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ABSTRACT

This paper presents a study on the reclamation of an acid generating tailings site that has been exposed to natural
conditions for decades. One of the goals of this investigation is to assess the behaviour of a monolayer cover placed
on the tailings, using laboratory column tests and numerical simulations. The experimental data indicate that the
efficiency of the single-layer cover is fairly limited for the imposed conditions. The test results are then compared with
simulations conducted with Vadose/W (GeoSlope Inc). Sensitivity analyses are conducted to evaluate the impact of
various factors such as water table position, cover thickness and material properties. Alternative configurations are
also investigated.

RESUME

Cet article présente les principaux résultats d’'une étude portant sur la restauration d’'un site minier générateur d’acide
exposé aux conditions atmosphériques depuis plusieurs décennies. L'un des objectifs de ce projet est de déterminer,
au moyen d’essais en colonne et de simulations numériques, le comportement d’une couverture monocouche installée
sur ces résidus. Les données obtenues lors des essais au laboratoire tendent a montrer que lefficacité de la
couverture monocouche est limitée dans les conditions imposées. Ces résultats sont ensuite comparés a des modéles
numériques développés avec Vadose/W (GeoSlope Inc.). Des analyses de sensibilité ont été réalisées pour évaluer
'impact de la position de la nappe, de I'épaisseur de la couverture ou des propriétés des matériaux. Des configurations

alternatives ont également été testées.

1 INTRODUCTION

Mine tailings, produced during ore treatment, are usually
stored in surface disposal sites. When left uncovered, the
iron sulfides (pyrite, pyrrhotite, arsenopyrite, etc.) that the
tailings may contain can react with oxygen and water to
generate acid mine drainage (AMD). The resulting acidic
effluent, generally characterized by high concentrations
of dissolved metals and sulfates, a low pH and a high
electrical conductivity (e.g. Jambor, 1994; Nordstrom,
2000), can raise serious environmental issues.
Considering that both oxygen and water are required for
the main acidification reactions to occur, reclamation
methods mainly tend to inhibit access of one of these two
components to the sulfide minerals (Aubertin et al.,
2002). In humid climates, oxygen access can be
decreased using water covers (Romano et al., 2003),
covers with capillary barrier effects (Nicholson et al.
1989; Aubertin et al., 1995, 2002 ; Bussiére et al., 2001,
2004), or an elevated water table (Orava et al. 1996;
Quangrawa et al., 2009). These techniques take
advantage of the fact that oxygen diffusion through water
or a saturated porous medium is more than 10 000 times
slower than in the air phase (Collin et Rasmusson, 1988;
Mbonimpa et al., 2003). Under arid or semi-arid climatic
conditions, evaporative and SDR (store-divert-release)
covers are usually preferred as a reclamation option
(Williams et al., 1997; Aubertin et al., 2009), hence
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preventing water infiltration into the reactive waste. Each
technique needs to be adapted for the specific site
conditions so that the design can be optimized. The
efficiency is usually improved when reclamation is
planned well ahead of the site closure and
implementation occurs near the end of operation and
shortly thereafter.

Old tailings sites, which have been left exposed for a
long time, may have been altered extensively before the
reclamation work starts. In such cases, the selected
reclamation technique must take into account the site
contamination history (Bussiére et al. 2005). This is
especially important when the waters within the tailings
already have the characteristics of AMD. The leachate
pH can then be low enough (< 3.5) so that iron sulfide
minerals are subjected to indirect oxidation due to the
presence of soluble ferric ions (Nicholson, 1994;
Nordstrom et Southam, 1997). In such cases, an oxygen
barrier may be less efficient to prevent AMD, at least in
the short term.

This study focuses on the behaviour of acid
generating tailings from the old Manitou mine site located
a few kilometres east of Val-d'Or, Quebec, Canada. The
tailings on the Manitou site are partially oxidized, and the
pore water is already very acidic. The site was operated
for decades, but was abandoned almost 20 years ago; it
is now managed by the Ministry of Natural Resources
(MRNF) of the Province of Quebec. The reclamation



method adopted for this site consists of adding onto the
surface of the reactive tailings a layer of the slightly
alkaline (non acid generating) tailings currently being
produced at the recently opened Goldex mine (Agnico
Eagle, Val-d'Or). The tailings are conveyed by a 24 km
pipeline from the mill. Additional dykes have also been
constructed to raise the level of the water table in some
parts of the site.

The goal of the present study is to assess the
behaviour of the tailings-cover system to determine the
efficiency of the monolayer cover. The experimental data
obtained from the laboratory column tests are used to
validate numerical models constructed with Vadose/W
(GeoSlope Inc). Sensitivity analyses are also conducted
to evaluate the impact of various factors, such as depth
of the water table and material properties, and to
investigate alternative cover configurations. Some of the
experimental and calculation results are presented and
discussed in this paper.

2  MATERIALS AND LABORATORY SET-UP

The samples collected in situ in 2007 include coarse-
grained and fine-grained tailings from the Manitou site
and cover material from the Goldex mill. These materials
have been extensively characterized in the laboratory. In
addition to basic properties, the experimental program
includes the determination of the water retention curve
(WRC) using modified Tempe cells. The measured
WRCs have been combined with the MK predictive
model (Aubertin et al., 2003) to define the curves for
varying grain size and porosity. Also, flexible wall
permeameters (ASTM D5084) were used to measure the
saturated conductivity ksa. These experimental results
were compared with predictive estimates obtained from
the KCM model (Mbonimpa et al., 2002), which is also
used to adjust the value of ksa for varying material
conditions. Grain size curves (ASTM D422), relative
density (specific weight) of solids (ASTM D854),
mineralogy (DRX), and oxygen diffusion and
consumption parameters were also determined. Detailed
results will be presented in Pabst (2011). Some of the
main characteristics of the tailings and cover material are
summarized in Table 1.

Instrumented columns (230 cm in height, 15 cm
internal diameter) were used to study the hydrogeological
and geochemical behaviour of the tailings—cover
systems.

The column set-up follows a methodology developed
over several years (Aubertin et al., 1995, 1999; Bussiére
et al., 2004; Quangrawa, 2007). For this study, the
configurations were selected to reproduce some of the
existing site conditions and to provide representative
results for long term analyses. Two large columns were
mounted: column M1 (170 cm of coarse Manitou tailings
with 40 cm of Goldex tailings cover) and column M2 (170
cm of fine Manitou tailings with 40 cm of Goldex tailings
cover). Small columns (50 cm in height, 10 cm in
diameter) were also mounted with the reactive Manitou
tailings to observe their behaviour when left uncovered;

1120

these later tests will not be considered here. The
experimental program also includes geochemical
analyses (not presented here; see Pabst, 2011, for
further details), and additional large columns with
alternative configurations (tested at the UQAT-URSTM
laboratory in Rouyn-Noranda, Quebec, Canada; results
to be presented elsewhere). In-situ experiments were
also conducted from 2007 to 2009. These included
oxygen consumption tests, cone tests, and sampling.
Piezometers and wells were also installed to monitor the
water table level and to assess the groundwater chemical
composition. The field measurement results will be
presented elsewhere.

The general set-up for the two large columns
considered here is presented in Figure 1. The tailings and
cover materials were put in place and consolidated under
full saturation, layer by layer (15 cm thick). The void ratio
along the column was estimated from the mass and
height of each layer. These values were checked against
ring samples taken upon dismantling. Although the initial
void ratios were relatively high (around 0.7), the values
didn’t change much during the wetting and drying cycles.

The top of each column was left open to the
atmosphere during the wetting-drainage cycles, so
evaporation played a role during the tests. Temperature
(T) and relative humidity (RH) were also monitored. A
ceramic porous plate was placed at the base of the
columns, so the water table position could be controlled
through a small flexible U-tube (which remained full of
water). The default position of the water table was set at
90 cm below the base of the columns, i.e. about 300 cm
below the surface of the monolayer cover. The U-tube
was also used to collect leachate for chemical analyses.

The position of the various sensors was the same in
each column. Three TDR probes (SoilMoisture), placed
10 cm above and 10 and 30 cm below the tailings-cover
interface, were installed to measure volumetric water
content. The probes are made of three metallic rods, with
the central rod coated when used in acid generating
tailings. The probes were calibrated prior to the column
tests, using several probes and samples of tailings and
sand (with water having different electrical
conductivities). All results were fairly similar, and the
effect of salinity seems to be negligible in an interval of 0
to 8 mS/cm (which encompasses the values generally
measured for the leachate). These measured results
were confirmed during dismantling of the columns, when
a direct correlation was established between the TDR
readings and the actual volumetric water content.
Although the water in the columns was highly
contaminated, probe weathering was not observed during
dismantling.

Table 1. Main characteristics of the tailings, cover
material and sand used in the column tests and
simulations.

Material e[ Cu[] Do [mm]

M1 tailing 0.71 12.7 5.6:10°

M2 tailing 0.59 42.4 4.4-10°
Goldex tailings 0.66 10.9 3.8-10°
Sand (simulations 0.70 33 3.0.102

only)




Water-filled tensiometers (Omega +/- 5psi, or 34.5
kPa, within the tailings and +/- 15psi, or 103.4 kPa, near
the surface) were installed close to the TDR probes to
measure suction. To prevent desaturation (that may
result from cavitation within the cup), the ceramic cups
were refilled with a small amount of de-aired water prior
to each cycle.

Optical oxygen sensors (Oxy10, PreSens) were also
added to monitor dissolved and gaseous oxygen
concentrations at different depths. Finally, a capacitance
probe (ECH20 EC-10, Decagon) was placed near the top
of each column to measure volumetric water content in
the cover. The latter were also calibrated with the same
method as for the TDR probes.

Monthly wetting and drainage (drying) cycles were
repeated to simulate, in a simplified (but controlled)
manner, the site climatic conditions. Every 30 days or so
(the cycles were not always of the same duration), 1700
cm® (about 10 cm) of deionized water was added at the
top of the columns. It usually took between 3 to 5 days
before a new leachate sample was collected at the base
of the columns. The infiltration of free (ponding) water on
top of the Goldex tailings cover lasted for about 4 days. A
total of 16 cycles were applied to column M1 and 10
cycles to column M2.

3 NUMERICAL MODELLING
3.1 Vadose/W code

Vadose/W 2007 (GeoSlope Inc.) is used in this study to
simulate water and gas flow in the columns. This code
shares many similarities with the (1D) Soil Cover code
(Wilson et al., 1999, 2003) and with Seep/W (also from
GeoSlope). Vadose/W is a 2D finite element code that
includes climatic boundaries, surface ponding, and soil-
atmosphere liquid and gaseous exchanges. This
commercial code is commonly used to assess the
behaviour of tailings and covers (e.g. Shakelford and
Benson, 2006; Adu-Wusu et al., 2007; Gosselin, 2007;
Demers et al. 2009).

3.2  Modelling methodology

The columns are simulated as a 1D vertical flow domain,
although a 2D grid was used with one cell per elevation
(i.e. each element has the width of the column). The
height of each element is 1 cm.

The water retention curves (WRC) for the different
materials are expressed using the van Genuchten (1980)
equation. Although measurements have been made on a
few samples with the modified Tempe cells, some
characteristics of the tailings and cover material in the
columns are not well known at this point, including the
uniformity of their grain size and porosity, and also the
difference between the wetting and draining WRCs (due
to hysteresis). Some of these details will only be known
upon dismantling of the columns, while others will have
to be assessed using complementary techniques. For the
preliminary simulations presented here, the hydraulic
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Figure 1. Schematic view of the column set-up, showing
the associated instrumentation.

functions (WRC and unsaturated hydraulic conductivity
ku) of the materials in the column have been evaluated by
using direct measurements of the volumetric water
content and pressure head obtained during the tests. The
data collected during the wetting-draining cycles tend to
confirm the hysteresis phenomenon. Some similar
observations have been reported in previous column
tests (Aachib, 1997; QOuangrawa, 2008). Vadose/W
doesn’'t take such hysteresis into account. Here, the
water retention curves are modified after the first cycle to
better reflect the experimental observations. Figure 2
shows the experimental data and the fitted drying and
wetting curves.



Table 2. Water retention curve parameters used in Vadose/W (based on the van Genuchten (1980) model).

Material 0 [-] 0s [-] owa [m™] N [] mva [-] ksat [m.s™']

M1 0.02 0.42 0.20 1.43 0.30 7.57-107

M2 0.03 0.40 0.35 1.60 0.38 4.00-10”

Goldex 0.00 0.43 0.26 1.35 0.26 4.70-10”

Sand (simulations only) 0.01 0.41 10.1 4.06 0.75 1.51-10°
0,45

The function k, is predicted using the Mualem (1976) _ 040 o Column
formulation, based on the parameters of the WRC = 035 - M2 (Drying)
expressed with the van Genuchten (1980) equation (see s B = e M2 (Wetting)
Table 2). The value of the saturated hydraulic g 030 RS SHiiSs i
conductivity ksat was measured in the laboratory, and g 02
adjusted with the KCM predictive model (Mbonimpa et 2 o \
al., 2002) for the expected porosity in the columns. £ 015 \

Hysteresis of the permeability functions was obtained by S 0w \

using the Mualem function with both WRCs (for wetting = 00s \

and drying). These assumptions will have to be 0o @ e —
confirmed when all the information becomes available. ' N 0 0 o o o o

The boundary condition imposed at the base of the b 100100010000 400000 1 900 00
model is a Type-1 condition (Dirichlet), with a fixed Suction (cm]
suction that simulates the water table depth. The top
boundary is a climate boundary with imposed 0,45 :
temperature and relative humidity (maximum and 040 BT = = M1(Drying)
minimum T and RH values, with sinusoidal variations for T - 5% _g”ﬁémy';g'
each day), precipitation, mean wind speed (equal to zero § 0'30 i R :_;S:mde"( rying)
in the laboratory), and potential evaporation rate g : \ A\

(measured with a pan). Recharge is simulated as a short g 0% : \

duration rain event during which 10 cm of water are % 0,20 T \ \\\

added in one hour (and then left to pond over the 5015 = ‘\'\\

surface). The precipitation is zero for the rest of the E o1 L B

cycle, during which water is allowed to infiltrate and flow S 005 : \;\ S

in the column. 000 P = Ecii s e A

Convergence parameters are calculated from the
head vector norms, based on a tolerance of 0.01%. k 0001000 10000 400000 g0 000
Adaptive time stepping is used, and adjusted from nodal Suction (em)
heads with 2.5 % maximum change for the head per
step, with minimum and maximum time steps of
respectively 0.01 second and 1 day.

The U-tube used to apply the suction at the base of LOOE-03 pansss — e
the column is simulated as a fictional material. The water T oros —
content of the corresponding water retention curve is set - R Goldex
constant (ensuring that it is always saturated) and equal s 10007 ) \“’"*”"""* sees Sand
to the ratio of the true tube volume over its modeled 3 100600 \\
volume (i.e. © = 1.56-10%). The tube hydraulic § 100E11 ol h
conductivity is modeled as a constant, and is taken equal S 1ooes W \\
to the conductivity of the ceramic at the base of the § Looe1s L€ "o Pt el Elt R e et 2 20

R

columns (ksat = 3.1-107 m/s).

A cover efficiency can be estimated according to
several parameters. For instance, comparing the
geochemistry of the column leachate with and without a
cover may provide useful information, but this doesn’t
give a precise estimate of the efficiency over a long
period of time, unless it is accompanied by geochemical
modelling (Ouangrawa et al., 2009; see also Pabst,
2011). Comparing oxygen fluxes is a simple and
convenient means to obtain a rapid efficiency
assessment (although this doesn't take into account
water chemistry and other factors such as the indirect
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Figure 2. Water retention curves and conductivity
functions used in the simulations with Vadose/W (based
on the Mualem (1976) — van Genuchten (1980)
functions). Figure 2.a. shows fitting of the curves to the
column test results (for reactive tailings M2), including
the hysteresis function. Figure 2.b. shows the water
retention curves of all materials used in the simulations.
For clarity, only the drying curves are presented here.
The corresponding k. functions are shown in Fig.2c.



oxidation reactions). Various methods exist to assess
gas flux into covered and exposed tailings (Mbonimpa et
al., 2002, 2003). Such analyses indicate that a cover can
be considered efficient when the flux to the tailings
underneath is maintained below about 50 g/m2yr
(Aubertin et al., 1999).

Vadose/W is used to simulate gaseous fluxes.
Different cover scenarios have been considered,
including those tested in the columns and alternative
configurations. A sensitivity analysis was also performed
to test the influence of key parameters on the oxygen flux
(and cover efficiency). Only the results corresponding to
the laboratory conditions over a period of 10 cycles will
be presented here.

The reclamation based on a monolayer cover will be
compared with a typical layered cover with capillary
barrier effects (CCBE; see Aubertin et al., 2002 for more
details). The latter cover includes a 50 cm thick coarse
sand layer between the Manitou tailings and the Goldex
tailings cover, and another 50 cm thick coarse sand layer
on top of the Goldex tailings cover. In this CCBE, the
layer made from the Goldex tailings plays the role of a
water retention layer. The characteristics of the sand are
presented in Table 1 and the van Genuchten model
parameters are given in Table 2. The simulation
parameters are the same as for the other cases, except
for the mesh: the finite elements in the sand layers are
0.1 cm high to capture the anticipated desaturation.

Simulations have also been conducted to evaluate the
influence of the water table position, by varying its depth
from 0 m to 4 m below the base of the column.

4 RESULTS AND DISCUSSION
4.1 Column M2

Monitoring of pore water pressure and volumetric water
content shows that there is an excellent reproducibility
from one cycle to the next during the column tests.
However, a few sensors sometimes gave unreliable
(unrealistic) results (i.e. constant readings over time, or
chaotic variations). Figure 3 shows representative results
measured in one of the columns, which illustrate that the
data are repeatable for the various cycles.

More specifically, Figure 3a shows the experimental
and simulated volumetric water content 6 within the
tailings of the M2 column, 10 cm below the tailings-cover
interface. As can be seen, there is a fairly good
correlation between both curves, except for the first cycle.
Small discrepancies can nonetheless be observed in
these results; the experimental values of the volumetric
water content 6 varied from 24% to 28%, while the
numerical results vary between 22% and 30%. Despite
such differences, the trends are clearly seen to be
similar. At the beginning of each cycle, the volumetric
water content increases very quickly as the wetting front
passes the TDR probes. The degree of saturation S,
however, remains below 100% during this phase, as
water moves downward without fully saturating the pores.
After reaching a peak, the water content decreases
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rapidly at first and then more progressively. A quasi-
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a. Volumetric water content measured and simulated
in column M2, 10 cm below the tailings-cover
interface. The vertical arrows indicate the beginning of
each cycle, when water was added at the top of the
column.
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M2, 10 cm below the tailings-cover interface.

Figure 3. Comparison
modelling results.

between experimental and

equilibrium state is reached at about 10 days, after which
the decrease in the volumetric water content becomes
very slow. This further decrease may then be due (in part
at least) to evaporation. The simulation shows the same
behaviour, except for the variation of the volumetric water
content during the first cycle; the simulation does not
accurately capture the initial drainage of the saturated
column with free (ponding) water on top. More
importantly, the model accurately reproduces the
evolution of 6 during the subsequent cycles (except for
the satiation part of each cycle, which is not well
captured by the simulation).

Figure 3b shows the pressure values based on
readings from the tensiometer placed 10 cm below the
tailings-cover interface in the column with M2 tailings (i.e.
at the same location as for the volumetric water content
shown in Figure 3a.). Again, it is seen that the correlation
between the experimental measurements and modelling
results is good. When water is added, the pore water
pressure increases immediately, becoming positive. This
state lasts for a few days, until the water wetting front
passes through. Afterward, there is a steep decrease,
and the pore water pressure becomes negative (suction).
Later, there is a further pressure reduction that seems to
be mainly due to the effect of evaporation. Note that a
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constant pressure head value is reached on some
experimental curves at -412cm, which is the limit of the
sensor. The variation of pressure head obtained with
Vadose/W follows the same trend, although the rate of
pressure variation can be different (possibly due to a time
lag in the sensor response).

4.2 Effect of tailings grain size

Similar comparisons were made with other instruments
in the column, and similar trends were obtained. Once
the models had been validated against laboratory
measurements, additional simulations were conducted to
obtain suction y and volumetric water content 6 profiles
for both columns. The simulation results for the last cycle
of the testing program, which lasted 50 days (i.e. cycle
16 for column M1 and cycle 10 for column M2), are
shown in Figure 4.

The comparison of the water content profiles over the
height of the columns for M1 (fine-grained) and M2
(coarse-grained) tailings shows that the 6 value in the
cover decreases with time. For column M1, it decreases
from 33.2% to 25.1% over 50 days, while it decreases
from 33.2% to 23.3% in column M2. The difference
between the behaviour of the two columns is limited
(when the hysteretic wetting curves are used). Figure 5
also shows that the suction decreases rapidly from the
top to the base of the M1 tailings column. A suction of
about -2.5 m (about 25 kPa) is reached at the base of
this column, which is much larger than the hydrostatic
value of about -0.9 m. This can be explained by the very
strong effect of evaporation, which appears to be
responsible for a large part of the drying of the tailings
and cover. Because the cover material and the reactive
tailings characteristics (grain size, hydraulic conductivity)
are fairly similar, the suction varies in the column as if it
was a single layer.

In the case of the M2 tailings column, the simulated
suction profile is quite different. Here, the tailings are
coarser, and this tends to limit (slightly) water flow
through the tailings/cover interface. As the drying front
progresses through the column, the unsaturated
hydraulic conductivity of the tailings decreases, limiting
the flow of water from the cover, due to the creation of a
capillary break. Because of this capillary barrier effect,
the evaporation has a lesser impact and the suction at
the base of the column remains close to -0.9 m.

In this case, the coarse-grained tailings tend to
desaturate quickly. Nonetheless, the cover material is not
fine enough to develop an efficient capillary barrier effect
in the long term, so its efficiency to prevent oxygen
diffusion is marginal. Also, this cover layer is not coarse
enough to prevent evaporation, so the underlying tailings
are not protected from this effect.

4.3 Effect of water table position

Figure 5 shows simulation results that illustrate the effect
of varying the water table depth on the suction and
volumetric water content profiles for the M2 tailings
column. These profiles were obtained on the 50th day of

1125

the 10th drying cycle (the last one). It is seen that moving
the water table down to 4 meters below the base of the
column increases the maximum suction near the top of
the column. The volumetric water contents are then
reduced accordingly. As anticipated, a deeper water table
increases the suction and reduces the volumetric water
content. A capillary break is still observable, but it is
insufficient to prevent desaturation of the cover.

4.4 Mono- and multi-layered covers

The monolayer cover and CCBE simulations were
conducted as described above, with the same boundary
conditions and parameters for the reactive and Goldex
tailings (except for the mesh). The imposed climatic
conditions are based on laboratory measured values.
The results show a very good reproducibility for the
various cycles (not presented here).

Figure 6 shows the volumetric water content and
suction profiles during the last cycle. These results show
that for the CCBE, the volumetric water content remains
very high within the moisture retention layer. Both sand
layers drain very quickly and reach the residual water
content after only 5 days. The suction profile confirms the
development of a strong capillary break: in the water
retention layer, the suction is much lower than the
hydrostatic (equilibrium) value for the corresponding
elevation. It is also seen that in the surface layer, the
suction can increase significantly (up to 3500 m) due to
the effect of evaporation. As water is unable to move up
to resupply the water loss in this surface layer, the
suction increases to these very large values.

5 CONCLUSION

The behaviour and efficiency of a monolayer cover
placed over reactive tailings depend on many factors
such as its hydraulic properties and water table position.
For the conditions assessed in this investigation, it
seems that a relatively thin monolayer cover would not
be able to prevent acid mine drainage. Simulation results
indicate on the other hand, that a CCBE would be much
more efficient in reducing the oxygen flux.
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