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Abstract

Climate change is expected to impact the stability and functionality of several
geotechnical infrastructures. Soil covers are one of the main classes of geotechnical
infrastructure which would exhibit pronounced changes in its functional performance due
to climate change. It is therefore imperative to study the effects of climate change on soil
covers. The current study focuses on the effects of climate change on soil covers over
tailings (tailings cover) at a site in Northern Ontario, Canada. Covers were analyzed using
historical and future climate datasets using numerical modelling techniques. In addition
to climate change, effects of changing hydraulic properties were also quantified. The
results of this research show that fine grained covers performed better under adverse
climate change conditions as compared to coarse grained covers. However, the
performance of fine covers will deteriorate with time due to evolutionary changes in their

hydraulic properties.

Keywords: climate change; geotechnical infrastructure; tailings cover; hydraulic

properties.
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Chapter One: Introduction

1.1 Introduction

Climate change is generally considered to be a global phenomenon, and the majority of
the International scientific community agrees that it is happening (IPCC 2014). Soil covers
are one of the main classes of geotechnical infrastructure which would exhibit pronounced
effects due to climate change (Bashir et al., 2015). It is therefore essential to study and
understand the future climate and its effects on the soil covers. Such a study will provide
an opportunity to evaluate the long term performance of soil covers and select the
appropriate remedial measures to deal with unexpected challenges likely to occur due to

climate change.

Global annual precipitation is increasing during the last century with an increase of 0.03
mm/day per 100 years (Ren et al., 2013). However, the change in precipitation is different
in different parts of the world. For example, Northern Europe, and the eastern part of
North and South America and Northern and central Asia have increasing precipitation
trendswhi |l e itds on decline in Mediter (Pachamran, S 0!
and IPCC 2008). Similarly, the change in temperature, which has increased by 0.6 °C
during last century, is also not uniform through continents (Houghton and IPCC 2001).
The greatest increase in temperature is observed in the continental interior of Asia, north-
western North America and south-eastern Brazil. The areas in the southern part of
Greenland and some regions in North and South America have not seen significant

temperature increases during the last century (IPCC 2007). Different countries in a

1



continent and even different regions in same country can expect different climate change

trends.

Canada has experienced an increase in total annual precipitation by 16.5 % from 1950 to
2009. Of this increase, 12.5 % is in annual rainfall while about 4 % is in snowfall. An
increasing annual snowfall trend is observed at recording stations in Northern Canada,
while Southern parts have shown a decrease in annual snowfall (Mekis and Vincent,
2011). Similarly, during the same period, an overall increase in near surface air
temperature is reported to be 1.3 °C in all over Canada which is more than twice the
global average. Increasing temperature trend is observed in entire Canada (Barrow et al.
2004). These climate changes will impact most type of soil covers to varying degrees.
Store and release covers and the covers that rely on permafrost for waste containments
are expected to be most affected by climate change (Bashir et al., 2015). The changes in
precipitation trends may impact the performance of store and release cover by generating
increased percolation to the underlying waste by overwhelming its design storage
capacity (Bashir et al., 2015). Similarly, the covers in the region(s) where precipitation
trends are on decline may underperform due to less availability of water for maintaining
a higher degree of saturation to control oxygen ingress to reactive tailings. Rising
temperatures may result in failure of covers that rely on the permafrost for waste
containments due to deteriorating permafrost conditions (Bashir et al., 2015). Increasing
temperature can also compromise the cover performance by reduction in degree of

saturation through evaporation.

Figure 1.1 is a trilinear plot of climate type, precipitation and evapotranspiration. It

provides guidance for preliminary selection of soil covers for acid generating tailings
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based on climatic conditions.

evapotranspiration are important parameters for selecting a type of cover in a particular
region. From this figure it can be observed that in Arid climatic conditions, store and
release covers are generally suitable. Water covers or infiltration control covers are
generally recommended for the humid climates depending upon the annual precipitation
and evapotranspiration ratio. Permafrost thermal covers are recommended to be used in

the high Arctic. This figure clearly shows that the climate is one of the most important

Based on this figure, annual

parameters for cover selection and design.

precipitation and

Latitudnal Region

thermal covers

Permafrost

(freeze-
thaw effects)

Polar

Sub-tropical Store and release
P T tainability of vegetation)
Tropical @ {5“5\}, \/ \/

Water covers
Low permeability
Oxygen barrier -
Organic covers
(erosion)

-8°C

1.5°C

3°C

6°C

12°C

Figure 1.1. Schematic of cover type selection (modified from INAP 2009).




Soil covers also referred as dry covers are designed using engineered geologic materials
to limit the production of acid mine drainage(AMD). These covers maintain high saturation
to limit transport of atmospheric oxygen to acid generating tailings (Nicholson et al., 1989,
Lindsay et al., 2015). The key external reactants involved in the production of AMD are
oxygen (O2) and water. Limiting the exposure of these reactants will reduce the
production of AMD. Limiting the supply of oxygen to the underlying tailings has been found
to be a better practical option than limiting water ingress to tailings (Yanful et al., 2004,
Pabst et al., 2014, 2017). Oxygen transport to the tailings can be limited by maintaining
a higher degree of saturation in the cover. At low saturations, air-filled pores are generally
connected and oxygen movement through pores is comparatively fast. However, once
pores reach a certain degree of saturation, the remaining air voids are no longer
connected and air-filled pores become disassociated. The rate of oxygen diffusion is four
orders of magnitude lower in water than in air (Yanful 1993). Therefore, oxygen transport
becomes extremely slow. The saturation level at which oxygen molecules are generally
considered to be disassociated is ~85 % (Yanful 1993, Aachib et al., 2004). Therefore,
tailing covers which can maintain a high degree of saturation are generally able to protect

the underlying tailings from atmospheric oxygen (Yanful et al., 2004).

Tailing covers are generally spread over a large area and require substantial volume of
fine materials for their construction. Therefore, there could be a significant costs
associated with the acquisition and haulage of these materials. Use of processed tailings
as the cover materials has evolved in last two decades to alleviate significant costs
associated with the construction of soil covers (Bussie re and Aubertin 1999, Akcil and

Koldas 2006, Demers et al., 2008, Gosselin et al., 2011). The tailing covers constructed



with processed tailing materials are called desulphurized tailing covers as they are
constructed with tailings that have been desulphurized. The key aspect of desulphurizing
is to reduce the concentration of sulphide mineral to a certain level where it behaves as

an inactive material (Nicholson et al., 1989, Pabst et al., 2014, 2017).

Figure 1.2 shows the schematic of the general effect of varying degree of saturation on
the generation of AMD. It also shows that covers at certain saturation (> 85%) function
comparable to that of water cover. Selection of a cover (dry or water) in a certain area

depends on various considerations including the climate of the area.

Reactive mine tailings

Increasing acid mine drainage

) ' '

l Acid mine drainage

Figure 1.2. Effects of varying degree of saturation on acid mine drainage.



Oxygen ingress to the reactive tailings can be controlled by either maintaining a higher
saturation in the cover or in the tailings themselves. A cover constructed with fine material
will maintain higher saturation. Alternatively, the water table in the tailings can also be
elevated by having a cover constructed with coarse material, which would act as

evaporation barrier and would let most of the meteoric water infiltrate into the tailings.

1.2 Water Balance at Cover Surface

A part of the precipitation water will either infiltrate into the soil cover or will be evaporated
back to the atmosphere. Additionally, in instances where the precipitation intensity is more
than the infiltration capacity of the soil, some part of the precipitation water can either flow
on the cover surface as surface runoff or can accumulate on the surface. The processes
of infiltration, evaporation and surface runoff are dependent on the soil hydraulic
properties and prevailing atmospheric conditions. In most instances the quantity of
infiltration is controlled by the saturated hydraulic conductivity of the cover material.
Similarly, the quantity of water that will be lost by evaporation is dependent on the
evaporative demand, cover hydraulic properties and transient cover moisture conditions.
Evaporative demand is solely the function of atmospheric conditions namely,
temperature, relative humidity, wind speed and net radiation and is expressed in the form
of potential evaporation. Potential evaporation refers to the maximum amount of water
that can be evaporated if the cover surface remains saturated. The actual amount of water
that will be evaporated is termed as actual evaporation and is dependent on the
availability of water in the cover, which in turn is also dependent on the soil hydraulic

properties. For example, coarse soils have low retention and high conduction. This results



in lower retention times for meteoric water in soil layers near the ground surface reducing
the water availability for evaporation. On the contrary, finer soils have higher retention
and lower conduction resulting in greater water availability for evaporation. Similarly,
higher saturated hydraulic conductivity values for coarser soils result in less runoff than

the finer soils which have lower saturated hydraulic conductivity values.

Net infiltration is the quantity of precipitation water that overcomes the evaporation and
runoff and makes its way into the soil cover. It can be estimated by subtracting the actual
evaporation and surface runoff values from precipitation. A part of the net infiltration can
be stored in the cover, where some part of it can be extracted by the plants roots and
released back in to the atmosphere through the process of transpiration. Additionally, net
infiltration water can move further down in the soil cover and can make its way into the
underlying tailings. This quantity of water is termed deep percolation. All the processes

discussed in this section are schematically shown in Figure 1.3.
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Figure 1.3. Hydrological cycle on soil cover.
1.3 Cover Behavior under Changing Climate

It is predicted that the climate will continue to warm during the 215t century across Canada
(Barrow et al., 2004). The frequency of warmer summers (average temperature >+30 °C)
is expected to increase all over Canada. However, this temperature increase will be
greatest in Canadads high Arctic. Similarly,
greatest in the Arctic (40% to 50%) whereas the average annual precipitation is expected
to increase by 10% all over Canada (Barrow et al., 2004). Higher temperatures will

increase the evapotranspiration rates and may result in water deficits in some locations



(Barrow et al., 2004). Such weather conditions can have serious implications on the
performance of tailing covers which control oxygen ingress by marinating higher
saturations in cover materials. Decreased precipitation and/or increase in evaporation
may lead to dry conditions (drought) which could potentially impact the tailing cover
performance, which may experience difficulties in maintaining their required saturation
level during dry spells (MEND 2011). Similarly, increases in precipitation intensities in
excess of design values may result in more percolation in store and release covers
(Bashir et al., 2015). This increased percolation could potentially increase leachate

production

In addition to increasing the evaporation rates, higher temperatures can also increase the
moisture holding capacity of the atmosphere. This increased moisture holding capacity
has the ability to change the precipitation patterns (Trenberth 1999). In instances where
the evaporation exceeds the precipitation, soil covers may tend to dry near the surface.
If the drying cycle continues for a certain period of time desiccation cracks may appear
on the surface of the (fine) soil cover due to substantial loss of moisture. The cracked
surfaces will have an effect on the hydraulic conductivity of the soil cover (water will move
faster in cracks as compare to soil matrix). Therefore, while studying the future climate
change effects on soil cover, the evolution of hydraulic properties due to desiccation

cracking also needs to be investigated.

1.4 Current Study

In this study a soil cover constructed over tailings management facility at Detour Lake

mine is evaluated under changing climactic conditions. The cover is constructed with
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desulphurized tailings and is meant to control oxygen ingress to reactive tailings. The
cover is designed to control oxygen by maintaining high cover saturation and an elevated
water table in the tailings. Detour Lake mine is a gold mining operation located
approximately 290 km north east of Timmins close to the border between Ontario and
Quebec. The site location of Detour Lake mine is shown in Figure 1.4. The mining
operation at the site started in 1983 and produced about 14.3 million tonnes (Mt) of ore
by 1999. During the same period, the milling operation at the site generated about 15 Mt
of tailings which were contained in impoundment. The tailings had a considerable amount
of Sulphur (1 to 2.5 %). Therefore, steps were taken to mitigate the effects of AMD to the
surface and groundwater due to the presence of significant amounts of Sulphur in the
tailings. The tailings impoundment was constructed at an area of about 300 hectare (ha).
Most part of the tailings were deposited in water impoundment. The remaining portion,
above the water level, near the dam was covered with a desulphurized tailings cover. The

layout of desulphurized tailings cover at tailing management facility is shown Figure 1.5.

Historical variation in climate parameters (precipitation and temperature) during the last
century are generally discussed in section 1.1 of this chapter along with their predicted
future trends. Tailing covers generally aimed to have high saturation conditions to limit
oxidation and saturation may be compromised due to climate change (especially during
dry cycles). Similarly, dry and wet cycles in the future climate have the potential to
introduce cracks on the surface of soil (fine) covers. It is therefore critical to study climate

change and its effects on the soil cover.
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The objective of this research was to assess the effects of changing climate on various
configurations of tailing covers at Detour Lake mine. Major emphasis is on evaluation of
hydrological behavior and performance assessment in terms of oxygen transport using
numerical modelling techniques. To achieve the set objective, records for past and future
climates were processed and soil atmosphere modelling was carried out using
generalized soil profiles representing the site conditions. Modeling was carried out using
the VADOSE/W an unsaturated flow and transport code capable of simulating the
interaction between the soil cover and atmosphere. Historical climate data was taken from
Environment Canada, while future climate data for various GCMs for different emission
scenarios was sourced from Ontario Climate Data Portal (OCDP) housed at York
University. Additionally, the effects of the changing climate on the hydraulic behavior of
soil covers were also studied within the context of post-construction hydraulic properties
for the cover materials. The soil profiles using the post-construction hydraulic properties
were modelled using past and future climates. The modelling results were used to predict
the effects of post-construction hydraulic properties and/or changing climate on the cover

performance.

1.5 Thesis Outline

The thesis is organized into five chapters. Chapter 1 presents a general introduction on
climate change and its effects on soil covers, the problem statement and objectives of
this study. Chapter 2 provides a theoretical and/or technical background on acid mine
drainage, oxygen transport in porous media, surface moisture flux, variable saturated flow

in the porous media, climate change and processes involved in the evolution of soll
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hydraulic properties. Chapter 3 presents a study on the effect of climate change on a
monolithic desulphurized tailings cover. In this chapter, the tailing covers of various
configuration of fine and coarse material are modelled for past and future climates and
the cover performance is assessed based on its ability to control the oxygen ingress to
reactive tailings. Chapter 4 provides the results with regards to the post-construction
performance evaluation of monolithic desulphurized tailings covers. In this chapter,
estimates of the post-constructional changes in hydraulic properties of the fine cover
materials are made. The cover performance based on post-constructional changes are
also presented in this chapter. In Chapter 5, general conclusions of this study are

presented. Recommendations for future research are also part of this chapter.
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Chapter Two: Background

2.1 Introduction

Mine reactive tailings enriched with sulphide content can be protected from the
atmosphere through the use of dry covers (Demers et al., 2008). The term dry cover is
coined to differentiate it from a water cover, where reactive tailings are flooded with water
to control the ingress of oxygen to tailings. Dry covers can range from a single layer of
earthen material to several layers of different material types, including but not limited to
native soils, geo-synthetic materials, inactive tailings and/or waste rock, and organic
materials. One of the primary purposes of these covers is to control the ingress of oxygen
to the tailings. The oxygen from the atmosphere can travel through these covers and react
with the wet tailings to produce acid mine drainage (AMD). The air-filled voids in the tailing
covers generally favour the transport of oxygen (Yanful 1993). A certain degree of
saturation can be maintained in the tailing covers to limit the transport of oxygen, as the
movement of oxygen is significantly lower in water than in air (Barbour et al., 1993; Yanful
1993; Nicholson et al., 1989; MacKay 1997). The degree of saturation and thus the
performance of the tailing covers is greatly controlled by the climatic conditions at their
location and any change in the climate will effect on the performance of the cover. The
degree of saturation may increase during periods of increased precipitation improving
their performance in terms of reducing the oxygen ingress. The performance of covers
may be compromised during drought conditions due to the scarcity of water (due to low

precipitation and/or high evaporation). Therefore, it is important to understand the
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phenomenon of oxygen transport in the covers and their behavior under various

saturation conditions.

2.2 Acid Mine Drainage

Generation of acid mine drainage (AMD), characterized by low pH with considerable
concentration of hazardous metals in sulphide enriched tailings, has historically been a
challenge for the mining industry (Ouangrawa et al., 2009). This is a natural phenomenon
and generally depends on the exposure of sulphide-bearing tailings to the atmosphere.
The free and abundant supply of oxygen in the surrounding of tailings plays a major role

in generation of AMD.

Water and oxygen (0O2) are the two main external factors which control the oxidation of
the sulphide mineral in the tailings; hence the production of AMD. The oxygen reacts with
the sulphide in the presence of water and produces the acidic, sulphate rich drainage. In
addition to acidic drainage, this reaction also produces metal contamination which

depends upon the type of the parent rock (Akcil and Koldas, 2006).

Rock ores consist of various types of sulphide minerals like lead sulphide (galena), iron
sulphide (pyrite) and zinc sulphide (sphalerite) (Akcil and Koldas, 2006). These are
common sulphide minerals respectively for lead, iron and zinc ores. The most common
type which is generally associated to this phenomenon is Iron sulphide (pyrite) (Akcil and
Koldas, 2006). The generation of AMD by reaction of oxygen with pyrite is explained in

the following section.
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2.2.1 Chemical reaction of pyrite with oxygen and water

Oxidation of wet pyrite in absence of neutralization agent results in iron, sulphate, and

hydrogen ions and the reaction can be shown as follows:

oty -G oo Y ¢O 2.1)

where " , ™ , and 'O dissolve in water and the pH of the solution reduces. If the
process continues and the supply of oxygen is uninterrupted the ferrous iron ("C2

converts to ferric iron ("2  with following reaction:

™ -0 0Oo°mMm -00 (2.2)

The lowering of solution pH continues and at a certain pH (between 2.3 and 3.5), the ferric
iron ("CQ ) converts to ferric hydro oxide ("'OQ) O which precipitates at the surface of

the solution. This reaction can be shown chemically as follows:

M cOU0 © "0 O 00 (2.3)

The residual '@ from Eq. (2.2) which has yet to oxidize is utilized to oxidize the additional

pyrite as per reaction shown in Eqg. (2.4).

o pi@ Yosi opiM <Y p @ (2.4)
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The " produced from the reaction given in Eq. (2.4) precipitates again as "OQ) O with
the same steps given in Eq. (2.1) to (2.3). The reactions (Eq. (2.1) to (2.3)) can be

summarized in Eq. (2.5) as follows:

oY —§) —@ —059-—"m® ¥ —0 (2.5)

The reactions in the Equations. (2.1) to (2.5) are specifically for pyrite oxidation and the
oxidizing agent is the atmospheric oxygen. For the case of other sulphide minerals,

different reactions with different stoichiometries are expected (Akcil and Koldas, 2006).

2.3 Oxygen Transport in Porous Medium

In unsaturated soils the air in the soil exists either in continuous air phase or occluded air
phase (Fredlund et al., 2012). In both phases, the oxygen transport occurs mainly through
diffusion and/or advection. Advection flow in gas phase may occur due to barometric
pressure gradient and wind (MacKay 1997). For the occluded air phase, advection flow
occurs through the soil water. The trapped oxygen in the soil pores dissolves in the water
and flows with the fluid at its pore velocity. The contribution of advection flow is negligible
when dealing with the oxygen transport in tailings covers (Yanful 1993). However,

diffusion dominates the oxygen transport in the mine tailings (MacKay 1997).

In diffusion the fluid transports from a point of high concentration to a point of low
concentration. The gradient in the oxygen concentration can occur in the unsaturated soill
due to plants respiration which is a well know phenomenon in the field of irrigation. In this

process the plants roots create the imbalance in concentration of oxygen in soil and its
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surroundings (Micheal 2010). Similarly, the oxidation of the sulphide mineral in the
reactive tailings consumes most of the oxygen in the soil pores. As a result, the oxygen

from the surrounding flows towards the tailings by diffusion.

The rate at which the transport of oxygen occurs due to diffusion generally depends on
the medium in which it travels and the temperature of the system. Diffusion occurs at a
molecular level and the change in temperature can affect the movement of molecules.
With increasing temperature the rate of diffusion increases (Elberling 2005). The transport
of the oxygen through the air phase is quite higher than through the occluded air phase

due to a large difference in their diffusion rates (Fredlund et al., 2012).

Oxygen transport in the soil cover normally occurs through molecular diffusion (Yanful
1993; Aachib et al., 2004). When the saturation in the soil cover is less than 85 %, the
movement of oxygen through the soil cover can occur freely in the gaseous phase. Once
the saturation increases to more than 85 %, most of the air-filled voids are replaced with
water and air becomes occluded. Under such conditions, the movement of oxygen has to
take place through the water filled pores. This movement of oxygen in water-filled pores
is limited by the maximum concentration of oxygen in water which is about 11 mg/L (at
11 °C). In comparison the equilibrium concentration of oxygen in the atmosphere is 280
mg/L, which is almost 25 times more than the concentration in water. Additionally, the
rate of oxygen diffusion is four orders of magnitude lower in water than in air. Therefore,
in order for the cover to effectively limit the oxygen movement, the saturation level of the

cover should be kept at higher levels (between 85 % and 90 %) (Yanful 1993).
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2.3.1 Desulphurized tailings material as oxygen barrier cover

Mining waste and its remedial measures to avoid environmental contamination have been
an area of discussion specially amongst the mining environmentalists (Demers et al.,
2008). Tailing facilities at the mine sites are one of the major sources of contamination.
These are generally protected with a top cover in order to avoid any potential reaction of
atmospheric gases. In order to construct these covers fine material is generally preferred
due to its ability to maintain high saturation levels impeding the ingress of oxygen to
reactive tailings. However, availability of fine materials to construct these covers at many

sites is limited and sourcing of such material could be cost prohibitive.

In order to address the unavailability of fine materials to construct covers, the use of
tailings themselves as a cover material has been found to be an alternate option. This
generally requires additional processing of the tailings and extensive research in order to
assess the effectiveness of such tailing materials for the cover construction has been
carried out in the last couple of decades (e.g. Dobchuk 2002; Romano et al., 2003; Yanful
et al., 2004; Demers et al., 2008; Mbonimpa et al., 2011; Dobchuk et al., 2013; Pabst et
al., 2014;). Before reactive tailings can be used as cover materials they are processed to
be converted to a material of low sulphide concentration and the resulting material is
called desulphurized tailings. The concentration of sulphide in desulphurized tailings is
lowered to a level at which the potential to react with oxygen and water are significantly

minimized.

Bussie re and Aubertin (1999) used desulphurized tailings and till material for their studies

in order to evaluate the efficiency of covers with capillary barrier effects (CCBE). They
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constructed six cells, including five with covers and one without a cover in 1995 and
monitored them until 1999. All the covers were placed over reactive sulphidic tailings. The
monitoring was carried out to record the volumetric water contents, matric suction, oxygen
flux and chemical composition of the leachate. The experiment was conducted at a site
near Val door , Quebec. The sul ph atofefineand me
desulphurized cover compared well with that for the till cover. It was concluded that the
desulphurized tailings can be used as fine material in the CBCE for limiting the generation

of AMD.

Demer et al. (2008) carried out a laboratory column study to assess the performance of
a desulphurized tailing material to prevent AMD generation. In their study they considered
different configurations of tailing column thicknesses with and without desulphurized
tailing covers. Additionally, they also varied the water table to study the effects of elevated
water table conditions. In addition to desulphurized tailing covers they also considered,
water covers and covers constructed with coarse materials. They reported that placement
of desulphurized tailing covers resulted in significant benefits in comparison to uncovered
tailings. It was observed that the placement of mono layer desulphurized tailing cover
resulted in no significant amount of metal in the effluent discharge at the bottom of the
tailings and the pH generally remained close to neutral conditions. It was also observed
that for elevated water table conditions the performance of mono layer desulphurized
tailing was significantly better than the lower water table configuration. The oxygen flux
at the interface between cover and reactive tailings was measured. It was noted that a

certain amount of residual sulphur content in the desulphurized tailings covers initiated
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the beneficial oxidation (without generating AMD) in the covers reducing the oxygen flux

available to generate AMD.

Demers et al. (2009) carried out an experimental and modeling study in a follow up to
their previous work (Demers et al., 2008). The study comprised of oxygen diffusion and
consumption assessment by column testing and numerical modeling. The study
employed low sulphide tailings covers in similar configurations to that of their previous
study (Demers et al., 2008). It was concluded that the depth of the water table is a key
parameter for the desulphurized tailing covers to work more efficiently. Additionally, they
modelled the oxygen fluxes at different locations including the top, bottom and cover-
tailing interface of the columns and observed that the oxygen fluxes were significantly
lower at the interface of cover-tailings. It was noted that the thickness of the desulphurized

cover had little effect on the oxygen diffusion through the covers.

2.3.2 Effect of saturation on oxygen diffusion

Two main components; soil solids and voids exist in soils (Fredlund et al., 2012). In
unsaturated soils air and water fill the voids and control the hydro-mechanical behavior
of soil (Estabragh et al., 2017). An increase in water saturation (amount of water)
increases the water volume in a given soil sample. The water takes over some of the air
filled spaces and hence the volume of air in the soil decreases. Conversely, the air takes
over the voids if water is dispelled out from the soil. The water removal initiates generally
from the soil macro-pores and then it continues in to the micro-pores as the saturation
continues to reduce. If the process continues, more air fills the voids and water pathways

become more tortuous. On the other hand, an increase in the degree of water saturation
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makes the paths tortuous for the air phase, and if it increases to a certain degree of
saturation the air in the soil becomes disassociated. The diffusion rate of oxygen in water
is about 4 orders of magnitude lower than in air, therefore, the discontinuity in the air
phase (which occurs at high saturation levels) impedes the oxygen transport in the

unsaturated soils.

Different degrees of water saturation and their effects on the effective diffusion coefficient
(O for Heath Steele till was studied by Yanful (1993). Effective diffusion is a term which
is generally used for the diffusion coefficient in the soil solute transport considering an
effective distance (tortuous distance) between two points of variable concentration as
opposed to the linear distance. In the experimental soil column, the concentration of the
oxygen at the top of the column was maintained at a known value. The oxygen was
allowed to diffuse through the soil and it accumulated at the base of the column. The
experiment was run until steady state conditions were achieved. The experiment was
carried out at different moisture content levels for the same soil. Based on the
experiments, it was concluded that with an increase in the degree of saturation, the
coefficient of diffusion decreased, with greatest decrease occurring at a saturation range
of 85 % - 95 %. For a 10 % to 45 % saturation range no considerable effects on the

diffusion coefficient were observed.

Higher degree of water saturation principle works in the oxygen barrier (tailings) covers
to limit the supply of oxygen to the reactive tailings from surroundings. Humid climate
generally favours these cover to maintain the high degree water saturation levels.
Additionally, certain design parameters which can control the degree of saturation in a

cover are water table and the hydraulic properties of the cover material.
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2.3.3 Modelling of oxygen transport through soil cover

Molecular diffusion is the dominant process in the soil for oxygen transport (Troeh et al.,
1982; Nicholson et al., 1988; Yanful 1993). This process is generally considered to be
fickiakn i n nature and can be r,evpichetates thatordsteady t h Fi
state conditions the diffusive flux is directly proportional to the concentration gradient.

Mathematically this can be expressed as follows:

O O — (2.6)
where:
O = diffusive mass flux (kg/m?s),
0O = effective diffusion coefficient (m?/s),
0 = concentration (kg/m3). In this study, it is concentration of oxygen in
soil, and
W = distance in the direction of diffusion (m). For the case of soil covers

oxygen generally travels from the atmosphere to the tailing through

the soil cover, the distance is generally termed as depth.

The negative sign in Eq. (2.6) represents that the flux is flowing in the direction opposite
to the increasing concentration. The determination of flux through Eq. (2.6) can be done
analytically using relatively simple boundary conditions (Crank, 1975) or more recently

through numerical calculations ( Rowe and Booker, 1985; Bussie re and Aubertin, 1999;
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Aubertin et al., 2000). In all cases determination of effective diffusion coefficient is

essential (Aubertin et al., 2000).

Effective diffusion is a function of volumetric air content (—) in the soil because the
diffusion in air is much higher than that in water (Aubertin et al., 2000). The volumetric air
and water contents are functions of water saturation ('Y commonly referred as just
saturation. At 100 % saturation the volumetric air content (—) is zero and at 0 % saturation
the volumetric water content (— is zero. This can be mathematically represented as

follows:

— &p Y (2.7)

— & — &Y (2.8)

where

€ = porosity of the soil.

The effective diffusion coefficient is the weighted sum of effective diffusion coefficient in

the air and in the water phase and can be expressed mathematically as follows:

O O 0O (2.9)
where:

0O = effective diffusion in the soil through the air phase,

0O = effective diffusion in the soil through the water phase, and
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O = dimensionless form of H e n r eguilibrium constant (0.028 at 25 °C).
It is a ratio between the concentration of oxygen in aqueous and gas

phases.

The effective diffusion coefficient for air and water can be expressed as follows (Aubertin

et al., 2000):

o —0vY (2.10)

o —-0OY (2.11)
where:

O = air diffusion coefficient in open air. Generally taken as 1.8 x10° m?/s,

0O = water diffusion coefficient in open water. Generally taken as

2.5 x10° m?/s,
Y = tortuosity coefficient in air, and
Y = tortuosity coefficient in water.

Collin (1987) and Collin and Rasmuson (1988) proposed the following relationships to

estimate the values of tortuosity in air and water phases:

Yo R (2.12)

Y- R (2.13)
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where the typical values of & and @ for soils were proposed by Aubertin et al. (2000)
which ranges from 0.6 to 0.75 with ®e . Alternatively & and & can be iteratively solved

using the two equations below;

— p — p (2.14)

b — (2.15)

Substituting Eq. (2.7), Eq. (2.8), and Eqg. (2.10) to Eq. (2.15) in Eq. (2.9), results as follows:

O Op Y ep 7Y ‘00 Y &Y (2.16)

When solving for the effective diffusion using analytical or numerical methods it can be
decomposed into equivalent porosity and apparent diffusion (Aubertin et al., 2000). In this

case, the effective diffusion can be represented as follows:

0O ¢ O (2.17)
where:

€ = equivalent porosity of the media, and

(0] = apparent diffusion coefficient.

Under completely dry or saturated conditions the equivalent porosity can be taken a s€af
For any other saturation level between 0 and 100 % the two way paths (air and water)

must be taken into account, and in this case Eq. (2.9) can be written as follows:

26



S e (2.18)

Nicholson et al. (1988) noted that the consumption of oxygen also occurs during its
transport through soil covers. The major factors which influence the rate of oxygen
consumption are surface area, type of sulphide mineral, oxygen concentration, saturation

and temperature. Using Eq. (2.6) and incorporating the consumption of oxygen in the

cover, the one di mensi awanhbe fvrdgtenras: o f Fickds sec
— —20 — 0 — Uo (2.19)

where:
0 = effective reaction rate coefficient (1/s).

The effect of particle surface area on the effective reaction coefficient can be expressed

by using equation proposed by Collin (1998) for pyrite oxidation.

0O —p €60 (2.20)
where:

o) = constant of reactivity of pyrite with oxygen ((m302)/((m? pyrite).year)),

O = effective particle diameter (m), and

o = pyrite concentration (kg/kg dry tailings).
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Collin (1998) approximated the value of Qas 15.8 x 103 (m302)/((m? pyrite).year) and
Dobchuk (2002) and Dobchuk et al. (2013) also used this value in their calculation at

Detour Mine tailings covers.

The value of O can be determined from the results of grain size distribution. Aubertin et

al. (2000) proposed following equation to evaluate the value of O .

(@] P PP XY EXR O (2.21)
where:

0 = uniformity coefficientand ( 'O 7O

0O = grain diameter corresponding to 10 % passing (m), and

O = grain diameter corresponding to 60 % passing (m).

2.4 Surface Moisture Flux

Hydraulic head and/or flux boundary conditions generally fulfill all the requirements to
solve the problem related to moisture movement in classical soil mechanics. However,
near the ground surface the moisture flux related to unsaturated soils requires a special
type of boundary condition which interacts with atmospheric conditions at the ground
surface. In this boundary condition the moisture flux at the ground surface moves upward

during evaporation and during infiltration it enters in to the soil (Wilson et al., 1997).

Estimation of the magnitude and direction of the moisture flux at the ground surface is

very important in predicting the water balance for engineered structures such as soil
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covers. The water balance works on the principle of mass conservation in a closed
system. A portion of water from precipitation which enters the soil surface will either come
out of the system by evaporation or will percolate to the deeper layers resulting in an
increase in moisture storage in the soil. If the intensity of a particular precipitation event
exceeds the infiltration capacity of the soil surface runoff will be generated. The water

balance at the ground surface can be mathematically expressed as follows:

000 60 YU (2.22)
where:

00 = net infiltration (mm/day),

0 = precipitation (mm/day),

00 = actual evaporation (mm/day), and

YO = surface runoff (mm/day).

Precipitation is the primary input parameter to the above mentioned equation and it is
recorded at the weather stations on a sub-hourly, hourly or daily basis. It is generally

recorded in the form of rain or snowfall.

The soil surface allows the water to infiltrate at a certain rate. This rate is controlled by
the saturated hydraulic conductivity and the water storage capacity near the ground
surface. If the rate of the precipitation remains lower than the saturated hydraulic
conductivity of the soil surface, it will infiltrate. If the precipitation intensity is more than

the saturated hydraulic conductivity of the soil surface, then the quantity in excess of
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hydraulic conductivity will stay at the surface. This quantity will either result in

accumulation of water at the ground surface or generation of surface runoff.

Actual evaporation (0 ‘Qquantifies the actual moisture movement from the soil surface to
the atmosphere. It is generally less than the potential evaporation (0 ‘. The potential
evaporation is the amount of water that can evaporate if unlimited amount of water is
available at the ground surface. Potential evaporation is the function of prevailing
atmospheric conditions such as net radiation, wind speed, relative humidity and
temperature. The net radiation form the sun and wind try to pull water away from the wet
ground surface. In the process the ground surface starts to dry and the soil suction near
the surface increases. This results in increase in the soil affinity to hold water. The
struggle between climate and soil affinity to hold the water results in reduced evaporation
(i.e. actual evaporation). In instances where the ground surface does not dry and remains
wet with ample supply of water, the actual evaporation will become equal to the potential
evaporation. In order to study the methods for predicting the actual evaporation, the
principles related to the potential evaporation need to be understood (Fredlund et al.,

2012).

2.4.1 Potential evaporation

Thornthwaite (1948) proposed an empirical equation to estimate the potential
evaporation. The significance of his methodology is in its simplistic approach as it requires
lower number of input parameters. The input parameters required to predict 0 ‘Ousing
Thornthwaite (1948) equation are mean monthly temperature and duration of daylight.
Thornthwaite (1948) equation for the daily 0 ‘Gcan be written as follows:
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V0O Mo — — (2.23)

where:
00 = daily potential evaporation, mm/day,
0 = number of daylight hours, h,
0 = number of days in the month,
Y = mean monthly air temperature, °C,
8
‘O = summation for 12 months of function — ,and
@ = complex function of variable “Cand can be written as follows:

O upm O x§Fpn O p&gdpm O m8 wg

Assuming a 30-day month and 12-h of daylight in each day of the month Eq. (2.23) for

the monthly 0'Ovalue can be written as follows:

00 po— (2.24)

where

Ca
@)
]

monthly potential evaporation, mm/month.

Thornthwaite (1948) method is widely used in different engineering disciplines to
determine 0 ‘Qlue to its simplicity and minimum input requirements. However, the method

has some limitations in determining the peak 0 ‘Qvalues due to inherent time lag between
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air temperature, peak surface temperature, and peak solar radiation (Wilson, 1990).
Additionally this method may not be reliable over shorter time periods due to its use of

mean monthly air temperature (Wilson, 1990).

Pereira and Pruitt (2004) described that Camargo et al. (1999) have reported that the
monthly predictions of 0 ‘Oby Thornthwaite (1948) equation can be improved if the
effective monthly temperature is used instead of the recommended average temperature.
Camargo et al. (1999) determined the effective temperature empirically and found it to be
a function of average temperature and the difference in daily extreme temperatures. The

effective temperature can be expressed as follows:

Y -noY g Y (2.25)
where:
Y = effective temperature, °C,
n = an empirical parameter, 0.72 was found to be statistically most
feasible,
Y g = maximum daily air temperature, °C, and
Y g = minimum daily air temperature, °C.

Penman (1948) proposed a method to predict the potential evaporation from water bodies
or saturated ground surfaces. The method uses Dalton-typed formulation with the heat

budget equation and requires routine climatic parameters such as relative humidity, air
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temperature, wind speed, and net radiation. The Penman (1948) method can be

expressed mathematically as following:

C

(2.26)

potential evaporation, mm/day,

slope of saturation vapor pressure versus temperature curve

kPa/°C,

net radiation at the water (or saturated ground) surface, mm/day,

psychometric constant, kPa/°C,

GHCp ™I O 6 , mm/day,

wind speed, km/h,

vapor pressure in the air above the water (or saturated

ground) surface, kPa, and

saturated vapor pressure at the mean air temperature, kPa.

2.4.2 Actual evaporation

Actual evaporation and net infiltration are important parameters in order to quantify the

water balance at the soil-atmosphere boundary. Wilson (1990) proposed an equation for

determining the actual evaporation by extending the Penman (1948) approach for
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predicting the 0 ‘Gfrom water (or saturated) surface. This equation is generally known as

Penman-Wilson formulation (1990) and can be written as follows:

50 —— (2.27)

(@}
o
I

actual evaporation, mm/day,

(@}
1

inverse of relative humidity at soil surface.

The Penman-Wilson formulation accounts for net radiation, wind speed, and relative
humidity of air and soil surfaces. The formulation reduces to the original form of Penman
(1948) when the surface become satur at ed and 0d HHg.n(2f23) becomes edual

to unity.

In case the measurement of net radiation are not available, the 0 Ocan be determined

using the known 0 ‘Qlata as follows (VADOSE/W, 2014):

50 000 6 T6 6 (2.28)
where:

00 = potential evaporation, mm/day, and

o] = vapor pressure in the soil at the ground surface temperature, kPa,

o] = vapor pressure in the air above the soil surface, kPa, and
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o] = saturated vapor pressure in the soil at the ground surface

temperature, kPa.

2.4.3 Runoff

Runoff is the portion of precipitation which is unable to infiltrate into the soil. It stays at the
surface and will flow down slope if it does not encounter any barrier or depression. Stone
et al. (1996) states that the phenomenon of runoff can be well understood based on the
infiltration capacity concept. In this concept Horton (1933) stated that the infiltration rate
describes the maximum rate at which water can infiltrate the soil under the given
conditions. At the beginning of a rainfall, the soil holds its maximum storage capacity for
the duration of that event. With continuous precipitation, the soil storage increases while
its potential to store water decreases. As the soil reaches its maximum storage and is
unable to further store water, water starts accumulating at the soil surface. Initially, it starts
filling the surface depressions and when the depressions are full., it starts moving on the
surface in the direction of the sloped gradient. This surface overland flow is generally
call ed as @ Hor t onrheaumoff veportdd asrsaturafidn-exesss overland

flow when the groundwater table intersects the ground surface (Dunne and Black, 1970).

2.4.4 Net infiltration

The net effect of precipitation, actual evaporation and runoff is called net infiltration at the
ground surface. As defined by Horton (1933) infiltration is the process in which the soill
soaksorabsorbswat er . The term i s generally con

is the process in which the water flows due to gravity under a zone of aeration (Horton,
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1933). Net infiltration is the net available water at the boundary surface to flow into the

soil.

2.5 Variably Saturated Flow in Porous Medium

Henry Darcy in 1856 presented his famous equation for the groundwater flow in saturated
porous media. He described that the groundwater flow depends on the hydraulic gradient.

The groundwater always flows in the direction from high hydraulic head to low hydraulic

head. This iIis known as Dar cyo0sesénedvastliows: can be
R QQ (2.29)
where:
n = groundwater Darcy flux, m/s,
Q = saturated hydraulic conductivity, m/s,
Q = hydraulic gradient (Q —),
Q = hydraulic head, m, and
W = horizontal distance, m.
The negative sign in the equation shows that the direction of flow is from high hydraulic
head to the low hydraulic head.
Buckingham (1907) studied the movement of soil moisture and found that the parameter
A® in Darcyo6s equat i onmatriassictianindhe soik Ed describdda t i o n
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that the hydraulic conductivity in the unsaturated porous media is a function of matric

suction.

During his research on capillary conduction of liquids through porous mediums, Richards
(1931) used Darcy-Buckingham principle to present his famous equation for flow in
unsaturated porous media. The equation which is known as Richardséequation and can

be expressed (in pressure head form) in one dimensional vertical form as following:

~0  — 7 & _ (2.30)
where:
0 = hydraulic conductivity as a function of matric suction, m/s,
o} = specific moisture capacity (—),
= matric suction, kPa, and
Q = position, m

Ri char ds o e qu at ulaeunsatsated fiow id manydisaplings such as civil
engineering, soil and environmental sciences (Mein and Larson, 1973; Freeze and

Cherry, 1979).

The par ade tagddsEdi2.30) are independent variables. The matric suction
A0 i s a dependent variabl e and <c¢cl| oselugh
SWCC. The water content from of t he

mathematically as follows:
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. 00— —  _o_ (2.31)

0 = Diffusivity, (Q—

Use of volumetric water content instead of suction is sometimes advantageous due to its
known general range (0 to 0.5) (Wilson, 1990). However, this equation has limited scope
only works for homogenous systems. Addi ti onal l vy, water cont ent

equation becomes discontinuous when soil is fully saturated.

2.5.1 Soil water characteristics curve

Soil water characteristics curve (SWCC) provides a constitutive relationship between
volumetric water content and matric suction. Soil water characteristics curves
characterise different material types. The SWCCs of different materials are obtained by
measuring the water content changes at a range of matric suction values during drying
or wetting of the samples. However, for a particular material type, the SWCC is not unique
and it shows a hysteretic behaviour between drying and wetting curves. Figure 2.1 shows

a typical drying SWCC between volumetric water content and suction.

The key features of the SWCC are air entry value and residual water content. For the
drying curve, the matric suction value at which the air starts entering the soil macro pores
is called the air entry value or bubbling pressure ( ). In other words, it is the matric
suction at which water starts draining out of the soil sample. The drainage of soil sample

continues with increasing matric suction but at a certain high matric suction value the
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water stops draining and beyond this point the volumetric water content remains relatively
constant regardless of increasing matric suction pressure and this volumetric water
content is called the residual volumetric water content (—). The volumetric water content

at 100 % saturation is called the saturated water content (—) and it depends on the

porosity of the soil.

o
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saturated volumetnc
— water content, g,
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Figure 2.1. Soil water characteristics curve

Many constitutive relationships have been developed in order to numerically model the
SWCC. The most widely used model was developed by van Genuchten (1980). However,

the earlier developed model by Brooks and Corey (1964) has also been used by many

researchers.
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The soil water characteristic curve function given by Brooks and Corey (1964) can be

mathematically expressed as follows:

0 — no — (2.32)

where:
g = effective saturation
= air entry or bubbling pressure, kPa,
= matric suction, kPa,
= pore size distribution index,
= saturated volumetric water content, and

= residual volumetric water content

T h e_ocbntrols the shape of the SWCC. For smaller values of i 0the curve shows a

gradual decrease in the volumetric water content with increasing matric suction. The

volumetric water content drops rapidly if the value of fi_0increases. Figure 2.2 shows two

SWCCs with different i 0 prepared using Brooks and Corey (1964) model keeping all

other parameters identical. | n t he figur e, t he fiowaluey showB a 0 ( h e
gradual decrease in volumetric water nont ent

value) which shows rapid drop in volumetric water content with increasing matric suction.
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Figure 2.2. SWCC using Brooks and Corey (1964) model

van Genuchten (1980) proposed a closed-form equation to model SWCC. This model is

shown in Eq. (2.33).

o — (2.33)

where:

curve fitting empirical parameter with inverse of air entry value,

kPa1l,

matric suction, kPa,
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€ = curve fitting empirical parameter, and

a = curve fitting empirical parameter.

The empiri cado opmls thendapee aof thdivolumetric water content. The
inverse of|lopadarsametner ali ly related to the air e

paramet éi0 fis generally conétp apfenRitekrichgtal{200). r el at i

2.5.2 Soil hydraulic conductivity

Hydraulic conductivity of the soil is a measure of how easily the water can flow through
the soil layer. It depends on various parameters such as the intrinsic permeability of the
material, degree of saturation, density and viscosity. The hydraulic conductivity of the
saturated media is a single value and known as the saturated hydraulic conductivity.
However, the hydraulic conductivity of unsaturated soil is a function of matric suction
and/or volumetric water content. It can be measured either through testing or estimated

through a soil water characteristics curve.

Brooks and Corey (1966) proposed their equation for the prediction of the hydraulic

conductivity function which can be written as follows:

D Q0" (2.34)
where:

Q= hydraulic conductivity, m/s

Q = saturated hydraulic conductivity, m/s,
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a = tortuosity parameters, and

van genuchten (1980) proposed a closed-form equation for the hydraulic conductivity
function using the Mualem (1976) capillary tube model . The equation is expressed as

follows:

0 00p p O 0 4 p - (2.35)

where:

Q‘
I

a constant generally taken as 0.5.

2.5.3 Hydraulic principles

Volumetric water content is a function of capillary or suction pressure and represents a state of
saturation in unsaturated soil. At fully saturated conditions all pores are filled with water and the
soil has a zero matric suction pressure. At this stage the volumetric water content is called the
saturated volumetric water content. The suction pressure increases as the soil drains. The

draining process in the soil starts with the macro pores in the soail.

2.5.3.1 Capillary principle

Figure 2.3 shows a volumetric water content relationship with pressure head. At zero pressure
head, the soil saturation is 100 %. The grain size of the soil generally controls the shape of
SWCC. Coarse grained soil exhibits generally more macro pores as compared to fine material.

In Figure 2.3 sand material shows a sharper decline in water content for comparatively low air
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entry pressure head. While the silt loam has a higher air entry value and shows a gradual decline
in volumetric water content with increasing matric suction. Sand tends to drain more quickly with
a small drop in pressure head as compare to the silt loam once they pass by their threshold

pressure (air entry pressure) (Nicholson et al., 1989).
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Figure 2.3. SWCC for sand and silt loam (modified from Gillham (1984)).

The soil having high air entry pressure head will generally show more capillary rise. Therefore,
such soil can keep the conditions at or near to the saturation even a few meters above the water
table. Figure 2.4 is the same figure as shown in Figure 2.3 but rotated by 90 degrees clockwise.
Considering the ground surface at point B, the silt material will keep the soil saturated at or close

to its saturation due to the capillary rise. However, sand will show its saturation close to its
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residual water content conditions because the capillary rise is limited only for few centimeters.
If the ground surface is considered at point C, which is also above the groundwater table will
exhibit the high saturation conditions for both types of material. Based on this hydraulic principle,
the high saturation condition can be achieved even above the groundwater table (Nicholson et
al., 1989). If the fine material is used in the soil cover which will result in reduced oxygen

transport to the tailings.
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Figure 2.4. A hypothetical vertical section showing expected response of SWCC with depth for

sand and silt loam units from Figure 2.3 (modified from Gillham (1984))
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2.5.3.2 Capillary barrier effect

A capillary barrier considers a configuration of fine material overlaying a coarse material. It
works under the principle that the fine and coarse layers have a high contrast in their hydraulic
conductivity functions (Stormont and Anderson, 1999; Williams et al., 2011). The top fine
layer in this configuration holds water until it is removed through evaporation, percolation or
horizontal flow due to hydraulic gradient. The capillary barrier can be better explained with help
of Figure 2.5. At dry conditions and low suction, the fine material has an indefinite hydraulic
conductivity. As the soil gets more moisture the suction increases, and so does the hydraulic
conductivity of fine material. The hydraulic conductivity during dry conditions is immeasurably
small in the coarse material. The hydraulic conductivity of the coarse material shows
insignificant increase with increase in moisture and suction until it overcomes the water entry
value. With this principle, the fine layer achieves the increase in moisture without allowing the
water to percolate to below coarse layer. However, breakthrough occurs when the suction value
at the interface of fine and coarse layer drop below the water entry pressure of the coarse layer.
At this stage the hydraulic conductivity of the coarse material increases drastically and the water

flow starts percolating from fine to coarse layer (Dwyer 2003).
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Figure 2.5. Hydraulic conductivity functions for coarse and fine material

2.6 Evolution of Soil Hydraulic Properties

Soil cover materials are generally selected based on the results of laboratory testing.
However, post construction properties of the soil cover materials evolve under site
specific geochemical, biological and physical process (Meiers et al., 2011). Such process
may involve freezing and thawing, and wet and dry cycles, root growth and death, and
burrowing of worm and insects. The freezing & thawing cycle and wetting and drying cycle
bring volume changes to the soil. The root growth and death and burrowing worms

creates voids in the soils (Benson et al., 2007).

The volume changes are more prominent in fine material. Soils with fine material
experience desiccation cracks due to freeze/thaw and/or dry/wet cycles. These cracks
influence the hydraulic properties of the soil. With development of cracks the hydraulic

conductivity increases which will ease the flow of water in the cracks. The hydraulic
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properties after evolution generally control the behavior of the water flow in the soil cover

on long term basis (Benson et al., 2007).

Changes in the hydraulic behavior of soil covers due to desiccation cracking have been
studied by various researchers (Benson et al., 1995; Yesiller et al., 2000; Nahlawi and
Kodikara, 2006; Musso, 2013). Hydraulic conductivity increases with increase in extent
and frequency of cracks in the soil. The extent of cracks shows no significant changes
after two to three wet/dry cycles (Yesiller et al., 2000). Therefore, hydraulic conductivity

of the material during first couple of wet/dry cycles would experience significant increase.

Benson et al. (2007) carried out an extensive study on water balance covers throughout
the USA. In their study, they considered 10 sites in different states with variable climate
conditions. They collected large diameter soil samples from each site to check their
hydraulic properties in the lab and then compared them with the results collected at the
time of construction. Large diameter samples were collected in a way to account for the
changes in the soil due to all the process (freeze/thaw, root growth, burrowing). The
comparison of the data at the time of construction and 2-4 years after construction showed
that hydraulic conductivity increased by as much as 10 times from its original value.
Coarse textured soil showed less variation in the hydraulic properties as compared to the
fine material . The vaad Genadu ciim tc ebpas pnecd asmi8t er s i

times and 1000 times, respectively, from their original values.

Scanlan (2009) carried out extensive research to study the effects of root-induced
changes in soil hydraulic properties. In his PhD dissertation, he mentioned that the plant

roots can increase or decrease the hydraulic conductivity of the soil. He reported that
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hydraulic conductivity was lower when the roots were young and growing. However,
increases in the hydraulic conductivity were observed when the roots begin to decay.
Decay of roots created voids in the soil and created small channels. He concluded that
the changes in the pore geometry created by roots is the dominant process which control

the hydraulic behavior of the soil.

Evolution of the hydraulic conductivity of covers on a saline-sodic overburden dump were
studied by Meiers et al. (2011). The cover consisted of glacial soil and dumped shale
material. They measured the hydraulic conductivity for the material at site after
construction and compared it with its design values. The hydraulic conductivity of the
underlying shale material was found to increase by one order of magnitude during a single
cycle of freeze/thaw. They found that the dominant process for changes in the hydraulic

properties were due to freeze/thaw cycles.

Climate is one of the major factors which influences directly or indirectly all the process
(freezelthaw, dry/wet, root growth, burrowing) occurring in the soil. Freeze/thaw and
dry/wet cycles which influence the soil porosity are impacted due to extreme temperature
variations. The amount of water availability (due to precipitation or soil water storage)
have potential to effect the root growth and/or root decay. Migration of vegetation zone
due to variation in in climate parameters can effect the burrowing animal (Karmakar et
al., 2016). The process occurring in the soil as discussed are greatly controlled by the
climatic conditions at their location and any change in the climate will effect on the its

performance.
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2.7 Climate Change

The era of | ate 680s to early 690s of t
beginning period for the recent development in the field of climate change. In this very
period the intergovernmental panel on climate change (IPCC) issued their first
assessment report in 1990. This report can be considered as the real beginning for the
current state of climate change knowledge (Pachauri and IPCC 2008). Since then the
IPCC have issued five assessment reports and one supplementary report. The second
assessment report was issued in 1995, third in 2001, fourth in 2007 and the fifth in 2013-
2014. The report issued in 1992 was supplementary to the first scientific assessment
report. Each assessment report composed of the three volumes prepared by separate
working groups. It also includes the synthetic report and summary report for the policy

makers.

Climate change is a global phenomenon. Global annual precipitation is increasing during
the last century (Ren et al., 2013). However, the change in precipitation is different in
different part of the world. For example, Northern Europe, and the eastern parts of North
and South America have ani ncr easing precipitati on the
Mediterranean, southern Africa and southern Asia (IPCC 2008). Similarly, the change in
temperature, which overall increased by 0.6 °C during last the century, is also not uniform
through continents (IPCC 2001). Proximate countries, even different regions within the

same country can expect different climate change trends.

Canada has experienced an increase in the total annual precipitation by 16.5 % during

1950 to 2009 (Mekis and Vincent 2011). Of this, 12.5 % is from annual rainfall while about
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the remaining 4 % is snowfall. Increasing annual snowfall is observed on recording
stations in Northern Canada, while Southern parts have shown decrease in annual
snowfall (Mekis and Vincent 2011). Similarly, during the same period, an overall increase
in the near surface air temperature is reported to be 1.3 °C across Canada which is more

than twice the global average (Barrow et al., 2004).

2.7.1 Prediction of future climate

The most highly developed tool which is used to predict the future climate is known as
general circulation models (GCMs). These models depict the climate using a three
dimensional grid over the globe using the mathematical models applying the laws of
physics. The general horizontal resolution of these models is between 250 km to 600 km
(IPCC 2001). To make the prediction viable and compare well to the expected climate,
the GCMs are run first for a few decades. If the results compare well with the real climate
of atmosphere and ocean, the model are repeated for increasing concentration of
greenhouse generation scenarios. It is not necessary that concentration scenarios will
represent the actual climate change, however, this provides different choices for the best

estimate (IPCC 2001).

The recent circulation models used in Canada are fourth generation Atmosphere General
Circulation Models (AGCM). These are upgraded models from the previous third

generation models (Government of Canada, 2017).

As explained earlier that the prediction of climate is made for different greenhouse gases

(GHG) emission scenarios. IPCC issued a Special Report on Emission Scenario (SRES)
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in their third assessment report (AR3) published in 2000. Based on this report, the
projections of climate change heavily depend on the human activity (future development)
and predictions of future climate are made using an assumption of different levels of GHG
generation by the year 2100. The report describes six families of emission scenarios
namely; A1Fl, A1B, A1T, A2, B1, and B2. In this report A1 and A2 represent rapid
economic growth and regionally oriented economic development respectively. B1 and B2
represent global and local environment sustainability respectively. These emission

scenarios were also part of fourth assessment report (AR4).

The more recent assessment report (AR5) published in 2014 provides four different
emission scenarios called representative concentration pathways (RCPs). The
recommended RCPs are RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5. The increasing
number of RCP indicates more accumulation of radiative force; the RCP 2.6 represents
the best case scenario with the lowest concentration of radiative forces by the end of 2100
whereas RCP 8.5 shows the worst case scenario where the concentration of radiative
forces will be the highest at end of 2100. The RCP with number 4.5 and 6.0 are called

intermediate emission scenarios (IPCC, 2013).

2.7.2 Climate change effects on soil cover

The basic function of the tailings covers is to limit the possible contamination due to
generation of AMD to the surrounding surface and/or groundwater. These covers are
generally designed for a longer period of times (sometimes a hundred to a thousand
years). Climate is a key input for the preliminary design of these covers. The prediction

of tailing covers to perform well on a long term basis depends mainly on its adaptability

52



to the future climate changes. The design considerations for the tailing covers to adapt
the future climate variations, depend mainly on the prediction quality of the future climate.
The design of the cover will be robust and effective if it is accounted for the climate

change.

No detailed studies are available for the assessment of tailing covers in Canada for future
prediction of climate change data. In 2011, the Mine and Environment Neutral Drainage
(MEND) program entrusted Stratoes Inc. to study the risk of AMD for the Canadian Mining
sector due to climate change. It was a high level risk assessment report and a broad
range of regional impacts due to climate change were studied. In this report they focused
on four climate conditions; 1) increase in average temperature, 2) change in mean annual
precipitation, 3) increase in frequency and intensity of extreme weather events, and 4)

permafrost degradation.

In Canada, the temperature is expected to increase by 2.5 to 3.5 °C in the area where
most of the metal mimes are located. They concluded that there are on average 20 more
days with rain as compared to the 1950s. It is expected that this high amount of
precipitation and extreme daily precipitation will increase the rate of AMD percolation at
mining sites. Moreover, an increase in annual temperature is also expected in Canada.
Due to high rates of snow melting, flooding conditions are expected and a high intensity
of surface runoff will occur in the snow covered area of Northern Canada. These high
intensity runoffs may result in flooding conditions at the tailing impoundments and can

impact the stability of the impoundment dams. Approximately half of permafrost covered
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area of the Canada contains permafrost warmer than -2 °C. It is expected that it would

disappear (thaw) with recent rate of climate warming.

It was also noted that simple covers, store and release covers, permafrost covers, and
geo-synthetic covers are susceptible to the climate change up to certain degree. Amongst
these covers, geo-synthetic covers are considered to be the least vulnerable to the effects

due to climate changes.

Shurnik et al., (2012) assessed the performance of soil covers at Rio Tinto Mount Tom
Price mine located approximately 1000 km north-northeast of Perth, Australia. In their
study, they constructed two trial covers that were 4.0 m and 2.0 m thick with coarse and
fine materials, respectively, over the waste rock. They monitored the climate at trial sites
for approximately 8 years from 2003 to 2010 using a weather station. Additionally, they
simulated the performance of soil covers for the measured historical climate, predicted
100-year historical and predicted 100-year future climate data. The predictions of future
climate set were obtained from general circulation model (GCM) using OzClim website
(CSIRO Australia, 2007). After careful evaluation of the performance of different GCMs
provided on the website, CSIRO Mk3.5 was selected as it provided all the required input
climate parameters for the modeling software. The emission scenario, A1Fl which is
characterised by Arapid economic growt h,

2050 and then gradually decline, the quick spread of new technologies, a convergent

worl d, and an emphasi s otheworstEasa emisdion sénario..

The resultant future 100-year annual average rainfall showed 42 mm increase as
compared to respective historical rainfall (362 mm). The numerical modelling results

showed that the net percolation slightly increased for future climate as compared to the
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100-year historical climate. However, the average net percolation rate in all cases

remained below 5% of rainfall.
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Chapter Three: Effect of Climate Change on a Monolithic

Desulphurized Tailings Cover

3.1 Abstract

A soil cover system can be viewed as a thin interface placed between the atmosphere
and the underlying waste. Climate is a primary design variable in soil cover design;
therefore, climate change poses a number of challenges to design, operation and long-
term performance of covers. In this research climate change effects on the hydraulic
behavior of soil covers at Northern Ontario site were assessed. Covers were analyzed
using historical and future climate datasets. Historical climate data was compiled from
Environment Canada weather station near the site. The future climate datasets were
generated for different Global Climate Models (GCM) for various representative
concentration pathways (RCP). The covers at site were constructed with single layer of
desulphurized tailings. Soil covers were aimed to reduce oxygen diffusion by limiting
oxygen ingress through increasing saturation. Oxygen flux through soil covers for current
and future climates were predicted using numerical modelling techniques. The results of
this research indicate that the effect of climate change on soil cover depends on its
moisture retention characteristics. Fine grained covers showed better performance under
adverse climate change conditions as compared to the coarse grained covers. However,

both types of covers showed cumulative increase in oxygen flux for future climates.

56



3.2 Introduction

Generation of acid mine drainage (AMD) from sulphide enriched tailings has been a
significant environmental challenge within mining industries related to hard rock (Pabst et
al. 2017). The sulphide mineral of heavy metals (e.g. iron, copper, gold etc.) in the rock
has the potential to react with oxygen and water. This reaction not only results in the
tailings exhibiting acidic behavior but also increases the concentration of metals.
Leachate produced from acidic tailings can potentially contaminate the surrounding
surface and/or groundwater. Therefore, intervention is needed to avoid adding such

contaminants to the environment (Nicholson et al. 1989; Lindsay et al. 2015).

By limiting the supply of oxygen to the reactive tailings, one can control the production of
AMD and thus reduce the risk. This risk can be further reduced if multiple strategies are
used in an effective manner to limit the oxidation of the sulphide mineral. One way to limit
the supply of oxygen, is to place a layer of water (water cover) either by flooding it or
dumping the reactive tailing material under water (subaqueous deposition). The rate of
oxygen diffusion in water is four order magnitudes lower than that in air and solubility of
oxygen in water is quite low (11 mg/L at 20°C). Therefore, the water layer will act as a
barrier and in the absence of convection; the rate of oxygen diffusion through water is too
slow to be of any significance to sulphide mineral oxidation (MEND, 1997). However, use
of water covers results in increased percolation rates and require that operators follow
stringent environmental regulations for their design and construction (Yanful et al., 2004).

Other limitation of water covers is its lack of physical stability over a long period of time
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and in many instances the water cover discharge will require treatment to meet regulatory

standards (MEND, 1997, Ethier el al., 2018).

The alternative to water cover is to create a disconnect between the tailings and
surrounding oxygen by placing a soil cover over the reactive tailings. The soil cover, also
referred as a dry cover, reduces the oxygen supply to the underlying tailings by providing
a moisture barrier. Engineered soil covers with saturated fine gained material can be used
effectively to limit the oxygen transport due to their potential to maintain high saturation.
Other important purposes of dry covers can be to limit water percolation into the tailings
and thereby reducing the amount of acid water formation and reclaiming the tailings

management area for other uses by revegetating the cover surface.

The elevated water table control technique has also been used to reduce the generation
of AMD over a long periods of time. (Dagenais et al., 2005 ; Dagenais et al., 2006 ;
Demers et al., 2008 ; Pabst et al. 2014). This technique involves raising the water level in
the tailings management facility so that tailings remain in the saturated or nearly saturated
state with little ingress of oxygen. The three approaches to raise the elevation of water
table and associated capillary fringe in the tailings are: constructing water flow barriers
within the tailings, increasing the water retention properties of the tailings, and modifying
the water balance of the tailings (MEND, 1996). The water balance of the tailings can be
modified by increasing the water input to the tailings. Soil covers constructed of coarse
grained materials with low retention and high conduction properties increase the
infiltration of meteoric water and act as good evaporation barrier to maintain or elevate

the water table (Dobchuk et al. 2013; Ethier et al. 2018).
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The tailing facilities are generally spread over a large area ranging in tens of hectares to
more than a few hundred hectares (Nicholson et al., 1989). Construction of a soil cover
with considerable thickness (one meter to a few meters) over such large areas requires
a substantial volume of material. Acquisition and hauling this soil to site could cost
significantly. The concept of using processed tailing materials as the cover layer material
could alleviate significant costs associated with soil cover construction. The tailings are
normally processed through floatation. The key aspect for the processing of the sulphide
tailings is to reduce the concentration of sulphide mineral to a certain level that they start

behaving as inactive material (Nicholson et al., 1989; Pabst et al., 2014, 2017).

Oxygen transport in the soil cover normally occurs through molecular diffusion (Yanful,
1993, Aachib et al., 2004). When saturation in the soil cover is less than 85 %, the
movement of oxygen through the soil cover can occur freely in gaseous phase. Once the
saturation increases more than 85 %, most of the air filled voids are replaced with water
and air becomes occluded. Under such conditions, the movement of oxygen takes place
through water filled pores and oxygen transport becomes extremely slow due to lower
rate of diffusion in water. Therefore, in order to expect the cover to effectively limit the
oxygen movement, the saturation level of the cover should be kept at higher levels

(between 85% to 95 %) (Yanful, 1993).

Cover objectives are site specific but generally include dust and erosion control, control
of oxygen ingress, control of contaminant release by infiltration reduction, minimization of
radon emission from radioactive tailings, and providing a growth medium for vegetation
(Mylona et al., 2007). As most of these objectives are related to the water balance at

cover surface therefore, climate is a primary design variable in any soil cover system. In
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addition, soil covers must be designed for long-term or perpetual containment of the
waste. Therefore, climate change poses a number of challenges to the design, operation
and long-term performance of covers (Bashir et al., 2015). The loss of performance due
to climate change might be in terms of increased ingress of water into the underlying
waste or erosion of the cover to support vegetation due to increase in amount and
intensity of the precipitation. Similarly, drought conditions compounded with increased
temperatures could result in lower saturation in the cover resulting in increased oxygen
ingress to reactive tailings or deterioration of hydro mechanical cover material properties
affecting performance. The covers that are more prone to climate change effects are
store-and-release covers or covers that rely on permafrost for their performance (Stratos
Inc., 2011). Although climate change is a real threat to the design, maintenance, and long-
term performance of soil coves, there is little evidence in the peer-reviewed literature of
many studies in this regard. The cold regions cover system design technical guidance
document published in MEND (2011) clearly states that cover designs should be based
on evaluating the potential effect of climate changes and understanding the potential for
change in cover material properties on a 100-year basis. However, the document does
not provide any specifics and there is no evidence in peer-reviewed literature that any

analysis or design of this type has ever been carried out.

In order to evaluate the long-term performance of soil covers and their sustainability it is
important to examine their response under future climate conditions. In the past, much
emphasis has been given to evaluate the cover performance using historical climate
records. Such studies do not take into account the probable climate change effects and

may not be reflective of long term cover performance. Recently, Shurnik et al. (2012)
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evaluated the performance of soil covers for both historical and future climate for a site
near Perth, Australia. However, the scope of the study was limited and details are scanty.
No other studies that quantify the effect of climate change on soil covers can be found in

the peer reviewed literature.

In this study, the soil cover at Detour Lake Mine in Northern Ontario (Canada) was
selected for evaluation. The soil cover is monolithic and there is abundance of information
available in literature for this cover. Soil-atmosphere modeling with oxygen transport is

used to evaluate the performance of the cover for historical and future climates.

3.3 Theoretical Background

Oxygen generally transports through the soil covers to the underlying tailings by the
processes of advection and diffusion. Additionally, dissolved oxygen can also be
transported to the tailings through water infiltration. However, the main transport process
responsible for the movement of oxygen through soil covers is diffusion (Nicholson et al.

1989).

The oxygen transport through reactive t

second law which can be described as follows (Geo-Slope International Ltd. 2014);

—: 8 —0— 08 (3.1)

where 6 shows the concentration of oxygen in the pore air (kg/m?3), ¢ is the equivalent

diffusion porosity defined as — "'O-—is the air filled porosity or volumetric air content
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(m3/m3), —is the water filled porosity or volumetric water content (m3m3), O is a

di mensionless form of Henryos asqguORd att2% PCu m

(°C), O is the effective diffusion coefficient (m?/s), 0 is the effective reaction rate (1/s)

and y is the elevation(m).

Collin and Rasmuson (1988) proposed a method to estimate the effective diffusion
coefficient both in the air and water phases. Based on this method the effective diffusion

can be estimated as follows:

O Op Ye&ép Y OOY&Y (3.2)

where ‘O is the diffusion coefficient of oxygen in air (m?/s), “Yis a degree of saturation, &
is the soil porosity, @ and @ are empirical parameters, and ‘O is the oxygen diffusion

coefficient in water

Aubertin et al. (2000) proposed that the typical value for @ and @used in Eqg. (3.2) are in
the range of 0.6 1 0.75 with e @ The values for these two empirical parameters can

also be estimated by the solving the following two equations iteratively;

Ep Y p €p Y p (3.3)

EY p &Y p (3.4)

The effect of degree of saturation on effective diffusion coefficient for oxygen is well
studied (Runkles 1956, Yanful 1993, Aubertin et al. 2000, Romano et al. 2003, Mbonimpa

et al. 2003, Demers et al. 2008, Dobchuk et al. 2013). INAP (2009) describes a
62
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relationship between the degree of saturation and coefficient of oxygen diffusion and
illustrated that the oxygen diffusion rapidly reduces by 3 to 4 order of magnitude as the
saturation in the soil cover increases above 85 %. Therefore, estimates of degree of
saturation are essential in order to calculate the oxygen flux passing through the porous
media (soil cover). The change in saturation within the cover profile can be estimated
based on the variably saturated flow equation proposed by Richards (1931), which can

be described (in pressure head form) as follows;

- — p o) — (3.5)

where 'Q s the hydraulic conductivity as a function of matric suction (m/s), 6 is the

specific moisture capacity (—), is the matric suction (kPa), and & is the position (m).

The solution of Eq. (3.5) requires knowledge of the initial distribution of the pressure head
within the flow domain and appropriate boundary conditions. The boundary conditions
can be specified in terms of specified pressure head, flux or gradient. The surface of the
soil cover is exposed to the atmosphere. Therefore, the availability of the water flux at the
ground surface which can enter or leave the cover surface needed to be estimated in
order to predict the changes in the saturation of cover profile. This can be done by

estimating the water balance at the ground surface using the following equation;

600 60 YU (3.6)
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where 0 “® net infiltration (mm/day), 0 is precipitation (mm/day), 6 ‘Os actual evaporation

(mm/day), and 'Y Oissurface runoff (mm/day).

Precipitation is a primary input parameter in above equation (Eq. 3.6) and historical
records are generally available for most weather stations. Actual evaporation (0 'Q
guantifies the actual moisture movement from soil surface to the atmosphere. It is
generally less than the potential evaporation (0 ‘). Potential evaporation is the amount of
water that can evaporate if unlimited amount of water is available at the ground surface.
Runoff is the portion of precipitation which is unable to infiltrate into the soil and it stays

at the surface and will flow down slope if does not encounter any barrier or depression.

The 6 Ocan be estimated based on the estimates of 0 ‘Oand transient soil moisture
conditions. In the case of saturated soil conditions, 6 ‘Gis equal to 0 ‘'OAs the soil dries
out, the rate of evaporation starts decreasing from the potential value. This is due to the
fact that as soil loses moisture, the suction near the surface increases resulting in
increased soil affinity to hold on to water. Several methods were proposed by Wilson

during the 1990s to estimate 6 ‘QTran 2013).

One of these methodsistheso-cal | ed #ALi miting Functiono as p

(1997) as reported by Fredlund et al. (2012) is given as follows:

(3.7)

where 6 is the partial vapour pressure in the soil at the ground surface, v is the
saturated vapour pressure in the soil at the ground surface, and ¢ is the vapour

pressure in the air above the soil surface. The potential evaporation in the above-
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mentioned equation can be a measured value or can be calculated using an appropriate

method such as Penman (1948) or Thornthwaite (1948).

3.4 Cover Evaluation

3.4.1 Site conditions

Detour Lake Mine is a gold mine located about 290 km northeast of Timmins, Ontario.
The mining operation at the site started in 1983 and stopped production in 1999. The
mine tailings were deposited in a dam impoundment through end pipe discharge. The
mine tailings at the site consisted of sulphide content ranging from 1 to 2.5 % which had
potential to act as reactive tailings (Dobchuk et al., 2013). At the end of production, a
major portion of tailings facility was designed to cover by placing water cover while
remaining portion was covered with soil cover. The soil cover was designed to be
constructed using on-site material after its desulphurization. The desulphurization
process was carried out at pilot plant which was earlier used for floatation process at site.
The initial design of the cover was to construct a capillary barrier which would keep the
cover saturation at higher level (> 85%) to resist the ingress of oxygen. The placement of
desulphurized cover was carried out using end pipe discharge at the surface of reactive
tailings during 1998-1999. It was design to keep thickness of the cover greater than 1 m

near the dam and 0.5 m at the pond (Dobchuk, 2002).

The climate at Detour Lake Mine can generally be classified as moist continental, mid-
latitude. The annual precipitation is approximately 920 mm with the greatest precipitation
contribution coming from rainfall (Dobchuk et al., 2013). The annual potential evaporation

is approximately 800 mm. The site temperature fluctuates between 37 °C in summer and
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-47 °C in winter. The relative humidity varies between 50% and 90% from May to October

(Barbour et al., 1993, Dobchuk et al., 2003).

3.5 Historical and Future Climate

3.5.1 Historical climate data compilation and classification

Historical and future climate data is required to evaluate covers in a changing climate.
Historical climate act as baseline against which future climatic changes can be quantified.
The closest Environment Canada Weather Station to Detour Lake Mine site is 290 km
away in Timmins, Ontario. Dobchuk et al (2013) reported that measurements of detailed
climate data at the mine site for summer months of the years 2000 and 2001 were made.
They also reported that climate data measured at the site for this period correlated well
with the 1971-2000 Climate Normals for Timmins Victor Power Airport weather station. In
absence of multi-year daily resolution climate data for the mine site, Victor Power Airport
weather station was selected for climate data compilation. A climate dataset comprising
of daily records for precipitation, maximum and minimum temperature and relative
humidity, wind speed and net radiation was compiled for the period 1981-2010 as part of

this research.
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Figure 3.1. Base climate parameters at Timmins, Ontario.



Figure 3.1 shows the climate data for Timmins, ON for the period 1980-2010. Minimum,
maximum and average yearly values for the data are also marked on this figure. The
review of the data indicates that the average annual precipitation over the 30-years period
is approximately 826 mm. Wettest year (annual precipitation approx. 1034 mm) conditions
were observed in 1990, whereas the least annual precipitation (approximately. 510 mm)
was recorded during the year 2010. The average annual temperature during the 30 period
is 1.9 °C. Similarly, the mean annual minimum and maximum temperatures for the period
1981-2010 are -15.2 °C and 18.8 °C. The 30-year average mean relative humidity is 71.8
%. Based on the relative humidity data it is clear that mean relative humidity for inactive
season is relatively higher than the active year. The 30-year average wind speed and net

radiations are observed to be 9.4 km/h and 4.2 MJ/m?/day respectively.

Climate classification can provide an estimate of water availability at the ground surface
and is a useful tool in assessing the suitability of a particular type of cover considering the
siteds climate (Fredlund et al. 2012). The si
the Thornthwaite climate classification system (Thornthwaite 1931, 1948). Originally
developed in 1931 by Charles Warren Thornthwaite the system was later modified by him
in 1948. The system estimates the availability of water at the ground surface by taking
into consideration the precipitation and potential evaporation at the site by estimating
annual moisture index. The definition of annual moisture index was later modified as

follows (Thornthwaite and Mather, 1955; Thornthwaite and Hare, 1955):

O pnmE p (3.8)

68



where 'O is the1955 Thornthwaite moisture index, 0 is the total annual precipitation and
0 ‘ds the total annual potential evaporation. Potential evaporation in the above equation
can be estimated using any appropriate method such as the Penman (1948) or
Thornthwaite (1948) method. Penman (1948) is a radiation based method and requires
measured values of temperature, relative humidity, wind speed and net radiation for
estimation of potential evaporation. The Thornthwaite (1948) method on the other hand
is the most simplified method and requires only temperature measurements for the
estimation of 0 ‘Q(Tegos et al., 2015). As explained later in the climate change section,
that reliable estimates of future climate variables apart from precipitation and temperate
are difficult to obtain, therefore Thornthwaite (1948) method with a modification proposed
by Pereira and Pruitt (2004) was used for the estimation of the 0 ‘Oin this research.
According to Thornthwaite (1948), the daily 0 ‘Gcan be estimated using mean monthly air

temperature and length of daylight as follows:

00 ™ o006 — — (3.9)

where 0O is the daily 0 ‘Qmm/day), "Y is the mean monthly air temperature (°C), "Gs a

8
function of the mean monthly temperature i.e. O — , and @ is a function of "Q.e.

W eguUEpm O xZgEFpm O P @dpmm O M@ w( (3.10)

Pereira and Pruitt (2004) reported that Camargo et al. (1999) have suggested that the

performance of Thornthwaite (1948) approach in monthly time scale can be improved

69



using effective temperature ("Y ) instead of the average temperature in Eq. (3.9). They

expressed the effective temperature mathematically as follows:

Y mwteY Y (3.11)

where”Y and”Y are the daily maximum and minimum air temperatures, respectively.

Considering that reliable historical measurements of all the climate variables required to
estimate 0 ‘Ousing Penman (1948) method were available, a comparison between
estimates from the Penman (1948) and Thornthwaite (1948) methods with the
modification proposed by Pereira and Pruitt (2004) was made. The results were found to
be comparable and are presented in Appendix-A. Figure 3.2 shows the climate
classification for the city of Timmins for the period 1981-2010. This figure shows that on
average the climate can be classified as humid, and that there is year to year variation in
climate. The variation in climate reinforces that multi- year climate data sets need to be

used for the design as yearly climatic conditions can vary from humid to dry subhumid.
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Figure 3.2. Annual Moisture Index for Timmins climate data for period 1981-2010.

3.5.2 Future climate data

Future climate data is generally generated by General Circulation Models (GCM) using
different Representative Construction Pathways (RCP). The GCMs are climate models
which are used for weather forecasting, understanding the climate and climate change
predictions. These are computer based models which solve a set of complex equations
related to the atmosphere and ocean using the applicable laws of physics to predict the
eart hds c |diffetent RCPs (RGPWr6, RCP 4.5, RCP 6.0 and RCP 8.5) are
suggested by IPCC (2014). Every RCP number expresses a different cumulative radiative
forcing by the year 2100. The increasing number in RCP indicates more accumulation of

radiative force; the RCP 2.6 represents best case scenario with the lowest concentration
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of radiative forces by end of year 2100, whereas RCP 8.5 shows the worst case scenario
where the concentration of radiative forces will be the highest at end of year 2100.
Concentration of the greenhouse gases in the atmosphere is generally the basis for

variation in the radiative forces.

The future climate data was sourced from Ontario Climate Data Portal (OCDP) housed
at the laboratory of mathematical parallel systems (LAMPS) in the Department of
Mathematics and Statistics at York University in Toronto, ON. The data portal provides
future climate projections for precipitation, and maximum, minimum and average
temperatures on 10x10 km grid resolution for the province of ON. The data is available
for 33 different GCMs, and for all four RCPs (i.e., 2.6, 4.5, 6.0, and 8.5). The data covers
the period from 1981-2100 (OCDP 2018), and can be downloaded from the OCDP
webpage (http://lamps.math.yorku.ca/OntarioClimate/index.htm). In addition to the data
with 10x10 km grid resolution, OCDP also provides data for different municipalities across
Ontario. A bias-correction for the predicted climate with respect to the measured local
climate data has also been applied to this data (Deng et al. 2017). Other sources of
climate data for Ontario have been found to be of inferior performance in comparison to

OCDP projections (Pk 2017).

The predicted future climate data for a number of different GCMs was assessed against
the measured historical climate to check its performance in simulating historical climate.
The predicted climate data between 1980 and 2010 was compared with the Environment
Canada climate normals for the same period. The comparisons indicated that the general
circulation models CCSM4, GFDL-ESM2M and HADGEM2-E5 for all RCPs performed

satisfactory by predicting historical climate Normals quite well. It should be noted that the
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comparison was made for both temperature and precipitation data details can be found

in Appendix-B.

The future climates data was subdivided into thirty-year periods, and each period is
designated as a climate ensemble. The 90 years (2011-2100) of future climate data from
the three GCMs for four different RCPs formed 36 climate ensembles. Each ensemble
refers to a particular GCM, RCP and a 30-year time period. Historical climate data (1980-
2010) was designated as ensemble number one increasing the total number of
ensembles to 37. A schematic of the climate ensembles with their corresponding GCM,
RCP and time period is shown in Figure 3.3. It should be noted that ensemble # 1,
comprising of historical climate is considered as base climate against which future climate

datasets are evaluated.
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Figure 3.3. Climate ensembles corresponding to different GCMs and RCPs

The predicted data for 36 future climate ensembles was compared to the base climate.
Figure 3.4 shows 30-year annual mean air temperature and cumulative precipitation for
the base and future climate ensembles in the form of box and whisker plots. The lower

and upper ends of the box show 1t and 3" quartiles respectively, while the whiskers show
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the two extreme values (maximum and minimum). The line in the middle of the box
represents the median of the data. Review of the temperature data in Figure 3.4a shows
that for all future climates ensembles the median temperature shows considerable
increase over the median base value. The increasing trend in the temperature data is
consistent for all GCMs and radiative forcing values. It can also be observed that in
general the temperature is increasing with increasing RCPs and number of year.
Consistent with the trend, the maximum temperature increase can be observed for
scenarios predicted with RCP 8.5 with highest increase in temperature for the GCM Had

GEM2-E5 (Climate ensemble #37).

Figure 3.4b shows 30 yearly cumulative precipitation values for all the climate ensembles.
It can be observed that the median annual precipitation predicted for majority of future
climate ensembles is more than the base climate. A maximum increase of approximately
17 % in in median value annual of precipitation is predicted for climate ensemble #28
(Had GEM2-ES with RCP 6.0). It can also be observed that only three out of 36 climate
ensembles showed decrease in median values of precipitation, in comparison to the
baseline value. The lowest median value of annual precipitation is predicted for climate
ensemble #23 (GFDL-ESM2M with RCP 6.0). The extreme annual precipitation events
increase for all climate ensembles irrespective of GCM, RCP or the time period. For all
future climate data, the climate ensembles 35 and 32 showed extreme maximum and

extreme minimum annual precipitation respectively.
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Figure 3.4. Box and whisker plot for a) annual mean temperature and b) annual

precipitation for all climates.
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3.5.3 Selection of future climate ensembles

For this study, the soil cover performance was assessed based on two representative
future climate ensembles. The selection of these climates ensembles was based on the
criteria of worst-case scenario. While selecting the representative climate ensembles it
was assumed that the driest weather conditions will represent the worst cover
performance, as it will result in decreased saturation resulting in increased oxygen ingress
to the reactive tailings. Climate ensemble # 23 was selected as the first representative
future climate (FC-1). This ensemble represents the lowest 30-year cumulative

precipitation in all future climate ensembles as shown in Figure 3.4 above.

Lowest precipitation alone may not guarantee the driest conditions as the amount of
meteoric water that enters the cover also depends on the available evaporative demand.
As shown above (Figure 3.4a) a temperature increase is imminent for all future climate
ensembles, it is therefore inevitable that there could be a proportional increase in the
evaporative demand as well. In this instance, estimation of annual moisture index ("O)
and classification of climate for future climate ensembles is a useful exercise as it takes
into consideration both the precipitation and the potential evaporation. Potential
evaporation was estimated for all future climate ensembles using the modified
Thornthwaite method described earlier. Estimated 0 ‘Qtogether with predicted 0 values

were used to estimate O values for each individual year of every climate ensemble.

The selection of second representative future climate ensemble was based on the
comparison of these "O values. Figure 3.5 shows box and whisker plots of “‘Ofor all climate
ensembles. Each climate ensemble consists of 30 yearly values. It can be observed that

climate ensemble #37 shows that the majority (more than 95 %) of the moisture indices
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of this ensemble are less than the median value of the base climate ensemble. This
observation indicates that the in most instances for this climate ensemble the water
availability at the ground surface will be lower than the median water availability for the
base climate. Therefore, this climate ensemble was selected to be second representative

future worst case climate change scenario (FC-2).

The average annual precipitation for FC-1 and FC-2 are predicted to be 792 mm and 968
mm respectively. The average annual 0 ‘Oare predicted to be 712 mm and 950 mm
respectively. It is also predicted that the mean annual temperature will increase by 0.6 °C

and 7.3 °C respectively for FC-1 and FC-2. As a whole, the climate is expected to act as
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Figure 3.5. Box and whisker plot of annual moisture index for base and future climate

ensembles.
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3.6 Development of Soil Cover Models

3.6.1 Representative soil cover profiles

Field investigations carried out immediately after the cover placement revealed that
interbedded layers of fine and coarse material exist in the engineered portion of the cover
and underlying tailings (Dobchuk, 2002). This was attributed to the end-pipe discharge
method of tailings and cover deposition where coarser tailings tend to get deposited near
the pipe discharge and finer materials travels further away (Dobchuk et al., 2013).
Representative cover and tailing profiles used in current study are shown in Figure 3.6.
Dobchuk et al., (2013) used the same profiles in their numerical modeling study to
investigate the controlling factors for the cover performance. These profiles are
simplifications to represent complex field conditions with the intent to investigate the
controlling factors of cover performance as opposed to specifically model the as-built

cover (Dobchuk et al. 2013)

Constructed cover profile
ccC CF FF FC +1.8 m
_ ]
Coarse Coarse Fine Fine g
E 8
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-
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© 0.0 m
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-
[ =
% »
=]
= : . g
Coarse Fine Fine Coarse | =
'—
v _ o 2.2m

Figure 3.6. Representative profiles used for numerical modeling (Modified from Dobchuk

et.al 2013).
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The review of the cover profiles in Figure 3.6 indicates that for cover performance
assessment a single cover thickness of 1.8 m can be assumed. The cover can either
comprise of coarse or fine tailings to represent the heterogeneity observed in the cover
materials during the field investigation. Similarly, covers comprising of a coarse or fine
material can overlie coarse or fine acid generating tailings to represent the heterogeneity
in tailings. Of the four resulting cover profiles, the profile FC represents the original cover
design where the fine desulphurized tailings were to be deposited on coarse tailings to
create a capillary break (Dobchuk, 2002, Dobchuk et al. 2013). According to Dobchuk et

al. (2013), the CF profile most accurately represents the as-built desulphurized cover.

3.6.2 Material properties
Soil water characteristic curves (SWCC) relate the soil volumetric water content to matric
suction. Frequently used form of relationship between matric suction and volumetric water

content is given by van Genuchten (1980):

9 (3.12)

where g is effective saturation, —is volumetric water content (m3/m?); — and — are
saturated and residual volumetric water content respectively; is matric suction (kPa)
and| & and & are curve fitting parameters. p is generally related to the air entry value
(kPa); € is measure of pore-size distribution and & can berelatedto ¢ asa p pie.
SWCCs generated based on Equation. (3.12) for fine and coarse materials are shown in

Figure 3.7a. The air entry value of 6 kPa and 50 kPa were considered for coarse and fine
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tailings material respectively and these are the same value which were used by Dobchuk

et al., (2013). All other input parameters are also shown in Figure 3.7a.
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Figure 3.7. Soil hydraulic properties; a) soil water characteristics curves and b) soil

hydraulic conductivity functions for coarse and fine tailings material.
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van Genuchten (1980) proposed the following closed form equation to describe the

hydraulic conductivity of soil as function of matric suction:

N Qg p p g (3.13)

where Qis unsaturated hydraulic conductivity, Q is saturated hydraulic conductivity of soil
(m/s), ais constant and generally taken as 0.5, and & is an empirical parameter as
explained above. The soil hydraulic conductivity function for the coarse and fine tailing
materials are shown in Figure 3.7b using Eq. (3.13). The saturated hydraulic conductivity
for the coarse and fine tailing material were taken as 1x10® m/s and 1x107 m/s

respectively based on the measurement made by Dobchuk (2002).

3.6.3 Development of the numerical models

The numerical modeling was carried out using Vadose/W software, which is part of the
Geostudio 2016 software package (Geo-Slope International Ltd. 2016). Vadose/W was
primarily developed for the design of soil cover systems. It is a two-dimensional,
simultaneous coupled heat transport and fluid flow finite element model with atmospheric
coupling. The atmospheric coupling is achieved by estimating actual evaporation using
the procedure developed by Wilson et al (1994, 1997). Vadose/W is also capable of
simulating oxygen and radon transport through the soil covers. More details can be found

in (Geo-Slope International Ltd. 2014 2014).

The modeling was carried out in one-dimensional domain. The model domains consisted

of the cover and tailings profiles shown in Figure 3.8. The global element size in the
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profiles was kept as 0.1 m. The cover layers were modeled with finer mesh as compared
to the tailing layers. Additional elements were added in the geometry at the cover-tailings
interface and near the ground surface. The purpose of these additional elements was to
predict more precisely the flux changes at the interface and the near the ground surface

layers.

Appropriate boundary conditions were applied to the soil cover models. For hydraulic
boundary conditions, a zero pressure head boundary, corresponding to the depth of the
existing groundwater table was applied at the bottom of the cover models. The top
hydraulic boundary comprised of historical and future climate datasets. Climate datasets
consists of daily values of temperature, relative humidity, wind speed, precipitation and
0 ‘OThe daily values of temperature, relative humidity, wind speed and precipitation for
the historical climate are generally gathered at weather station and based on these
parameters, excluding precipitation potential evaporation is estimated using Penman
(1948). The future predictions of daily values of temperature and precipitation are
generally available through use of GCM. However, predictions of relative humidity using
the temperature was estimated using Kimball et al. (1996) in current study. The
predictions of relative humidity using this method were compared with other proposed
methodologies and the results are shown in Appendix-C. The parameters in the climate
dataset are assumed to show variation in a sinusoidal pattern over the 24-hours period
except the daily precipitation. The daily precipitation is distributed uniformly over the 24-
hours period. No surface vegetation was included in the model. The model was set in
such a way that the surface run-off is generated without creating any additional hydraulic

head on the column if the precipitation intensity exceeds the infiltration capacity of the
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soil. For oxygen transport, oxygen concentration in the atmosphere is assumed to be 280
g/m? and is applied as the top boundary. A zero oxygen concentration boundary was
assumed at the bottom of the domain. A generalized developed model is shown in Figure

3.8.

_ Atmosphere
Climate oxygen flux
[op boundary
conditions (BC)
[ | I I I
+1.8m
Temperature
Frecipitation
Yind speed
Calculated Ff Cover
RH
0.0 m
Tailings
~ Water table -22m

Figure 3.8. Generalized numerical model.

3.7 Modeling Results

3.7.1 Verification modeling
The ability of the VADOSE/W for predicting the water balance was investigated by Walter
and Dubreuilh (2007). They compared the model outputs with the field measurements.
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The results revealed that, in some instances, VADOSE/W predicted the water balance
very close to the field measurements. However, in other instances, the model results did
not correlate well to the field conditions. The reasons for the numerical code not being
able to predict the field conditions could be due to uncertainty in the hydraulic properties,
vegetation water use parameters, heterogeneous soil conditions, inaccurate
representation of rainfall events, and/or unexpected generation of high surface runoff.
Considering the uncertainty in the modeling results, it is generally suggested to verify /

calibrate the model prior to its use for future modelling considerations.

Field measurements to verify/calibrate the model for the mine site are not available.
Therefor an attempt was made to assess the suitability of the current modeling effort by
reproducing the results of previous modeling studies carried out at Detour Lake Mine.
Dobchuk (2002) predicted the water balance of the tailings covers at the site using the
SoilCover numerical code. Although the modelling results were never quantitatively
compared to the site condition, but were reported to provide a qualitative assessment of
the tailings covers. The objective of the current study is to assess the climate change
effects on tailings covers, therefore, verifying the model with Dobchuk (2002) modeling
results will provide a consistent link to the previous research carried out at the site. To
accomplish this, water balances for coarse and fine tailings covers are compared in

Figure 3.9.
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Figure 3.9. Water balance verification of a) a coarse and b) a fine tailing covers.
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Figure 3.9a shows a comparison of the water balance for current and previous models
for the homogenous coarse tailings cover (CC profile). The coarse tailings cover shows
the annual net infiltration (0 Oof about 2 % less in the current model to that of Dobchuk
(2002). The current model predicts the annual surface runoff ('Y ) of 11 mm (2.3 %)
whereas the previous results showed no surface runoff. The difference in annual actual
evaporation (0 ‘Q between both models is insignificantly small (~0.01 %). About 5 %
increase in potential evaporation (0 ‘Qis recorded in the current model as compared to

the model by Dobchuk (2002).

The water balance comparison for the fine tailings cover are shown in Figure 3.9b. For
the fine cover, both models show that the predicted annual 6 ‘Gs significantly more than
the annual precipitation, therefore, the annual 0 "@re negative indicating net water loss
conditions at the ground surface. A difference of 6 % in G"Cand 7% in 0 ‘Owas observed
between the current modeling results and those reported by Dobchuk (2002). The
comparisons made in Figures 3.9a and b reveal that the water balance for the current
models (coarse and fine tailings covers) are generally comparable to that of Dobchuk
(2002) models. The minor variations in the results could be due to the use of different

numerical code.

3.7.2 Predictive modeling

The performance of tailing covers to limit the production of AMD is generally assessed
based on its ability to maintain a saturation of 85 % or higher. The NI and deep percolation
(0 are the key parameters which generally control the saturation in the tailings cover.

Net infiltration is the quantity of meteoric water (precipitation) that enters the cover while
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deep percolation is the quantity of water the moves across the tailings cover interface.
The oxygen flux, that results in the generation of AMD, depends on the cover saturation.
The results for water balance, oxygen flux and its relationship to time histories for the

saturation and the oxygen concentration are discussed in the following section.

3.7.3 Water balance at the ground surface

The water balance at the ground surface quantifies the availability of water and
evaporative demand together with quantities of water that enters or exits the ground
surface. In this research the components of water balance which enter the ground surface
are considered as positive while the components which exit the ground surface are
considered negative. The exception is runoff which is also considered positive. The deep
percolation which is the flux across the cover-tailings interface is considered positive if
the flow is from tailings into the cover. Similarly, ‘O Ois expressed as a negative quantity

if it flows is downwards from the cover to the tailings.

Figure 3.10 shows the water balance for the homogeneous coarse profile (CC) for dry
and wet year climates for base (BC) and future climates (FC-1 and FC-2). Dry and wet
years were identified based on the lowest and higher “O for the respective 30 years
climate datasets. Annual cumulative precipitation (0) for dry years increases 19 % and
13 % for future climates FC-1 and FC-2 respectively in comparison to the base climate
(Figure 3.10a). However, for the wet years the annual cumulative precipitation for FC-1 is
21% lower than the baseline condition while for FC-2 it is 9% greater than the baseline

value (Figure 3.10Db).
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Figure 3.10. Water balance for homogeneous coarse profile, CC for a) dry year; b) wet

year.

Runoff (Y ) quantifies the water flowing at the ground surface and is also termed as
surface runoff. The runoff generation is generally linked to the precipitation intensity,
conduction and/or retention properties of the surface material. Higher precipitation

intensity (than saturated hydraulic conductivity, Q) and the soils with larger retention and
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lower conduction have higher a probability to generate runoff. The homogeneous coarse
profile (CC) for dry year experiences no runoff for base and future climates (Figure 3.10a).
However, for wet year climates runoff quantities were observed. The maximum
cumulative runoff was generated for FC-2, which is approximately 13 % (124mm) of the
cumulative annual precipitation. Approximately 93 mm out of 124 mm runoff (which is
three-fourth of the total runoff) was generated during the first few weeks of the active
period. The runoff generated due to quick melting of winter accumulated snow at the start
of active period is called spring runoff. It should also be noted that for FC-2, the
precipitation received during first couple of weeks is also significantly high contributing to
the generation of runoff (276 mm, 25% of the cumulative annual precipitation). The runoff
of approximately 45 mm during wet year for base climate was also observed due to a

single high intensity precipitation event (88 mm/day > Q) at the end of month of July.

Potential evaporation (0 ‘Qis the total quantity of water that can be evaporated if the
unlimited supply of water is available at the ground surface. The potential evaporation for
dry years is lowest for BC followed by FC-1 and FC-2. The increase in the potential
evaporation relative to the base climate is 12 % and 30 % for FC-1 and FC-2 respectively
(Figure 3.10a). However, for wet year the lowest 0 ‘Ccan be observed for FC-1 followed

by BC and FC-2.

Actual evaporation is related to 0 ‘Cbut also depends on the availability of water (due to
precipitation) and potential moisture difference between earth surface and atmosphere.
Although cumulative precipitation and 0 ‘Oof homogeneous coarse profile for dry years
varies for base and future climates, the cumulative actual evaporation is almost similar

(within 1 % difference). This is due to low retention and high conduction behavior of the
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coarse material. Conversely, the actual evaporation varies considerably (up to 31 %)
during wet year for base and future climates. The reason for larger variations in
cumulative 6 ‘Oduring wet year could be due to the variations in the amount of the
precipitation. For example, if we look at the precipitation data in Figure 3.10b, the FC-2
has more extreme events especially at the start. This implies that lot more availability of
water in shorter period of time although the evaporative demand for that period is not too
different among the three. The lowest cumulative actual evaporation was observed during
FC-1, followed by BC and FC-2 and this trend is in line with the precipitation trends of the

wet year.

Net infiltration (0 Oguantifies the amount of water entering or leaving the ground surface.
It is calculated by subtracting the sum of 6 ‘Gand 'Y Ofrom the precipitation. The cumulative
net infiltration during a dry year generally follows the precipitation trends for the
homogeneous coarse profile (Figure 3.10a) with lowest during base climate, followed by
FC-2 and then FC-1. The homogeneous coarse cover profile shows positive net infiltration
during dry and wet years of representative future climates. The profile (CC) also shows
water gain conditions in wet year of BC. However, water deficit conditions were observed
during dry year of BC. The lowest cumulative net infiltration of wet year was observed
during climate FC-2, followed by BC and FC-1 which inversely follows the precipitation
trends of wet years of their respective climate ensemble. The reason for such trends
(which inversely follows the precipitation) is due to actual evaporation values which are

the highest during FC-2, followed by BC and FC-1.

The infiltrated water flow through gravity and enters in to the tailings is generally termed

as deep percolation (O V). In addition to gravity, another competing process is a capillary
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action in which water from the saturated portion of the tailings can rise and enter the
cover. Since the homogenous coarse profile has low air entry value with little capillary
rise, therefore, a major portion of infiltrating water during all climates flow through the

cover and enters the tailings (Figure 3.10a and b).

The water balance for the homogeneous fine material profile of dry and wet years during
base and future climates are shown in Figure 3.11. The cumulative precipitation and
potential evaporation of dry and wet years for homogeneous fine profile during all the
climates are identical to their respective climate ensemble of the coarse homogeneous
profile as these (0 and U ‘Qare independent of the cover type. The cumulative runoff of
the fine profile for the dry and wet year are considerably low (less than 5 %) for all the
climate ensembles (BC, FC-1 and FC-2). This is due to the lower saturated hydraulic

conductivity of the fine cover material as compared to the coarse.

However, actual evaporations are significantly higher for homogenous fine profile as
compared to the coarse for dry and wet years during all the climate ensembles. The
relative higher cumulative 6'O for fine profile is due to its high retention and low drainage
behavior. The variation in actual evaporation of dry year during for all climates is relatively
small (within 5 % of BC). However, the difference in cumulative 6 ‘Clor wet year are high
with the highest 6 ‘Qof 818 mm of FC-2 (33 % more than BC), followed by BC (611 mm)
and FC-1 (443 mm). Again, the reasons for the variations in the 6 ‘Gould be the variations

in the amount of precipitation in wet year for base and future climates.

91



600

a) Dry Year Precipitation
Net infiltration Deep
300 - percolation
Runoff
E o
=
=
—
$ -300
T . Actual
< Fine cover over evaporation
fine tailings (FF)
-600 b= Climate T, T s, Potential
- Bﬂse, BC .._‘.‘.‘..'. I - eVapOration
- - - Future, FC-1 T T == ea
............. Future, FC-2 ‘.“"""---.‘..._‘...‘.................‘..
900 = ] | | | | | ]
00 [~ b) Wet Year Precipitation
Net infiltration Deep
600 |— percolation
E 300
E
=
= 0
[
1
bt
o .
£ 300 evaporation
Potential
-600 evaporation
-900 =

April May June July Aug. Sep. Oct.
Time (months)

Figure 3.11. Water balance for homogeneous Fine profile, FF for a) dry year; b) wet

year.

The net infiltration of the homogeneous fine profile for dry years showed water deficit
condition of all the representative design climate ensembles. The water deficit conditions
are due to increasing high actual evaporation and lower cumulative precipitation.

Additionally, the higher air entry value (50 kPa) of the fine profile keeps the saturation at
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a higher level above the groundwater table due to capillarity which results in generation
of higher 6 ‘QFigure 3.11a). During wet years the net annual precipitation is more than
the annual actual evaporation therefore, the wet years of base and future climate shows

water gain conditions (Figure 3.11b).

For the case of a homogeneous fine profile, greater capillary rise due to higher air entry
value of the fine tailings is expected. At the beginning of the active year, the flow of water
in the cover is predominantly controlled by gravity drainage. As the time passes, water
flows across the cover-tailings interface in upwards direction due to capillary rise. During
dry year, due to higher & ‘Cand lower 0, the water flows from the tailings to the cover due
to capillary rise will result in net gain to the cover storage. Conversely, during wet year,
the water flows across the interface from cover to the tailings for BC and FC-1. This is
due to the higher amount of precipitation (0>(6 ‘@0 ‘O) during wet years. However, for
wet year during FC-2, the cover experience net gain in its storage. It is due high 6 O
(comparable to 0) which create potential continuous water deficit conditions at ground
surface which in turn are compensated by groundwater flow from the tailings to the cover

due to capillarity.

The water balance results for coarse cover profile over fine tailings (CF) showed similar
trends to that of profile CC and the fine cover over coarse tailings profile shows water
balance similar to that of profile FF, therefore, are not discussed any further. In addition
to above mentioned water balance results for FC-1 and FC-2, two additional
representative climate ensembles were also analyzed and their water balance results are

shown in Appendix-D.
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3.7.4 Annual variations in water storage and oxygen flux

The box and whisker plots for change is annual storage, w “Wifference in ) "‘@nd ‘O 0) and
oxygen flux are presented in Figure 3.12 for the both fine and coarse tailing covers for all
the climates. The change in storage of the cover layer is determined by estimating the
guantity of water entering or leaving the top (ground surface) and bottom boundary (cover
tailings interface) of the cover. As mentioned earlier, the meteoric water that enters or

leaves the cover surface at the top boundary is called 0 'O

A portion of this water can makes its way into the tailings and is known as O 0 In some
instances, for shallow groundwater table depth and tailings with high AEV, water from the
tailings can also enter the cover via capillary action. The difference between the G "@nd
00 predicts the changes in the cover storage (saturation). The positive value of @Y
represents the gain in storage while the negative predicts the loss of in cover storage.
The value of w "¥ related to the ingress of the oxygen in the sense that it effects the cover
saturation which is the controlling parameter for oxygen transport. It should be noted that

the cumulative value of w “¥hdicates the net water loss or gain during the active period.
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Figure 3.12. Box and whisker plots for the annual change in storage and surface oxygen
flux for a) the CC and CF profiles and b) the FF and FC profiles.
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Figure 3.12a shows the box and whisker plots of the annual w “énd oxygen flux for all the
cover profiles. The results indicate that for the CC profile the mean annual « "{30 years)
are -24, -22 and -42 mm for the base, FC-1 and FC-2 future climates, respectively.
Therefore, it can be concluded that the difference in mean values for base and future
climates is minimal. However, the year to year variation in ¢ “Yor the future climates is
much larger than the base climate. For example, the difference in maximum and minimum
annual o "Yor the CC profile is 219, 256 and 403 mm for base, FC-1 and FC-2 climates
respectively. This increasing trend (in the range) reflective of more year to year variation
and existence of extreme weather years in the future climate ensembles. More variation
can be seen for future climate ensemble FC-2. Similar observations regarding the
changes in @ "¢an also be made for CF profile and w “Yalues for CC and CF profiles are

very similar.

Figure 3.12a also shows the box and whisker plots for the annual oxygen flux for the
coarse tailing covers. For cover profile CC, it can be observed that changes in cover
saturation result in variations in yearly flux values. Larger year to year variation can be
observed for FC-1, while larger mean and median increases can be observed for future
climate FC-2. For cover profile CF, it can be observed that oxygen flux values are much
smaller than the values for CC profile. This result seems surprising, as w “Yalues for the
both profiles are quite similar. Figure 3.13 shows the time history of saturation for the CC
and CF profiles for the base climate. This figure shows that the saturation profiles for CC
and CF have quite difference. For example, for the CF cover profile the reactive tailings
remain at saturations higher than 90%. This is in contrast to the CC profile where most of

the reactive tailings remain at saturations levels between 40 and 50%. Additionally, it can
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also be observed that the cover of the CF profile has much higher saturations than for the
CC profiles. The higher tailings and cover saturation in the CF profile is due to higher AEV
of the fine reactive tailings and which is responsible for lower oxygen flux in the CF profile.
Therefore, it can be concluded that the performance of coarse cover lying over fine
reactive tailings is less dependent on the climate and will be less prone to future climate

changes.

Figure 3.12b shows the change in saturation and oxygen flux values for the FF and FC
profiles. The change in saturation for these profiles are similar to those predicted for the
coarse cover profiles. It can be observed that with the changing climate larger variation
in year to year in saturation can be observed. It can also be observed that this variation
is more pronounced for fine cover lying over fine tailings. The oxygen flux values for the
FF and FC profiles shown in Figure. 3.12b indicate that oxygen flux increase considerably
for the future climates FC-1 and FC-2 in comparison to the base climate. This increase is
greater for FC-2 as compared to FC-1. It can also be observed that FC profiles shows
more sensitivity to future climates than the FF profile. This is consistent with our
observation from coarse cover profiles, where cover overlying fine tailings showed less
dependence on climate. Based on the observations made for all cover profiles, it can be

concluded that larger quantities of oxygen will enter the fine covers with changing climate.
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3.7.5 Cumulative oxygen fluxes

Figure 3.14 shows a comparison of the 30-year cumulative oxygen flux values for all
profiles predicted at the cover surface and the cover tailings interface. The coarse tailing
covers (CC and CF profiles) reveal a smaller variation in cumulative oxygen flux for all
climates. The variations in the surface oxygen flux for future climates are shown as a
percentage change relative to the base climate in Figure 3.15. The results indicate that
these changes are minimal. These further reinforce earlier observations that performance
of coarse covers will not be impacted by the changing climate. It should be noted that
based on the results presented in the previous section for CC cover profile some variation
in yearly oxygen flux values is expected for changing climate. However, in the cumulative

sense these only account for 2 and 5% change in relation to the base climate.

The 30-year cumulative oxygen flux values for the fine cover profiles in Figure 3.14
indicate considerable differences compared to the coarse cover profiles. For fine cover
profiles, the oxygen flux at the tailings cover interface is negligible. This is not a surprising
result, as the presence of fine tailings in tailings and/or cover are expected to maintain
higher levels of saturation resulting in minimal oxygen ingress. Figure 3.16 shows the
saturation time history of the FF and CF profiles for 30 years of base climate. The
saturation time history of the FF profile shows that saturation of the fine acid generating
tailings never falls below 85%. This is due to the location of the groundwater table depth
and high AEV of the tailings. It can also be observed that the cover comprising of the
desulfurized fine tailings is also very effective in maintaining higher saturations and the
bottom 30 cm of the cover always remains at saturation in excess of 85%. The time history

of saturation for the FC profile is also shown in the same figure. It can be observed that

99



for most of the coarse acid generating tailings the saturation varies from 20 to 60%.
However, the cover saturation near the cover tailings interface remains above 85 %.
There are only a few instances during the 30-year period when saturation at the interface

is 70% or slightly lower.

Figures 3.14 and 3.15 also show the oxygen flux values at the cover surface for fine
covers. It can be seen that the flux values increase with changing climate. Larger changes
in the 30-year cumulative flux values for FF and FC profiles can be observed for the FC-
2 climate ensemble. In relation to the base climate the flux values for FF cover profile
increase by 18 and 53% for the FC-1 and FC-2 climates respectively. Similarly, for the
FC cover profile the oxygen flux at the cover surface increases by 24 and 65% for the
FC-1 and FC-2 climates respectively. The increase in surface oxygen flux for fine cover
profiles is related to the higher effective reactive coefficient (0 ) of the fine tailings as
compared to the coarse. The 0 value of fine tailings is an order of the magnitude larger
than for the coarse tailings material (0 for fine 44 year! and 0 for coarse is 3.44 year
1). The other reason could be due to the increased evaporative demand because of the
changing climate. The fine cover will retain more water in the near surface resulting in

decrease in cover saturations with increased oxygen ingress at the surface.
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Figure 3.14. Cumulative (30 years) oxygen flux at the coarse and fine tailings covers for

the base and the future climates.
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Figure 3.15. Change in the cumulative (30 years) oxygen flux (%) at the coarse and fine
tailings covers for the base and the future climates.

The results reveal that the FC profile has the largest variation in the cumulative water and
the oxygen flux and is observed as one of the most sensitive to the climate variations
(Figure 3.12b and 3.14). The profile CF represents the most accurately as-built

configuration of tailings cover over reactive tailings at Detour Lake Mine. Therefore, the
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FC and CF profiles are selected further to assess the temporal effects of climate changes

on these profiles.

Figure 3.16. Time saturation plot with depth for a) FF profile, b) FC profile.
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