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1 Introduction 

Mine wastes are an important by-product of the mining industry, resulting from mineral resource extraction 

and mineral processing. Given their potential reactivity, however, they may pose significant risks to the 

environment if not properly managed. Considering that North America hosts the majority of new and closed 

mine sites, it is rather important to conduct research that focusses on mine waste management in Northern 

climates (MEND, 2006).  Acid mine drainage (AMD) is a product of inadequate management of mine 

wastes (e.g., waste rock, tailings) containing sulphidic minerals (pyrite, pyrrhotite, chalcopyrite, etc.), 

common to copper, gold, nickel, coal, lead, uranium, iron and zinc extraction (Pétel, 2017). AMD occurs 

when sulphur present in sulphidic mine tailings is exposed to both oxygen and water. The subsequent 

leachate is characterized by a very low pH, a high electrical conductivity and a high concentration of 

sulphates and heavy metals. 

Typically, mine waste management is focused on the elimination of at least one of the parameters 

responsible for sulphide oxidation: sulphides, water or oxygen. In Canada, oxygen barriers are often 

preferred (Ouangrawa, 2007), which include aqueous covers, saturated covers, and capillary effect barrier 

covers (CEBCs). An aqueous cover is ponded water of a given depth covering the mine wastes, while a 

saturated cover involves raising the water table into a dry cover installed on the mine waste surface; this 

cover can be either monolayer or multilayer and helps limit interactions with the atmosphere, such as 

evapotranspiration. CEBCs limit the supply of oxygen and water to the tailings by covering the coarse 

tailings with a fine-grained soil that promotes water-retention (Aubertin et al., 2009).  

Saturated covers are designed to minimize the diffusive flux of oxygen, thereby limiting the quantity of 

oxygen that reaches the potentially reactive mine wastes. Several well-documented techniques can be used 

in order to determine these fluxes, including the oxygen gradient method, the consumption-diffusion cell 

test method, and the sulphate method. However, these methods have been developed for the determination 

of oxygen fluxes at temperatures above freezing. Consequently, the migration of oxygen during periods of 

sub-zero temperatures is an occurrence often neglected in studies. Although studies have shown that the 

diffusion and consumption of oxygen are both significantly reduced at lower temperatures, their impact on 

the flux of oxygen through the cover has not been well studied.  

The monolayer saturated cover would allow for the storage of de-pyritized tailings, as well as the 

consumption of some of the oxygen diffusion through the saturated cover; this will be beneficial as long as 

the cover itself does not generate acidity and excludes metals from the leachate. It should also be noted that 

mine tailings often have favorable hydrogeological characteristics for their use as a cover material, 

particularly in regards to their low permeability. Several studies confirm their effectiveness in preventing 

AMD (Demers et al., 2010; Bussière et al., 2004; Gosselin, 2007; Mbonimpa et al., 2011).  

The objective of this study is therefore to evaluate the impact of freeze-thaw cycles on oxygen migration 

within saturated covers over tailings, by simulating a tailings cover system in the laboratory through column 

experiments. Covers for waste rock are not evaluated, but may be the topic of future research. This report 

details the selection of experimental methodology, background literature, experimental design, and details 

the results of the column experiments. 
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2 Theoretical Considerations   

In order to study the mechanisms that govern the transport of oxygen through saturated cover material and 

reactive tailings, a good understanding of the physical and chemical laws explaining the behavior of water 

and gases in saturated and partially saturated media is necessary. Partially saturated (or unsaturated) and 

unfrozen porous media flow is more complex due to the presence of all three phases (solid, liquid and gas). 

This “vadose zone” area (located above the water level), when combined with a solid phase characterized 

by the presence of sulphides (iron sulphide, for example), is where the geochemical processes driving AMD 

occur.  

Theoretical information sourced from previous research on oxygen transport, which has been used to inform 

the selection of methodology for the research project described herein, is summarized in the following 

subsections. The equations that describe the behavior of water in an unfrozen saturated media are presented 

in Appendix A. The equations associated with the transport of water in unsaturated and unfrozen porous 

media, along with associated parameters, are presented in Appendix B.  

 Unfrozen Porous Media 

In order to investigate the mechanisms driving oxygen diffusion in unfrozen unsaturated porous media 

during freezing temperatures, first, an understanding of the transport of oxygen, and molecular diffusion, 

through unfrozen unsaturated and saturated porous media is required, as the two states are homologous up 

to a certain point.  

Caused by a concentration or partial pressure gradient, molecular diffusion is a phenomenon that tends to 

homogenize the spatial distribution of molecules until an equilibrium is reached (Hillel, 1998). Studies of 

oxygen migration through saturated cover material (characterized by fine particle size and a relatively low 

degree of saturation) point to the fact that molecular diffusion is the main mechanism of oxygen transport 

for the production of AMD (Collin, 1987, Nicholson et al., 1989, Mbonimpa et al., 2003, Demers, 2010). 

However, other mechanisms such as advection may not be negligible under transient or other specific 

conditions (Binning et al., 2007). 

The determination of the unidimensional oxygen diffusive flux, generally expressed in mol. m-2. year-1, can 

be calculated from Fick’s first law of diffusion (Mbonimpa et al., 2003, Aachib et al., 2004, Mbonimpa et 

al., 2011), as: 

𝐹(𝑧, 𝑡) = −𝐷𝑒
𝜕𝐶(𝑧,𝑡)

𝜕𝑧
  (Equation 1) 

Where F is the diffusive flux of oxygen [ML-2T-1 or mol L-2T-1], 𝐷𝑒 is the effective diffusion coefficient [L-

2T-1], C is the concentration of molecular oxygen [ML-3 or mol L-3], z is the depth [L] and t is the time [T]. 

In the case of materials that react with oxygen such as pyrite, it is also necessary to consider the consumption 

of oxygen associated with the oxidation reactions, in addition to diffusion. Assuming that the oxidation 

reactions of sulphide minerals can be considered as first-order kinetic reactions (linear proportionality ratio 

between the speed of consumption of O2 and its concentration [Nicholson et al., 1988]), these can be 

integrated in Fick’s second law of diffusion via the coefficient of the reaction rate Kr (Mbonimpa et al., 

2002, 2003): 
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𝜃𝑒𝑞
𝜕𝐶

𝜕𝑡
= 𝐷𝑒

𝜕2𝐶

𝜕𝑧2 − 𝐾𝑟𝐶  (Equation 2) 

Where 𝜃𝑒𝑞 is the equivalent porosity [L3L-3], Kr is the reaction rate coefficient [L3L-3T-1 or MM-1T-1].  

Equivalent porosity can also be expressed as:  

𝜃𝑒𝑞 = 𝜃𝑎+𝐻𝜃𝑤   (Equation 3) 

Where H is Henry's constant at a given temperature, 𝜃𝑤 is the volumetric water content and 𝜃𝑎 is the air 

volume content. 𝜃𝑤 and 𝜃𝑎 are both derived from the water retention curve, detailed in Appendix B. In the 

presence of an inert material, the second term of the equation associated with the coefficient of the reaction 

rate (KrC) is then equal to 0. 

 Effective Diffusion and Reaction Rate 

The effective diffusion coefficient and coefficient of reaction rate are two of the most important parameters 

of influence in the mathematical determination of oxygen flux in a fine grained and porous medium, such 

as mine tailings.   

The effective diffusion coefficient (De) tends to decrease with an increase in water saturation, due to the 

lower diffusivity and solubility of gaseous oxygen in water (Yanful, 1993, Aachib et al., 2004). Several 

authors, have worked to adapt empirical or semi-empirical models to estimate De (Marshall, 1959, 

Millington and Quirk, 1961, Millington and Shearer, 1971, Collin, 1987, Aubertin et al., 1999, Mbonimpa 

et al., 2003, Aachib et al., 2004 and Nyameogo, 2017), however, limitations have been generally identified 

with these predictive models. These limitations, briefly discussed in Section 3.1, are important to assess, 

since a poor estimation of De will likely cause a significant error in the calculated oxygen flux. To determine 

an accurate De value, it is generally appropriate to conduct laboratory tests such as the diffusion 

consumption cell method, detailed in Section 2.3.1. Tortuosity, which is the ratio between the actual 

distance traveled and the shortest distance between two points, greatly influences De and is difficult to 

predict, hence should also be determined using laboratory methods.  

The reaction rate coefficient, Kr, is also dependent on several physical characteristics, such as the 

mineralogy of the mine waste (type, quantity of metal sulphides and ferric ion concentration), the grain size 

distribution and the porosity of the medium, as well as the volumetric water content (𝜃𝑤). The volumetric 

water content influences the rate of diffusion of oxygen and therefore the reactivity of sulphurous minerals. 

The study by Gosselin (2007) shows that the reaction rate coefficient can be strongly influenced by the 

degree of saturation and tends to diminish with an augmentation of the degree of saturation. Other factors 

such as bacterial activity and temperature can also affect the reaction rate coefficient. Indeed, according to 

Nyameogo (2017), the reaction rate would become 23 times lower in the presence of frozen tailings (-11°C) 

than when it is determined at room temperature (21°C). 

 Experimental Methods to Determine Oxygen Flux 

Three major experimental methods are typically used to determine oxygen fluxes: the diffusion-

consumption cell method, the oxygen gradient method, and the sulphate method. These three methods are 

described below, with the most relevant and appropriate chosen for the proposed laboratory column 

experiments.  
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2.3.1 Diffusion-Consumption Cell Method 

The diffusion consumption cell test is the most common experimental method to determine coefficients De 

and Kr, and comprise 3 main experiments: single-chamber cell test (to determine Kr), double-chamber cell 

test (for De and Kr determination), and column tests (for De and Kr determination). 

The single chamber cell test is illustrated in Figure 1. In this test, a sample of material is deposited at the 

bottom of a sealed cell equipped with an oxygen sensor. Prior to the test, nitrogen is used to purge the 

oxygen out of the cell. At the beginning of the test, air is injected into the source reservoir and then saddled 

to measure the decrease in oxygen concentration measured over time. Software (e.g., POLLUTE or 

Vadose/W) can then be used to derive the coefficient Kr from the oxygen concentration versus time curve 

(Barbour et al., 1996; MacKay et al., 1998; Shelp & Yanful, 2000). 

 

 Figure 1: Single chamber consumption cell (Cossett, 2009) 

The double-chamber diffusion-consumption test is slightly more complex. The sample is dried in a nitrogen 

chamber and brought to the desired density and water content, and is then placed on a perforated plate and 

two reservoirs are placed on either side of the material sample (Figure 2). The oxygen is removed from the 

cell and then re-introduced into the upper reservoir. Similar to the single-chamber test, the oxygen sensors 

placed in the two reservoirs make it possible to create the oxygen concentration curves as a function of 

time. De and Kr (if the material is not inert) can then be determined numerically (Yanful, 1993, Aubertin et 

al., 2000, Aachib et al., 2004) or analytically (Sallam et al., 1984, Glauz & Rolston, 1989, El-Farhan et al., 

1996). According to Cossett (2009), the prediction of Kr values by double-chamber cell tests, however, tend 

to overestimate the value of this coefficient in some cases. This test would presumably not effect the 

obtained value of De but may results in uncertain Kr determination, particularly given the fact that it is 

difficult to control the density and the degree of saturation of the sample very precisely (Gosselin, 2007). 

For this reason, single-chamber consumption tests are more accurate in determining Kr. 
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Figure 2: double-chamber diffusion-consumption cell (Cossett, 2009) 

Elberling et al. (1994) proposed a similar method to the single-chamber test, but used instead a larger 

column and thicker sample of material cover (i.e., greater than the 2 cm initially proposed). This method 

exposes a material filled column to air until equilibrium is reached, then the upper reservoir is sealed 

(Gosselin, 2007, Mbonimpa et al., 2011). From the oxygen concentrations measured in the upper reservoir, 

it is once again possible to determine the coefficient Kr by using numerical methods. 

2.3.2 Gradient Method 

The gradient method is the most direct method. The gradient method applies Fick’s first law of diffusion 

according to the measured O2 concentrations at different depths. The oxygen concentration profile is 

obtained from the instrumented columns, which results in an oxygen concentration gradient in the cover 

and/or the reactive waste. This method requires the De and Kr values determined either from the diffusion-

consumption cell test or from a predictive model. The calibration of a numerical model (the superposition 

of the values predicted by the software with those measured) makes it possible to model different fluxes for 

different timelines. An adapted method of this test can also be used in the field at full scale installations, 

for either inert or reactive covers, and at steady state conditions. 

2.3.3 Sulphate Method 

The sulphate method consists of deducing the amount of oxygen that has been consumed by the oxidation 

reaction of sulphide minerals (the amount of oxidized sulphur) from the amount of sulphate formed in the 

leachate (Elberling et al., 1994; David & Nicholson, 1995, Bussière et al., 2004). As shown in Equation 4, 

if we take the example of pyrite, for a relatively neutral pH (greater than 5), for every mole of sulphate 

formed, 1.75 moles of oxygen would be consumed: 

4𝐹𝑒𝑆2 + 14𝑂2 + 4𝐻2𝑂 = 4𝐹𝑒2++ 8𝑆𝑂4
2− + 8𝐻+  (Equation 4) 

The stoichiometric ratio obtained then makes it possible to convert the flux of sulphates measured into an 

oxygen flux. However, this method considers only direct oxidation because when the pH is too low, ferric 
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ions (produced from bacterial activity, for example) could compete with oxygen as an oxidizing agent. 

However, this method remains sensitive to certain influences, such as the precipitation of secondary 

sulphate minerals, which could result in a reduction in the amount of sulphate measured in the effluent and 

therefore an underestimation of the amount of oxygen consumed. Conversely, mineral dissolution of 

minerals containing primary sulphates such as gypsum, would have the opposite effect, resulting in an 

overestimation of the amount of oxygen consumption (Demers, 2008). This method may produce results 

that underestimate oxygen fluxes when using highly sulphurous materials, but is more accurate in the case 

of low sulphide tailings (Bussière et al., 1998). 

2.3.4 Method Comparison  

Several authors have sought to compare these three methods in order to identify their respective strengths 

and weaknesses. Elberling et al. (1994) compared the fluxes of oxygen obtained via the three methods in 

the field and in the laboratory. Although the results are relatively consistent, each method has its own 

limitations: in the diffusion-consumption cell test, very small changes in oxygen concentration may result 

in values below the limit of detection, which could falsely result in zero oxygen flux; thus, in the case of 

small oxygen fluxes, the use of the sulphate method is usually preferred (Bussière et al., 2004). However, 

geochemical conditions tend to influence the results obtained via the sulphate method. The precision of the 

results obtained by the gradient method is highly dependent on the accuracy of the estimate of the De 

coefficient.  

For the current study, it was initially decided to use the gradient method to assess oxygen flux. Indeed, this 

method was assumed to be the most direct method that applied Fick’s first law of diffusion according to the 

measured O2 concentrations at different depths. As De and Kr are required in the gradient method, they were 

supposed to be determined by experimental measurements described in the proposed experimental protocol 

section (section 4). 

3 Literature Review 

Several characteristics of saturated covers have been identified in the literature as having an impact on 

oxygen flux, largely related to the efficiency of the saturated cover under review. Among these are the 

amount of sulphides, the degree of saturation, the grain size distribution and the type and thickness of the 

saturated cover. Although most studies are based on results obtained by numerical modeling of 

environmental conditions, a minority of them are derived from laboratory or field studies; pertinent studies 

are discussed below. 

In a study by Demers et al. (2010), the effectiveness of a monolayer cover composed of tailings with a low 

residual sulphide content was investigated in the laboratory, at room temperature, according to three 

parameters: the level of the water table, which strongly influences the degree of saturation; the residual 

sulphide content in the cover material, 0.25 wt.% versus 1.24 wt.%; and thickness of the cover. For this 

study, the gradient method was chosen initially, and the coefficients De and Kr were supposed to be 

calculated. 

Several conclusions can be drawn from this study: although the oxygen concentrations are relatively 

consistent throughout the test, even after several wetting and drying cycles, the measured oxygen 

concentrations increased over time, probably due to the decreased reactivity of the sulphide surfaces. 
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Overall, the lowest flux was measured for a sulphide doped cover (1.24% sulphide), with calculated values 

as low as 0.01 mol m-2 year-1. At the saturation level, as observed by Gosselin (2007), the Kr coefficient 

decreases with an increase in saturation to obtain very low values when saturation levels above 80% are 

used. In the case of a very low water level (1.3 meters under the reactive tailings-cover interface), the 

oxygen flux is approximately 10 times higher than in the reference case, where the water level was located 

at the tailings-cover interface. This result was related to the fact that for a low water table, the cover material 

is slightly drier and thus allows more oxygen to pass through the cover to reach the tailings, although some 

of the diffused oxygen is consumed by the sulphide minerals present in the cover material. In short, as the 

degree of saturation is increased, De would decrease rapidly and thus significantly reduce the calculated 

diffusive oxygen fluxes. The thickness of the cover results in higher oxygen fluxes and a steeper 

concentration distribution profile.  

Another laboratory study by Bussière et al. (2004) also confirmed the effectiveness of covers composed of 

low-sulphide tailings (Bussière et al., 2004). Using the sulphate method, the author obtained oxygen fluxes 

at the surface of 10, 25 and 35 mol m-2 year-1 for sulphide contents of 0.22%, 0.65% and 1.17%, respectively. 

The estimated analytical fluxes at the base of the cover were 0.64, 0.06 and 0.08 mol m-2 year-1. The 

observed differences were due to oxygen consumption by the sulphides present in the cover material.  

Similarly to Demers (2008), Ouangrawa (2007) tried to evaluate the impact of water table levels on 

oxidation of two mine tailings with inert covers. The results were obtained from large instrumented 

columns, by the sulphate method, and numerically using POLLUTE software. According to the author, the 

oxygen flux could be reduced from 2500 mol m-2 year-1 to 10 mol m-2 year-1 when the water level was raised 

to a value of at least 0.5 times the Air Entry Value (AEV) of the cover material (see Appendix B for more 

details on the AEV). In such a scenario, the oxidation rate would be very low. These experiments were also 

used to calibrate a numerical model using the MIN3P software which, based on long-term, 100-year 

predictions, would indicate that the elevated water table method combined with an inert monolayer cover 

would be effective in limiting the AMD phenomenon.  

The Mine Environment Neutral Drainage (MEND) 2.12.1e report (MEND, 2001) presents the dissolved 

oxygen (DO) profiles measured for different submerged cover scenarios (Figure 3) under a circulated 

water cover at room temperature (Figure 4). 

 

Figure 3: Experimental Column Set-up (from MEND, 2001) 
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From the concentration profiles measured on the 100th day (Figure 4), no significant DO gradient could be 

established in the overlying water of the column, confirming the results obtained previously by Davé et al. 

(1996) which describe the depth of the overlying water as irrelevant in their contribution to limiting the 

quantity of DO. Also, contrary to expected results, the sand consumed oxygen faster than peat. This was 

probably due to the fact that the peat used in this study had reached an advanced stage of oxidation and had 

a low amount of readily oxidizable material left. Lastly, it seems that the tailings utilized available DO in 

the water covers at a rate exceeding the diffusion of oxygen from the atmosphere into the circulated water 

cover. Overall, the oxygen fluxes based on dissolved oxygen values measured after 18 months and 

calculated from Fick’s equations were very low: the lowest was the peat layer (3.8 gO2 m-2 year-1) and the 

highest was the 1 meter water cover (6.3 gO2 m-2 year-1). The smaller flux into the peat layer reflects a 

deeper oxygen penetration and possibly a slower oxygen diffusion rate. 

  

Figure 4: Dissolved Oxygen (mg/L) profiles, day 100 (from MEND, 2001) 

Li and Catalan (1997) conducted a numerical study with Soil Cover software in order to compare the results 

that could be expected with a cover of low-sulphide tailings (0.1 wt.% - 0.3 wt.% sulphide) combined with 

a very low water table of four meters below surface, versus an aqueous cover. From those results, in order 

to reduce the flux to 50 times less than the reference scenario (no cover), a 2.5 m cover of desulphurized 

tailings (0.1% sulphide) would be necessary, while to obtain similar results using an aqueous cover, the 

thickness would need to be about 3.5 m.  

Overall, these results confirm that a monolayer cover consisting of low-sulphide tailings with water level 

control (elevated water table) could successfully reduce oxygen uptake into the cover and ultimately limit 

AMD generation, at least at room temperature.  
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 Frozen Partially Saturated Porous Media 

Although gas migration and oxidation reactions are significantly reduced in frozen materials, several 

authors argue that neglecting oxygen fluxes when the ground is frozen tends to cause an underestimation 

of the oxygen fluxes that reach the reactive waste (Davé et al., 2017; MEND, 2006). Elberling (2005) has 

shown that even at a temperature of -11°C, oxygen consumption and migration can occur. As metioned 

prior, the MEND 1.61.6 report highlights a need for the investigation of the effect of below freezing 

temperatures on oxygen migration phenomena (MEND, 2006). 

Several changes in the physical and chemical characteristics of water and air present in the pores of the soil 

accompany freezing temperatures, subsequently complicating the fluid dynamics and diffusion of gases. 

Indeed, below 0°C a portion of the water freezes while water retained by capillarity or located in very fine 

pores does not freeze (Spaans & Baker, 1996). This can also be accompanied by swelling of the sample 

when pore space is not sufficient to accommodate the increased volume due to expansion of the interstitial 

water. In addition to swelling, oxygen diffusion may be impacted by partial or total freezing, in particular 

the De and Kr. 

3.1.1 Estimation of the diffusion coefficient in partially saturated and frozen porous media 

As discussed in Section 2.1, for ambient temperatures, De can be estimated from different empirical and 

semi-empirical predictive models. Among the models that consider diffusion in the gaseous and liquid 

phase is the model of Aachib et al. (2004), which can be written as: 

𝐷𝑒 =
1

𝑛2 (𝐷𝑎
0𝜃𝑎

𝑝𝑎 + 𝐻𝐷𝑤
0 𝜃𝑤

𝑝𝑤)   (Equation 5) 

Where n represents the porosity of the material, 𝐷𝑖
0  represents the coefficient of free diffusion of oxygen 

in water (𝐷𝑤
0 ) or air (𝐷𝑎

0), H is Henry’s constant and pa and pw are obtained as a function of the volumetric 

air (𝜃𝑎) and water (𝜃𝑤), content as: 

𝑝𝑎 = 1.201𝜃𝑎
3 − 1.515𝜃𝑎

2 + 0.987𝜃𝑎 + 3.118 (Equation 6) 

𝑝𝑏 = 1.201𝜃𝑤
3 − 1.515𝜃𝑤

2 + 0.987𝜃𝑤 + 3.118 (Equation 7) 

Through these equations, several parameters will directly influence the calculated flux. Furthermore, many 

of those parameters will be strongly influenced by a change in temperature and/or freezing. This is 

particularly the case for porosity, which could undergo a variation of its value following freezing if the 

volume of expansion of water is greater than the volume of air available in the porous material before frost 

(swelling phenomenon). 

The free diffusion coefficient of oxygen in water and in air must also be adapted to the new temperatures. 

Following the relation of Denny (1993): 

𝐷𝑎
0(𝑇) =  𝑘1𝑇𝑘2 (Equation 8) 

Where T represents the temperature in Kelvin and 𝑘1 and 𝑘2 are coefficients that vary from one molecule 

to another. 
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The free diffusion coefficient in water 𝐷𝑤
0  can be estimated with the equation of Richards (1969), as: 

𝐷𝑤
0 (𝑇) =  

7.4∗10−8∗𝑇(𝜓𝐻20𝑀𝐻20)
1
2

𝜇𝑉𝑂2
0.6   (Equation 9) 

Where T is the temperature in Kelvin, 𝜓𝐻20 is a parameter equal to 2.25 according to Reid et al. (1977), 

𝑀𝐻20 is the molecular weight of water (18 g/mol), 𝜇 is the dynamic viscosity of water in mPa-s 

(temperature-dependent variable, can be calculated according to the Kestin et al. equation (1978)) and 𝑉𝑂2
 

is the molecular volume of oxygen (25.6 cm3/ g-mole). 

Determination of Henry's constant for temperatures below 0° C can be done using Sander's formula (2015) 

and using data from Sander et al. (2006).  

The volumetric water and air contents must also be replaced by the unfrozen volumetric water content 

(UVWC or 𝜃𝑤−𝑓) and the frozen volumetric air content (FVAC or 𝜃𝑎−𝑓). The UVWC values can be 

measured with probes while the FVAC values can be deduced from the final porosity of the material, such 

as: 

𝑛𝑓 = 𝜃𝑎−𝑓 + 𝜃𝑤−𝑓 (Equation 10) 

It should be noted, however, that Equation 10 is only valid when the degree of saturation of the solid 

material is less than 91.7%, i.e., when the volume of expansion of water is greater than the volume of air 

available in the porous material before frost (Nyameogo, 2017).  

Overall, the adaptation of Aachib’s equation (Equation 5) for freezing temperature in partially saturated 

(Sr<91,7%) porous media leads to:  

𝐷𝑒−𝑓𝑟𝑜𝑧𝑒𝑛 =
1

𝑛𝑓
2 (𝐷𝑎

0(𝑇)𝜃𝑎−𝑓
𝑝𝑎

+ 𝐻(𝑇)𝐷𝑤
0 (𝑇)𝜃𝑤−𝑓

𝑝𝑤
)  (Equation 11) 

However, as Nyameogo (2017) points out, the equations defining the parameters pa and pw have been 

developed empirically and at ambient temperature (20° C), hence the interest in adapting the traditional 

diffusion-consumption tests for sub-zero temperatures. 

To remedy this knowledge gap, Nyameogo (2017) adapted the traditional double chamber cell test for the 

determination of De for freezing temperatures. According to the experimental values obtained, it seems that 

even by adjusting the parameters of Equation 4 as a function of the test temperature, the predictive model 

would slightly overestimate the real value of De, which would then lead to an overestimation of the oxygen 

fluxes. This result was expected since, as described in Section 3.1.1 the equations that predict the values of 

pa and pw (dependent on the tortuosity) do not consider freezing temperatures. According to Nyameogo 

(2017), no further studies have been conducted comparing calculated versus measured De values for 

temperatures below 0°C. 

3.1.2 Estimation of the reaction rate coefficient in partially saturated and frozen porous media 

In a similar way to De, Kr must also be adapted to frozen conditions. However, unlike De, a relationship 

linking Kr and temperature has already been identified in the literature and corresponds to the adapted 

Arrhenius equation (Nicholson et al., 1988): 
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ln
𝐾𝑟1

𝐾𝑟2
= 𝐸𝑎

(𝑇1−𝑇2)

𝑅𝑇1𝑇2
 (Equation 12) 

In this equation, 𝐾𝑟1 and 𝐾𝑟2 correspond to the reaction rates at temperatures (in Kelvin) 𝑇1 and 𝑇2, 𝐸𝑎 is 

the activation energy (variable depending on the sulphurous ores present in the material) and R is the 

universal gas constant (8.314*10-3kJ mol-1 K-1). According to Coulombe (2012), who investigated the effect 

of temperature on the flux of oxygen, predictions based on the Arrhenius equation would yield results very 

similar to those obtained experimentally, even for temperatures down to -8°C. However, as shown in Figure 

5, the value of the chosen activation energy will have a significant impact on the accuracy of the results. 

Nyameogo (2017) came to similar conclusions using an adapted double-chamber test. 

 

Figure 5: Effect of temperature on the flux of oxygen (Coulombe, 2012) 

4 Experimental Design 

Very little research has been done to investigate the impact of the freezing phenomenon on oxygen 

migration within saturated covers. Therefore, there is a need to further understand oxygen diffusion 

dynamics in these particular conditions in order to estimate the oxygen flux that can reach reactive tailings 

during cold winter months, under freezing conditions. The experimental design focused on oxygen 

concentration and unfrozen volumetric water content within freezing conditions through a series of 

laboratory column experiments.  

 Objectives 

The objectives of the proposed experiments were: 

1. For various water table levels, determine how the unfrozen volumetric water content (UVWC) in 

the saturated and unsaturated portions of an inert cover material will evolve according to depth 

under freezing conditions (-8 °C); 
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2. Predict the oxygen profiles in the low-level water column and the mid-level water columns in 

conjunction with changes in temperature. 

 Material and Methods 

The simplest method to determine oxygen flux through a material is to use the gradient method and apply 

Fick’s first law of diffusion (Section 2.3.2). However, when working with sub-zero temperatures, this 

method became hard to use, especially when it came to the oxygen measurement. O2 optic sensors typically 

will not work properly under 0°C and gas chromatography can be very expensive. Often designed for use 

in soil applications, galvanic cell sensors equipped with a thermistor temperature sensor to correct for 

temperature changes (up to -20°C) appeared to be a suitable compromise between price and functionality. 

However, galvanic cell sensors tend to consume a certain amount of oxygen per day (2.2 μmol O2/day) due 

to the electrochemical reaction of oxygen with the electrolyte present in the sensor. Thus, to obtain precise 

concentration results, the time needed to perform the experiments has to be as short as possible. They can 

also only work in partially water-saturated media. 

To overcome these issues and to be able to predict the results for multiple field scenarios, it was decided 

that the oxygen fluxes in the fully water-saturated portion would be determined by modeling. In order to 

create a representative model of freezing conditions for the numerical simulations, laboratory scale 

instrumented columns were constructed, and the following parameters were monitored over time and depth: 

• Volumetric water content; 

• Unfrozen volumetric water content (UVWC); 

• Temperature; and  

• Oxygen concentration gradient between the water interface and the top of the cover material (only 

the partially water-saturated portion). 

4.2.1 Cover material  

The inert material chosen for this study was a mixture of dry sand (50%) and a silty silica powder (50%) in 

order to reach a granulometry that was not too fine or too coarse, similar to that of tailings. To determine 

the particle-size distribution, a series of square mesh sieves were used and the relative density of the grains 

(Dr) was determined with a helium pycnometer. 

4.2.2 Column set-up 

The cylindrical columns used for this study had a total height of 40” and an internal diameter of 3”. Each 

column was constructed using two 12” Acrylonitrile-Butadiene-Styrene (ABS) pipe sections and one 16” 

ABS pipe section, joined by couplings, to facilitate the construction and maintenance of the experiment 

setup. ABS pipe was chosen over Polyvinyl Chloride (PVC), as ABS is more resistant to internal pressure 

changes that could result from expanding pore water during freezing conditions.  

The tops of the columns were open to the atmosphere to allow for oxygen to diffuse into the cover material. 

At the bottom of each column, an outflow port was connected to a container by tubing. This container was 

maintained at a height equal to the desired water table level for the column. This allowed water to flow into 
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the container and maintain a water table level within the column via hydrostatic equilibrium. The 

experimental setup is shown in Figure 6. 

 

Figure 6: Experimental setup 

4.2.3 Parameter monitoring 

In order to properly construct the models as well as to fulfill the first objective, measurement of the 

volumetric water content and temperature were conducted using four 5TM probes (Decagon Devices, Inc.) 

evenly installed across depth (Figure 7).  

It was also decided that oxygen concentration values would be examined in order to further analyze the 

relationship between UVWC, temperature and oxygen concentration. Thus, two galvanic cell O2 sensors 

(SO-110, Apogee Instrument Inc.) equipped with diffusion head (to keep the soil and debris clear of the 

sensor and ensure accurate measurements) were installed in the partially saturated portion of the cover. 

Since this type of sensor only measures the gaseous O2 concentration, one of them was be placed 

approximately 2 cm below the surface of the cover material while the other was be placed 2 cm above the 

water interface (Figure 7). UVWC data was collected every minute using a 6 channel datalogger (ZL6, 

Meter Environment), and oxygen concentration data was collected when equilibrium was fully reached. 

Since the material used for the cover was be relatively coarse, it was estimated that this equilibrium should 

be reached in a relatively short amount of time. Multiple measurements were taken over time to ensure the 

validity of this hypothesis.  

Since the 5TM probes chosen for the measurement of UVWC in the cover material had the potential to, by 

their size, hamper the diffusion of oxygen, two different columns were used for each parameter: one for the 

UVWC and one for oxygen gradient measurement (Figure 7).  
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Figure 7: Instrumented columns 

 Experimental Protocol 

Initially, 1 L of water was added to columns 1 and 2 and allowed to percolate through the materials to the 

bottom of each column and into the hydrostatic equilibrium container. Once the desired water table level 

was acquired for each column, confirmed by the hydrostatic equilibrium container and by sight, any 

additional water over and above the amount necessary to maintain the desired water-table level was  

siphoned out via an additional outflow tube at the bottom of the column, equipped with a valve to avoid 

oxygen penetration into the base of the column via this outflow.  

After reaching the desired water table level, the columns were placed in a freezer maintained at -8°C, until 

stabilization of the UVWC and O2 concentration values (O2 values will never be fully stable due to the 

consumption of oxygen by the probes). Then, the columns were taken out of the freezer to room temperature 

until new and stable values of UVWC and O2 concentration were obtained. The three water tables scenarios 

that were investigated are presented in Figure 8.   
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Figure 8: Case scenario involving different water table height 

 

5 Interpretation of the Results  

 Data Analysis and Unfrozen Volumetric Water Content    

Three different laboratory column experiments were conducted: Case Scenario 1: low water table (bottom); 

Case Scenario 2: partial saturation (middle); and Case Scenario 3: high water table (top). Each of the 

columns began at room temperature and then were cooled until frozen before going back up to room 

temperature. 5TM probes (Decagon Devices, Inc) were utilized to measure the volumetric water content 

and soil temperature. The results for each Case Scenario are summarized below.  

 

5.1.1 Case Scenario 1 - Low Water Level  

In Port 1 illustrated in Figure 9, which was submerged, as temperature was decreased from room 

temperature (~22°C), UVWC remained relatively stable at 0.28 m3/m3 until the temperature reached 

approximately -1.5°C (Figure 9). When temperature was lowered past -1.7°C, the UVWC decreased to 0.05 

m3/m3 (Figure 9).     
   
Conversely, during the thawing process, the UVWC did not increase from 0.05 m3/m3 until the temperature 

reached 1.7°C, at which point it increased to approximately the same UVWC as the initial measurement 

(0.30 m3/m3) and remained at this UVWC until the temperature returned to room temperature (Figure 9).   
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Figure 9: Case Scenario 1 - water content measured at Port 1 (submerged) during (a) freeze & (b) 

thaw 

In Port 2 (Figure 10), which was not submerged, as the columns went through the freeze cycle, UVWC was 

relatively constant ~ 0.20 m3/m3 as the temperature was reduced from room temperature to around -1.1°C 

(Figure 10), the UVWC was stable. However, the UVWV decreased almost immediately in the submerged 

Port 1 when temperatures reached -1.7°C, in the unsubmerged Port 2, the UVWC briefly stabilized around 

0.10 m3/m3 at temperatures from -1.1°C until -1.9°C. Then, after reaching a temperature of -1.9°C, there 

was an almost immediate decrease in UVWC from 0.10 m3/m3 to 0.044 m3/m3 (Figure 10).  
   
As the columns were thawed, UVWC remained at 0.044 m3/m3 until the temperature was raised to 2.5°C. 

At 2.6°C UVWC increased sharply to ~0.24 m3/m3, where it stabilized for the duration of the experiment. 

There was a slight and short-lived increase in UVWC from 0.24 m3/m3 to 0.25 m3/m3 when the temperature 

went from 5.0°C to 5.7°C. However, by 7.2°C, UVWC was back to 0.24 m3/m3 (Figure 10). See Figure 11, 

for more details.   

 

 

Figure 10: Case Scenario 1 - water content measured at Port 2 (un-submerged) during (a) freeze & 

(b) thaw        
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Figure 11: Case Scenario 1 – water content measured at Port 2 (unsubmerged) during (ai) freeze & 

(bi) thaw, with a focus on the unfrozen water level increase and decrease 

 

The trajectory of the freeze cycle taking place around Port 3 (Figure 12) strongly resembled the results in 

Port 1 and Port 2, with a single decreasing step in UVWC occurring at -1.3°C (Figure 12). However, the 

range of UVWC during the freeze cycle was much smaller. Where the UVWC ranged from 0.05 m3/m3 to 

0.3 m3/m3 in Port 1 (i.e, 0.25 difference), and from 0.044 m3/m3 to 0.2 m3/m3 in Port 2 (ie., 0.16 difference), 

in Port 3, the UVWC ranged only from 0.05 m3/m3 to the limit of quantification (<0.02 m3/m3) equivalent 

to a 0.03 change (Figure 12).    
   
During the thaw cycle, there was a wider range of UVWC, more similar to Ports 1 and 2. However, the 

steps in UVWC occurred in 3 smaller steps, as opposed to one large step which occurred in Ports 1 and 2. 

The first step occurred at 1.8°C from the limit of quantification (<0.02 m3/m3) to 0.015 m3/m3. The UVWC 

was then relatively stable from 1.8°C to 13°C, when UVWC increased sharply to 0.17 m3/m3. At room 

temperature, UVWC spiked again to 0.26 m3/m3 (Figure 12).   

 

 

Figure 12: Case Scenario 1 - water content measured at Port 3 (un-submerged) during (a) freeze & 

(b) thaw    

As indicated by figure 13 port 4 froze and thawed in similar patterns to Ports 1 and 2 (i.e., in a single 

decreasing step), the overall range in UVWC was again lower than that in Port 3 – i.e., ranged from only 

below the detection limit to 0.028 m3/m3 (a range of only 0.023 m3/m3 - Figure 13). The decreasing step 

occurred at a similar temperature as Ports 1, 2 and 3 – around -0.80°C. After this point there is a steady 

decline in the unfrozen volumetric water content, until it declined to a value below limit detection 
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During the thaw cycle, the increase in UVWC was a more gradual increase, with an increase in UVWC 

from below the detection limit to 0.025m3/m3 as the temperature increased from -1.6°C to 6.8°C. The 

UVWC stabilized at around 0.025 m3/m3 at temperatures above 6.8°C (Figure 13). 

 

 

Figure 13: Case Scenario 1 - water content measured at Port 4 (un-submerged) during (a) freeze & 

(b) thaw      

Overall, it appeared that the range of UVWC decreased with distance from the water level (i.e., overall 

UVWC in Port 1 > Port 2 > Port 3 > Port 4). This was expected, as the water level for in Case Scenario 1 

was closer to the bottom of the column, between Port 1 and 2, and due to the fact that there is a larger 

quantity of UVWC at the base of the column, than at the surface.  

 

Despite the differences in overall UVWC ranges, the temperature at which the UVWC shifted were 

relatively consistent between ports – at between -1.5°C and -0.2°C for the freeze cycle and 3°C and 2.8°C 

for the thaw cycle. Upon reaching this value there was a steep decline (freeze) or incline (thaw) in the 

UVWC value for a few degrees before UVWC re-stabilized.    

  

Freeze and thaw seemed to mirror each other in the way they both had regions of stability in UVWC as 

temperature increased or decreased, followed by a fairly steep drop in UVWC - which seemed to decrease 

in the quantity by which it declined as the ports moved further from the water level, finished by another 

region of stability.   

  

Regardless of the port or the temperature, following the drop in UVWC, there was still unfrozen water 

present throughout the entire column. At the coldest point, the remaining UVWC at each port was:   

• Port 1: 0.053 m3/m3   

• Port 2: 0.044 m3/m3   

• Port 3: Below detection limit  

• Port 4: Below detection limit 

 

5.1.2 Case Scenario 2 - Mid Water Level  

From room temperature to -0.60°C (Figure 14), the UVWC remained steady at 0.27 m3/m3, until reaching 

a temperature of -0.60 °C. At that point, there seemed to be a decline starting when the temperature went 

from -0.60°C with a UVWC of 0.29 m3/m3 to -2.6°C with a UVWC of 0.26 m3/m3, down to -2.1°C with a 

UVWC of 0.19 m3/m3 (i.e., a decline of 0,10 m3/m3 ). After reaching a temperature of -2.1°C, the UVWC 
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decreased down to 0.056 m3/m3 in the span of 3.8°C before leveling out around 0.055 m3/m3 for the 

remainder of the freeze cycle.    
   
From the freeze point to 1.8°C, the UVWC was maintained around 0.061 m3/m3, before a steep incline to 

0.28 m3/m3 at 6.1°C, where it maintained a UVWC around 0.28 m3/m3 for the rest of the cycle.   

 

 

Figure 14: Case Scenario 2 - water content measured at Port 1 (submerged) during (a) freeze & (b) 

thaw      

 

From room temperature to -1.1°C (Figure 15), the UVWC stayed at a UVWC of around 0.25 m3/m3. The 

UVWC then dropped 0.19 m3/m3 in the span of 5.2°C. 0.69 m3/m3 into the drop, there seemed to be a bump, 

where the temperature went from -3.1°C at a UVWC of 0.18 m3/m3, up to -2.4°C with a UVWC of 0.16 

m3/m3 and then back down to -3.8°C with a UVWC of 0.13 m3/m3. Following the drop, the UVWC leveled 

out around 0.030m3/m3 for the remaining freeze cycle.    
   
From the freeze point to 1.6°C, the UVWC was maintained around 0.44 m3/m3, before drastically increasing 

to 0.25 m3/m3 at 5.8°C and maintaining a UVWC around 0.24 m3/m3 for the rest of the cycle.   

 

 

Figure 15: Case Scenario 2 - water content measured at Port 2 (submerged) during (a) freeze & (b) 

thaw  

   
As illustrated by Figure 16, from room temperature to -2.8°C, the UVWC stayed steady around 0.24 m3/m3. 

The UVWC then dropped 0.15 m3/m3 in the span of 2.5°C. 0.182 m3/m3 into the drop, there is a bump, 

where the temperature went from -3°C with a UVWC of 0.18 m3/m3, up to -1.9°C with a UVWC of 0.16 
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m3/m3, back down to -3.1°C with a UVWC of 0.087 m3/m3, before continuing its decline. Upon reaching a 

temperature of -5.5°C, the UVWC leveled out around 0.045 m3/m3 for the remaining freeze cycle.    
   
From the freeze point to 0.9°C, the UVWC was maintained around 0.045 m3/m3, before drastically 

increasing to 0.21 m3/m3 at 6.2°C and maintaining a UVWC around 0.21 m3/m3 for the rest of the cycle.    
 

 

Figure16: Case Scenario 2 - water content measured at Port 3 (un-submerged) during (a) freeze & 

(b) thaw  

Figure 17 shows that from room temperature to -2.8°C, the UVWC stays around 0.017 m3/m3. Upon 

reaching -2.8°C, the UVWC plummeted to 0.001 m3/m3, at -7.4°C, before leveling out around 0.001 m3/m3 

for the remainder of the freeze.    
   
From the freeze point to -7.4°C, the UVWC was maintained around 0.001 m3/m3, before it increased to 

0.017 m3/m3 at -2.8°C and maintained a UVWC below the detection limit until reaching the coldest 

temperature.    

   
 

 

Figure 17: Case Scenario 2 - water content measured at Port 4 (un-submerged) during (a) freeze & 

(b) thaw      

 

The UVWC per port tended to stay at a steady value until reaching a temperature between -2.0°C and -

6.3°C for freeze and 2°C and 3°C for thaw. Upon reaching this value there was a steep decline (freeze) or 

incline (thaw) in the UVWC value for a few degrees before leveling out again. Similar to the low water 

level the UVWC per port moving away from the water level decreased. The UVWC for port 1 started with 

a UVWC of 0.27 m3/m3 and ended at 0.28 m3/m3. Port 2 started at a UVWC of 0.25 m3/m3 and ended at 
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0.24 m3/m3. Port 3 started at a UVWC of 0.24 m3/m3 and ended at 0.21 m3/m3. Port 4 started 0.017 m3/m3 

and ended at 0.025 m3/m3. It appeared the UVWC tended to increase or decrease by 0.014 m3/m3 to 0.04 

m3/m3 to 0.017 m3/m3. The fact that the UVWC decreased, as the port number increased was expected, as 

the water level for this case scenario was closer to the middle, as well as the fact that there is a higher 

quantity of UVWC at the base of the column, than at the surface. 
 

Freeze and thaw seemed to mirror each other in the way they both had regions of stability in UVWC as 

temperature increased or decreased, followed by a fairly steep drop in temperature — which seems to 

decrease in the quantity by which it declines as the ports move further from the water level, finished by 

another region of stability. 
 

For this water level the UVWC for each port at the coldest point was: 

• Port 1: 0.050 m3/m3   

• Port 2: 0.030 m3/m3   

• Port 3: 0.040 m3/m3   

• Port 4: Below detection limit   

   

Regardless of the port or the temperature, following the drop in UVWC, there was still unfrozen water 

present throughout the entire column. At the coldest point, the remaining UVWC at each port was at mid-

level water. 

 

5.1.3 Case scenario 3: High Water Level (Above port 4)   

   
From room temperature to 0.90°C (figure 18), the UVWC was maintained around 0.28 m3/m3, before it 

drastically declined to 0.061 m3/m3 at -1.9°C and maintained a UVWC around 0.060 m3/m3 until it reached 

ing the freeze point.    
   
From freeze to 2.4°C, the UVWC was maintained around 0.062 m3/m3, before it drastically increased to 

0.29 m3/m3 at 5.5°C, and then maintained a UVWC around 0.28 m3/m3 until reaching room temperature 

again.   
 

 

Figure18: Case Scenario 3 - water content measured at Port 1 (submerged) during (a) freeze & (b) 

thaw     
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From room temperature to -0.80°C (Figure 19), the UVWC was maintained around 0.24 m3/m3, before 

drastically declining to 0.053 m3/m3 at -2.4°C and maintaining a UVWC around 0.050 m3/m3 until reaching 

the freeze point. From the freeze point to 2.9°C, the UVWC was maintained around 0.060 m3/m3, before 

drastically increasing to 0.25 m3/m3 at 5.6°C, and then maintaining a UVWC around 0.24 m3/m3 until 

reaching room temperature again.   

   

 

Figure 19: Case Scenario 3 - water content measured at Port 2 (submerged) during (a) freeze & (b) 

thaw     

   
From room temperature to -0.20°C (Figure 20), the UVWC was maintained around 0.25 m3/m3, before it 

drastically declined to 0.015 m3/m3 at -2.4°C and maintained a UVWC of around 0.010 m3/m3 until it 

reached the freeze point. Prior to the decline, there seemed to be a small bump, where the temperature went 

from -0.20°C with a UVWC of 0.25 m3/m3 to -1.2°C with a UVWC of 0.25 m3/m3, back up to -0.90°C with 

a UVWC of 0.24 m3/m3.    
   
From the freeze point to 2.5°C, the UVWC increased 0.030 m3/m3, before it drastically increased to a 

UVWC of 0.28 m3/m3 at 6.0°C, and then maintaining a UVWC 0.27 m3/m3 until reaching room temperature 

again.    

 

 

Figure 20: Case Scenario 3 - water content measured at Port 3 (submerged) during (a) freeze & (b) 

thaw     

   



23 

This port (Figure 21) did not seem to look like any of the others in this or any of the other water levels. It 

began at room temperature with a UVWC of 0.072 m3/m3, it then sloped up to 0.13 m3/m3 at 16°C, and then 

to 0.13 m3/m3 at 7.6°C, before it declined to 0.091 m3/m3 at -0.10°C, and declined down to 0.042 m3/m3 

until -8.0°C.   
   
The thaw for this specific port is rather unique. It begins with a UVWC of 0.042 m3/m3 at -8.1°C, and 

maintains a UVWC between 0.042 m3/m3 and 0.055 m3/m3 until 2.1°C, where it goes from 0.055 m3/m3, 

up to 0.097 m3/m3 at 4.4°C, before sloping down to 0.069 m3/m3 at 14°C. From here, it increases to 0.17 

m3/m3 at 15°C and maintaining a value around that until reaching room temperature. 
   
Similar to the previous water levels the UVWC per port moving away from the water level decreased. The 

UVWC per port tended to stay at a steady value until it reached a temperature between -1.9°C and -4.3°C 

for freeze and 2.0°C and 3.0°C for thaw. Upon reaching this value there was a steep decline (freeze) or 

incline (thaw) in the UVWC value for a few degrees before leveling out again. The UVWC for port 1 started 

with a UVWC of 0.28 m3/m3 and ended ats 0.28 m3/m3. Port 2 started at a UVWC of 0.24 m3/m3 and ended 

at 0.24 m3/m3. Port 3 started at a UVWC of 0.25 m3/m3 and ended at 0.27 m3/ m3. Port 4 started 0.072 m3/m3 

and ended at 0.17 m3/m3. It appears the UVWC tended to increase or decrease by 0.02 to 0.05 m3/m3 to 

0.017 m3/m3. The fact that the UVWC decreased, as the port number increased was expected, as the water 

level for this case scenario was closer to the middle, as well as the fact that there was a higher quantity of 

UVWC at the base of the column, than at the surface.  
 

 

Figure 21: Case Scenario 3 - water content measured at Port 4 (submerged) during (a) freeze & (b) 

thaw      

 
 

Freeze and thaw seemed to mirror each other in the way they both had regions of stability in UVWC as 

temperature increased or decreased, followed by a fairly steep drop in temperature — which seemed to 

decrease in the quantity by which it declined as the ports move further from the water level, finished by 

another region of stability.  
  
For this water level the UVWC for each port at the coldest point was:  

• Port 1: 0.050 m3/m3   

• Port 2: 0.048 m3/m3   

• Port 3: 0.012 m3/m3   

• Port 4: 0.043 m3/m3   
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This data set is important to understand, because it showed how even at the lowest temperature in the cycle, 

there was still UVWC throughout the entire column in the case scenario with high water level.  
  

5.1.4 UVWC Analysis:  

As stated in section 4.1, one of the main objectives for the specific experiment was to figure out how the 

UVWC evolves in the saturated and unsaturated portions of the inert cover material under freezing soil 

conditions. The UVWC indicated the quantity of water that remained in its liquid state, and as stated under 

the comment section for each of the water levels, with the exception of port 4, at mid water level, the UVWC 

was not completely depleted at -8.0°C. The results of the experiment reinforce section 3.1, which described 

that water located within fine pores does not freeze, even below 0°C (Spaans & Baker, 1996).   
  
Water level seemed to play a significant role in UVWC during freeze and thaw cycles. As observed in 

Figure 22, the initial and final UVWC measurements for most of the water levels seemed to start and end 

within the same range, with minor fluctuations in quantity for most ports, only really varying 0.01m3/m3 to 

0.05 m3/m3. An additional observation that may be made is that regardless of the initial height of the column, 

the quantity of UVWC decreased moving up the columns (from port 1 to port 4), in each of the 3 column 

scenarios. Meaning, port 1 seemed to always have a higher amount of UVWC in comparison to port 4. This 

may be due to the manner water behaved upon freezing in a stagnant location and the impact of porosity on 

the movement of UVWC. The UVWC at the freeze point of each of the ports in each water level also 

seemed to follow the same decline trend, decreasing in volume moving up the column.   

 

 

Figure 22: Data comparison of all 4 ports and all three water levels  
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Overall, it seemed as though the UVWC decreased moving up the column (from port 1 to port 4), the initial 

and final values for each of the ports in all 3 case scenarios were within the same range with very little 

variability, and at the coldest temperature in most of the cycles, there was still some amount of UVWC 

present.  This may have been due to the granulometry of the sand and silica powder, a mesh sieve was 

initially used to determine particle-size distribution, but after altering water levels and running a few freeze 

and thaw cycles (swelling and un-swelling), it may have affected the granulometry within the column. 
  
Data obtained from this analysis may be used to calculate De, using a method described in section 5.1, 

which may then be used to determine the O2 flux. However, more freeze and thaw cycles need to be applied 

in order to see if no weathering of the material would occur. In the literature, it was identified that erosion 

of the cover material was linked with changes in soil properties such as the water retention curve, the 

apparition of preferential pathways following fluctuation of the solid material by ice, changes in 

granulometry and changes in the specific gravity of the particles. Overall, all those parameters are linked 

with the porosity and might affect the O2 flux.   

   

 O2 Concentration and Temperature  

As stated in the materials and methods, 2 galvanic O2 sensors (SO-110, Apogee Instrument Inc.)  modified 

with diffusion heads were utilized to obtain the gaseous O2 concentration in the partially saturated portion 

of the cover, for each of the two cycles. Figure 8 illustrates the way the O2 sensors were positioned for their 

respective cycles. In the first cycle, the water level was closer to the bottom, one of the O2 sensors was 2 

cm below the surface of the cover material (near port 4), and the last sensor was placed 2 cm above the 

water interface (between port 1 and 2). In the second cycle, the water was closer to the middle, similar to 

the first cycle, one of the O2 sensors was 2 cm below the surface of the cover material (near port 4), and the 

last sensor was placed 2 cm above the water interface (between port 2 and 3), see figure 1 in this text or 

section 4.2.2. By utilizing the data obtained from the three column experiments and the data from the O2 

sensors, the following observations were made about the O2 migration within saturated covers. It should, 

however, be noted that there was a small quantity of data points to work with when it came to O2 

concentration data, so the trends should be considered estimates. 
   

5.2.1 First Cycle: Low water level (Between port 1 and port 2)    

From room temperature to the frozen point, the O2 concentrations decreased for both the lower O2 sensor 

and the upper O2 sensor (Figure 23). Another characteristic both seemed to have in common is that nearing 

the end of the freeze, they both seem to have a jump in O2 concentration. For the upper O2 sensor, the O2 

concentration went from close to 16%, down to 14.5%, with the lowest O2 concentration being 14.4% at -

8.6°C, before jumping up to 14.5% at -8.7°C.    
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Figure 23: First cycle, low water level, Upper O2 in freezing conditions: (a) Upper O2 sensor, (b) 

Lower O2 sensor   

 

For the lower O2 sensor, the O2 concentration went from 21.2% down to 20.1%, with the lowest O2 

concentration being 20% at -8.4°C, before jumping up to 20.1% at -8.5°C.    
   
Initial and final concentrations:   

• Upper O2 sensor: 16% (initial), 14.5% (final)   

• Lower O2 sensor: 21.2% (initial), 20.1% (final)   

  
This indicated that while there is a decline in O2 concentration as the temperature freezes, there is only a 

very slight decrease in the upper oxygen sensor for the column with a low water level. 
   

5.2.2 Low water level: Unfrozen volumetric water content and O2 concentration   

The evolution of UVWC in port 1 (a) illustrated in Figure 22 during the freeze cycle (a) and the data 

obtained from the lower O2 sensor, helped provide information regarding the effects of unfrozen water 

movement on O2 concentration and therefore O2 migration. Although UVWC and O2 concentration did not 

have a parallel relationship, understanding the effects of temperature and volume of unfrozen volumetric 

water content in the ways they may impact the concentration of O2 concentration is relevant in analyzing 

the O2 flux.  
   

5.2.3 Second Cycle: Mid water level (between port 2 and 3) Upper O2 sensor   

In the second cycle (Figure 24), the O2 concentration for the upper O2 sensor went from 20.8%, with a 

temperature of 20.5 °C, to 20.4% at -13.3°C, before going down to its lowest point at 20.1% at -8.6°C (Figure 

24). From there the O2 percent seemed to rise steadily as the temperature increased. It went from 20.1% to 

20.4% in the span of around 13 degrees (-8°C to 21°C). The O2 concentration then jumped dramatically up 

to 20.9% upon reaching room temperature. 
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Figure 24: Second cycle, mid water level, Upper O2: (a) freeze, (b) thaw   

 

Initial and final concentrations:   

• Upper O2 sensor: 20.8% (initial), 20.9% (final), 20.1% (at the coldest point). 

  
It appeared for the upper oxygen sensor with mid water level, the oxygen concentration only had mild 

fluctuations in temperature. 

5.2.4 Second Cycle: Mid water level (between port 2 and 3) Lower O2 sensor   

From room temperature to -8.8°C (Figure 25), the O2 concentration decreased fairly steadily, as it did for 

the upper O2 sensor (Figure 25). The thaw for the lower sensor also seemed to be similar to the upper O2 

sensor: the O2 concentration went from 16.6% at -8.7°C to 16.7, at 22.3°C before dramatically jumping up 

to 17.9% at 23°C.   

 

 

Figure 25: Second cycle, mid water level, Lower O2: (a) freeze, (b) thaw   

Initial and final concentrations:   

• Lower O2 sensor: 20% (initial), 17.9% (final), 16.6% (at the coldest point).   

  
These values showed that in the second cycle, when the water was close to the middle, the O2 concentration 

at the coldest point, as well as upon reaching room temperature after the coldest point seemed to be the 

lowest out of all of the other water levels and cycles.   
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 O2 Data Analysis   

One of the objectives outlined in section 4.1 for the experiment was to predict the O2 profiles in the low-

level water column and the mid-level water column. By creating the above graphs, a few important 

conclusions may be made about the O2 concentration, as temperature fluctuates.  

 

Figure 22 illustrates how similar O2 concentration fluctuations are for both the upper O2 sensor and the 

lower O2 sensor with low water level. They both had a consistent decline until reaching the coldest point. 

As for the second cycle, the upper and lower O2 sensors seemed to be fairly similar in ways the O2 fluctuated 

in both the freeze and thaw cycle. Going from room temperature to the freeze point, the O2 for both declined 

steadily, until a specific point (around -13.3°C for the Upper O2 sensor and -8.8°C for the lower sensor), 

where there was a steep decline in both temperature and O2. The thaw cycle for the upper and lower O2 

sensor was also very similar, in the way the O2 concentration increased moderately for the upper sensor, 

and very slightly for the lower sensor, until reaching a specific point (21.7°C for the upper O2 sensor and 

22.3°C for the lower O2 sensor), where the O2 concentration then spikes back up. The drastic fluctuations 

in O2 concentration may be explained by the sensor’s inability to measure the O2 concentration on frozen 

material, and be based on the quantity of UVWC. This was be seen by the small quantity of O2 points that 

were measured during the experiment. It is also important to understand that the galvanic cell sensors 

consumed 2.2 μmol O2/day. While the experiments were completed as fast as possible, this may have caused 

some fluctuations in the results. 
   
  

6 Conclusions  

 Limitations  

Considering the approach chosen to investigate the migration of oxygen in the saturated cover, some 

limitations were likely inherent to the study. De was supposed to be estimated from Aachib et al.’s (2004) 

equation adapted for temperature (Equation 11) as described in the experimental protocol, however due to 

the complexity of the equations involved and calculation variables that were not accounted for during the 

experimental stage, data results were directly analysed with the utilization of multiple unfrozen volumetric 

water content and oxygen graphs. Also, it was not be possible to make use of the normal functionality of 

Vadose/W because the software did not allow analysis for temperatures under 0°C, as indicated by the user 

guide. Values would need to be implied from theoretical models and manually forced to represent the actual 

freezing conditions, which could result in some uncertainties in the calculated flux. However, since the 

oxygen gradient was supposed to be measured in the unfrozen portion for calibration purposes, the 

uncertainties mainly concerned the fully saturated portion of the cover (below the water table level). Finally, 

it should be noted that the fully submerged portion likely underwent some swelling since the initial degree 

of saturation was more than 91.7% (a threshold described in Nyameogo, 2017). Swelling also affected the 

measurement of volumetric water content though changes in the porosity of the frozen solid sample, 

volumetric air content and other parameters of interest of the samples. Thus, only an approximation of the 

flux reaching the tailings could be provided by this study. 

 Summary of Results 

It appears as though both the O2 concentration and UVWC seem to follow similar trends. The UVWC 

decreases moving up the column (from port 1 to port 4), the initial and final values for each of the ports in 
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all 3 case scenarios are within the same range with very little variability, and at the coldest temperature in 

most of the cycles, there is still some amount of UVWC present. The UVWC graphs also seem to present 

regions of UVWC stability, until reaching a specific value, where the UVWC seems to drop (in the freeze 

cycle) or rise (in the thaw cycle) suddenly, before leveling out again. This is expected, as the drop and rise 

in UVWC seem to be near the freezing point of water and the melting point of ice.   
  
For the O2 concentration, we again see similar regions presented throughout most of the O2 cycles. In this 

case, there seems to be an overall gradual decline in O2 concentration, and a slight jump of O2 concentration 

nearing the end of the cycle. It should, however, be noted that there was a rather small quantity of data 

points to work with when it came to O2 concentration data, so the trends should be considered estimates.   
  
Similarly, for both the UVWC and the O2 concentration more freeze and thaw cycles need to be applied in 

order to see if no weathering of the material would occur. In this case the experiment was only preformed 

once due to the limitations of the equipment used, but perhaps a future experiment with more cycles may 

allow for a better understanding of the effects of multiple freeze and thaw cycles on the UVWC and the O2 

concentrations.  
 

 Conclusions 

The objectives of this study were to evaluate the impact of freeze-thaw cycles on oxygen migration within 

saturated covers over tailings, by simulating a tailing cover system in the laboratory through column 

experiments. UVWC and O2 concentration were monitored in different scenarios where water level varied 

and through freeze and thaw cycles.  

 

From the results presented above, it appears that water level seems to play a significant role in UVWC 

during freeze and thaw cycles.  

UVWC and O2 concentration do not have a linear relationship, they appear to follow similar trends. 

A steady decline of UVWC content within each of the three column scenarios was observed; regardless of 

the height of the water the UVWC decreases moving up the column. 

Port 1 seems to always have a higher volume of UVWC in comparison to port 4. This may be due to the 

manner water behaves upon freezing in a stagnant location and the impact of porosity on the movement of 

UVWC. 

At the coldest temperature in most of the cycles (around -8°C), there is still some amount of UVWC present, 

which means that oxygen diffusion may be still possible even at cold temperature in these unfrozen parts 

of the saturated cover. 

 

 Subsequent Experiment 

Due to the unforeseen limitations to this experiment, a future in-depth lab-scale study inspired by the double 

chamber cell test is also planned to help provide a more realistic analysis of the effects of water level, and 

freeze-thaw phenomenon on oxygen migration in saturated covers. The subsequent study will focus on the 

utilization of techniques that may allow the direct measurement of oxygen diffusion through inert materials 

without needing variables to assume the quantity of oxygen. This will allow a more accurate estimation of 

oxygen diffusion in actual saturated covers.  
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Appendix A: Unfrozen Saturated Media Equations  

Flow of water in saturated and unfrozen porous media 

In a saturated porous medium, only two phases are present, namely the liquid phase and the solid phase. 

The determination of the flow velocity of the fluid between two points can be made from Darcy's law, such 

as:  

𝑞 =  −𝑘 ∗ 𝑖   (eq.13) 

Where q is the specific flow [LT-1], 𝑘 is the hydraulic conductivity [LT-1] and i is the hydraulic gradient 

[LL-1]. The hydraulic gradient i also reflects the variation of the hydraulic load as a function of the distance 

which, in the one-dimensional case, is recorded as 

𝑖 =  
∂h

∂z
=

ℎ𝑎−ℎ𝑏

L
  (eq.14) 

The hydraulic load h [L] can also be determined using the Bernoulli water potential equation, neglecting 

the velocity term (considered to be very low). The determination of the saturated hydraulic conductivity 

can also be done experimentally from a flexible or rigid-walled permeameter or from a predictive model 

such as that of Kozeny-Carman or modified Kozeny-Carman. 

The law of conservation of the mass must also be used in order to define the movement of water in a solid 

matrix. This law stipulates that for a rigid material, the specific flow q that leaves a volume of soil must be 

equal to that entering: 

𝑑𝑖𝑣 �⃑� =  0 (eq.14) 

In the case of an anisotropic soil, the generalization of 3-dimensional equations through a matrix system 

becomes essential to define the hydraulic conductivity of the soil in all directions. 
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Appendix B: Unfrozen Unsaturated Media Equations 

Flow of water in partially saturated and unfrozen porous media 

Based on the equations describing flows in a saturated medium, Richards (1931) developed an equation 

that solves the problems of water flow in an unsaturated medium, such as: 

𝜕𝜃

𝜕𝑡
= −

𝜕

𝜕𝑥
[𝑘𝑥(𝜓)

𝜕𝜓

𝜕𝑥
] −

𝜕

𝜕𝑦
[𝑘𝑦(𝜓)

𝜕𝜓

𝜕𝑦
] −

𝜕

𝜕𝑧
[𝑘𝑧(𝜓)

𝜕𝜓

𝜕𝑧
] +

𝜕

𝜕𝑧
 𝑘𝑧(𝜓) eq.15 

Where 𝜃 corresponds to the volumetric water content, 𝑘𝑖  is the hydraulic conductivity along the 3 reference 

axes and 𝜓 is the suction resulting from the fact that above the water table level, the interstitial water 

pressure is lower than the atmospheric pressure. Thus, unlike the saturated case, there is a variation in the 

water content as a function of the suction (or water retention curve) and a variation of the hydraulic 

conductivity as a function of the suction (or function of permeability). 

Water retention curve 

The volumetric water content (𝜃𝑤) and the air volume content (𝜃𝑎) make it possible to quantify the 

proportions of water and air present in the pores of an unsaturated and unfrozen soil (reactive tailings or 

cover). These parameters are presented in the following equations 16 and 17. 

𝜃𝑤 =  
𝑉𝑤

𝑉𝑡
= 𝑛𝑆𝑟 = 𝑤(1 − 𝑛)

𝛾𝑠

𝛾𝑤
  (eq.16) 

𝜃𝑎 =  
𝑉𝑎

𝑉𝑡
= 𝑛 − 𝜃𝑤 = (1 − 𝑆𝑟)𝑛  (eq.17) 

Where 𝑛 represents the porosity of the soil, 𝑆𝑟 is the degree of saturation, 𝑉𝑖 is the volume of air or water 

or total, 𝛾𝑖 is the density of the soil/water. It is the phenomenon of water retention by capillarity (in the 

pores of a soil) which is at the origin of the water contents which will be observed in an unsaturated medium. 

In order to be able to experimentally link the amount of water that a soil can retain within its pores (degree 

of saturation) depending on the height of the water table (suction), the use of a Tempe cell is often preferred. 

This experimental method consists of making point measurements of the suction necessary for the 

desaturation of the soil for various degrees of saturation. In addition to this method, predictive models based 

on soil geotechnical properties (void index, grain size, etc.) can be used to construct the water retention 

curve. Figure B1 shows an example of a water retention curve for a fictive material. 
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Figure B1 Water retention curve (Cossett, 2009) 

Finally, two important characteristics of the material can be deduced from the graph, namely the air entry 

value (AEV, 𝜓𝑎) and the water entry value (WEV, 𝜓𝑟). 𝜓𝑎 corresponds to the suction which is greater than 

the capillary tension of the pores, from which we can see the beginning of the desaturation of the studied 

material. 𝜓𝑟 corresponds to the suction that is observed when the volume content of the material is equal 

to the water content of the soil. 

Permeability function 

This relation expresses the variation of the hydraulic conductivity k as a function of the suction experienced 

by the medium 𝜓. This suction also reflects the degree of saturation of the corresponding soil. Thus, when 

the soil has a high water content, its pores will be filled with water and water can flow easily through it: a 

high hydraulic conductivity will be observed. Otherwise, for a low degree of saturation, the pores will be 

filled with air, which will reduce the hydraulic conductivity. In short, the air acts as a brake on the flow. 

Note that the permeability function can be determined experimentally from cell permeability tests or 

estimated from the water retention curve and the saturated hydraulic conductivity.
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Appendix C: Double-Chamber Cell Design 
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