (2005)
and Dagenais (2005).

Main Monitoring Results

To give a perspective on the performance of the
CCBE to limit oxygen migrations, volumetric water
content (0) measurements from three representative
monitoring stations (A3, A7 and B5) are presented with
their corresponding oxygen flux calculated using the
first Fick’s law. The water quality evolution will be
presented using key physico-chemical parameters: pH,
iron and nickel (the most problematic metals at the
Lorraine mine site).

Volumetric water content and oxygen flux

Results presented in Fig. 8 show that the moisture-
retaining layer usually had volumetric water content
between 0.32 and 0.35, except for station A3 where
values were usually between 0.35 and 0.4. Considering
the porosity (n) of the layer estimated at 0.37 for stations
A7 and BS5, and at 0.4 for station A7, the degree of
saturation (S, = 0/n) usually met the design criteria of
85%. It is also interesting to note in Fig. 7 that the
bottom sand layers are desaturated at station B5 (8
usually between 0.10 and 0.20 for a porosity of 0.35), is
closer to saturation at station A7 (8 usually between 0.15
and 0.25 for a porosity of 0.35) and is saturated at station
A3 (0 values close to porosity at 0.35). This means that
capillary barrier effects were present at station BS and
A7, and helped to maintain a high degree of saturation in
the moisture-retaining layer while the phreatic surface at
station A3 is close or in the CCBE.

The previous results showed that the CCBE
hydrological behavior was working as planned and that
the water retention layer maintained a high degree of
saturation throughout the years of monitoring. To better
assess the CCBE’s performance, the oxygen flux that
was diffusing into the reactive tailings was calculated.
Since the transient state is expected to be fairly short
(approximately 10 days, e.g. Mbonimpa et al. 2003),
Fick’s first law is used, for steady-state conditions, to
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Fig. 8 Evolution of volumetric water content at
monitoring stations A3, A7, and B5; TDR 1-1 is located
in the bottom capillary break layer at 15 cm of the
interface with the moisture-retaining layer, TDR 2-1 is
located in the moisture retaining layer at 15 cm from the
interface with the capillary break layer, TDR 2-2 is
located in the moisture retaining layer at 15 cm from the
interface with the top sand layer, and the TDR 3-1 is
located in the top sand layer at 5 cm from the interface
with the moisture-retaining layer (modified from
Bussiére et al. 2009).

calculate the oxygen flux to the tailings. The solution is
expressed as:

(Co — C/)

F=D,
h

(10)

where F is the gas flux, C, is 285 g/m’ (atmospheric
oxygen concentration at the top of the cover), C,; is



0g/m® (oxygen consumed by sulfide tailings at the
bottom of the cover), D. is the effective diffusion
coefficient and h is 0.5 m (silt layer thickness).

To estimate the parameter D, in Eq. 10, the equation
proposed by Aachib et al. (2002; 2004) was used:

l 0 3.5 0 3.5
De=n—2[Daaa +HD'6*] (11)

where D;) is the diffusion coefficient in air (~~-1.8x10_5

m?/s) and Dg is the diffusion coefficient in water

(=2.5x10” m¥s), n is the porosity, H is the Henry
equilibrium constant (0.03 for oxygen at 20°C), 6,
represents the volumetric air content of the material and
0 the volumetric water content of the material.

The estimated annual oxygen fluxes through the
Lorraine CCBE (based on average annual volumetric
water content in the moisture-retaining layer) are
presented in Fig. 9. Results show that there is a transient
period for the first two years after the CCBE
construction. The higher oxygen flux for these first two
years can be explained by a gradual saturation of the
moisture-retaining layer. Since 2002, oxygen flux values
were relatively stable at less than 5 g of O,/m*/year for
station A3, less than 12 g of O,/m*/year for station A7
(except for 2006 where the flux was at 22 g of
O,/m*/year), and between 20 and 40 g of O,/m*/year for
station BS.
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Fig. 9 Oxygen flux calculated using average values of
volumetric water content in the moisture-retaining layer
at monitoring stations A3, A7, and B5 (modified from
Bussiére et al. 2009)

Considering the design objectives of having a flux
between 20 and 40 g of O,/m?/year (Nastev et Aubertin,
2000), the Lorraine CCBE is considered efficient to limit
the diffusion of oxygen from the atmosphere to the
reactive tailings.
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Water quality

Improvement of the water quality at the effluent was
also one of the objectives of the reclamation work at the
Lorraine site. Fig. 10 presents the evolution of three
critical parameters at the Lorraine site effluents: pH, iron
and nickel. The influent pH (PO-6) slightly increased
(typically from 3 to 4) between 1999 and 2007, even as
the CCBE was working well as an oxygen barrier. The
pH measurements at the effluent of the dolomitic drains
were close to 6, 5.5 and 4.5 for Dol-1 Out, Dol-2 Out
and Dol-3 Out respectively. One can also observe that
the pH of Dol-3 Out had a decreasing tendency.
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Iron concentrations at the influent (PO-6) went from
3,000 to 7,000 mg/L between 1999 and 2004. In 2000, a
slight reduction to under 2,500 mg/L was observed.
Between 2002 and 2006, iron concentrations increased to
values close to 8,000 mg/L and decreased in the year
following to a value of 3,500 mg/L in 2007. This
increase between 2002 and 2006 is attributed to
secondary mineral dissolution that could have
remobilized the iron. Iron concentration at the effluent of
Dol-1 is significantly reduced to values usually less than
1 000 mg/L. The capacity to reduce iron concentration is
less for the other two drains.

Nickel concentrations in the influent and effluents of
the drains showed a progressive reduction since the
reclamation of the site. In the influent, nickel
concentrations started at values between 8 and 11 mg/L
during the period of 1999—2002 and reached values less
than 1 mg/L the following year. At the effluent of Dol-1,
nickel concentrations were usually less than 0.3 mg/L.
Values at the exit of Dol-2 and 3 were slightly higher
than in Dol-1 (between 0.5 and 1 mg/L in 2007).

The dolomitic drains allowed for improving the water
quality at the final effluent, but have not been able to
reach the environmental criteria of the provincial
government. The drains have also different efficiencies
(Dol-1>Dol-2>Dol-3) even if they were built using the
same approach and the same materials. More work is
presently underway to better understand the treatment
mechanisms of the Lorraine dolomitic drains (Magsoud
et al. 2007; Potvin, 2009).

Lessons learned at the Lorraine mine site

The work at the Lorraine mine site allowed
researchers to improve their knowledge on the
reclamation of already oxidized abandoned acid
generating mine waste disposal site. The main lessons
learned were:

e The improvement of water quality at the effluent is
not instantaneous even if an efficient oxygen barrier
is placed on top of the acid generating materials.
This is due to the contaminated pore water that has
to flow out. In the case of the Lorraine site, a slight
improvement was observed after 10 years.

e The placement of a water treatment system is
essential if one wants to limit the contamination of
the environment from the exfiltration of the site.

e At the Lorraine site, the dolomitic drains have
improved the quality of the final effluent. However,
the concentrations are still higher than the
regulation criteria. Other techniques could be used
in conjunction with the dolomitic drains (ex.
passive bio-reactors using sulfate-reducing bacteria;
see Neculita et al. 2007 for details) to improve
further the quality of the exiting water.

e  More information on indirect oxidation (by bacteria

and/or iron) and other geochemical reactions (ex.

precipitation/dissolution of secondary minerals)

below the cover would be useful to better assess the

Lorraine CCBE performance.

In summary, the reclamation of the Lorraine site
showed the numerous scientific challenges related to the
reclamation of abandoned acid generating mine waste
disposal areas.

GOVERNMENTAL ACTIONS TO REHABILITATE
CANADIAN ABANDONED MINE SITES

Canada has made significant progress in the
remediation of abandoned mine sites over the last 10
years. In the following, some of the recent initiatives are
briefly described. The interested reader can consult the
web site of the NAOMI (National Orphaned/Abandoned
Mines Initiative) project for more information
(http://www.abandoned-mines.org/).

In Ontario, the province created in 1999 a program
to conduct reclamation work on Crown-held abandoned
mine sites. The program will invest $138 million (CDN)
between 1999 and 2012. One of the prioritized sites is
Kam Kotia located near the city of Timmins. The site
(which contains three acid generating tailings
impoundments) covers an area of approximately 500 ha.
A five phase rehabilitation plan was proposed which
integrated the construction of a chemical water
treatment plant, relocation of tailings, the construction
of engineered covers and the construction of a wetland.
More information on Kam Kotia rehabilitation plan can
be found in Hamblin and Kord (2003).

In Manitoba, the government has identified five high
priority sites: Lynn Lake, Sherridon, Gods Lake, Snow
Lake and Baker Patton. Environmental and risk
assessments were completed in 2000 and at an
additional 144 orphaned and abandoned sites (Tremblay
and Hogan, 2009). 110 million dollars (CDN) has been
committed to address the reclamation of Manitoban
abandoned mines sites. More technical information on
some of the abandoned mine sites of the province can be
found in Moncur et al. (2005; Sheridon site) and
Gunsigner et al. (2006a, b; Lynn Lake).

In British Columbia, the government has committed
over $190 million (CDN) for the management of the
provinces contaminated sites and has spent $35 million
between 2002 and 2007; for the current year (2008-
2009), the program has allocated $27 million dollars

In Quebec, reclamation works are planned on
different abandoned mine sites. The biggest site is
Manitou, located near Val-d’Or. The 200 hectare acid
generating mine waste disposal site will be rehabilitated
using a non acid generating tailings coming from
another mine (Goldex mine property of Agnico-Eagle).
The non acid generating tailings (with a good neutralization



potential) will be used to cover the existing site and to
create an oxygen barrier. Different cover scenarios are
presently under investigation for the final reclamation.
The overall costs related to the reclamation works at
Manitou are estimated at $40 to 50 million (CDN).
Another acid generating site, Aldermac, will be
rehabilitated in the next two years. The approximately
75 ha site is located near Rouyn-Noranda. The
reclamation strategy selected at this site consists of
isolating a portion of the site by a geomembrane and to
use the elevated water table approach for the other
portion. Other sites in the province of Quebec with
different problematic occurrence have been rehabilitated
in the last 15 years such as East Sullivan (Germain et al.
2003, 2004 ; Tassé and Germain, 2004), Lorraine (see
the previous section), Canadian Malartic (Tass¢ et al.
1997), Candego (Aubertin et al. 2002a), Somex
(Aubertin et al. 2002a), Wood Cadillac (Germain and
Cyr, 2003 ; Tassé et al. 2003), Solbec-Cupra (Amyot et
Vézina, 1997) and Poirier (Maurice, 2002).

LAST REMARKS

The present paper showed that the reclamation of
abandoned mine sites is a significant challenge for most
Canadian provinces and Territories. The challenge is
technical, as shown in this paper, but also political since
the sites are owned by the government and the decision
to rehabilitate a given site must consider the availability
of governmental financial resources. However, the last
few years are encouraging since several millions of
Canadian dollars have been engaged to reduce the
pollution of the most problematic abandoned mine
waste disposal areas.

The environmental problems related to abandoned
mine sites are not restricted to Canada. Many other
countries face similar problems and some of them have
decided to tackle the problem. Some organizations have
also started such as the Post-Mining Alliance. The Post-
Mining Alliance is an independent not-for-profit
organization with a mission to encourage and promote
the regeneration of old mine sites for the sustainable
benefit of the local community and the natural
environment. More information can be found on their
web site (http://www.postmining.org/).
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