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ABSTRACT 

End pit lakes (EPLs) are an important remediation technology for fluid fine tailings (FFT) 

generated during oil sands mining and upgrading. EPLs are created by pumping FFT into a mined-

out pit and then capping them with water.  The first commercial scale EPL is Base Mine Lake 

(BML) at Syncrude Canada Ltd.’s Mildred Lake Mine in the Athabasca oil sands region in northern 

Alberta, Canada. The long-term evolution of mass loading in BML has implications for the 

viability of EPLs as a remediation technology in the Alberta oil sands. Internal mass loading from 

FFT to the overlying water cap may impact water quality in EPLs. Mass loading in BML is driven 

primarily by advective-dispersive transport from FFT settlement. However, the influence of 

mixing on the upper FFT by methane (CH4) ebullition has not been explored. This research 

examines the potential for CH4 ebullition in BML and the influence it may have on mass transport. 

FFT porewater samples were taken from 0.5 m above the tailing-water interface (TWI) down to 

40 m below the interface in 2016 and 2017.  Sensors that record temperature and pressure were 

deployed in 2018 and 2019. Detailed FFT porewater chemistry analysis was integrated with 

published data to define the distribution of dissolved constituents within BML. Numerical 

modelling, noble gas analysis, and dissolved gas pressure analysis were used to determine the 

potential for CH4 ebullition within FFT. Transport modelling that included CH4 ebullition was 

carried out to simulate observed chemical depth profiles. The degree and distribution of CH4 

saturation vary spatially throughout FFT in BML. Dissolved CH4 concentrations were at or near 

saturation between 1.5 to 3 m below the TWI throughout BML. Annual seasonal cycles and 

continually settling FFT both influence CH4 solubility. Advective-dispersive mass transport 

modelling with mixing by ebullition found that different locations required different amounts of 

mixing to simulate geochemical tracer depth profiles. Typically, locations with greater ebullition 

potential and settlement required more mixing by ebullition. Dissolved CH4 transport modelling 

showed that anaerobic oxidation limited flux rates from the FFT into the water cap. The results of 

this study refined the conceptual model for internal mass loading as well as developed a model for 

parameters that can influence CH4 ebullition in an oil sands EPL. 
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 INTRODUCTION 

Bitumen deposits in the Alberta oil sands of northern Alberta, Canada, host the third largest 

hydrocarbon reservoir in the world with proven reserves of 166 billion barrels (Alberta 

Government, 2018). In the Athabasca oil sands region (AOSR), these deposits are hosted in the 

poorly consolidated cretaceous sands of the Wabiskaw-McMurray member of the Mannville group 

(Hein and Cotterill, 2006; Gibson et al., 2013). Ore is extracted by open-pit mining or using in-

situ methods (Kaperski and Mikula, 2011; Alberta Government, 2018). In the Fort McMurray/Fort 

Mackay area, the oil sands deposits are shallow enough to facilitate extraction via open-pit mining 

(Kaperski and Mikula, 2011).  

Surface mining operations generate three principal tailings streams: (1) coarse (sand) 

tailings; (2) fluid fine tailings (FFT); and (3) froth treatment tailings (FTT). While both coarse 

tailings and FTT present challenges for reclamation, FFT are particularly problematic due to their 

high salinity, clay and water content, and low settlement and dewatering rates (Kaperski and 

Mikula 2011). These tailings add considerable complexity to remediation efforts, which much 

address the over 1.2 billion m3 of fine tailings currently stored in tailings ponds across the AOSR 

plus any future fine tailings production (Alberta Government 2019a) 

Broadly, remediation strategies are centered around either aquatic or terrestrial technologies 

where the tailings are either water covered or form part of a soil covered landscape (Kaperski and 

Mikula, 2011). One aquatic reclamation technology is end pit lakes (EPLs) where tailings are 

placed in mined-out pits and water capped (Kaperski and Mikula, 2011). End pit lakes may be 

referred to as water capped tailings technology (WCTT) in some documents and reports.  

Ultimately, the aim of EPLs is to become self-sustaining, healthy boreal aquatic ecosystems that 

are integrated into the surrounding watershed. Water flowing into EPLs may be released to the 

surrounding landscape and, potentially, to the Athabasca River (Dompierre et al., 2016).  

Therefore, the success of EPLs as a remediation strategy relies on surface water quality that meets 

yet to be defined criteria but broadly representative of a natural boreal water body. Initial EPL cap 

water chemistry is similar to oil sands process-affected water (OSPW). Cap water quality is 

expected to improve over time due to freshwater inputs and in situ biogeochemical processes 
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(Dompierre et al., 2016). However, the impact of internal mass loading from FFT to the water cap 

is not well constrained and could adversely impact and delay improvement in water quality 

(Dompierre and Barbour, 2016; Dompierre et al., 2017; Lawrence et al., 2016). Mass loading is 

expected to be driven primarily by advective dispersive transport due to tailings settlement. 

However, sediment mixing is also believed to impact internal mass loading. Potential mixing 

processes include periodic mixing by internal seiches or lake turnover and variably continuous 

mixing by methane ebullition (CH4; Dompierre et al., 2017; Hurley, 2017). Biogenic in situ gas 

generation, particularly methanogenesis, and ebullition are widely reported in tailings deposits 

across the AOSR and is reported in studied EPLs (Lawrence et al., 2016; Stasik and Wendt-Pothoff 

2016; Holowenko et al., 2000; Siddique et al., 2012). Ebullition may affect internal mass loading 

as well as resuspend sediment (Dompierre et al., 2017; Kavcar and Wright, 2011).  FFT porewater 

contains elevated constituents of concern relative to the water cap and resembles OSPW in 

chemistry (Dompierre et al., 2016; Risacher et al., 2018)  

Developing an understanding of the processes that influence internal mass loading EPLs is 

critical for assessing the potential long-term evolution of water chemistry. The first, and currently 

only, full-scale demonstration EPL, Base Mine Lake (BML), provides a unique opportunity to 

study internal mass loading processes and to assess their influence on cap water chemistry. By first 

determining the degree and distribution of CH4 saturation in the FFT and then incorporating it into 

mass transport models, we can constrain both the impact of internal mass loading on water cap 

quality and the impact that ebullition has on EPL development. Porewater advection dominates 

internal mass loading in early years, but diffusion is likely to dominate at later times concomitant 

with declining FFT settlement rates (Carrier et al., 2007; Kaperski and Mikula et al., 2011; 

Dompierre et al. 2017). Self-weight consolidation of FFT will consolidate from the bottom up, 

greatly reducing the hydraulic conductivity at the base of the deposit. This consolidation limits 

flux into the underlying formations and primarily drive porewater advection upwards into the water 

cap (Dompierre and Barbour, 2016; Kabwe et al., 2018). Other processes proposed to affect mass 

loading include sediment mixing due to internal seiches, lake turnover, and ebullition (Fig. 1-1; 

Dompierre and Barbour 2016, Dompierre et al., 2017; Lawrence et al., 2016). The potential impact 

of the various transport and geochemical processes on the mass loading of chemical species from 

the FFT into the water cap are currently not well constrained.  Numerical modelling can be used 
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to simulate observed chemical gradients to investigate these processes and estimate potential mass 

loading under long-term scenarios with varying geochemical or physical conditions. 

 

Figure 1-1: Initial conceptual model of processes and parameters in an oil sands EPL that affect 

internal mass loading from FFT to the overlying water cap (after Dompierre 2017). 
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 RESEARCH OBJECTIVES 

My overall research goal is to constrain relationships between ebullition and internal mass 

loading of an oil sands EPL. Ebullition may alter physical properties of the FFT through mass 

entrainment and temporarily increase the volumetric water content in the FFT intervals over which 

ebullition occurs enhancing the mass loading into the water cap.   

The overarching research hypothesis is that: 

 CH4 ebullition enhances FFT mixing and, therefore, increases internal mass loading in 

an EPL 

The specific objectives are: 

 define the spatial and temporal distribution of CH4 ebullition release from an EPL 

considering variables including advection, water cap depth, FFT temperature, and 

porewater chemistry;  

 develop advective-dispersive transport models for conservative constituents (i.e. Cl-, 

δ18O, δ2H, B) that consider spatial and temporal variability; 

 define the magnitude of source or sink terms for the reactive species CH4, using the 

conservative species transport model coupled with reactive terms; and 

 estimate the long-term trends in internal mass loading from the FFT to the EPL as 

transport shifts from advection- to diffusion-dominated. 
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 LITERATURE REVIEW 

3.1 Alberta Oil Sands  

The Alberta oil sands comprise three separate bitumen deposits, the Peace, Athabasca and 

Cold Lake Oil Sands Regions which have a combined 166 billion barrels of proven reserves 

(Government of Alberta, 2019b). The cretaceous aged Wabiskaw – McMurray member of the 

Mannville group hosts oil sand ore (Hein and Cotterill; 2005). Oil sands are typically weakly 

cemented sandstone made of about ~10% bitumen, 5% water and 85% solids (Chalaturnyk et al., 

2002). Crude oil can be extracted from these deposits by either in-situ methods, such as Steam 

Assisted Gravity Drainage, Cyclic Steam Stimulation and Cold Heavy Oil Production with Sand 

or by open-pit mining (Oil Sands Magazine 2019a, b). Recovery rates for in-situ methods vary 

from 40 to 60% depending on the technique and the deposit, whereas open-pit mining can approach 

99% recovery.  The extraction method depends on local geology ore depth. In situ methods 

typically require a minimum cover thicker than >200 m while open-pit mining is limited to within 

~70 m of the original surface (Oil Sands Magazine 2019a, b). Although bitumen deposits are 

distributed over a 142, 000 km2 area, only 4, 800 km2 (~3.4%) of that area, located north of Fort 

McMurray contains deposits suitable for open-pit mining (Government of Alberta, 2019b).  

Open-pit mining disturbs large areas of the northern Alberta landscape to access the deposits. 

This includes a diversity of land cover, ecozones includes a diverse range of ecosystems, such as 

forests, bogs, peatlands, and wetlands. Operators currently use truck-and-shovel methods to extract 

the bituminous ore. The ore is then mixed with a combination of recycled and freshwater and 

hydro-transported for extraction using various modified Clark Hot Water processes (Clark and 

Pasternack 1932; Kaperski, 2003). Bitumen is extracted from oil sands ore with hot water in a 

primary separation vessel and undergoes froth flotation separation. Bitumen is liberated from the 

water and most of the solids by attaching to bubbles and skimmed from the slurry. Froth treatment 

removes bitumen from the remaining water and fine solids by adding process aids like sodium 

hydroxide or sodium citrate, and diluents that are made of n-alkanes, iso alkanes and 
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monoaromatics (Masliyah et al., 2008; Gray, 2015). The bitumen extraction process generates 

coarse tailings, FTT and FFT. 

3.2 Fluid Fine Tailings 

Tailings impoundments currently store over 1,210 m3 of fluid tailings across the AOSR 

(Government of Alberta, 2019a). Deposited FFT are composed of about 60−70% OSPW, 20−35% 

solids, and 1−3% hydrocarbons (Allen, 2008; Kaperski, 1992; Kavanaugh, 2011). The solids 

comprise fine sand to clay-sized fine-grained quartz and clay minerals that are separated from the 

coarser sand-sized grains during the extraction process (Chalaturnyk et al., 2002). FFT porewater 

is OSPW, a mixture of water utilized in the upgrading process with connate water from the oil 

sands deposit. OSPW is alkaline, saline and contains organic compounds, including naphthenic 

acids and residual solvents used during froth treatment. (Allen, 2008; Dompierre et al., 2016; 

Kavanaugh, 2011). Major constituents in FFT porewater include bicarbonate (HCO3
−; 1200 

−1800 mg L−1), sodium (Na; 880 ± 97mg L−1), and chloride (Cl−; 560 ± 95 mg L−1; Allen 2008; 

Dompierre et al., 2016; Penner and Foght, 2010; Rudderham, 2019). FFT porewater contains 

biogenic CH4 (< 80 mg L−1), and ammonium (NH3‑N; 11 ± 3 mg L−1) which can consume 

dissolved oxygen via microbial oxidation (Allen, 2008; Dompierre et al., 2016; Rudderham 2019). 

Typically, FFT comprises a slowly settling slurry that can take many decades to dewater (Allen, 

2008; Scott et al., 1985). FFT pose a long-term challenge to the closure landscape due to their due 

to high salinity, turbidity and high concentrations of oxygen consuming constituents (Gibson et 

al., 2013; White and Liber, 2018; Risacher et al., 2018).  

3.3 Reclamation Strategies 

Oil sands tailings reclamation is a major concern to both industry stakeholders and the 

Canadian public (BGC Engineering Inc., 2010). Per Alberta Government Directive 085, industry 

stakeholders are to reclaim disturbed areas used in oil sands mining to a self-sustaining boreal 

ecosystem integrated into the surrounding landscape (Alberta Government, 2016). 

There are two broad categories for reclamation technologies that oil sand producers employ, 

terrestrial and aquatic remediation techniques. Terrestrial reclamation strategies involve creating 

an artificial upland landscape with tailings. FFT must be stabilized prior to placement to be 
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sufficiently stable and tractable to facilitate reclamation cover. Proposed strategies for terrestrial 

reclamation include thin lift dewatering, coagulation or flocculation, centrifugation, and mixing 

with other mine waste to form composite tailings (Kaperski and Mikula, 2011). Aquatic 

reclamation strategies are where the disturbed landscape is covered by a water cap to create a lake 

or pond. EPLs are a major aquatic reclamation strategy and can variably contain FFT, thickened 

FFT or process water. When an EPL or aquatic remediation technology involves tailings under a 

water cover it may be referred to as WCTT. 

 End Pit Lakes 

End pit lakes are a reclamation strategy whereby fine tailings are pumped into a mined-out 

pit and capped with OSPW and freshwater. Pit lakes have been used extensively in more traditional 

mining settings in both metal and coal mines (Castro and Moore, 2000). Oil sands EPLs are an 

order of magnitude larger than pit lakes at hard-rock mines with water caps that are nearly twice 

as deep (CEMA, 2012; Kabwe et al., 2018). If successful, EPLs will be a key component of the 

closure landscape and form a major control on both the upstream and downstream hydrology of 

the AOSR (CEMA 2012). EPLs may be designed to receive surface drainage from the surrounding 

mine closure landscape and ultimately may discharge into the Athabasca River (Rudderham 2019). 

Between 24 and 32 EPLs have been proposed in the AOSR, eight of which are expected to have 

water capped FFT (Arriaga et al., 2019; Kabwe et al. 2018). To date, one commercial-scale 

demonstration EPL has been commissioned in the AOSR and filling of another with treated FFT, 

that is FFT amended with coagulants, is under way (Dompierre et al., 2016; Alberta Government, 

2017).  

In EPLs containing water capped FFT, it is anticipated that the FFT will settle and 

consolidate with time and that the water cover will improve in quality, such that a healthy 

ecosystem can be sustained. Numerical models predicted that self-weight consolidation through 

tailings settlement would be the primary driver of vertical fluid flow into the water cap (Dompierre 

and Barbour, 2016; Prakash et al., 2011). These models also predicted that settlement rates would 

decrease exponentially with time from ~1 to ~0.1 m a−1 over 30 years during preferential 

settlement of larger, heavier particles (Carrier et al., 2007).  
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3.4 Internal Mass loading 

Internal mass loading is the chemical loading of a water body from its underlying sediments; 

in an EPL, the loading comes from the underlying tailings. Mass loading from the FFT to the 

overlying water cap is an important control on water quality within EPLs (Dompierre and Barbour, 

2016; Dompierre et al., 2017). Increases in TDS due to internal mass loading can increase cap 

water toxicity (Liber and White, 2018). Oxygen consuming constituents such as CH4 and 

ammonium in FFT porewater may indirectly cause oxygen depletion in the water cap (Chen et al., 

2013; Penner and Foght, 2010; Risacher et al., 2018).  These constituents have been found in 

tailings impoundments throughout the AOSR and are readily oxidized (Dompierre et al., 2016; 

Stasik et al., 2014; Stasik and Wendt Pothoff 2014, 2016). Long-term oxygen consumption in the 

water cap can lead to anoxia and threaten the sustainability of an EPL (Risacher et al., 2018). Due 

to the potentially negative impacts that internal mass loading may have on the success of an EPL, 

it is necessary to characterize the mass transport across the tailings water interface (TWI). Mass 

transport in an EPL is primarily a function of vertical advective dispersive transport upwards into 

the water cap as tailings consolidate in early time (Dompierre and Barbour 2016). Conservative 

mass transport can be described by the governing equation (Eq. 2‑1) derived in detail in Dompierre 

(2017):  

  

  
𝜕𝐶∙𝑛

𝜕𝑡
=

𝜕

𝜕𝑧
[𝐷ℎ ∙ 𝑛 ∙

𝜕𝐶

𝜕𝑧
] −

𝜕𝐶∙𝑞𝑧

𝜕𝑧
        (Eq. 2-1) 

 

where C is the mass concentration of the solute in mass per unit volume, 𝑛 is the porosity of the 

sediment as a fraction of pore volume to total unit volume, 𝑞𝑧 is the vertical porewater 

flux, 𝑡 represents time, 𝑧 represents depth and 𝐷ℎ is hydrodynamic dispersion, the mechanical 

mixing due to tortuosity and concentration gradients during flow, represented as area per unit of 

time.  

While some seepage is possible out of the bottom and sides of an FFT deposit, it is assumed 

that consolidation of the FFT along the pit boundaries forms a relatively low hydraulic 

conductivity layer limiting FFT porewater leakage in the surrounding units. This suggests that the 

predominant porewater release from FFT is upwards vertical advection (Kabwe et al., 2018). 
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Changes in FFT porewater chemistry, settlement rates, and temperature can all influence internal 

mass loading in an EPL. The water cap of an EPL is expected to become oxic with time, creating 

an oxygen gradient with underlying anoxic FFT. In BML, this gradient is centered on the TWI and 

down into the FFT. Generally, reducing chemical constituents increase in abundance with depth 

below the TWI while oxidizing constituents are greatest in the water cap (Dompierre et al., 2016; 

Risacher et al., 2018; Rudderham, 2019). This chemical gradient is generally confined to the 

uppermost 2 m of FFT. 

Initial conservative transport models of mass loading within an oil sands EPL were 

developed by Dompierre and Barbour (2016) and Dompierre et al. (2017). These models, which 

were focused on BML, found that upward vertical advection, driven by FFT settlement, was the 

principal transport mechanism for conservative constituents such as δ18O, δD, temperature and Cl- 

(Dompierre and Barbour, 2016; Dompierre et al., 2017). The 1-D models developed by Dompierre 

and Barbour (2016) and later refined by Dompierre et al. (2017) used the commercially available 

finite element software products CTRAN/W (GEO-SLOPE International Ltd., 2018a) and 

SEEP/W (GEO-SLOPE International Ltd., 2018b). The model domain was a 5 m vertical profile 

that extended down into the FFT deposit from the FFT-water interface. This domain was selected 

because it captures a geochemically-dynamic zone with a compositional transition from FFT 

porewater to cap water (Dompierre et al., 2016; Risacher et al., 2018).  Physical properties were 

based on measured properties of sampled FFT or known values from literature, while various 

mixing mechanisms and advection rates were applied to simulate data.  

 Mass loading simulations using only advective-dispersive transport were unable to 

reproduce profiles of Cl−, δ18O and δD over the modeled period (Dompierre and Barbour, 2016; 

Dompierre et al., 2017). The authors subsequently incorporated a one-time mixing event by 

redefining the porewater chemistry to match the water cap. This periodic mixing was based on 

sudden TWI depth changes of up to a meter during sampling campaigns in October of 2014 

(Dompierre and Barbour 2016). Best fits for δ18O and δD were found with 1.1 m deep mixing 

events paired with a 1.46 m yr−1 advection rate (Dompierre and Barbour 2016). However, Cl− 

profiles were better simulated with a lower advective rate of 0.73 m yr−1 with periodic mixing 

depths of over 0.5 – 0.75 m. The authors found that transient flow conditions provide the best fit 



 

10 

for Cl− transport models and that varying conditions will greatly affect long term mass loading 

rates of conservative constituents (Dompierre et al., 2017).  

Potential sources of periodic lake mixing identified during early BML development (2013–

2015) included seasonal, primarily fall, lake turnover and strong wave action (Dompierre and 

Barbour, 2016; Lawrence et al., 2016; Hurley, 2017). However, lake turnover may have a much 

more limited effect on FFT mixing than previously thought due to water cap depth. Strong wave 

action has been shown have minimal effect of FFT resuspension potential and was instead 

proposed to affect already suspended sediments due to the designed water cap thickness (Lawrence 

et al., 2016; Hurley, 2017). Lake turnover and wave action are unlikely principal drivers of FFT 

mixing at the TWI; therefore, other mechanisms must be considered.  

3.5  Methane Dynamics 

Methanogenesis, the in-situ biodegradation of labile organics, commonly occurs in oil sands 

tailings impoundments (Dompierre et al., 2016; Holowenko et al., 2000; Lawrence et al., 2016; 

Mikula, 2011; Penner and Foght, 2010; Risacher et al., 2018; Siddique et al., 2014 Stasik et al., 

2014; Stasik and Wendt-Pothoff, 2016). Methanogenic microbes in oil sands tailings breakdown 

the labile components of unrecovered naphtha and paraffinic solvents used in bitumen extraction 

(Siddique et al. 2007; Siddique et al., 2018; Stasik and Wendt-Pothoff, 2016). Broadly, 

methanogenesis follows one of two pathways, acetoclastic (Equation 2‑2) or hydrogenotrophic 

(Equation 2‑3) methanogenesis, as shown below (Bethke et al., 2011): 

𝐶𝐻3𝐶𝑂𝑂− +  𝐻2𝑂 →  𝐶𝐻4 + 𝐻𝐶𝑂3
−                (Eq. 2‑2) 

   𝐶𝑂2 +  4𝐻2 →  𝐶𝐻4 +  2𝐻2𝑂         (Eq. 2‑3) 

Microbes that use either acetoclastic or hydrogenotrophic pathways are present in FFT stored 

in oil sands EPLs (Rudderham, 2019). However, the acetoclastic pathway likely dominates in fine 

tailings deposits as intermediate microbial organisms breakdown residual naphthas to produce 

acetate, which is used by methanotrophs (Siddique et al., 2014; Stasik and Wendt-Pothoff, 2014; 

2016).  Isotopic signatures of dissolved CH4 (i.e., δ13C-CH4, δ
2H-CH4) in FFT porewater from this 

EPL reveal that acetoclastic is currently the dominant pathway (Goad, 2017).  However, as labile 
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carbon availability declines over time CH4 production rates are expected to decrease, and the 

relative importance of the hydrogenotrophic pathway may become important (Rudderham, 2019).  

Dissolved CH4 is an important oxygen consuming constituent (OCC) in oil sands tailings 

ponds and limit dissolved oxygen concentrations in EPLs (Holowenko et al., 2000; Ramos-Padron 

et al., 2011; Risacher et al., 2018). Methane ebullition may resuspend tailings, increase water cap 

turbidity, influence internal mass loading and contribute CH4 to the water cap (Kavcar and Wright, 

2011; Lawrence et al., 2016). Atmospheric CH4(g) flux from EPLs may be a significant source of 

greenhouse gases in the Athabasca oil sands region (Holowenko et al., 2000; Yeh et al., 2010). 

The presence of CH4(aq) can drive anoxia throughout tailings ponds (Penner and Foght, 2010; 

Holowenko et al., 2000) via the following overall stoichiometric equation (Eq.2-4; Risacher et al., 

2018): 

  𝐶𝐻4 +  2𝑂2 →  𝐶𝑂2 +  𝐻2𝑂                            (Eq. 2-4) 

Previous studies have shown that CH4(aq) is an important electron donor in oil sands tailings ponds 

and is easily oxidized by methanotrophs (Holowenko et al., 2000; Chen et al., 2013; Siddique 

et al.,2014). Aerobic methanotrophs have been found in tailings ponds and EPLs across the AOSR 

(Risacher et al., 2018; Saidi-Mehrabad et al., 2013). 

Dissolved CH4 concentrations within the water cover are commonly below detection limits 

due to CH4(aq) oxidation by methanotrophs. Risacher et al. (2018) and Arriaga et al. (2019) found 

that CH4(aq) was negatively correlated with oxygen suggesting CH4(aq) oxidation is coupled with O2 

consumption. Current literature indicates that relatively high CH4(aq) concentrations (>84μmol) in 

EPLs may inhibit the oxygen consuming capabilities of NH4
+

(aq), another OCC, and enhance the 

long-term impacts of OCC’s in EPLs (Arriaga et al., 2019; Roy et al., 1996; Risacher et al. 2018). 

Water cap CH4(aq) concentrations range from 4.0μg L−1 in the epilimnion increasing with depth to 

1.5 mg L−1 in the hypolimnion while concentrations rapidly increased with depth in the FFT up to 

an average of 59±10 mg L−1 (Arriaga et al., 2019; Risacher et al., 2018; Rudderham, 2019). The 

sudden increase in CH4(aq) coincided with the approximate boundary between oxic and anoxic 

waters which was at the TWI until 2016 when the lowermost hypolimnion of the studied EPL 

experienced anoxia for part of the year (Risacher et al., 2018; Arriaga et al., 2019) 
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3.6 Ebullition Assessment Approaches 

Multiple methods have been used to study ebullition in saturated and unsaturated sediments 

(Amos et al., 2005; Brennwald et al., 2005; Jones et al., 2014; Khurana et al., 2016; Scandella et 

al., 2011; 2017; Sirhan et al., 2019). The release of exsolved gases by ebullition requires that the 

porewater is saturated with the respective dissolved gas and exceeds the confining pressure. 

Temperature (T), pressure (P) and salinity control CH4 solubility (Duan and Mao, 2006). Increased 

temperature and decreased pressure will lower CH4 solubility and most likely to result in ebullition 

events if the porewater is at or near CH4 saturated (Duan and Mao, 2006; Harrison et al., 2017; 

Scandella et al., 2011; 2017; Sirhan et al., 2019).  

Ebullition of exsolved gases requires that the buoyancy of the bubbles exceed the overlying 

yield stress of the confining sediment to rise through the column (van Kessel and van Kesteren, 

2002). Bubble release tends to occur as a chain of bubbles, creating a channel in the sediment from 

the depth of ebullition (Scandella et at. 2011; 2017). These channels may persist and be reactivated 

due to variations in properties that affect the yield stress of the overlying sediments (i.e. hydrostatic 

pressure fluctuations) or increased CH4 exsolution, creating more bubbles. The channel depth and 

width are a function of the overlying pressure, sediment strength and CH4 concentrations 

(Scandella et at. 2011; 2017; Sirhan et al., 2017).  

Dissolved noble gas (NG) ratios are potential indicators of gas generation and consumption 

in porous sediments (Amos et al., 2005; Jones et al., 2014; Brennwald et al., 2005).  Noble gases 

are chemical non-reactive species that exhibit mass-dependent trends in partitioning between 

aqueous and gas phases where heavier gases have higher solubilities than lighter ones (Brennwald 

et al., 2005; Holocher et al., 2002; Jones et al., 2014). Since meteoric waters represent the principal 

source of NGs in a near-surface system, they are potentially useful tracers of gas transport in 

systems where biogenic gas generation and consumption occur (Jones et al., 2014). For example, 

methanogenesis and ebullition within a shallow unconfined aquifer preferentially stripped lighter 

NGs from groundwater impacted by a crude oil spill (Jones et al., 2014; Amos et al., 2005). This 

trend occurs due to the lower solubility in water and higher partitioning coefficients on the light 

NGs into the gas phase (Jones et al., 2014).  

Another approach for determining the potential for ebullition is to calculate the difference of 

total dissolved gas pressure (PTDG) and total fluid pressure (Pf) at a given location (Khuruna et al., 
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2016; Roy and Ryan, 2013).   The PTDG is the sum of the partial pressures for all dissolved gases, 

whereas Pf includes the atmospheric pressure acting on the water surface plus the pressure imposed 

by the overlying fluidized sediment column (Manning et al., 2003; Roy and Ryan 2013). When a 

solution is equilibrated with the atmosphere, the PTDG equals barometric pressure. Any in-situ 

processes that produce or consume dissolved gas will affect PTDG (Ryan and Roy 2013). Exsolution 

and ebullition occur when PTDG exceeds Pf (Fendinger et al., 1992; Khuruna et al., 2016).  Total 

dissolved gas pressure values include the partial pressures of all dissolved gases, whereas gas 

saturation is determined for individual gases. Consequently, total dissolved gas pressures may be 

more indicative of ebullition potential than saturation values for individual dissolved gases. For 

example, in oil sands tailings ponds where dissolved gases may variably include CO2 (aq), CH4(aq) 

ΣH2S or O2 among others (Risacher et al., 2018; Rudderham 2019). 
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 METHODOLOGY 

An integrated approach was used to in this study by focusing on two key types of activity: 

the development of geochemical data sets by combining previously published data with new FFT 

sampling; and the development of new numerical models of conservative species-based mon 

models previously developed by Dompierre and Barbour (2016) and Dompierre et al. (2017). 

 Initial work focused on developing an understanding of the distribution and degree of CH4 

saturation across FFT within an EPL. Chemical transport models simulated observed depth profiles 

of conservative species in the FFT. These models were also used to evaluate newly proposed 

mixing mechanisms.  

Data was collected from both published literature and sampling campaigns carried out in 

2015 through 2019. FFT properties such as temperature and pressure measurements were collected 

for CH4 solubility calculations, while solids content data were required for transport modelling. 

Depth profiles of Cl─ and CH4 across the tailings/water interface (TWI) and into the deeper tailings 

across were collected from 2015-2017. Water cover depth measurements provide information 

about advection rates from self-weight consolidation. A summary of the data collected for this 

study and data obtained from published sources is presented below (Table 4-1). 

Table 4-1: Summary of the different parameters studied and reviewed in this study. 

Year Temp. Pfluid/PTDG B Cl─ δD δ18O CH4 CO2 Noble Gases 

2014 
a - - - - - - - - 

2015 - - 
b 

b,c 


a 


a - -  

2016 - -  
 d   

 d 
  - 

2017 - -  
 d   

 d 
  - 

2018   - - - -   - 

2019   - - - -   - 

a Dompierre and Barbour (2016) 

b Dompierre et al. (2016) 

c Dompierre et al. (2017) 

d Rudderham (2017) 
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4.1 Study Site 

This research focused on Base Mine Lake (BML), which is located 35 km north of Fort 

McMurray, Alberta at Syncrude’s Mildred Lake mine. This EPL has a 7.8 km2 surface area and 

was created by depositing approximately 186 Mm3 of FFT between 1998 and 2012 into the mined-

out West In-pit (WIP). During this time, WIP was used as a settling basin to recycle OSPW to 

reuse in the bitumen extraction process. The FFT was pumped in from the southern portion of 

Mildred Lake Settling Basin (MLSB) and Southwest In-Pit (SWIP) into the northeast and 

southwest of WIP, respectively, at various times. During filling, a 3 to 5 m water cap dominated 

by OSWP was present as WIP was a reservoir for the recycle water circuit in bitumen upgrading 

(Dompierre 2017). BML was commissioned in 2012 as the first commercial-scale demonstration 

EPL in the AOSR.  

The design water cap surface elevation of 308 masl was reached in May 2013 by pumping 

in freshwater from nearby Beaver Creek Reservoir. This water surface elevation has since been 

maintained by balancing pumping out cap water for reuse in the bitumen extraction process and 

pumping in freshwater from BCR during ice free months (Fig. 4-1; Dompierre et al. 2017). Water 

cap surface elevation fluctuates by ≤ 0.5 m on an annual basis. The initial catchment area that 

discharges into BML is small (6.6 km2) but this area will increase as surrounding reclamation 

landforms are constructed and integrated into the catchment. Concurrent to increasing catchment 

area, freshwater volumes pumped in from BCR will decrease. Groundwater seepage into BML is 

estimated to be negligible relative to other inputs including pumping (5−10 Mm3), precipitation 

(~3 Mm3) and FFT self-weight consolidation (4.15 Mm3), and also compared to outputs 

(−10.0 Mm3; Dompierre et al., 2016; Dompierre 2017; Kabwe et al., 2018). In 2015, the BML 

chemical mass balance was dominated by porewater advection during FFT settlement and 

dewatering (Dompierre et al., 2017). 
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Figure 4-1: Satellite image of the Syncrude Canada Ltd. Mildred Lake Mine. The Athabasca River 

flows along the NE corner of the image. 

An initial water cap depth of 5 m was selected to prevent FFT resuspension by wave action 

during storm events or fall turnover (Lawrence et al., 2016). Due to tailings self-weight 

consolidation, where the FFT settles from the bottom up, the water cover thickness increased to 

between 8 and 12 m by 2017 (Dompierre et al., 2016; Barr Engineering, 2017). At commissioning 
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FFT thickness averaged 45 m and decreased to an average of ~40 m in 2016 but can vary from 

~15 m to ~50 m depending on the topography of the pit bottom (Barr Engineering, 2017). Three 

sampling platforms – Platform 1 Center (P1C), Platform 2 Northeast (P2NE) and Platform 3 

Southwest (P3SW) – are positioned along SW-NE transect of BML (Fig 4-2). Many sampling 

programs and long-term studies utilize these platforms (e.g. Dompierre et al., 2014; 2016; 

Dompierre and Barbour 2016; Risacher et al. 2018; Rudderham 2019; White and Liber 2019). 

Rates of tailings settlement within FFT vary across BML. Between commissioning in late 2012 

and 2017, annual sonar surveys carried out by Barr Engineering (2018) show greater settlement in 

the northeast corner (6–7m) compared to the southwest (4–5 m; Dompierre and Barbour, 2016).  

 

Figure 4-2: FFT elevation map showing TWI elevation (masl) in 2012 after commissioning and 

in October 2017. Modified from Barr (2018). 

FFT Elevation (masl) 

Sampling platform 

N 
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4.2 Data Collection 

Data collected for this project was part of a much larger overall study on various aspects of 

BML FFT. Previously published data includes temperature and geochemical profiles from 2015 

(Dompierre et al., 2014; 2016; 2017; Dompierre and Barbour 2016) as well as geochemical profiles 

in 2016 and 2017 (Rudderham 2019). New temperature and pressure data were collected in 2018 

and 2019. 

 

Figure 4-3: Schematic diagram of pressure, temperature and passive gas samplers deployed in 

BML summer 2018 (after Dompierre et al., 2014). 
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 Temperature and pressure 

Early temperature profiles and annual changes were retrieved from Dompierre et al. (2014), 

where a comprehensive temperature survey of ~40 m FFT in BML was carried out from September 

2013 to March 2014 utilizing thermistors with data loggers on weighted chains (Dompierre et al., 

2014). Data collection abruptly ended with the breakup of ice cover removing the thermistor 

strings from the FFT during ice movement. 

 In this study, continuous temperature and pressure surveys were carried out at the three 

platforms over two ice-off periods in 2018 and 2019: August 8th, 2018 to October 10th, 2018 and 

May 29th, 2019 to October 10th, 2019. An additional, temperature/pressure survey was carried out 

at only P3SW from February 4th, 2019 to March 11th, 2019 due to restricted ice access.  

Pressure/temperature (Solinst m30 Levelloggers) and temperature (HOBOware Pro V2) recording 

sensors were deployed over the upper 5 m of FFT on a modified array similar to the previous 

thermistor deployment as used by Dompierre et al. (2016; Figure 4-3; Table 4-1). Both types of 

sensors were configured to record hourly during the deployment period. The pressure/temperature 

sensors recorded absolute pressure (kPa) at a resolution of 10−4 ± 0.147 kPa and temperature (oC) 

at a reported resolution of 0.003 ± 0.05 oC (Solinst Canada Ltd., 2018). The pressures were 

referenced to a concurrently recording barometric pressure sensor (Solinst Barologger Edge) on 

the shoreline and on P1C in the center of BML. The barometric sensor recorded pressure with a 

reported accuracy of 0.05 kPa. The temperature sensors had a reported a resolution of 0.02 ± 0.2oC 

(Onset Computer Corporation, 2010). The sensor arrays were deployed within 0.5 m of the TWI, 

this was verified by the on-board sonar range finder (accurate to within 0.1 m), and by comparing 

recorded Pfluid to calculated pressure values based on solids content.  Fluid pressure data from 

P2NE during the 2019 deployment suggests that the sensors did not reach the intended depths and 

were disturbed during the sensor deployment. The data suggest that many sensors clustered at 

approximately 0.75m to 1.25m below the TWI while the bottom-most sensor was only at 3.5m 

below the TWI. 

Fluid and dissolved gas pressures were measured in summer 2018 with Solinst m30 

Levelloggers using custom fabricated housing at 0 m, 1 m, 3 m and 5 m intervals below the FFT-

water interface (Fig. 4-3). Dissolved gas pressure was recorded using a sand packed watertight 

housing with gas permeable tubing. These values were compared with theoretical fluid pressures 
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values based on depth below the water surface and solids content data. The Pfluid at a specific depth 

can be calculated by multiplying the density of solids by volume fraction of solids and adding that 

to the remaining volume fraction multiplied by the density of water. Passive sampling of dissolved 

gases was taken concurrently with 30 mL syringes fitted with gas permeable membranes placed 

adjacent to pressure sensors and left to equilibrate for the duration of the deployed period. 

 Porewater chemistry 

Samples for geochemical analysis were collected via methods previously described in 

Dompierre et al. (2016) and Rudderham (2019) at all three sampling platforms. Briefly, high-

resolution sampling across TWI used a fixed interval sampler (FIS; Fig. 4-4), which is an array of 

20 pneumatically controlled 250 mL piston samplers spaced at 10 cm vertical intervals. The FIS 

was lowered to the FFT-water interface with ~4 intervals above the TWI to provide high-resolution 

geochemical data of the uppermost FFT where known sharp geochemical gradients are present 

(Dompierre et al., 2016; Rudderham, 2019). Samples from greater depths were obtained using a 

fluid sampler (FS; Fig. 4-4), which is a single pneumatically controlled 4 L piston sampler 

(Dompierre et al., 2016). Sampling campaigns were carried out in 2015, 2016, and 2017. Samples 

were collected at 0.5, 1, 2 and 4 m intervals with increasing depth below the lowest FIS piston 

depth. Temperature and pH were recorded on the sampling boat immediately following collection. 

Sub-samples for dissolved gas analysis were collected into amber glass serum bottles (FIS) or 

IsoJars (FS), sealed and frozen until analysis. Samples were transferred into 250 mL high density 

polyethylene (HDPE) bottles and stored on ice for up to eight hours until they could be transported 

to an onsite laboratory for analysis. 

Porewater was extracted by centrifuging FFT samples at 8500 × g for 30 minutes. The 

supernatant was collected, filtered and preserved according to standard methods, and stored in 

clean HDPE bottles at 5 °C until analysis (Dompierre et al., 2016; Rudderham, 2019). Briefly, Cl− 

concentrations were quantified by ion chromatography (IC; detection limit 0.05 mg L−1) on 

samples passed through 0.45 μm polyethersulfone (PES) filter membranes. Dissolved B 

concentrations were quantified by inductively coupled plasma-mass spectrometry (ICP-MS; 

detection limit 0.05 μg L−1) on samples passed through 0.2 μm (2015, 2016) or 0.1 μm (2017) PES 

filter membranes and acidified to pH < 2 with trace metal grade HNO3. Stable isotopes of water 

were analyzed using a vapour equilibration method developed by Wassenaar et al. (2008) for 



 

21 

deuterium (δ2H) and oxygen-18 (δ18O). These isotope samples were collected, filtered and stored 

according to the method described for IC analyses. Prior to analysis, 10 mL of sample was 

transferred to a double sealed Ziploc bag with dry air. The water and air were left to equilibrate 

for approximately one hour. A syringe was used to transfer equilibrated water vapour to a Picarro 

L-2120-I Cavity Ring down Spectrometer for analysis.  

Dissolved CO2 and CH4 gas samples were analyzed for FFT samples collected in 2016 and 

2017 using the FIS and FS.  Subsamples from the FIS were immediately transferred into 120 mL 

amber serum bottles using 60 mL catheter syringes and quickly crimp sealed with a blue butyl 

septum stopper and aluminum ring. Subsamples from the FIS were directly extruded into 500 mL 

IsoJars. The lids were screwed tight and sealed with vinyl adhesive tape. Samples were stored in 

on ice for up to ten hours before being transferred to a freezer and stored at −20 °C until analysis.  

 After 2017, no further porewater geochemistry sampling campaigns were conducted, 

dissolved gas sampling was methods were adjusted to reflect this. Passive gas sampling through 

deployment of samplers on a weighted chain were used in both 2018 and 2019 but sampler design 

changed between years due to water entry into the syringes in 2018. The passive gas samplers in 

both years were spaced every 0.5 m starting at the TWI down to 5 m below the TWI (Fig. 4-3). In 

2018 15 mL syringes were fitted with a gas permeable/water impermeable (Masterflex® silicone) 

tube 0.15 m in length to allow gas diffusion from FFT porewater into the syringe. The tubing was 

fitted with an HDPE stopper and sealed with silicone. The syringes were wrapped in a Ziploc bag 

and bound in electrical tape to create a seal. The samplers were deployed with temperature and 

pressure sensors during summer 2018. Upon retrieval, most syringes had visible water (i.e., water 

entry pressure exceeded) in them rendering them unsuitable for gas chromatography analysis.  

 In 2019, the gas sampler design was revised to follow the method of Goad (2017) where 

plastic 30 mL syringes were filled with tap water and fitted with Masterflex® silicone tubing that 

was sealed with silicone. The syringes were placed in a perforated PVC pipe housing to protect 

the syringe from damage. The samplers were deployed on the sensor array described in section 

4.2.1 (Fig. 4-3) on May 28th 2019 and recovered October 16th 2019. Upon recovery to the surface 

the tubing on the syringe was removed and a luer lock needle was attached to inject the water into 

an evacuated 60 mL serum bottle. The bottles were prepared by being evacuated for 5 minutes in 

an anoxic chamber and sealed with a 13 mm blue butyl stopper crimped with an aluminum ring. 
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The samples were stored in coolers with ice packs and brought back to the University of 

Saskatchewan where they were stored in a freezer (−4oC) until analysis. 

 Dissolved gas analysis was carried out using a headspace equilibration method per Goad 

2017. Prior to analysis, these samples were thawed in a refrigerator at 4oC and placed on a shaker 

for at ambient laboratory temperature for 12 to 24 hours prior to analysis. High-purity He(g) was 

injected into the bottles and IsoJars using a gas-tight syringe and the same volume – either 1 or 

3 cc – was again draw into the syringe. Headspace CH4 and CO2 concentrations were quantified 

on a gas chromatograph fitted with a PoraPLOT column and thermal conductivity detector. 

Following analysis, the samples were again frozen, opened and headspace volumes were 

determined by water addition. This was achieved by weighing the containers before and after 

adding DI water to completely fill the headspace. The added DI water was decanted and 

gravimetric water contents were then measured to determine the water volume within the initial 

sample. 

Samples for dissolved noble gas analysis were collected in 2015 using a modified version of 

the method per Jones et al. (2014). Briefly, FFT samples were collected into a copper tube using 

the FIS. The top of the copper tube was attached with a compression fitting to the bottom of the 

FIS and a cable-actuated ball-valve was attached to the bottom. The FFT samples were drawn 

through the copper tube from the desired depth and sealed with the ball valve to maintain in situ 

pressures. Upon retrieval to the surface, the copper tubing was immediately crimp sealed. The 

samples were then shipped to the Noble Gas Laboratory at the Swiss Federal Institute of 

Technology (Zurich, Switzerland) where analyses followed established methods (Beyrele et al., 

2000; Kipfer et al., 2002; Huber et al., 2006; Jones et al., 2014). 

 Solids Content 

Subsamples of FFT taken during geochemical sampling campaigns were subjected to a 

modified Dean-Stark hot water extraction method to determine bitumen, water, and solids contents 

(Dean and Stark, 1920; Dompierre and Barbour (2016). 
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Figure 4-4: Fixed interval sample, (left) and fluid sampler (right; Rudderham 2019). 

 Settlement rates 

Porewater advection can be calculated from tailings settlement by the displaced elevation. 

Therefore, high-resolution measurements of the FFT surface elevation were obtained from annual 

sonar surveys performed between 2013 and 2017 by Barr Engineering (2018). These sonar surveys 

were conducted with a Lowrance 200-KHz sonar transducer, recording units, and GPS, with a 

resolution of up to 0.1 m; data is processed using Lowrance sea bottom mapping software to 

determine the FFT-water interface elevation (Barr Engineering, 2017). Water surface elevation 

was determined using a Trimble Real Time Kinetic or supplied by Syncrude (Barr Engineering, 

2017). Data from these surveys were supplemented by point measurements of TWI elevations 
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during sampling from both sonar and solids content data during FFT geochemical sampling 

(Dompierre et al., 2016; Rudderham; 2019). 

4.3 Methane Ebullition Potential 

Methane solubility was calculated using the published model of Duan and Mao (2006) for 

calculating CH4 solubility in a saline solution. This model uses temperature, fluid pressure, and 

salinity to calculate solubility. Fluid pressures were calculated for each location using barometric 

pressure, water cap elevation, TWI elevation and FFT solids content data (Dompierre and Barbour, 

2016; Barr Engineering 2018). Temperature and salinity values are based on data from sampling 

campaigns and published values (Dompierre et al., 2014; Dompierre and Barbour 2016). When 

compared to calculations using Henry’s Law, the results are somewhat similar at lower pressures 

but deviate with increasing pressure or decreasing temperature. To determine which parameters 

have a greater influence on CH4 solubility, sensitivity analyses were carried out, systematically 

varying each parameter by the maximum and minimum observed at BML (Fig. 4-5).  

The CO2(aq) solubility limit was calculated using the Van’t Hoff equation (Eq. 4-1) to first 

establish the KH for the given conditions for each sample, then Henry’s law was used to calculated 

the theoretical solubility at the conditions for each sample:   

               𝐾𝐻 =  𝐾𝐻𝜃 × 𝑒
−𝐶(

1

𝑇
−

1

𝑇𝜃
)
                      (Eq. 4‑1) 

 

where KH is the equilibrium constant for the given conditions, KHϴ is the equilibrium constant at 

known conditions, T is temperature at the given condition and Tϴ is the temperature for the known 

conditions. The constant C (K) is a tied to the species, CO2. 
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4.4 Transport Modelling 

One-dimensional mass-transport modelling utilized CTRAN/W and SEEP/W, a 

commercially available finite element modelling software (GEO-SLOPE International Ltd., 2018 

a, b). The transport models developed in this study were similar to those developed by Dompierre 

and Barbour (2016) and Dompierre et al. (2017), with three key differences. First, separate 

simulations were run for each platform location rather than undertaking a single simulation to 

represent all of the FFT profiles. This model refinement was undertaken in order to more accurately 

represent the different observed rates of settlement at each platform and the impact this had on the 

Cl− and B concentration profiles (Figs. 5-1, 5-5, 5-6).  Next, as previously described, enhanced 

mixing was attributed to CH4 ebullition and applied as an enhanced depth varying coefficient of 

diffusion rather than by periodic mixing of a specified depth of the FFT. Finally, the rates of 

advection were tied to the evolution of the observed settlement rate rather than set as average 

constant flow rates (Dompierre and Barbour, 2016; Dompierre et al., 2017).  
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Figure 4-5: Results of sensitivity analysis for the three controlling parameters on CH4 solubility for 

the range of conditions observed at BML. 
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The models simulate conservative mass transport in a saturated medium via two 

mechanisms: i) advective dispersive transport of solute in FFT porewater and ii) FFT porewater 

mixing with BML surface water. This mixing is by variably continuous ebullition represented by 

enhanced diffusion coefficients in the tailings. As such, the model builds off of equation (2-1) as 

described earlier in this work and derived in detail in Dompierre, 2017. 

The model domain was set up per Dompierre and Barbour 2016, described as follows: a 

vertical 10 m column of water overlying a 5m column of FFT divided into five 1 m sections. The 

model mesh was set to 0.05 m. The model period was set to start at the beginning of May 2013, as 

this would coincide with the timing of published models and the onset of freshwater pumping into 

BML. The model was run through to the end of 2019, but profiles were selected that coincided 

with the sampling dates for geochemical profiles in 2015, 2016, and 2017. 

Boundary conditions were applied to the bottom and top of the FFT portion of the model. 

The bottom of the domain had two boundary conditions; the first was upwards porewater advection 

as a water flux (m3 d−1 m−2). Advection for each model location was based on FFT elevation data 

provided by Barr Engineering from annual sonar surveys for the modelled location (Barr 

Engineering, 2017). The second lower boundary condition was a constant solute concentration 

representing the deeper FFT porewater concentrations, which have been shown to be relatively 

constant at depth (Rudderham, 2019). Upper boundary conditions were applied to the TWI at the 

top of the FFT column as previous modelling work due to the observed sharp gradients and the 

relatively consistent values in conservative constituents throughout the water cap relative to the 

FFT (Dompierre and Barbour 2016; Dompierre et al., 2017). The boundary conditions applied 

were a constant head of 10m to represent an average head of the water cap and a constant 

conservative constituent concentration representative of the water cap.  

Material properties for the models are retrieved from recently published data in Dompierre 

et al. (2016); Dompierre and Barbour, (2016); Dompierre (2017) and Dompierre et al., (2017). 

These material properties include diffusion coefficients, volumetric water content, dispersivity, 

and saturated conductivity. It is expected that the uppermost FFT will remain consistent in material 

properties over time due to self-weight consolidation working as a bottom-up process (Dompierre 

and Barbour, 2016). 
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Unknown parameters will be constrained through successive modelled profiles to identify 

possible values for those parameters, i.e. enhanced diffusion coefficients for conservative depth 

profiles to represent mixing from ebullition. Due to changes in temperature from seasonal cycles 

(Dompierre et la., 2014) and pressure from FFT settlement (Barr 2018), which both affect CH4 

solubility and, therefore, exsolution, mixing by CH4 ebullition is not expected to be consistent.  

Therefore, a variable amount of diffusion coefficient enhancement on an annual basis will be 

applied. This was achieved by creating a simplified alternating mixing profile where it is expected 

that CH4 ebullition will be much greater during the warm periods in the FFT and lower during the 

cold months. A variable diffusion coefficient add-in for the modeling software was created to 

represent high intensity bubbling the summer months and low/no bubbling in winter months. The 

FFT 𝐷ℎ was enhanced by 2.5, 10x, and 25x the published values (Table 4-1; Dompierre and 

Barbour, 2016) 

The selected conservative constituent for used in the modelling were Cl− (mg L−1), δ18O (‰), 

δ2H (‰), and Boron (μg L−1). The first three were selected based on use in previous modelling 

work at BML and due to their prevalence in other modelling research in conservative mass 

transport modelling (Dompierre and Barbour, 2016; Dompierre et al., 2017; Hendry et al., 2014; 

2013). Boron was selected as an additional constituent due to available data from earlier campaigns 

and its use as a conservative tracer (McCance et al., 2018; Ruecker et al., 2017; Wolf et al., 2012).  

Table 4-2. Model parameters used, and the enhanced diffusion coefficients applied to the model 

to simulate ebullition. The enhanced diffusion coefficients were only applied to the upper 2 m of 

the model domain 

Depth 

Interval (m) 

Volumetric 

Water Contenta 

Diffusion Coefficient (m2 s−1) 

1× 2.5× 10× 25× 

0–1 0.86 8.6×10−10 2.1×10−9 8.6×10−9 2.1×10−8 

1–2 0.85 8.2×10−10 1.2×10−9 4.9×10−9 9.9×10−9 

2–3 0.84 7.9×10−10 7.9×10−10 7.9×10−10 7.9×10−10 

3–4 0.83 7.7×10−10 7.7×10−10 7.7×10−10 7.7×10−10 

4–5 0.82 7.4×10−10 7.4×10−10 7.4×10−10 7.4×10−10 

aDompierre and Barbour (2016) 

After developing advection-dispersive models, reactive transport simulations were 

conducted by incorporating source/sink terms for key reactions affecting CH4 fluxes. Reactive 

terms are modelled as decay rate (s−1), a q mass flux (g m−2 d−1) or as Q mass rate (g d−1) to pull 
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the advective-dispersive curve previously generated to match the data of the reactive species. The 

models were run to coincide with depth profiles sampled in 2016, 2017 and 2019.  

Based on research by Rudderham (2019), two key reactions were included. First, CH4 

production leading to porewater saturation occurs approximately 1.5 to 3 m below the TWI 

depending on location and year. Second, CH4 oxidation occurs within the upper 1.5 m of FFT 

immediately below the TWI. Methane production was simulated by setting a lower boundary 

condition in the model to a CH4 concentration representing porewater saturation with respect to 

CH4. If the CH4 concentrations are normalized relative to this value then this boundary condition 

is represented by a C/Co of unity, or the maximum value. The CH4 oxidation was modelled by 

applying a CH4 consumption rate across the upper 1 to 2 m of the profile.  The consumption rate 

represents oxidation of CH4(aq). The following equation (Eq. 4-1) results when the consumption 

term is applied as a single reaction term, R (g d−1 m−2), to the transport equation described in 

section 3.1.  

𝜕𝐶∙𝑛

𝜕𝑡
=

𝜕

𝜕𝑧
[𝐷ℎ ∙ 𝑛 ∙

𝜕𝐶

𝜕𝑧
] −

𝜕𝐶∙𝑞𝑧

𝜕𝑧
 +  𝑅           (Eq. 4-1) 

The CH4 consumption rate was varied until a reasonable fit was obtained between the model and 

the field observations.  The mass release rate from the FFT into the water cap was then calculated 

from the model.   
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 RESULTS 

This section will present and compare results from current field programs with previously 

published data from BML. Solids content, presented as volumetric water content, will be compared 

with data from 2014 and recent work in 2017 (Dompierre and Barbour 2016). The changes in TWI 

elevation over time will be compared with predictive consolidation models to develop an 

understanding of the nature of settlement in BML. An annual temperature cycle is developed based 

off of data from the 2018 and 2019 sensor deployments. The of influence of seasonal cycles is 

investigated by comparing changes between 2018−2019 and published data from 2013−2014.  

Results from deployment of pressure sensors in 2018 and 2019 will be presented comparing the 

dissolved gas pressure and fluid pressure. New data from recent field programs in 2016, 2017, and 

2019 will supplement published geochemical data for dissolved ions, gases and stable isotopes 

(Dompierre et al., 2016; Rudderham 2019). 

5.1 Volumetric Water Content 

Volumetric water content (VWC) was calculated from gravimetric solids content using the 

relationship between the masses and the densities of the three principal FFT constituents (i.e., 

bitumen, solids, and water). Calculated VWC for 2017 samples was generally consistent with 2014 

results (Dompierre and Barbour, 2016). In 2014, VWC sharply decreased with depth from 0.87 ± 

0.02 (standard deviation) at the TWI to 0.79 ± 0.03 at 2.0 m under the TWI. VWC decreased 

slightly with increasing depth to 0.77 ± 0.05 remainder of the 15 m the sampled profile in 2014 

(Dompierre and Barbour, 2016).  
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Figure 5-1: Volumetric water content profiles for 2014 and 2017 extending to 45 m (left) and 

15 m (right) below the TWI.  

At P1C, P3SW and over the upper 15 m of P2NE VWC averaged 0.77 ± 0.05 and values 

were generally consistent from 2014 to 2017. In contrast, P2NE VWC decreased to less than 

0.41 ± 0.09 at depths more than 15 m below the TWI (Fig. 5-1). This decrease in VWC is attributed 

to sand mixed with the FFT in the lower part of the deposit in the NE portion of BML, which was 

identified in previous solids content surveys (Barr Engineering, 2018). As the VWC profiles in the 

upper 15m of FFT are not changing over time, this may indicate that shallow FFT are not 

dewatering, which is to be expected based on predicted bottom up consolidation (Fig. 5-2; CEMA; 

2012, Dompierre and Barbour, 2016; Kabwe et al., 2018).  

5.2 Settlement 

Results from annual TWI elevation surveys, FFT geochemical sampling campaigns, and 

temperature/pressure sensor deployments indicate settling at a decreasing rate. From October 2012 

to October 2019, TWI elevation dropped by 6.5 m at P2NE, 4.7 m at P1C, and 4.2 m at P3SW 

(Fig. 5-2). The results indicate that FFT near P2NE is settling at a greater rate than predicted by 
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consolidation models which may be due to more recently deposited tailings near the pump from 

MLSB (Carrier et al., 2007; Barr Engineering, 2018). Nevertheless, FFT settlement rates have 

decreased over time at all platforms. The largest decrease was at P1C, where settlement was 0.3 m 

from 2017 to 2019 compared to 2.3 m from 2012 to 2014. 

 

Figure 5-2: Measured TWI elevations compared to modelled elevations based large strain 

consolidation (LSC) simulations by Carrier et al., 2007. 

 Since settlement begins immediately after deposition, FFT age (timing of deposition) likely 

influences the different rates of observed settlement within BML. For example, locations and depth 

intervals where FFT deposition occurred earlier during the BML filling period (i.e. 1994 – 2012) 

will have undergone a greater degree of settlement. Therefore, shallow portions of the FFT deposit, 

which were deposited towards the end of the filling period are still undergoing early stage FFT 

settlement as predicted by consolidation modelling (Carrier et al., 2007). While the base of the 

deposit is also the oldest, laterally, the last tailings to be pumped in BML were in the NE corner 

near P2NE (Dompierre, 2017). These younger FFT may influence the greater settlement observed. 

5.3 Temperature 

Results from 2018 and 2019 show that seasonal FFT temperature variations are greatest at 

the TWI, with seasonal temperature variations diminishing with depth until they remain relatively 
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constant at depths greater than 5 m below the TWI. Average annual temperature ranges decreased 

from 7.5 oC at the TWI to 2.5 oC at 2.5 m below the TWI, to less than 0.5 oC by 5.5 m deep (Fig 

5-3). Comparison of 2013−2014 and 2018−2019 data revealed that average FFT temperatures 

decreased by up to 2 oC in the upper 5 m of the deposit (Dompierre et al., 2016). In 2013−2014, 

temperatures measured at the TWI ranged from an annual lake average maximum of 11.8 oC 

September 2013 to a minimum 8.0 ± 0.2 oC in April 2014 (Dompierre and Barbour 2016). 

Temperatures at the TWI in 2018–2019 ranged from a minimum of 5.7 ± 0.2 oC in March, 2018, 

to a maximum13.8 ± 0.2 oC in August, 2019. Consistent with previous findings, FFT was warmer 

than the overlying water cap from November through June and cooler than the overlying water cap 

from July through October (Dompierre et al., 2014; Dompierre and Barbour 2016, Risacher et al., 

2018). In 2018, differences between locations at a given depth were greater than lateral variations 

in temperatures in 2013−2014, with differences up to 3.5 oC at 5.5 m below the TWI between 

P2NE and P3SW (Fig. 5-3). 

Natural ground temperatures at this site are approximately 3o C and consequently it would 

be expected that in the very long term the tailings would gradually cool to similar temperatures at 

depth (Dompierre 2017). However, at depths greater than 5 m below the TWI, the temperature 

profiles were similar from 2018−2019 were slightly cooler than earlier measurements made at P1C 

and P3SW suggesting that FFT cooling at the top of the deposit is slow and restricted to a shallow 

interval (Dompierre and Barbour, 2016; Dompierre et al., 2014).  

When comparing the average of the measured FFT temperature profiles from 2018−2019 

with previously published annual temperature data, the seasonal cycles persists, heating and 

cooling the water cap which influences the temperatures in the upper FFT (Fig. 5-3; Dompierre 

and Barbour, 2016). At a given depth, monthly temperature variations increased from <1 oC in 

2013−2014 to between 1 and 2 oC in 2018−2019 (Fig. 5-3). Over time the depth that the seasonal 

cycling influences is increasing as settlement slows with time, limiting convective temperature 

flow (Dompierre and Barbour, 2017).  
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Figure 5-3: Averaged monthly temperature profiles from BML in 2018 (left) and 2019 (center), 

and whole lake average annual temperature cycle (right). 2013−2014 temperature data comes from 

Dompierre et al. (2016). The red dashed line represents the TWI. 

5.4 Pressure 

The fluid pressure (Pfluid), at any depth, represents the total weight (per unit area) of the 

overlying water and solids since the effective stress at these depths is still zero. Effective stress is 

the difference between total stress and pore-pressure and represents the development of particle to 

particle stress transfer. The measured Pfluid at a given depth equalized rapidly to formation fluid 

pressures and remained relatively constant following deployment at a given depth, except P2NE 

in 2019, where the sensors were disturbed during deployment. In contrast, the dissolved gas 

pressure (PTDG) measured within the samplers increased following deployment from an initial 

atmospheric pressure as gas pressure within the samplers begins to equalize with the gas pressure 

within the FFT. The observed PTDG values gradually approached and, in some cases, exceeded 

Pfluid. The slower response time for the PTDG sensors is related to the time required for dissolved 
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gas to diffuse from FFT through the sensor housing and across the semi-permeable membrane. It 

is expected that differences in the rate of rise in PTDG are due to differences in the dissolved gas 

concentrations. These differences in dissolved gas concentrations would ultimately be reflected in 

the differences between Pfluid and PTDG at various depths and locations once the PTDG values had 

stabilized. Therefore, the time required for the difference between Pfluid and PTDG to stabilize 

depended on location and depth in 2018. In general, the rates of rise in PTDG were more rapid at 

P2NE than at P1C and P3SW.    

In 2018, the values of PTDG within the sensors deployed at P1C (1 and 5 m), P2NE (1, 3, and 

5 m), and P3SW (5 m) reached a consistent pressure differential reflecting equilibration of the 

PTDG sensor with dissolved gas pressures (Fig. 5-4). The remaining sensors at P1C (3 m) and P3SW 

(1 m, 3 m) were still changing upon retrieval. Less than 10 d was required to achieve a stable 

reading at P2NE, while sensors deployed at P3SW were still changing after more than 55 d. Upon 

retrieval, sensors deployed at P2NE and P1C exhibited PTDG values in excess of Pfluid at all three 

depths. 

In 2019 the differential pressure between (PTDG − Pfluid) had not reached a constant value 

upon retrieval. These differential pressures were less negative at P1C than P3SW, and at both 

locations the highest PTDG values were associated with the sensors deployed at 3 m depth. Pressure 

differentials were less negative at P1C than P3SW, and the sensor at 3 m below the TWI at both 

locations had the highest values (Fig. 5-4). Despite apparent differences in PTDG sensor response 

times between 2018 and 2019, similar differential pressures were observed upon retrieval in both 

years. A calculation of rates of gas diffusion into the sensors with time highlighted that the longer 

diffusion path length created in the 2019 sensor housing design substantially increased 

equilibration times (Appendix B). 
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Figure 5-4: Results of summer 2018 fluid and total dissolved gas pressure campaign plotted as 

the difference between PTDG and Pfluid.  

5.5 Porewater Chemistry 

Most of the geochemical constituents considered in this study (i.e., Cl−, B, δ2H, δ18O, CH4) 

exhibited the lowest concentrations or, most negative signature in the case of isotopes, values in 

the water cap. The values sharply increase immediately below the TWI, and remain variably 

elevated with depth below the TWI. These observations are generally consistent with previously 

reported values for chemical constituents in BML (Rudderham, 2019, Dompierre et al., 2016). In 

contrast, the concentrations of dissolved atmospheric NGs (ie., Ne, Ar, Xe, Kr) decreased with 
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depth below the TWI. The concentration gradients within the FFT decreased with depths until the 

concentrations became relatively constant at depths 1.0 to 2.5 m below the TWI, depending on the 

constituent and year studied. Dissolved Cl− and B concentrations and values of δ2H and δ18O are 

generally consistent with past studies of OSPW and FFT porewater (Dompierre et al., 2016; Allen, 

2008; Mackinnon, 2004; Farrell et al., 2004; Kaperski, 2001). Lower concentrations of 

conservative constituents in the water cap compared to FFT porewater is attributed to dilution of 

the lake water primarily by pumped in freshwater and precipitation and pumped out lake water for 

use in upgrading. The values of Cl−, B, δ2-H, and δ18O within the FFT at depth likely reflect 

depositional porewater composition whereas CH4(aq) concentrations likely reflect in situ 

methanogenesis (Arriaga et al., 2019; Rudderham 2019; Risacher et al., 2018). Depletions of non-

reactive NGs within FFT is attributed to transport processes (Jones et al., 2014). 

 Dissolved Cl─ and B 

Vertical Cl− concentration gradients are highest immediately below the TWI and then 

diminish with depth until they are relatively constant with depth below depths of 0.5 to 2.0 m 

below the TWI.  Dissolved Cl− concentrations within the water cap decreased from 2013 to 2017, 

while Cl− concentrations in the FFT remained relatively consistent between years (Appendix A; 

Dompierre et al., 2016, 2017). Dissolved Cl− concentrations reached a maximum between 0.25 

and 2.5 m below the TWI depending on location (Fig 5-5; Dompierre et al., 2016).  The average 

concentration of Cl− in the water cap decreased from 450 mg L −1 in 2015 to 420 mg L−1 in 2017 

due to aforementioned freshwater inputs. FFT porewater Cl− concentrations range from water cap 

values near the TWI to between 390 and 1018 mg L−1 up to 40 m under the TWI. Over these 

intervals Cl− concentrations had an average of 546 ± 47 mg L-1 in 2016 and 612 ± 123 mg L−1 in 

2017, consistent with median value of 560 mg L−1 for 2015 reported by Dompierre et al. (2016). 

Depth profiles for 2015 reveal a “bulge” in concentrations from 0.5 to 1.0 m below the TWI (Fig. 

5-5). This zone of slightly elevated concentrations is not present at P1C and P2NE in 2016, but 

persists at P3SW from 2015 to 2017. Since bitumen upgrading recycles OSPW, including from 

WIP, shallow, FFT deposited near the end of BML filling should exhibit higher porewater salinity 

(Allen, 2008; Dompierre et al., 2016). Over time, transport by upward moving water and diffusion 

should remove this narrow zone of elevated Cl− concentrations. However, P3SW has a lower 
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measured settlement may be insufficient to have this effect on Cl− concentration profiles. This 

bulge is also shown in Boron depth profiles at P1C and P3SW, though it is less apparent.  

 

Figure 5-5: Depth profiles of Cl─ at each sampling platform extending down to 5 m. The dashed 

line represents TWI. 

The depth profiles of B were similar to those of Cl− and generally consistent from 2015 to 

2016. Dissolved B concentrations for 2017 samples exhibited similar depth profiles and trends 

among locations but were approximately 30% higher at all three locations (Fig. 5-5). In 2015 and 

2016 dissolved B concentrations in the water cap exhibited a median value of 1717 ± 255 μg L−1 

increasing across the TWI to a mean of 3240 ± 941 μg L−1 between 1.5 m below the TWI and the 

bottom of the sampled profile (Fig. 5-6). In 2017, the average BML FFT porewater mean B 

concentration was 3710 ± 790 μg L−1. At depths greater than 2.5 m below the TWI, a wider range 

of B concentrations was observed. Elevated concentrations may be due to changes in sample 

handling procedures between 2016 and 2017. Concentrations increased with depth at all three 

locations from the TWI to 5 m below the TWI. Boron concentration depth profiles exhibit a bulge 

in elevated values in the shallow FFT in 2015, consistent with Cl− profiles.  
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Figure 5-6: Depth profiles of Boron at each sampling platform. The horizontal dashed line 

represents TWI. 

 Stable Isotope of Water 

 Depth profiles of δ2H were highly variable among locations and with depth. Mean water 

cap values were −113.5 ± 1.7 ‰ with a minimum value of −117.0 ‰; while mean FFT porewater 

values were slightly less negative at −112.5 ± 2.0 ‰ and a maximum of −109.2 ‰. Depth profiles 

for δ18O showed similar variability to those for δ2H. Water cap δ18O values averaged −12.4 ± 

0.4 ‰ over both years with a minimum of −11.5 ‰. FFT porewater values were similar, averaging 

−12.3 ± 0.3‰ with a maximum of −11.5‰. Generally, gradients were more prominent in 

published 2015 profiles. Depth profiles from 2016 and 2017 exhibit less distinct changes with 

depth where values are similar above and below the TWI.   
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Figure 5-7: Depth profiles of δ2H (top) and δ18O (bottom) at each sampling platform normalized 

to the TWI. The horizontal dashed line represents the TWI. 

The presence of CH4(aq) can affect δ2H measurements (Hendry et al., 2011). However, stable 

water isotopes may also be affected by changes in the water balance over time including increased 

evaporation, decreased freshwater inputs, and ongoing FFT dewatering. Freshwater pumping from 

BCR has decreased by over half since 2013 and the total water cap volume has increased from 

24.39 Mm3 in October 2012 to over 62.16 Mm3 in October 2016 (Barr Engineering 2017). This 
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increase in volume means that the influence of depleted local meteoric waters on the water cap 

decreases over time. 

 Dissolved Gases 

Dissolved CH4 concentrations sharply increased with depth across the TWI, from below 2 

mg L−1 immediately above the water cap, to approximately 45 mg L−1 at 1.5 m below the interface. 

From 1.5 to 5 m below the TWI, CH4(aq) concentrations exhibit greater spatial and temporal 

variability. Over this depth interval, P2NE exhibited the highest mean CH4(aq) concentrations (59 

± 10 mg L−1), while P3SW exhibited the lowest mean values (37 ± 13 mg L−1).  Mean porewater 

CH4(aq) concentrations at P1C (47 ± 10 mg L-1) were between the other locations. Deeper CH4(aq) 

concentrations varied among locations and over time. From 2.5 to 7.5 m below the TWI at P1C, 

mean CH4(aq) concentrations decreased over time from 45 ± 11 mg L−1 in 2016 to 25 ± 10 mg L−1 

in 2019. In contrast, CH4(aq) concentrations at P3SW increased from 45 ± 12 mg L−1 in 2016 to 56 

± 3.8mg L−1 in 2019 over the same depth interval. Depth profiles obtained at P2NE extended only 

4 m below the TWI where concentrations exhibited a wider range from 35 mg L−1 to 79 mg L−1. 

Despite this spatial and temporal variability, CH4(aq) concentrations remained consistent in the 

uppermost 2.5 m between all years (Fig. 5-8).  

Consistent with CH4(aq), dissolved CO2(aq) concentrations increase sharply with depth from 

below 10 mg L─1 at the TWI to approximately 65 mg L─1 at 2.0 m below the TWI. Depth profiles 

exhibit spatial and temporal variability below 2 m under the TWI with the highest concentrations 

observed in 2016 in all locations. A large increase in CO2(aq) concentrations over a 1 m interval 

was observed in varying years at all three locations (Fig 5-8). The lowest and highest location-

averaged concentrations were observed at P1C (30 ± 18 mg L─1) and P2NE (average 81 ± 47 mg 

L─1), respectively, whereas P3SW fell between these values (66 ± 44 mg L─1).  

Noble gas concentrations and ratios in FFT porewater decreased with depth below the TWI. 

Noble gases were highly depleted relative to air saturated water (ASW) at BML. Depth profiles 

show depletion with depth from the water cap across the TWI down to 2.0 m deep (Fig. 5-9). 

Relatively light NGs (e.g. Ne, Ar) exhibited greater depletion than heavier NGs (e.g. Kr, Xe; 

Appendix A) 
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Figure 5-8: Depth profiles of CH4(aq) (top) and CO2(aq) (bottom)  depth profiles at each sampling 

platform relative to the TWI. The horizontal dashed line represents the TWI. 
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Figure 5-9: Depth profiles of selected noble gas ratios. The horizontal dashed line represents the 

TWI. 
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 ANALYSIS AND DISCUSSION 

This section will examine CH4 dynamics in BML including distribution, saturation, 

ebullition potential and potential long-term trends. It will also investigate the influence of 

ebullition on the conservative mass transport from the FFT in the water cap. Reactive transport 

models of CH4(aq) are carried out to investigate the influence of consumptive or productive 

processes on CH4(aq) flux. Finally, two conceptual models are presented, one describes the 

processes affecting internal mass loading in BML, the other summarizes the interactions of the 

different parameters and processes influencing CH4 dynamics in FFT. 

6.1 Methane Distribution 

The depth profiles of CH4(aq) from the FFT into the water cap are consistent with previous 

studies focused on BML (Arriaga et al., 2019; Rudderham, 2019; Risacher et al., 2019). Minimal 

concentrations of CH4(aq) near the TWI and into the water cap are attributed to advective dispersive 

transport from porewater tailings settlement and CH4 oxidation, while elevated FFT concentrations 

at depth are consistent with methanogenesis (Rudderham, 2019; Stasik et al., 2014; Stasik and 

Wendt-Pothoff, 2016; Foght et al., 2017). 

Changes in sampling techniques may account for some of the observed variations in CH4 

concentrations between years. The headspace equilibration method used in 2016 and 2017 may 

have been impacted by entrained CH4 bubbles or gas loss during sample collection. The passive 

in situ diffusion method used in 2019 is not affected by these factors. Despite using different 

methods, the magnitude and spatial trends in CH4(aq) concentrations at individual locations were 

consistent among all years. Although the passive in situ diffusion method produced smoother depth 

profiles, the results indicate that both methods produce similar results. 

Methane production in FFT is controlled by the availability of diluent hydrocarbons (HCs), 

which include n-alkanes, iso-alkanes and monoaramatics associated with residual naphthenic and 

paraffinic solvents (Kong et al., 2019). Since these compounds are biogenically degraded over 

time, CH4 production is likely more prevalent in FFT deposited toward the end of BML filling 
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(Rudderham, 2019; Siddique et al., 2014; Stasik and Wendt-Pothoff, 2014; 2016). FFT from 

MLSB is enriched in diluent HCs compared to FFT from SWIP due to the coeval storage with 

diluent rich FTT in MLSB prior to pumping. The greater available diluent HCs in MLSB sourced 

tailings could explain the higher concentrations of CH4(aq) in FFT at P2NE and lower 

concentrations in FFT at P3SW.  

 Dissolved Gas Saturation  

Porewater CO2 concentrations were approximately were undersaturated through the 

measured profile (Appendix A-2). The degree of saturation increased with depth away from the 

TWI up to approximately 2 m where it did not exceed 9% of the saturation concentration. 

Consequently, CO2 exsolution was unlikely to drive ebullition within the FFT. Calculated CH4 

saturation thresholds were higher in 2018 compared to 2014 due to the thicker water cap and 

slightly cooler temperatures in the upper FFT (Fig. 6-1). Resulting CH4 concentration profiles 

highlight decreasing temporal variability with depth, corresponding with lower variations in 

seasonal temperature (Fig. 5-3). The solubility converges to a single value corresponding to the 

lower limit of seasonal FFT temperature fluctuations by 4 m below the TWI, while solubility 

continues to increase with depth.  The warmest temperatures correspond with the lowest 

solubilities in each modelled period, consistent with findings from the sensitivity analysis 

(Fig. 4‑5).  

Sensitivity analysis of the parameters affecting CH4 solubility using conditions at BML 

indicate that temperature and pressure have the greatest effect on CH4 solubility and, therefore, 

exsolution (Fig. 4-5; Duan and Mao, 2006; Dompierre and Barbour, 2016; Barr Engineering, 

2018). Minimum solubility occurs from August to October when temperatures are warmest in the 

FFT (Dompierre and Barbour, 2016; Lawrence et al., 2016; Duan and Mao, 2006). This time period 

would also correspond to higher rates of methanogenesis associated with the higher fluid 

temperatures (Nozhevnikova et al., 1997). The combined effect of decreasing CH4 solubility and 

higher rates of production would likely result in higher rates of CH4(g) exsolution. The reverse is 

true in late winter as decreasing temperatures within the upper FFT result in lower rates of 

production, higher CH4 solubility limits and consequently, lower rates of exsolution and ebullition. 
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Figure 6-1: Dissolved methane solubility saturation limits for average summer and winter 

conditions in 2014 and 2018 at BML. 

 Increasing pressure with depth also increases CH4 solubility within the FFT (Duan and Mao, 

2006). Pressure may also vary over short time-scales (e.g., hours to weeks) due to fluctuating 

barometric pressure and changing water levels. However, FFT settlement will continue to increase 

water cap thickness and therefore fluid pressure at a given depth. The water cap has doubled in 

thickness in some places from 5 m in 2012 to over 12 m in 2019 increasing solubility by as much 

as 80% at a given depth relative to the TWI (Lawrence et al., 2016; Barr Engineering, 2018). 

Integrating the long-term trends of the two parameters shows that the CH4(aq) solubility at a given 

depth in BML is increasing over time (Fig. 6-1).   

To better understand CH4 dynamics in the FFT profile, the degree of saturation associated 

with each measured CH4 concentration was calculated based on the solubility conditions in late 

summer using the method of Duan and Mao (2006; Fig. 6-2). Methane solubility was calculated 

using FFT temperatures measured for individual samples (2016 and 2017) or the warmest recorded 

temperature profiles (2019). The measured CH4(aq) concentrations were well below theoretical 
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saturation in the water cap and near the TWI, consistent with dilution by mixing with surface 

waters and depletion by oxidation (Arriaga et al., 2019; Goad, 2017; Rudderham 2019; Risacher 

et al., 2018). The degree of CH4 saturation increased with depth, approaching or reaching the 

solubility limit at depths of 1.5 to 2 m below the TWI (Fig 6-2).  Methane saturation persisted to 

between 2 and 3 m below the TWI. Below this zone, CH4 concentrations remained relatively 

constant while solubility increased, resulting in a decrease in the degree of CH4 saturation. Four 

CH4(aq) concentrations exceed the modelled CH4 saturation limit from 2017 and 2016 which may 

be indicative of the presence of entrained CH4 bubbles within the sampled FFT (Fig. 6-2).  

Figure 6-2: Dissolved CH4 concentrations plotted as a fraction of modelled solubility by sampling 

location and year. Horizontal dashed line represents the TWI. 

Methanogenesis is an ongoing process that likely occurs throughout the entire FFT deposit 

at variable rates. If methanogenesis were temporally discontinuous, continuing advective-

dispersive transport and oxidation would remove any elevated concentrations in porewater. A 

depth interval from 1.5 m to 3 m over which near CH4 saturation persisted during the sampled 

period at P1C and P2NE, indicates that methanogenesis was enhanced through this zone. Without 

ongoing methanogenesis, the degree of CH4 saturation should have declined concomitant with 

increasing solubility.  
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Deeper FFT is depleted in residual diluent HCs, which are degraded to a carbon source for 

methanogenesis and, therefore, may contribute less to overall CH4  production (Stasik et al., 2015; 

Siddique et al., 2012).This depletion of available carbon for acetoclastic methanogenesis, 

identified as the primary methanogenic pathway, may account for the undersaturation observed 

below 3 m below the TWI (Goad 2017; Rudderham, 2019).  Rudderham (2019) noted relative 

increases in populations of methanogens that use the hydrogenotrophic pathway in deeper FFT. 

This change in population may reflect a change in available carbon source. This pathway, while 

possible, is thermodynamically less favourable (Rudderham, 2019; Goad, 2017; Nozhevnikova et 

al., 1997).  

Carbon cycling in FFT is an intertwined process that involves multiple steps before 

methanogenesis occurs which may be enhanced or inhibited by sulfur or nitrogen cycling 

(Rudderham, 2019; Stasik and Wendt-Pothoff, 2016; 2014; Stasik et al., 2014).  Sulfate reducing 

bacteria may consume CH3CHOO−
(aq) to generate CO2, thereby inhibiting methanogenesis, or 

oxidize CH4(aq) in oil sands tailings ponds (Holowenko et al., 2000; Ramos–Padron et al., 2011; 

Siddique et al., 2012). The nitrogen species NO2
- and NO3 can be used as electron acceptors in 

anaerobic methanotrophy (Beal et a., 2008; Luo et al., 2018). Dissolved ammonia, likely as NH4
+, 

is found in FFT porewater but the species associated with CH4 oxidation, NO2
- and NO3, are only 

observed in low concentrations in the water cap of BML (Dompierre et al., 2016; Rudderham, 

2019).  Depth profiles of SO4
2−

(aq) in BML show a sharp drop in concentrations immediately below 

the TWI from 177 mg L−1 to a mean of 13 mg L−1 (Dompierre et al., 2016; Rudderham, 2019). 

This suggests, consistent with findings by Rudderham (2019), that nitrogen species likely don’t 

influence CH4 dynamics in BML, however, sulfur cycling may influence dissolved CH4 in the 

uppermost FFT. 

 Methane Ebullition 

Results from CH4 saturation modelling, NG analysis, and gas pressure surveys can be used 

to inform the ebullition potential in BML. These methods suggest that ebullition is possible 

throughout a narrow, 1 to 1.5 m thick zone of FFT ~1–2.5 m below the TWI (Fig. 6-1; 5-9; 5-4). 

Solubility modelling and pressure surveys indicate greater potential for ebullition in P2NE and 

P1C compared to P3SW.  
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The NG results show substantial depletion of all NGs, particularly with lighter NGs relative 

to the heavier NGs compared to ASW (Fig. 5-9). Preferential depletion of lighter NGs relative to 

heavy NGs can indicate stripping by partitioning into an existing gas phase (Amos et al., 2005; 

Jones et al., 2014). The preferential depletion of lighter NGs in BML with depth is similar to a 

studied CH4 producing site in Minnesota where gas exsolution and ebullition was identified as the 

primary cause of the NG depletion there (Fig. 6-3, Jones et al., 2014).  

The gas and fluid pressure sampling results are broadly consistent with the measured CH4 

concentrations and the calculated CH4 solubility. Both the pressure surveys and CH4 saturation 

show greater potential for ebullition at P2NE and P1C compared to P3SW.  However, all sensor 

pairings including the deepest sensor pairing at 5m below the TWI in both P1C and P2NE showed 

that PTDG approached or exceeded Pfluid. Since the PTDG sensor records the sum of partial pressures, 

and therefore may be influenced by the presence of other dissolved gases, it may slightly 

overestimate the potential for CH4 exsolution compared to solubility modelling. Though CH4 

makes up the majority of the dissolved gases, dissolved CO2 is also present in the FFT porewater 

(Rudderham 2019).  

 

Figure 6-3: Comparison of 2015 BML noble gas ratios with data from Jones et al., (2014). 

While the different methods all indicate that gas exsolution is possible, the potential 

ebullition is less well constrained.  Ebullition is controlled by both bubble formation and the ability 

of the bubbles to move up through the FFT. Bubble transport requires that buoyancy forces on the 
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bubble exceed forces associated with shear strength and viscosity. In some cases, it is likely that 

bubbles remained trapped within the FFT until some perturbation in the confining forces occurs 

as a result of disturbance of the FFT after which there are episodic bubbling events (Dompierre 

and Barbour 2016; Scandella et al., 2011; 2017).  These perturbations may be an initial bubble 

release or changes in the confining fluid pressure from things lateral currents reducing shear 

strength (Joyce and Jewell, 2003; Sirhan et al., 2019).  For example, if the water cap decreases in 

elevation due to drawdown or evaporation, then the confining pressure can release trapped bubbles 

from the tailings similar to observations in reservoir drawdown events (Harrison et al., 2017). 

Conversely, settlement and dewatering increases FFT the confining pressure and the yield strength 

with it. 

 Long-Term Trends  

Methane dynamics in BML and other EPLs will be affected by long-term changes in 

temperature, pressure, and production related to ongoing EPL development. Based on trends in 

these processes currently observed, CH4 ebullition will decline over time, ultimately, flux will be 

dominated by diffusion. Changes in temperature, pressure and available labile organic carbon will 

influence this decrease in ebullition by increasing CH4 solubility, increasing storage capacity and 

lowering CH4 production. In addition, long term cooling of the FFT combined with increasing lake 

depth over time will continue to increase the CH4 solubility within the FFT. 

 Easily degraded diluent HCs that become the carbon source for methanogenesis may 

become depleted over time, leading to a decrease in the rates of methanogenesis (Rudderham 2019; 

Stasik and Wendt-Pothoff 2016). This trend has already been noted with depth in BML which is 

analogous to time (Stasik et al., 2015; Foght et al., 2017). As the majority of available organics are 

consumed, the carbon cycle may be altered decreasing the rates of acetoclastic methanogenesis. 

While this may be taken up by hydrogenotrophic methanogenesis, it is unclear what impact this 

will have on CH4 production rates. (Rudderham, 2019).  

Seasonal temperature changes will continue to induce temperature fluctuations in the upper 

FFT, continuing to lower solubility in the late summer/early autumn and increase solubility in late 

winter and spring (e.q. Duan and Mao, 2006; Delsontro et al., 2010). The depth of penetration of 

the seasonal variations could continue to increase into the FFT as advection continues to slow. 

Mass transport will shift to a diffusion dominated setting with slowed settlement, altering CH4(aq) 
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transport (Carrier et al., 2007; Dompierre and Barbour, 2016). The timing of this shift may be 

variable in BML but may only be on the order of years as both P3SW and P1C are exhibiting 

slowed settlement rates (Fig. 5.2).  

Since FFT under 3 m below the TWI tends to be undersaturated, this creates a potential 

reservoir for longer term CH4(aq) storage. Currently, advection works to transport CH4(aq) upwards 

out of the FFT into the water cap. In a diffusion dominated setting, CH4 would diffuse outwards 

above and below into the undersaturated FFT. Eventually, continuous CH4 production could see 

the majority of FFT profile CH4 saturated. Continual FFT dewatering will increase pressure and 

the total solubility. However, the pressure increases are tied to settlement and will decrease in 

magnitude with time. Fluctuations in the pressure and yield strength of the overlying sediments 

could induce a mass ebullition event in the lake if the FFT remains CH4 saturated (Harrison et al., 

2017).  

 Decreasing ebullition has implications for long term greenhouse gas emissions and water 

cap quality. Currently, CH4 oxidation is a major O2 consuming process in the water cap. The 

CH4(aq) contribution from dissolution from expressed bubbles into the water cap has not been 

published, however, it may be a significant component along with mass loading from the FFT. 

Dissolved CH4 transported upwards will continue to be oxidized both aerobically in the water cap 

and anaerobically in the uppermost FFT. Mass loading of CH4 into the water cap will become 

dominated by diffusion across the TWI, impacting the rates of O2 consumption, potentially 

decreasing the overall O2 loss in the water cap. Methane ebullition from the FFT dominates the 

CH4  flux to the atmosphere from BML, should ebullition decrease, then the total greenhouse gas 

emissions from BML may decrease as well. 

6.2  Transport of Conservative Constituents 

Chloride was used as a conservative tracer to develop a transport simulation in a similar 

manner to that developed previously by Dompierre et al., (2017).  Dompierre and Barbour (2016) 

also utilized δ2H and δ18O for conservative species transport; however, given the degree of scatter 

in the data; and the lack of a distinct trend after 2015 these tracers were not simulated in the current 

study. Rather, B was selected as a second conservative constituent since it had distinct trends 

across the uppermost FFT profile in all the sampled years. A constant ratio of 0.65 was used to 
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adjust 2017 B depth profiles to make these concentrations consistent with the preceding years data.  

Possible reasons for the difference in the 2017 B profiles from the previous B data was discussed 

in section 5.5.1. 

Calculated upwards advection from measured settlement shows a continuously decreasing 

flow similar to settlement as predicted by early consolidation models (Carrier et al., 2007; Fig. 6-

4). These settlement rates also vary by platform with FFT at P2NE exhibiting the highest rates 

while P3SW had the lowest rates.  Based on settlement data from Barr (2018), settlement rates at 

P1C decreased from 1.3 to 0.7 m a−1 from 2013 to 2017. Over the same time, these rates fell from 

1.9 to 0.7 m a−1 at P2NE and 0.95 to 0.6 m a−1 at P3SW.  

 

Figure 6-4: Plot of calculated upwards advection based on measured TWI elevations (points) and 

modelled elevations (lines). 

The previous work by Dompierre and Barbour (2016) and Dompierre et al., (2017) found 

that advective-dispersive transport alone could not simulate the observed depth profiles for 

conservative constituents (Dompierre and Barbour, 2016; Dompierre et al., 2017). Without some 

enhanced mixing process in the upper 0.25 – 1.5 m of the FFT profile, the transport models 

produced Cl− concentrations that were higher than those measured. This was confirmed with the 

field measurements and modelling undertaken in this study as well.  The enhanced mixing 

simulated in the current study was based on the findings from CH4 concentrations, gas pressures 
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and noble gas measurements that ebullition was occurring within the upper 3 m of the FFT profile. 

The enhanced mixing likely caused by ebullition was replicated by increasing the coefficients of 

diffusion over the upper meter by a factor of 2.5x, 10x or 25x the values that would have been 

estimated based was specified based on the relationships between porosity and the coefficient of 

molecular diffusion established by Boudreau (1996; Table 4-1). From 1 to 2 m below the TWI, the 

coefficient of diffusion was only enhanced by 60% of the change in the top 0 to 1 m below the 

TWI. The smaller magnitude diffusion coefficient enhancement in the lower 1 to 2 m depth 

interval was to reflect the smaller and less intense mixing at depth as bubbles increase in size as 

they rise (Scandella et al., 2011; 2017; Sirhan et al., 2019). As ebullition is tied to CH4 exsolution, 

the enhanced mixing was only applied to periods of low solubility and greater rates of 

methanogenesis in the from June to November of each year in the modelled period. It is important 

to note that the selection of these enhanced diffusion coefficients was based on a trial and error 

approach to identify the amount of increase in diffusion coefficient required to enable the 

simulation to envelope the majority of the observed concentration profiles. 

The amount of ebullition required to simulate observed depth profiles varies by location. 

Locations with greater ebullition potential and higher settlement required more diffusion 

enhancement to reproduce observed depth profiles (P2NE), while sites that had less ebullition 

potential were better simulated by primarily advective dispersive transport (P3SW). The goodness 

of fit for the simulation model curves to the data was determined by calculating the root mean 

square error (RMSE) for each modelled curve relative to the measurements (Table 6-1). The best 

fit for Cl− data was the 10x diffusion coefficient model run at P1C for all modelled years. P2NE 

was best simulated by the 25x diffusion coefficient, except for 2015 (Fig. 6-6). P3SW could not 

be simulated by any of the models using the observed settlement rate.  Decreasing the settlement 

rate to a constant rate of 0.2 m a−1 produced a good fit to 2016 and 2017 Cl− profiles when a 2.5x 

diffusion coefficient was used (Fig 6-6; Table 6-1). Measured 2015 Cl− values fell between the 

base case and the 2.5x diffusion coefficient (Fig. 6-6). Using the same models to simulate the B 

profiles provided a reasonable fit, particularly at the P1C and P2NE profiles (Fig. 6-7). P3SW 

profiles for Boron did not fit as well due to large scatter and variance in the data.  

 Plots of Cl− mass flux rates were generated to examine the influence that greater diffusion 

coefficient enhancement would have on the mass rate from the FFT in the water cap (Fig. 6-8). As 
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mass flux is a function of advective dispersive transport, P2NE, with the greatest settlement rates 

had much higher mass flux than the P1C and P3SW. P1C had a mean flux of 0.21 ± 0.04 g d−1 m−2, 

P2NE had a mean flux of 0.62 ± 0.03 g d−1 m−2, and P3SW had a mean of 0.19 ± 0.04 g d−1 m−2. 

The more that the diffusion coefficient was enhanced the greater the mass flux expressed into the 

water cap during the bubbled periods but, conversely, had lower mass flux in the periods when no 

ebullition was applied.  

 

Figure 6-5: Plot of BML surface water elevation over time. The grey dashed lines indicate 

sampling times at P2NE. 

The P2NE 2016 Cl− depth profile has a much greater depth interval over the which Cl− 

concentrations increase from water cap values to FFT values compared to other locations and years 

(Fig. 6-6). This may be due to induced bubbling events by water level fluctuations. It has been 

established that small changes in the confining pressure on saturated sediments can cause ebullition 

events (Harrison et al., 2017). During the 2016 sampling period, FFT at P2NE was sampled just 

after a water level drop of approximately 0.5 m, whereas FFT at both P1C and P3SW had been 

sampled before the water level fluctuations (Fig. 6-5). This may explain the much greater depth 

interval over which gradient in the 2016 depth profile for Cl− that could not be modelled here.  

Anomalous depth profiles at P3SW may be due to settlement rates lower than the apparent 

values suggested by the annual surveys and FFT sampling (Barr Engineering 2018).  For example, 

it is possible that the measured FFT elevations at P3SW and perhaps elsewhere in BML are 

influenced by multiple processes rather than solely settlement. Lateral sediment flows within the 

Date 
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FFT as it settles at different rates are possible due to the low shear strength (Dompierre and 

Barbour 2016). P3SW is also near the inflow from BCR, where higher water velocities may have 

caused erosion of the uppermost FFT near the pump (Lawrence et al., 2016). Both of these 

processes could mimic the effect of settlement when studying TWI elevation changes, leading to 

overestimating the advection rate. One way to check if the uppermost FFT at this location was 

being removed rather than settling is to compare the solids content data between locations. 

Locations where erosion is likely should have a lower VWC closer to the TWI than a typical FFT 

profile. However, VWC profiles are relatively consistent between locations and years, this may be 

due to expansion of the FFT from unloading, limiting the impacts on VWC (Fig. 5-1; Dompierre 

et al., 2016; Dompierre and Barbour 2016).  

Table 6-1: RMSE for each modelled profile with different simulated ebullition rates of Cl− (top) 

and Boron (bottom). The smaller the number the better the fit of the data. 
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Figure 6-6: Mass transport model profiles and observed concentrations for Cl─ depth profiles by 

year and location extending to 5 m below the TWI. 
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Figure 6-7: Mass transport model profiles and observed concentrations for boron depth profiles 

by year and location extending to 5 m below the TWI. 
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Figure 6-8: Timeline of Cl−
(aq) mass flux rate from the FFT into the water cap for the differing 

amounts of ebullition simulated in the transport models over the modelled period. 
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6.3 Transport of Dissolved CH4  

After developing viable conservative transport models using ebullitive mixing, simple 

reactive terms were incorporated into the conservative transport models to simulate CH4 

concentration profiles across the tailings-water interface. The conservative transport models help 

to constrain the primary two controls on transport; the advective water flow rate (i.e. FFT 

settlement) and the enhanced diffusion created as a result of ongoing ebullition.  

Simple reactive transport models of CH4(aq) show a negative flux was required in the upper 

1.0 to 2m of FFT above the zone of saturation (Fig. 6-9). Constant consumption rates of 

−0.025 g d−1 m−2 (P1C), −0.030 g d−1 m−2 (P2NE) and −0.0225 g d−1 m−2 (P3SW) were applied 

across the uppermost 1 m, 1.5 m and 2.0 m, respectively, of the modelled profiles. These rates are 

typically 100 to 1000 times higher than anaerobic oxidation rates reported in various freshwater 

lakes and reservoirs which can range from 9 x 10−5 to 2 x 10 −4 g m2 d−1 (Barbosa et al., 2018; 

Deutzamann et al., 2014; Geulin et al., 2007; Saarela et al., 2019). However, introduction of 

aerobic oxidizers may account for some of the discrepancy the presence of which was report by 

Rudderham (2020). Some reported aerobic CH4 oxidation rates can reach 0.080 g m2 d−1 (Oswald 

et al., 2016; Schubert et al., 2010). Simulations of CH4(aq) transport and consumption provided 

good fits for the 2016 data, whereas larger differences were noted the between model output and 

2017 data. Goodness of fit was determined by RMSE calculations (Table 6-2). No modelled 

profiles for 2019 at P2NE are presented as the sampler array did not deploy to the correct depth.  

P1C was best simulated by no consumption in 2016 and 1.0 m of consumption for both 2017 and 

2019. CH4(aq) depth profiles at P2NE were best fit by 1.5 m of consumption in both 2016 and 2017. 

P3SW CH4(aq) concentrations showed the greatest variability between years, 2016 concentrations 

were best fit by 1.5 m of consumption while 2017 and 2019 were best fit by 1.0 m of consumption. 

2017 CH4(aq) concentrations had generally lower fits at all platforms compared to 2016. (Fig. 6-9). 
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Table 6-2: RMSE for each CH4(aq) modelled profile with different simulated CH4(aq) consumption 

rates. The smaller the number the better the fit of the data. 

 

The consumption rate term applied to the model is largely attributed to aerobic oxidation 

reported as possible in the FFT by Rudderham (2019) in the upper FFT, though this does not 

preclude the occurrence of anaerobic oxidation. Results of these preliminary models suggest that 

oxidation may substantially decrease the CH4(aq) flux across the TWI. The aerobic methanotrophs 

Methyloparacoccus and Methylobacter, belonging to the class Gammaproteobacteria, were found 

in relatively high counts in FFT immediately below the TWI and in some settings have been found 

to be active under anoxic conditions (Rudderham, 2019; Martinez-Cruz et al., 2017; Oswald et al., 

2016). Additionally, different microbial communities capable of anaerobic oxidation by using 

NO3, and NO2 as electron donors have been identified (Rudderham, 2019; Ettwig et al., 2009; 

Knittel and Boetius, 2009). The microbial communities Desulfosarcina and Desulfococcus, 

associated with anaerobic methanotrophs that can use SO4
2− species as electron donors, were also 

identified. NO3(aq) and NO2(aq) concentrations are commonly below detection in both the water cap 

and FFT porewater with only scattered measurable values (Rudderham 2019). Dissolved SO4
2−

 is 

abundant near and above the TWI and persists in minor amounts (13 mg L-1) up 5 m below the 

TWI. Given that CH4 saturation is reached by 1.5 to 2.0 m below the TWI, the interval between 

this zone and the TWI could host anaerobic oxidation. Based on abundances of both constituent 

and microbial communities identified, both anaerobic and aerobic oxidation are likely restricted to 

the upper FFT (Rudderham, 2019; Dompierre et al., 2016).  

The CH4(aq) consumption rate from the FFT into the water cap varies on an annual basis, 

similar to conservative transport models and is tied to the timing of ebullition (Fig. 6-10; 6-8). 
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Maximum CH4(aq) fluxes coincide with the high ebullition periods in the summer to late fall. Best 

fit consumption rates can decrease the mass loading rate into the water cap by up to 35% during 

high ebullition periods. The average flux at the TWI in high periods was 0.0364 g d−1 m−2 at P1C 

and 0.0443 g d−1 m−2 at P2NE. In low flux periods, the average flux was 0.0128 g d−1 m−2 at P1C 

0.00823 g d−1 m−2 at P2NE. Dissolved CH4 transport at P3SW exhibits a less variable flux across 

the TWI consistent with the lower changes in the diffusion coefficient required to simulate 

observed conservative tracer profiles (Fig. 6-6; 6-7). The average flux at the TWI after 2015, when 

the flux variations were largely attenuated, was 0.00135 g d−1 m−2. Extrapolating this flux across 

the entire FFT surface area gives a range of 19 to 84 tonnes of CH4(aq) expressed across the TWI 

over the course of a year. Seasonally variable ebullition also impacts flux across the TWI, 

enhancing mass flux over five-fold during the highly ebullitive months compared to the quiescent 

months in some locations (Fig. 6-10). Model outputs indicate that (i) CH4 consumption occurs 

within the upper FFT overlying the zone of enhanced production and (ii) CH4 mass loading to the 

water cover is affected by ebullition. 

 These models were a preliminary investigation into the role of anaerobic oxidation and its 

influence on CH4(aq) concentrations and mass transport. These models could be further constrained 

by varying the consumption rate applied over the FFT interval above the zone of saturation. Given 

that chemical species associated with anaerobic CH4 oxidation are most abundant above or within 

0.5 m of the TWI, it would be assumed that greater CH4(aq) consumption would occur there relative 

to deeper FFT.  
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Figure 6-9: Mass transport model profiles for CH4 depth profiles by year and location extending 

to 5 m below the TWI.  
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Figure 6-10: Conservative and consumptive CH4(aq) mass flux rate over the modelled period at the 

TWI. The consumptive model flux shown uses a consumption rate over 1.0 m at both P1C and 

P3SW and 1.5 m at P2NE. 
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6.4 Revised Conceptual Model 

The conceptual model for internal mass loading can be used to identify the influence of 

different processes on mass transport from the FFT into the water cap (Fig. 6-11). It compiles 

results and interpretations from different aspects of collaborative research contributing to the 

understanding of internal mass loading in BML. The work presented here contributes to the 

development of the conceptual model by constraining the influence of mixing by CH4 ebullition 

on mass transport. In early time, the mass transport is primarily controlled by upwards advective 

dispersive transport of FFT porewater into the overlying water cap from FFT settlement. Transport 

of pore-water constituents from the FFT to overlying water cover may adversely impact the 

development of the water cap quality. Ebullition may enhance transport into water cap via physical 

mixing of the FFT over the bubbled interval which extend to lower boundary of the zone of CH4 

saturation. 

Settlement is expected to slow with time, leading to development of a diffusion dominated 

transport regime. Older FFT will have had more time to settle relative to younger FFT leading to 

variable settlement rates across BML. Strong, diffusive gradients across the TWI are present as 

the FFT porewater is elevated with respect to a number of solutes correlated with OSPW or 

secondary process in tailings, such as methanogenesis (Dompierre et al., 2016; Rudderham 2019; 

Stasik and Wendt-Pothoff, 2016; Stasik et al., 2014). This strong, diffusive gradient is expected to 

persist as the water cap develops due to fresh water inputs.  

 The final part of the conceptual model involves mixing by ebullition which has the 

tendency to enhance transport in the upper FFT. Ebullition is limited by the depth of exsolution 

and bubble release where gases are supersaturated within the porewater and bubbles are 

sufficiently buoyant to overcome the yield strength of the confining FFT. Multiple factors can 

affect the potential for ebullition across BML, and the complexity leads to variable amounts of 

ebullition, both temporally and spatially. 
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Figure 6-11: General conceptual model showing the main processes that affect mass transport 

within BML. 

A second conceptual model was created to summarize the complex interplay of physical, 

biological and chemical factors that can influence the potential for CH4 ebullition in an oil sands 

EPL (Fig. 6-12). Ebullition is an important ongoing process that results from the interaction of 

porewater chemistry, FFT microbiology, settlement, temperature and FFT provenance and age. 

Ebullition is possible across BML, but areas that have higher temperatures and settlement rates 

also have the highest CH4(aq) concentrations, the greatest degree of saturation and, therefore, the 

highest ebullition potential.  

Methane is produced biogenically via the degradation of diluent HCs available in the FFT. 

The availability of these diluent HCs may be related to both the age of the FFT and the previous 

tailings impoundments that the FFT was stored in. While it is likely that methanogenesis occurs 

throughout the FFT profile, the majority appears to occur within the upper tailings from 1.5 to 

3.0 m based on modelled saturation.  Below this zone, the FFT is undersaturated with respect to 
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CH4. Any excess CH4(aq) is exsolved and may then be released as bubbles to the water cap and 

atmosphere.  

 

Figure 6-12: Conceptual model of the parameters affecting ebullition potential in BML. Modified 

from Harrison et al. (2017). 

CH4(aq) sinks include aerobic and anaerobic oxidation occurring in the water cap and FFT, 

respectively. As anoxic conditions are found to variably occur in the hypolimnion of the water cap, 

the degree of oxidation across the TWI may change with time (Risacher et al., 2018; Arriaga et 

al., 2019). In early time advective dispersive transport can limit the degree of saturation in BML 

as advection transports CH4(aq) upwards into the water cap, and CH4(aq) will diffuse outwards from 

the zone of primary production. Physical parameters that can increase the ebullition potential 

include seasonal increases in upper FFT temperatures and drops in water level or barometric 

pressure. Temperature increases will lower the solubility limit and induce exsolution in previously 

saturated or near-saturated waters. Decreases in water cap thickness or barometric pressure may 

induce bubbling events by reducing the yield strength on the confining sediments (Harrison et al., 

2017). The physical processes that limit ebullition are seasonal cooling in the late fall that will 

increase solubility and increases in the overlying pressure such as increases in water cap thickness, 

ice formation, and snowfall.   
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The long-term CH4 ebullition potential is not known, but specific trends in parameters 

influencing ebullition potential can be discerned. Continued settlement would lead to increasing 

CH4(aq) solubility at a rate tied to settlement which slows with time. As settlement slows mass 

transport shifts to a primarily diffusion dominated system. In a diffusion dominated system CH4(aq) 

can diffuse outwards and into the underlying, undersaturated FFT. The availability of easily 

biodegraded hydrocarbons to become fuel for acetoclastic methanogenesis is expected to decrease 

with time, which could cause a decrease in the overall rate of methanogenesis. Seasonal 

temperature changes are expected to persist long term, and changes in confining pressure may still 

occur causing short term variations insolubility and may induce ebullition. In the long term EPL 

may have a reduce potential long term as the CH4 storage capacity increases and methanogenesis 

slows. The revised conceptual model does not account for impacts of changing water cap processes 

on CH4 dynamics. If labile organic carbon availability increases due to changing primary 

production, the vertical distribution of CH4 production and consumption reactions may shift 

relative to the TWI towards the water cap. However, exsolution and ebullition likely wouldn’t 

occur in the water cap as transport process move CH4(aq) away.
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 CONCLUSIONS 

The overall objective of the study was to evaluate whether CH4 ebullition could impact the 

internal mass loading of an oil sands EPL. Gas pressure surveys, CH4 solubility modelling, and 

noble gas analysis were used to determine the potential for CH4 ebullition in FFT. Detailed FFT 

porewater analysis was carried out and combined with previously published FFT geochemical data 

to identify geochemical gradients from the water cap into the FFT. These results informed 

development of numerical transport models that simulated ebullition with enhanced diffusion 

coefficients across the CH4 saturated interval. The influence of anaerobic CH4 consumption on 

CH4(aq) flux into the water cap was determined by reactive transport models built off the 

conservative transport models. Methane saturation was identified in a FFT interval between 1.5 

and 3 m below the TWI that persisted between sampled years indicating a zone of continuous 

enhanced production. Observed chemical gradients from the FFT to the water cap throughout BML 

indicated a chemical difference between FFT porewater and the water cap. Transport models with 

enhanced diffusion coefficients suggest that ebullition may explain observed depth profiles that 

cannot be simulated by advective-dispersive transport alone. Dissolved CH4 transport models 

show that anaerobic oxidation in the upper FFT above the zone of saturation can reduce the flux 

into the water cap by up to 35%. These findings were used to update the conceptual model for 

internal mass loading in an EPL and informed the development of a conceptual model examining 

the relationship between the different parameters influencing CH4 dynamics in BML.  

Results from field investigations showed that seasonal temperature cycles influence the 

upper 4 m of FFT in BML and that FFT is slowly cooling over time. FFT settlement was found to 

be laterally variable, with the central and SW portions of BML settling at rates comparable to early 

predictive models while the freshest tailings in the NE were settling at a much higher rate.  

predictive models. Geochemical depth profiles all have short depth intervals where dissolved 

concentrations increased from water cap values to FFT porewater values.   

Calculated CH4 solubility was found to be influence by changes in both temperatures and 

pressure in BML. Seasonal temperature cycles influence the solubility in the upper FFT lower the 

solubility limit in summer and autumn and raising it in the winter and spring. Increasing water cap 
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thickness raises fluid pressure and the CH4 solubility at a given depth.  Total dissolved gas pressure 

results, CH4 solubility modelling and noble gas analysis indicate that ebullition was likely across 

BM in a narrow 1.5 m thick zone where CH4 concentrations approached or reached modelled 

saturation limits. Total dissolved gas pressures met or exceeded fluid pressure in sampled depths 

at 1, 2 3 and in some locations 5 m below the TWI. Noble gas ratios show depletion of lighter NGs 

relative to heavier NGs with depth. The last deposited and hottest tailings to the NE of BML 

showed both greater CH4 saturation and higher total dissolved gas pressures relative to fluid 

pressures. Ebullition potential was tied to both the age and the provenance of the FFT in BML. 

Internal mass loading in the EPL was found to be a function of both advective dispersive 

transport and physical mixing of the upper FFT by CH4 ebullition.  Advection due to porewater 

expression from FFT settlement is slowing with time. Ebullition has a important role in the internal 

mass loading of an EPL and can enhance internal flux rates from the FFT during periods of 

ebullition. Reactive transport modeling demonstrated that CH4(aq) flux rates into the water cap were 

limited by anaerobic oxidation in the uppermost FFT above the zone of saturation. Anaerobic 

oxidation of CH4(aq) is likely tied to other biogeochemical processes that involve S or N cycling. 

The findings from this thesis inform the long term CH4 dynamics within an EPL and provide 

insight into the controls on internal mass loading.  The results from this study can be used to inform 

future EPL designs, however, further studies should be carried out for different designs and tailings 

used. The findings can also inform studies on other hydrocarbon contaminated saturated sites 

where gas producing sediments may be settling or unloading.
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 RECOMMENDATIONS 

Findings from this body of work demonstrated that FFT porewater geochemistry did not 

vary substantially temporally and did not warrant further study at this time, this is consistent with 

the findings of Rudderham (2019). However, as the parameters around CH4 solubility and 

ebullition continue to evolve with BML, further investigation into dissolved CH4 concentrations, 

temperatures, dissolved gas pressures, and FFT settlement do warrant further study. Long-term 

trends of these parameters can better constrain the long-term internal mass loading of the EPL, 

particularly with regards to the shift from advective-dispersive to diffusion dominated mass 

transport and the shift in biogeochemical processes as various diluent HCs are degraded. Changes 

in these processes may impact long term dissolved oxygen content in the water cap by altering the 

loading of oxygen consuming constituents into the water cap.  

This research is built upon an established modelling framework for internal mass loading of 

an oil sands end pit lake. It demonstrated that simple reactive terms could be used to approximate 

the reactive species CH4(aq). More work with modelling and applying different scenarios could 

develop a stronger characterization of the mass flux of dissolved CH4 into the water cap, and the 

relative contributions of dissolved transport compared with dissolution from fugitive bubbles. The 

CH4(aq) transport model developed here is preliminary and makes some concessions; a more 

rigorous model would use an applied positive mass flux to represent the effect of methane 

production in the FFT instead of a constant boundary concentration at the bottom of the model 

domain. Further investigations using the models presented here could be applied to other reactive 

species, particularly those that are of interest to the long-term evolution of the water cap.  Oxygen 

consuming constituents have been identified a possible challenge to long term water quality, the 

mass transport regime and the flux of NH4
+ has yet to be investigated in BML (Rudderham 2019; 

Risacher et al., 2019; Arriaga et al., 2019).  While the long-term mass loading regime has been 

discussed here, investigations using numerical models under a variety of long-term scenarios such 

as diffusion dominated, different magnitudes of FFT mixing by ebullition would provide valuable 

insight into the long term EPL evolution in both the FFT and water cap quality. 
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APPENDIX A: AQUEOUS GEOCHEMISTRY 

This section contains supplemental information of various aqueous geochemical data. 

 

Figure A−1: Plot of water cap Cl− concentrations over time. Data comes from Dompierre et al. 

(2017) and FFT sampling campaigns in 2016 and 2017. Dates with multiple values coincide with 

annual FFT geochemistry sampling campaigns. 
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Figure A−2: Percent saturation of FFT porewater with respect to CO2(aq) at all three sample 

locations. 
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Figure A−3: Ratios of noble gases in FFT samples normalized to those of air-saturated water 

(ASW) at the BML water cap elevation. 
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Table A−1: Porewater Cl− concentrations used in this study. *From Dompierre et al. (2016; 2017), 

Dompierre and Barbour (2016). 

Depth 

below 

TWI (m) 

 P1C   P2NE   P3SW  

2015* 2016 2017 2015* 2016 2017 2015* 2016 2017 

    Values (mg L−1)       

-0.75  440 - - 450 - - 430 - - 

-0.70  440 - - - - - - - - 

-0.65  440 - - - - 430 - - - 

-0.60  450 - - 450 - - - - - 

-0.55  430 - - - - 420 - - - 

-0.45  - - - - - - 450 - - 

-0.40  440 430 370 - 430 430 - 430 420 

-0.30  430 420 - - 430 - 450 430 - 

-0.20  - 430 380 - 430 - 440 430 - 

-0.10  440 430 - 460 430 430 450 430 420 

-0.05  440 - - - - 430 440 - 450 

0.00  - 430 420 - 430 - 530 470 - 

0.10  510 470 420 580 430 430 - 520 510 

0.15  540 - - 580 - 450 450 - 560 

0.20  580 510 450 600 440 470 500 560 590 

0.30  570 530 490 610 470 490 560 600 610 

0.40  590 550 540 450 480 500 600 620 620 

0.50  590 550 550 610 490 540 670 630 620 

0.60  590 550 560 630 500 560 650 640 - 

0.70  580 540 550 600 510 590 640 640 640 

0.80  600 540 570 600 520 - 650 640 640 

0.90  570 530 560 600 530 580 650 650 630 

1.00  590 550 550 620 530 - 650 650 620 

1.10  580 540 - - 530 610 670 650 - 

1.20  590 530 560 580 540 - 640 640 620 

1.30  570 550 - - 530 630 650 640 - 

1.40  560 540 - 590 560 570 670 640 610 

1.50  - 550 550 - 570 - 670 640 - 

1.60  570 550 - - 570 - 650 640 - 

1.70  560 540 - - 570 - 640 600 - 

1.80  560 550 - 600 550 - - 620 - 

1.90  - 540 - - 550 620 610 590 - 

2.00  570 540 570 570 590 - 620 580 600 

2.10  550 550 - 570 590 - - 580 - 

2.20  550 540 - - 550 - 610 530 - 

2.30 
 

540 - - 580 - 650 610 - - 

2.40 
 

- 540 - - 590 - - 580 590 
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Depth 

below 

TWI (m) 

 P1C   P2NE   P3SW  

2015* 2016 2017 2015* 2016 2017 2015* 2016 2017 

    Values (mg L−1)       

2.50 
 

- - 560 - - - - - - 

2.60 
 

- 550 - - 600 - - 580 - 

2.80 
 

550 550 - - 590 610 - 580 - 

2.90 
 

- - - 590 - - - - - 

3.00 
 

- 540 570 - 600 - 600 570 590 

3.50 
 

- 550 - - 610 - - 580 - 

3.80 
 

560 - - - - 610 - - - 

4.00 
 

- 550 590 600 610 - 580 560 580 

5.00 
 

- - 600 580 610 - 580 - - 

5.50 
 

- 560 - 570 - - - - - 

6.00 
 

570 - 660 560 600 630 560 550 540 

7.00 
 

670 560 720 - - 610 - - 550 

8.00 
 

- - 760 - 600 600 600 570 560 

9.00 
 

- 610 820 - - 590 - - 570 

10.00 
 

- - 860 - 600 650 - 570 590 

10.50 
 

- 610 - - - 680 - - 670 

12.00 
 

- - 920 - - 650 - - - 

14.00 
 

- - 950 - - 640 - - 780 

16.00 
 

- - 920 - - 650 - - 930 

18.00 
 

- - 680 - - 680 - - 1020 

20.00 
 

- - 570 - - - - - 850 

24.00 
 

- - 590 - - - - - 400 

28.00 
 

- - 870 - - - - - 480 

32.00 
 

- - 710 - - - - - 660 

36.00 
 

- - 390 - - - - - 510 

40.00 
 

- - 590 - - - - - - 
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Table A−2: Porewater B concentrations used in this study. * From Dompierre et al. (2016). 

Depth 

below 

TWI (m) 

 P1C   P2NE   P3SW 

2015* 2016 2017 2015* 2016 2017 2015* 2016 2017 
  Values (ug L−1)    

-0.75  1560 - - 1780 - - 1710 - - 

-0.70  1490 - - - - - - - - 

-0.65  1670 - - - - 1380 - - - 

-0.60  1560 - - 1720 - - - - - 

-0.55  1570 - - - - 1370 1770 - - 

-0.45  1580 - - - - 1450 1750 - 1440 

-0.40  - 1460 1340 - 1550 - - 1640 - 

-0.30  1640 1420 - - 1550 - 1750 1640 - 

-0.25  1580 - - - - - 1730 - - 

-0.20  1600 1400 - - 1540 - - 1680 - 

-0.15  1700 1400 1330 1770 1580 1360 1720 1660 1550 

-0.05  1580 - - - - - 1830 - 1710 

0.00  - 1500 1400 - 1590 - 2340 1680 - 

0.10  1910 1780 1490 2500 1560 1440 1770 1860 1980 

0.20  2130 2040 1830 2480 1970 2330 1840 2080 2140 

0.30  2150 2170 1580 2420 2380 2260 2030 2020 2380 

0.35  - - - 2490 0 2400 2010 - 2410 

0.40  - 2370 2240 1780 2540 - - 1900 - 

0.45  2270 - - 2540 0 2160 2090 - 2440 

0.50  2300 2280 2490 2580 2280 2350 2420 2190 2240 

0.60  - 2370 2580 - 2360 - 2170 2090 - 

0.70  2590 2370 2860 2420 2410 2280 2160 2070 2190 

0.75  2320 - - 2440 - 2390 1970 - 2060 

0.80  2300 2340 2870 - 2480 - - 2070 - 

0.90  2430 2320 2910 2580 2510 2550 2040 1960 2160 

1.00  2450 2320 2920 2450 2400 - 2050 1960 2130 

1.10  2500 2290 2950 - 2450 2520 2150 1980 - 

1.20  2590 1990 - 2730 2500 - 1930 1950 2270 

1.25  3030 - - - - 2460 1950 - - 

1.30  2890 2010 2880 - 2260 - 2240 1970 - 

1.40  2250 1930 - 2690 2570 2620 2330 2040 - 

1.45  2960 - - - - - 2050 - 2570 

1.50  - 2010 - - 2620 - 2320 2350 - 

1.60  2740 2020 2600 - 2520 - 2230 2450 - 

1.70  - 2020 - 2800 2450 - 2570 2320 - 

1.80  2660 1980 - - 2260 2400 2410 4100 - 

1.90  2820 1930 - 2760 2070 - - 3730 - 

2.00  - 1960 - - 2290 - 2750 3650 - 
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Depth 

below 

TWI (m) 

 P1C   P2NE   P3SW 

2015* 2016 2017 2015* 2016 2017 2015* 2016 2017 
  Values (ug L−1)    

2.10  - 1980 2350 2750 2380 - 2820 4550 - 

2.20  - 2030 - - 2010 - 2960 2150 - 

2.30  2050 - - 2720 - 2430 3180 - - 

2.40  - 2010 - - 2270 - 3130 4620 2660 

2.60  - 1930 2400 - 2330 - - 3940 - 

2.80  2530 1920 - - 2240 2610 - 4330 - 

2.90  - - - 2770 - - - - - 

3.00  - 1960 2470 - 2360 - 2620 2290 2540 

3.50  - 1960 - - 2450 - - 2220 - 

3.80  2460 - - - - 2440 - - - 

4.00  - 3890 3120 2840 2560 - 2730 3780 2540 

5.00  3040 - - 3120 4300 - 2620 4150 - 

5.50  - 3980 - 3240 - - - - - 

6.00  3240 - 3020 2390 3740 2610 2630 3840 2390 

6.50  - 2880 - - - - - - - 

7.00  2880 - 2990 - - 2600 - - 2450 

8.00  - - 2920 - 2550 2620 2790 4310 2920 

8.50  - 4380 - - - - - - - 

9.00  - - 2950 - - 2360 - - 3110 

9.50  - - - - - - - - - 

10.00  - - 3020 - 4280 2540 - 4380 3170 

10.50  - 4740 - - - 2300 - - 3320 

12.00  - - 2830 - - 2240 - - 3100 

14.00  - - 2840 - - 2240 - - 3300 

16.00  - - 3250 - - 2220 - - 3140 

18.00  - - 3210 - - 1900 - - 2420 

20.00  - - 3040 - - - - - 3060 

24.00  - - 2950 - - - - - 2870 

28.00  - - 2730 - - - - - 3390 

32.00  - - 2800 - - - - - 3650 

36.00  - - 2330 - - - - - 2560 

40.00 - - - 2580 - - - - - - 
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Table A−3: Porewater δ2H concentrations used in this study. *From Dompierre et al. (2016) 

Dompierre and Barbour (2016). 

Depth below 

TWI (m) 

 P1C   P2NE   P3SW 

2015* 2016 2017 2015* 2016 2017 2015* 2016 2017 
  Values (‰)    

-0.75  -114.8 - - -114.6 - - -114.5 - - 

-0.70  -115.5 - - - - - - - - 

-0.65  -114.8 - - - - -112.3 - - - 

-0.60  -114.8 - - -114.6 - - - - - 

-0.55  -115.0 - - - - -112.1 -114.6 - - 

-0.45  -115.4 - - - - -112.0 -115.2 - -110.8 

-0.40  - -112.6 -111.4 - -117.0 - -114.6 -112.7 - 

-0.30  -114.8 -113.2 - - -114.4 - -114 -113.1 - 

-0.20  -115.6 -112.3 - - -112.0 -112.0 -114.5 -114.8 -111.7 

-0.10  -115.0 -111.1 -110.9 -114.8 -110.1 -111.2 -114.7 -113.8 -111.8 

0.00  -114.7 -111.6 -111.6 -115.3 -110.4 -111.3 -113.8 -112.8 -110.5 

0.10  -114.8 -112.0 -111.1 -114.3 -112.3 -111.1 -115.4 -111.6 -111.4 

0.20  -114.0 -111.4 -110.7 -112.8 -113.0 -111.4 -115.1 -111.5 -110.7 

0.30  -111.3 -111.0 -111.4 -113.0 -111.6 -112.0 -114.8 -110.1 -111.2 

0.40  -111.2 -112.1 -112.0 -113.1 -112.3 -111.2 -113.7 -110.2 -111.4 

0.50  -111.3 -111.3 -111.5 -112.5 -113.1 -111.4 -110.5 -110.5 - 

0.60  -111.8 -112.3 -111.0 -112.0 -110.3 -111.2 -111.4 -110.7 -110.8 

0.70  -111.4 -110.6 -111.3 -128.3 -110.4 -111.5 -111.3 -110.2 -111.5 

0.75  -109.8  - -111.3 - -111 -111.3 - - 

0.80  -112.8 -111.7 -110.9 -112.7 -112.3 -111 -111.7 -110.7 -111.4 

0.90  -112.7 -111.6 -111.9 - -113.2 - -112.1 -109.7 -111.2 

1.00  -112.2 -112.5 -112.1 -112.4 -112.8 -111 -110.9 -110.1 -111.1 

1.10  -113.4 -113.4 -110.9 - -113.2 - -112.4 -109.2 - 

1.20  -114.3 -113.3 - -112.4 -115.0 -110.6 -112.5 -112.0 -111.3 

1.30  -113.6 -112.5 -112.1 -112.1 -113.0 -113.2 -112.2 - - 

1.40  -114.8 -113.3 - - -113.4 - -112.4 -111.2 -112.1 

1.50  - -113.4 - - -111.5 - -112.7 -112.5 - 

1.60  - -112.9 -111.7 - -111.3 - -111.0 -111.9 - 

1.70  -115.1 -112.8 - - -111.5 - -112.6 -111.8 - 

1.80  -114.2 - - -111.9 -111.1 - - -110.4 - 

1.90  -112.2 -112.2 - -111.8 -111.3 -110.2 -112.1 -112.8 -112.8 

2.00  - -111.5 - -111.5 -111.7 - -112.8 -112.4 - 

2.10  - - -112.9 - -111.8 - -112.1 -112.4 - 

2.20  -114.0 -111.9 - - -110.0 - - -110.6 - 

2.40  - -112.9 - -112.1 -111.8 -111.6 -112.1 -111.6 - 

2.50  - - -113.0 - - - -112.9 - -113.4 

2.60  - -111.1 - - -112.8 - - -111.4 - 
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Depth below 

TWI (m) 

 P1C   P2NE   P3SW 

2015* 2016 2017 2015* 2016 2017 2015* 2016 2017 
  Values (‰)    

2.80  -114.1 -109.9 - - -112.5 -111.8 - -112.4 - 

2.90  - - - -110.2 - - - - - 

3.00  - -110.2 -112.4 - -110.6 - -113.0 - -113.5 

3.50  - -110.7 - - -111.9 - - - - 

3.80  -113.4 - - - - -112.6 - - - 

4.00  - -111.5 -112.6 -111.4 -111.8 - -112.7 -113.4 -113.0 

5.00  -113.1 - -114.9 -111.8 -110.9 -110.1 -113.6 -111.6 -111.9 

5.50  - -112.6 - - - - - - - 

6.00  -113.0 - -115.6 -112.6 -111 -111.5 -113.3 -111.9 -111.9 

6.50  - -112.7 - - - - - - - 

7.00  - - -114.9 - - -111.2 - - -113.2 

8.00  - - -114.8 - -111.8 -110.9 -113.6 -113.9 -112.3 

8.50  - -111.7 - - - - - - - 

9.00  - - -117.1 - - -111.9 - - -112.6 

9.50  - - - - - - - - - 

10.00  - - -115.4 - -111.3 -111.5 - -112.5 -113.1 

10.50  - -115.2 - - - -111.6 - - -114.9 

12.00  - - -118.4 - - -110.4 - - - 

14.00  - - -118.5 - - -110.0 - - -116.9 

16.00  - - -114.0 - - -110.6 - - -117.7 

18.00  - - -113.0 - - -110.0 - - -119.8 

20.00  - - -113.7 - - - - - -117.1 

24.00  - - -116.8 - - - - - -119.1 

28.00  - - -115.8 - - - - - -114.3 

32.00  - - -118.5 - - - - - -116.3 

36.00  - - -114.0 - - - - - - 

40.00  - - -117.8 - - - - - - 
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Table A−4: Porewater δ18O concentrations used in this study. *From Dompierre et al. (2016) 

Dompierre and Barbour (2016). 

δ18O Data   P1C     P2NE     P3SW 

Depth below 

TWI (m) 

2015* 2016 2017 2015* 2016 2017 2015* 2016 2017 

    Values (‰)       

-0.75  -12.70 - - -12.56 - - -12.55 - - 

-0.70  -12.61 - - - - - - - - 

-0.65  -12.62 - - - - -11.96 - - - 

-0.60  -12.31 - - -12.57 - - -12.6 - - 

-0.55  -12.60 - - - - -12.02 -12.50 - - 

-0.40  -12.75 -12.41 -12.09 - -14.2 -11.94 -12.62 -12.15 -11.89 

-0.30  -12.52 -12.54 - - -13.18 - -12.37 -12.09 - 

-0.20  -12.66 -12.26 - - -12.22 -12.16 -12.42 -12.87 -12.04 

-0.10  -12.58 -12.08 -11.84 -12.49 -11.54 -11.89 -12.64 -12.65 -12.01 

0.00  -12.49 -12.25 -11.9 -12.7 -11.57 -11.83 -12.50 -12.42 -11.93 

0.10  -12.69 -12.28 -11.75 -12.44 -12.12 -12.04 -12.64 -12.27 -12.14 

0.20  -12.47 -12.35 -12.17 -12.07 -12.65 -12.02 -12.67 -12.28 -12.06 

0.30  -12.28 -12.35 -12.31 -12.42 -12.07 -12.3 -12.75 -12.19 -12.24 

0.40  -12.31 -12.41 -12.55 -12.52 -12.27 -12.38 -12.53 -12.15 -12.19 

0.50  -12.48 -12.42 -12.32 -12.41 -12.57 -12.39 -12.36 -12.02 -12.26 

0.60  -12.56 -12.40 -12.39 -12.39 -11.88 -12.32 -12.14 -12.08 -12.29 

0.70  -12.29 -11.65 -12.48 -16.07 -11.98 -12.46 -12.26 -12.08 -12.39 

0.80  -12.36 -12.43 -12.3 -12.24 -12.15 -12.21 -12.30 -12.19 -12.44 

0.90  -12.63 -12.31 -12.4 -12.71 -12.45 -12.21 -12.18 -12.16 -12.33 

1.00  -12.75 -12.46 -12.36 -12.61 -12.40 -12.41 -12.19 -12.18 -12.32 

1.10  -12.46 -12.34 -11.82 - -12.45 - -12.16 -11.82 - 

1.20  -12.80 -12.46 - -12.64 -13.01 - -12.31 -12.16 -12.37 

1.30  -12.81 -12.50 -12.23 - -12.56 -12.37 -12.38 - - 

1.40  -12.54 -12.47 - -12.54 -12.41 -12.63 -12.28 -12.24 - 

1.50  -12.99 -12.43 - - -12.29 - -12.30 -12.35 -12.44 

1.60  -13.07 -12.52 -12.04 - -12.2 - -12.44 -12.19 - 

1.70  - -12.50 - -12.44 -12.37 - -11.97 -12.32 - 

1.80  -12.65 - - - -12.31 - -12.30 -11.53 - 

1.90  -11.82 -12.50 - - -12.16 -11.88 -12.42 -12.32 - 

2.00  - -12.40 - -12.40 -12.27 - -12.48 -12.30 -12.6 

2.10  - - -12.42 -12.18 -12.36 - -12.43 -12.35 - 

2.20  -12.54 -12.41 - - -12.22 - -12.46 -12.11 - 

2.40  - -12.33 - -12.52 -12.41 -12.43 - -12.35 - 

2.50  - - -12.44 - - - -12.62 - -12.52 

2.60  - -12.29 - - -12.55 - - -12.34 - 

2.80  -12.61 -12.07 - - -12.35 -12.47 - -12.61 - 

2.90  - - - -12.16 - - - - - 
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δ18O Data   P1C     P2NE     P3SW 

Depth below 

TWI (m) 

2015* 2016 2017 2015* 2016 2017 2015* 2016 2017 

    Values (‰)       

3.00  - -12.17 -11.98 - -12.33 - -12.11 - -12.49 

3.50  - -12.06 - - -12.44 - - - - 

3.80  -12.45 - - - - -12.52 - - - 

4.00  - -12.14 -12.05 -12.30 -12.31 - -12.01 -12.59 -12.40 

5.00  -12.34 - -12.51 -12.28 -12.32 -11.92 -12.44 -12.22 -12.04 

5.50  - -12.28 - - - - - - - 

6.00  -12.43 - -12.46 -12.47 -12.16 -12.45 -12.16 -12.07 -12.03 

6.50  - -12.32 - - - - - - - 

7.00  - - -12.10 - - -12.33 - - -12.39 

8.00  - - -12.10 - -12.45 -12.23 -12.30 -12.45 -12.26 

8.50  - -11.94 - - - - - - - 

9.00  - - -12.83 - - -12.58 - - -12.26 

9.50  - - - - - - - - - 

10.00  - - -12.14 - -12.15 -12.57  -12.52 -12.45 

10.50  - -12.61 - - - -12.61 - - -12.60 

12.00  - - -13.13 - - -12.50 - - - 

14.00  - - -13.19 - - -12.25 - - -12.96 

16.00  - - -12.41 - - -12.60 - - -12.98 

18.00  - - -12.38 - - -12.47 - - -13.56 

20.00  - - -12.50 - - - - - -13.00 

24.00  - - -12.94 - - - - - -13.70 

28.00  - - -12.85 - - - - - -12.56 

32.00  - - -13.35 - - - - - -12.93 

36.00  - - -12.48 - - - - - - 

40.00  - - -13.13 - - - - - - 
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Table A−5: Porewater CH4(aq) concentrations used in this study. *From Dompierre et al. (2016) 

Dompierre and Barbour (2016). 

CH4(aq) Data   P1C     P2NE     P3SW 

Depth below 

TWI (m) 

2016 2017 2019 2016 2017 2019 2016 2017 2019 

    Values (mg L−1)       

-0.7  - - - - 0.39 - - - - 

-0.5  - - - - 0.39 - - - - 

-0.4  - - -- - - - 0.90 0.25 - 

-0.3  0.55 0.37 - - 0.40 - 0.91 0.24 - 

-0.2  0.98 - - - - - 0.87 4.25 - 

-0.1  1.20 0.38 - - - - 1.30 - - 

0.0  2.00 2.34 - - 2.31 - 26.47 27.17 - 

0.2  2.58 26.82 - 9.93 9.34 - 19.51 34.48 - 

0.3  - - - 7.89 21.83 - 26.21 44.28 - 

0.4  22.47 0.27 - 19.57 31.62 - 31.36 47.65 - 

0.5  21.44 - 46.01 18.74 - 21.25 16.72 - - 

0.6  31.86 42.98 - 28.41 37.29 - 10.32 41.38 - 

0.7  43.28 - - 25.10 - - 23.46 - - 

0.8  37.07 38.06 - 41.83 71.26 33.33 23.99 30.22 - 

0.9  39.19 - - 42.23 - 35.85 24.23 34.20 - 

1.0  31.04 37.05 51.23 - - 31.18 26.06 - 35.36 

1.1  40.87 39.01 - - - 36.30 22.64 53.61 - 

1.2  40.70 - - 38.30 - - 20.25 - - 

1.3  40.57 54.21 - 38.67 - 47.51 27.92 39.35 - 

1.4  52.80 - - 66.09 - - 36.10 44.63 - 

1.5  62.68 - 48.95 62.98 - - 24.59 - 49.17 

1.6  - - - 66.76 - - 44.57 - - 

1.7  54.13 - - 57.88 - - 35.66 - - 

1.8  37.78 - - 67.93 50.68 - 36.42 - - 

1.9  7.02 - - 63.80 - 61.06 54.41 68.64 - 

2.0  59.52 - 53.48 - - - 52.75 - 47.91 

2.1  - - - - - - 41.27 - - 

2.1  - - - - - - 48.26 - - 

2.2  - - - 68.08 - - - - - 

2.3  - - - 70.16 45.75 63.34 44.36 - - 

2.4  - - - 58.33 - - 42.05 38.52 - 

2.5  - 33.73 46.70 54.30 - - - - 51.34 

2.6  - - - 79.62 - - - - - 

2.7  53.35 - - 71.54 - - 47.84 - - 

2.8  51.25 - - 35.36 71.84 - 43.17 - - 

2.9  45.60 - - 49.55 - - 48.86 - - 
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CH4(aq) Data   P1C     P2NE     P3SW 

Depth below 

TWI (m) 

2016 2017 2019 2016 2017 2019 2016 2017 2019 

    Values (mg L−1)       

3.0  59.73 - 39.74 - - - 49.95 - 53.42 

3.1  54.84 - - - - - 59.70 - - 

3.2  50.90 - - 64.14 - - 52.33 - - 

3.2  - - - 53.66 - - 46.32 - - 

3.3  48.52 - - - - - 57.75 - - 

3.4  64.40 - - 60.97 - - 16.42 - - 

3.5  - - 19.03 - - - 49.65 - 61.59 

3.7  - - - - - - 52.79 - - 

3.8  - - - - 52.29 - 50.96 - - 

4.0  - 34.41 - 60.33 - - - - 57.29 

4.5  - - 17.80 - - - - - - 

4.7  - - - - - - 41.47 - - 

4.9  - - - - - - - 17.06 - 

5.0  - 38.23 - - - - - - 55.17 

5.5  - - 22.77 - - - - - 59.70 

5.7  - - - - - - 26.22 - - 

6.8  - 37.91 - - - - - - - 
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APPENDIX B: SENSOR DESIGN 

Diffusion tests were run using the PTDG sensor in the Tygon tubing without a PVC housing 

in a soil moisture extractor filled with water and applied headspace of 275 kPa of CO2. The test 

was only run for 3 days.  A modelled diffusion coefficient was calculated using the data from the 

test and indicates an equilibration time of 5 days. To simulate the effect of the PVC housing, a 1% 

factor was applied to the diffusion coefficient of the PTDG housing. The PVC housing effect 

resulted in an equilibration time of ~150 days, which closely matches the deployment time for the 

2019 season.  

  

Figure B−1: Plots of pressure over time comparing the measured values in a 61 hr test to modelled 

results for the tubing and simulated effects of the PVC housing compared to the pressure 

differential results from P1C in 2019. 
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Figure B−2: Pressure sensor housing design for the 2018 deployment. 
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Figure B−3: PTDG sensor housing design for 2019 pressure survey period. 
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APPENDIX C: TRANSPORT MODEL DATA 

Table B−1: Best fit simulated Cl− concentrations for location P1C in 2015, 2016 and 2017. 

Location Depth (m below TWI) 
Simulated Cl− (mg L−1) 

2015 2016 2017 

P1C 0.00 430 428 417 

P1C 0.02 443 438 427 

P1C 0.04 455 448 437 

P1C 0.06 466 458 446 

P1C 0.08 477 467 454 

P1C 0.10 487 476 462 

P1C 0.12 496 484 470 

P1C 0.13 505 492 477 

P1C 0.15 513 499 484 

P1C 0.17 521 505 490 

P1C 0.19 528 512 496 

P1C 0.21 535 517 502 

P1C 0.23 541 523 507 

P1C 0.25 546 528 511 

P1C 0.30 559 539 522 

P1C 0.35 568 547 530 

P1C 0.40 575 553 537 

P1C 0.45 580 558 542 

P1C 0.50 584 561 546 

P1C 0.55 586 564 548 

P1C 0.60 588 565 550 

P1C 0.65 588 565 551 

P1C 0.70 589 565 552 

P1C 0.75 589 565 553 

P1C 0.80 588 565 553 

P1C 0.85 587 564 553 

P1C 0.90 587 563 553 

P1C 0.95 585 562 552 

P1C 1.00 584 561 552 

P1C 1.05 583 560 552 

P1C 1.10 581 559 552 

P1C 1.15 580 558 552 

P1C 1.20 578 557 551 

P1C 1.25 576 556 551 

P1C 1.30 575 556 551 

P1C 1.35 573 555 551 

P1C 1.40 571 554 551 

P1C 1.45 569 554 551 
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Location Depth (m below TWI) 
Simulated Cl− (mg L−1) 

2015 2016 2017 

P1C 1.50 568 553 550 

P1C 1.55 566 553 550 

P1C 1.60 564 552 550 

P1C 1.65 562 552 550 

P1C 1.70 561 551 550 

P1C 1.75 559 551 550 

P1C 1.80 558 551 550 

P1C 1.85 557 551 550 

P1C 1.90 555 551 550 

P1C 1.95 554 550 550 

P1C 2.00 554 550 550 

P1C 2.10 552 550 550 

P1C 2.20 551 550 550 

P1C 2.30 550 550 550 

P1C 2.40 550 550 550 

P1C 2.50 550 550 550 

P1C 2.60 550 550 550 

P1C 2.70 550 550 550 

P1C 2.80 550 550 550 

P1C 2.90 550 550 550 

P1C 3.00 550 550 550 

P1C 3.10 550 550 550 

P1C 3.20 550 550 550 

P1C 3.30 550 550 550 

P1C 3.40 550 550 550 

P1C 3.50 550 550 550 

P1C 3.60 550 550 550 

P1C 3.70 550 550 550 

P1C 3.80 550 550 550 

P1C 3.90 550 550 550 

P1C 4.00 550 550 550 

P1C 4.10 550 550 550 

P1C 4.20 550 550 550 

P1C 4.30 550 550 550 

P1C 4.40 550 550 550 

P1C 4.50 550 550 550 

P1C 4.60 550 550 550 

P1C 4.70 550 550 550 

P1C 4.80 550 550 550 

P1C 4.90 550 550 550 

P1C 5.00 550 550 550 
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Table B−2: Best fit simulated Cl− concentrations for location P2NE in 2015, 2016 and 2017. 

Location Depth (m below TWI) 
Simulated Cl− (mg L−1) 

2015 2016 2017 

P2NE 0.00 430 428 417 

P2NE 0.02 442 433 423 

P2NE 0.04 453 438 428 

P2NE 0.06 463 443 433 

P2NE 0.08 473 447 438 

P2NE 0.10 483 452 443 

P2NE 0.12 492 457 448 

P2NE 0.13 500 462 453 

P2NE 0.15 508 466 458 

P2NE 0.17 516 471 462 

P2NE 0.19 523 475 467 

P2NE 0.21 529 480 472 

P2NE 0.23 536 484 476 

P2NE 0.25 541 488 481 

P2NE 0.30 554 499 492 

P2NE 0.35 565 509 502 

P2NE 0.40 573 518 512 

P2NE 0.45 580 527 521 

P2NE 0.50 585 535 529 

P2NE 0.55 588 542 537 

P2NE 0.60 591 548 544 

P2NE 0.65 594 555 550 

P2NE 0.70 595 560 556 

P2NE 0.75 597 565 561 

P2NE 0.80 597 569 566 

P2NE 0.85 598 573 570 

P2NE 0.90 599 577 574 

P2NE 0.95 599 580 578 

P2NE 1.00 599 583 581 

P2NE 1.05 600 585 583 

P2NE 1.10 600 587 586 

P2NE 1.15 600 589 588 

P2NE 1.20 600 591 590 

P2NE 1.25 600 592 591 

P2NE 1.30 600 593 592 

P2NE 1.35 600 594 593 

P2NE 1.40 600 595 594 

P2NE 1.45 600 596 595 

P2NE 1.50 600 597 596 

P2NE 1.55 600 597 597 
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Location Depth (m below TWI) 
Simulated Cl− (mg L−1) 

2015 2016 2017 

P2NE 1.60 600 598 597 

P2NE 1.65 600 598 598 

P2NE 1.70 600 598 598 

P2NE 1.75 600 599 598 

P2NE 1.80 600 599 599 

P2NE 1.85 600 599 599 

P2NE 1.90 600 599 599 

P2NE 1.95 600 599 599 

P2NE 2.00 600 599 599 

P2NE 2.10 600 600 599 

P2NE 2.20 600 600 600 

P2NE 2.30 600 600 600 

P2NE 2.40 600 600 600 

P2NE 2.50 600 600 600 

P2NE 2.60 600 600 600 

P2NE 2.70 600 600 600 

P2NE 2.80 600 600 600 

P2NE 2.90 600 600 600 

P2NE 3.00 600 600 600 

P2NE 3.10 600 600 600 

P2NE 3.20 600 600 600 

P2NE 3.30 600 600 600 

P2NE 3.40 600 600 600 

P2NE 3.50 600 600 600 

P2NE 3.60 600 600 600 

P2NE 3.70 600 600 600 

P2NE 3.80 600 600 600 

P2NE 3.90 600 600 600 

P2NE 4.00 600 600 600 

P2NE 4.10 600 600 600 

P2NE 4.20 600 600 600 

P2NE 4.30 600 600 600 

P2NE 4.40 600 600 600 

P2NE 4.50 600 600 600 

P2NE 4.60 600 600 600 

P2NE 4.70 600 600 600 

P2NE 4.80 600 600 600 

P2NE 4.90 600 600 600 

P2NE 5.00 600 600 600 
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Table B−3: Best fit simulated Cl− concentrations for location P3SW in 2015, 2016 and 2017. 

Location Depth (m below TWI) 
Simulated Cl− (mg L−1) 

2015 2016 2017 

P3SW 0.00 430 428 417 

P3SW 0.02 464 446 436 

P3SW 0.04 493 463 454 

P3SW 0.06 518 480 471 

P3SW 0.08 538 495 486 

P3SW 0.10 556 509 500 

P3SW 0.12 571 522 514 

P3SW 0.13 584 534 526 

P3SW 0.15 595 545 537 

P3SW 0.17 604 555 548 

P3SW 0.19 611 565 557 

P3SW 0.21 618 573 566 

P3SW 0.23 623 581 574 

P3SW 0.25 628 588 581 

P3SW 0.30 636 603 596 

P3SW 0.35 642 615 608 

P3SW 0.40 645 623 616 

P3SW 0.45 647 630 622 

P3SW 0.50 648 634 627 

P3SW 0.55 649 637 629 

P3SW 0.60 649 639 631 

P3SW 0.65 649 640 632 

P3SW 0.70 649 641 632 

P3SW 0.75 649 641 632 

P3SW 0.80 648 640 631 

P3SW 0.85 648 639 630 

P3SW 0.90 647 638 629 

P3SW 0.95 647 637 627 

P3SW 1.00 646 635 625 

P3SW 1.05 645 633 624 

P3SW 1.10 643 631 622 

P3SW 1.15 642 629 620 

P3SW 1.20 640 627 618 

P3SW 1.25 638 625 616 

P3SW 1.30 635 623 615 

P3SW 1.35 633 621 613 

P3SW 1.40 630 619 611 

P3SW 1.45 627 617 610 
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Location Depth (m below TWI) 
Simulated Cl− (mg L−1) 

2015 2016 2017 

P3SW 1.50 625 615 609 

P3SW 1.55 622 613 607 

P3SW 1.60 619 611 606 

P3SW 1.65 616 609 605 

P3SW 1.70 614 608 604 

P3SW 1.75 611 607 604 

P3SW 1.80 609 605 603 

P3SW 1.85 607 604 602 

P3SW 1.90 606 603 602 

P3SW 1.95 604 603 602 

P3SW 2.00 603 602 601 

P3SW 2.10 602 601 601 

P3SW 2.20 601 601 600 

P3SW 2.30 600 600 600 

P3SW 2.40 600 600 600 

P3SW 2.50 600 600 600 

P3SW 2.60 600 600 600 

P3SW 2.70 600 600 600 

P3SW 2.80 600 600 600 

P3SW 2.90 600 600 600 

P3SW 3.00 600 600 600 

P3SW 3.10 600 600 600 

P3SW 3.20 600 600 600 

P3SW 3.30 600 600 600 

P3SW 3.40 600 600 600 

P3SW 3.50 600 600 600 

P3SW 3.60 600 600 600 

P3SW 3.70 600 600 600 

P3SW 3.80 600 600 600 

P3SW 3.90 600 600 600 

P3SW 4.00 600 600 600 

P3SW 4.10 600 600 600 

P3SW 4.20 600 600 600 

P3SW 4.30 600 600 600 

P3SW 4.40 600 600 600 

P3SW 4.50 600 600 600 

P3SW 4.60 600 600 600 

P3SW 4.70 600 600 600 

P3SW 4.80 600 600 600 

P3SW 4.90 600 600 600 

P3SW 5.00 600 600 600 
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Table B−4: Best fit simulated B concentrations for location P1C in 2015, 2016 and 2017. 

Location 
 

Depth (m below TWI) 
 

Simulated B (μg L−1) 

2015 2016 2017 

P1C 0.00 1400 1400 1500 

P1C 0.02 1486 1482 1533 

P1C 0.04 1568 1559 1566 

P1C 0.06 1645 1632 1598 

P1C 0.08 1718 1701 1629 

P1C 0.10 1787 1766 1660 

P1C 0.12 1851 1827 1690 

P1C 0.15 1967 1938 1749 

P1C 0.17 2019 1988 1777 

P1C 0.19 2067 2034 1805 

P1C 0.21 2111 2077 1832 

P1C 0.23 2152 2117 1859 

P1C 0.25 2190 2153 1884 

P1C 0.30 2274 2236 1948 

P1C 0.35 2339 2301 2007 

P1C 0.40 2390 2353 2062 

P1C 0.45 2428 2392 2112 

P1C 0.50 2456 2422 2158 

P1C 0.55 2476 2445 2200 

P1C 0.60 2490 2462 2238 

P1C 0.65 2500 2474 2272 

P1C 0.70 2507 2483 2302 

P1C 0.75 2511 2489 2329 

P1C 0.80 2513 2493 2353 

P1C 0.85 2514 2496 2374 

P1C 0.90 2514 2498 2393 

P1C 0.95 2514 2499 2409 

P1C 1.00 2513 2500 2423 

P1C 1.05 2512 2501 2436 

P1C 1.10 2510 2501 2446 

P1C 1.15 2509 2501 2456 

P1C 1.20 2508 2501 2464 

P1C 1.25 2507 2501 2470 

P1C 1.30 2506 2501 2476 

P1C 1.35 2505 2501 2480 

P1C 1.40 2504 2501 2484 

P1C 1.45 2503 2500 2487 

P1C 1.50 2503 2500 2490 

P1C 1.55 2502 2500 2492 

P1C 1.60 2502 2500 2493 
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Location 
 

Depth (m below TWI) 
 

Simulated B (μg L−1) 

2015 2016 2017 

P1C 1.65 2501 2500 2494 

P1C 1.70 2501 2500 2496 

P1C 1.75 2501 2500 2496 

P1C 1.80 2501 2500 2497 

P1C 1.85 2500 2500 2498 

P1C 1.90 2500 2500 2498 

P1C 1.95 2500 2500 2498 

P1C 2.00 2500 2500 2499 

P1C 2.10 2500 2500 2499 

P1C 2.20 2500 2500 2500 

P1C 2.30 2500 2500 2500 

P1C 2.40 2500 2500 2500 

P1C 2.50 2500 2500 2500 

P1C 2.60 2500 2500 2500 

P1C 2.70 2500 2500 2500 

P1C 2.80 2500 2500 2500 

P1C 2.90 2500 2500 2500 

P1C 3.00 2500 2500 2500 

P1C 3.10 2500 2500 2500 

P1C 3.20 2500 2500 2500 

P1C 3.30 2500 2500 2500 

P1C 3.40 2500 2500 2500 

P1C 3.50 2500 2500 2500 

P1C 3.60 2500 2500 2500 

P1C 3.70 2500 2500 2500 

P1C 3.80 2500 2500 2500 

P1C 3.90 2500 2500 2500 

P1C 4.00 2500 2500 2500 

P1C 4.10 2500 2500 2500 

P1C 4.20 2500 2500 2500 

P1C 4.30 2500 2500 2500 

P1C 4.40 2500 2500 2500 

P1C 4.50 2500 2500 2500 

P1C 4.60 2500 2500 2500 

P1C 4.70 2500 2500 2500 

P1C 4.80 2500 2500 2500 

P1C 4.90 2500 2500 2500 

P1C 5.00 2500 2500 2500 
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Table B-5: Best fit simulated B concentrations for location P2NE in 2015, 2016 and 2017. 

Location Depth (m below TWI) 
Simulated B (μg L−1) 

2015 2016 2017 

P2NE 0.00 1500 1500 1500 

P2NE 0.02 2020 1533 1532 

P2NE 0.04 2226 1565 1563 

P2NE 0.06 2359 1597 1595 

P2NE 0.08 2445 1629 1625 

P2NE 0.10 2500 1660 1655 

P2NE 0.12 2535 1690 1685 

P2NE 0.13 2558 1720 1714 

P2NE 0.15 2573 1750 1743 

P2NE 0.17 2583 1779 1771 

P2NE 0.19 2589 1807 1799 

P2NE 0.21 2593 1835 1826 

P2NE 0.23 2595 1862 1852 

P2NE 0.25 2597 1889 1879 

P2NE 0.30 2599 1955 1944 

P2NE 0.35 2600 2017 2005 

P2NE 0.40 2600 2075 2062 

P2NE 0.45 2600 2129 2116 

P2NE 0.50 2600 2179 2165 

P2NE 0.55 2600 2224 2211 

P2NE 0.60 2600 2266 2253 

P2NE 0.65 2600 2304 2292 

P2NE 0.70 2600 2339 2327 

P2NE 0.75 2600 2370 2359 

P2NE 0.80 2600 2399 2388 

P2NE 0.85 2600 2424 2414 

P2NE 0.90 2600 2447 2438 

P2NE 0.95 2600 2467 2459 

P2NE 1.00 2600 2485 2478 

P2NE 1.05 2600 2501 2494 

P2NE 1.10 2600 2515 2509 

P2NE 1.15 2600 2528 2523 

P2NE 1.20 2600 2539 2534 

P2NE 1.25 2600 2549 2544 

P2NE 1.30 2600 2557 2553 

P2NE 1.35 2600 2564 2561 

P2NE 1.40 2600 2570 2567 

P2NE 1.45 2600 2575 2572 

P2NE 1.50 2600 2579 2577 
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Location Depth (m below TWI) 
Simulated B (μg L−1) 

2015 2016 2017 

P2NE 1.55 2600 2582 2580 

P2NE 1.60 2600 2585 2583 

P2NE 1.65 2600 2588 2586 

P2NE 1.70 2600 2590 2588 

P2NE 1.75 2600 2591 2590 

P2NE 1.80 2600 2593 2592 

P2NE 1.85 2600 2594 2593 

P2NE 1.90 2600 2595 2594 

P2NE 1.95 2600 2596 2595 

P2NE 2.00 2600 2596 2596 

P2NE 2.10 2600 2598 2597 

P2NE 2.20 2600 2599 2599 

P2NE 2.30 2600 2600 2600 

P2NE 2.40 2600 2600 2600 

P2NE 2.50 2600 2600 2600 

P2NE 2.60 2600 2600 2600 

P2NE 2.70 2600 2600 2600 

P2NE 2.80 2600 2600 2600 

P2NE 2.90 2600 2600 2600 

P2NE 3.00 2600 2600 2600 

P2NE 3.10 2600 2600 2600 

P2NE 3.20 2600 2600 2600 

P2NE 3.30 2600 2600 2600 

P2NE 3.40 2600 2600 2600 

P2NE 3.50 2600 2600 2600 

P2NE 3.60 2600 2600 2600 

P2NE 3.70 2600 2600 2600 

P2NE 3.80 2600 2600 2600 

P2NE 3.90 2600 2600 2600 

P2NE 4.00 2600 2600 2600 

P2NE 4.10 2600 2600 2600 

P2NE 4.20 2600 2600 2600 

P2NE 4.30 2600 2600 2600 

P2NE 4.40 2600 2600 2600 

P2NE 4.50 2600 2600 2600 

P2NE 4.60 2600 2600 2600 

P2NE 4.70 2600 2600 2600 

P2NE 4.80 2600 2600 2600 

P2NE 4.90 2600 2600 2600 

P2NE 5.00 2600 2600 2600 
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Table B−5: Best fit simulated B concentrations for location P3SW in 2015, 2016 and 2017. 

Location Depth (m below TWI) 
Simulated B (μg L−1) 

2015 2016 2017 

P3SW 0.00 1500 1500 1500 

P3SW 0.02 1597 1594 1593 

P3SW 0.04 1682 1677 1675 

P3SW 0.06 1758 1751 1748 

P3SW 0.08 1825 1816 1813 

P3SW 0.10 1884 1874 1870 

P3SW 0.12 1937 1925 1921 

P3SW 0.15 2023 2010 2006 

P3SW 0.17 2059 2045 2041 

P3SW 0.19 2091 2077 2072 

P3SW 0.21 2118 2104 2100 

P3SW 0.23 2143 2129 2125 

P3SW 0.25 2164 2150 2147 

P3SW 0.30 2208 2195 2193 

P3SW 0.35 2238 2228 2227 

P3SW 0.40 2259 2251 2252 

P3SW 0.45 2273 2267 2270 

P3SW 0.50 2283 2279 2284 

P3SW 0.55 2289 2288 2295 

P3SW 0.60 2294 2294 2304 

P3SW 0.65 2297 2300 2312 

P3SW 0.70 2299 2304 2319 

P3SW 0.75 2300 2308 2325 

P3SW 0.80 2302 2312 2331 

P3SW 0.85 2303 2316 2337 

P3SW 0.90 2304 2320 2344 

P3SW 0.95 2306 2324 2351 

P3SW 1.00 2308 2330 2358 

P3SW 1.05 2311 2336 2366 

P3SW 1.10 2315 2342 2373 

P3SW 1.15 2319 2349 2382 

P3SW 1.20 2324 2357 2390 

P3SW 1.25 2330 2365 2398 

P3SW 1.30 2337 2374 2407 

P3SW 1.35 2345 2383 2415 

P3SW 1.40 2354 2393 2423 

P3SW 1.45 2363 2402 2431 

P3SW 1.50 2374 2412 2439 

P3SW 1.55 2385 2421 2446 
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Location Depth (m below TWI) 
Simulated B (μg L−1) 

2015 2016 2017 

P3SW 1.60 2396 2430 2453 

P3SW 1.65 2408 2439 2459 

P3SW 1.70 2419 2447 2465 

P3SW 1.75 2430 2455 2470 

P3SW 1.80 2441 2462 2475 

P3SW 1.85 2451 2468 2479 

P3SW 1.90 2459 2474 2483 

P3SW 1.95 2467 2479 2486 

P3SW 2.00 2474 2483 2488 

P3SW 2.10 2485 2490 2493 

P3SW 2.20 2492 2494 2496 

P3SW 2.30 2496 2497 2498 

P3SW 2.40 2498 2498 2499 

P3SW 2.50 2499 2499 2499 

P3SW 2.60 2500 2500 2500 

P3SW 2.70 2500 2500 2500 

P3SW 2.80 2500 2500 2500 

P3SW 2.90 2500 2500 2500 

P3SW 3.00 2500 2500 2500 

P3SW 3.10 2500 2500 2500 

P3SW 3.20 2500 2500 2500 

P3SW 3.30 2500 2500 2500 

P3SW 3.40 2500 2500 2500 

P3SW 3.50 2500 2500 2500 

P3SW 3.60 2500 2500 2500 

P3SW 3.70 2500 2500 2500 

P3SW 3.80 2500 2500 2500 

P3SW 3.90 2500 2500 2500 

P3SW 4.00 2500 2500 2500 

P3SW 4.10 2500 2500 2500 

P3SW 4.20 2500 2500 2500 

P3SW 4.30 2500 2500 2500 

P3SW 4.40 2500 2500 2500 

P3SW 4.50 2500 2500 2500 

P3SW 4.60 2500 2500 2500 

P3SW 4.70 2500 2500 2500 

P3SW 4.80 2500 2500 2500 

P3SW 4.90 2500 2500 2500 

P3SW 5.00 2500 2500 2500 
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Table B−6: Best fit simulated CH4(aq) concentrations for location P1C in 2015, 2016 and 2017. 

Location Depth (m below TWI) 
Simulated CH4(aq) (mg L−1) 

2015 2016 2017 

P1C 0.00 0.0 0.0 0.0 

P1C 0.02 0.0 0.0 0.0 

P1C 0.04 3.5 2.6 2.5 

P1C 0.06 6.9 5.0 5.0 

P1C 0.08 10.0 7.4 7.3 

P1C 0.10 13.1 9.7 9.5 

P1C 0.12 15.9 11.8 11.6 

P1C 0.15 23.6 17.7 17.4 

P1C 0.17 25.8 19.5 19.2 

P1C 0.19 27.9 21.2 20.8 

P1C 0.21 29.9 22.8 22.4 

P1C 0.23 31.7 24.3 23.9 

P1C 0.25 33.4 25.7 25.3 

P1C 0.30 37.2 29.0 28.6 

P1C 0.35 40.2 31.9 31.5 

P1C 0.40 42.6 34.3 33.9 

P1C 0.45 44.5 36.3 35.9 

P1C 0.50 45.9 38.0 37.7 

P1C 0.55 47.0 39.5 39.3 

P1C 0.60 47.8 40.9 40.6 

P1C 0.65 48.4 42.0 41.8 

P1C 0.70 48.9 43.1 42.9 

P1C 0.75 49.2 44.0 43.8 

P1C 0.80 49.4 44.9 44.7 

P1C 0.85 49.6 45.7 45.6 

P1C 0.90 49.7 46.5 46.4 

P1C 0.95 49.8 47.2 47.1 

P1C 1.00 49.9 47.9 47.8 

P1C 1.05 49.9 48.5 48.4 

P1C 1.10 49.9 49.0 48.9 

P1C 1.15 50.0 49.3 49.2 

P1C 1.20 50.0 49.5 49.5 

P1C 1.25 50.0 49.7 49.6 

P1C 1.30 50.0 49.8 49.7 

P1C 1.35 50.0 49.9 49.8 

P1C 1.40 50.0 49.9 49.9 

P1C 1.45 50.0 49.9 49.9 

P1C 1.50 50.0 50.0 49.9 

P1C 1.55 50.0 50.0 50.0 
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Location Depth (m below TWI) 
Simulated CH4(aq) (mg L−1) 

2015 2016 2017 

P1C 1.60 50.0 50.0 50.0 

P1C 1.65 50.0 50.0 50.0 

P1C 1.70 50.0 50.0 50.0 

P1C 1.75 50.0 50.0 50.0 

P1C 1.80 50.0 50.0 50.0 

P1C 1.85 50.0 50.0 50.0 

P1C 1.90 50.0 50.0 50.0 

P1C 1.95 50.0 50.0 50.0 

P1C 2.00 50.0 50.0 50.0 

P1C 2.10 50.0 50.0 50.0 

P1C 2.20 50.0 50.0 50.0 

P1C 2.30 50.0 50.0 50.0 

P1C 2.40 50.0 50.0 50.0 

P1C 2.50 50.0 50.0 50.0 

P1C 2.60 50.0 50.0 50.0 

P1C 2.70 50.0 50.0 50.0 

P1C 2.80 50.0 50.0 50.0 

P1C 2.90 50.0 50.0 50.0 

P1C 3.00 50.0 50.0 50.0 

P1C 3.10 50.0 50.0 50.0 

P1C 3.20 50.0 50.0 50.0 

P1C 3.30 50.0 50.0 50.0 

P1C 3.40 50.0 50.0 50.0 

P1C 3.50 50.0 50.0 50.0 

P1C 3.60 50.0 50.0 50.0 

P1C 3.70 50.0 50.0 50.0 

P1C 3.80 50.0 50.0 50.0 

P1C 3.90 50.0 50.0 50.0 

P1C 4.00 50.0 50.0 50.0 

P1C 4.10 50.0 50.0 50.0 

P1C 4.20 50.0 50.0 50.0 

P1C 4.30 50.0 50.0 50.0 

P1C 4.40 50.0 50.0 50.0 

P1C 4.50 50.0 50.0 50.0 

P1C 4.60 50.0 50.0 50.0 

P1C 4.70 50.0 50.0 50.0 

P1C 4.80 50.0 50.0 50.0 

P1C 4.90 50.0 50.0 50.0 

P1C 5.00 50.0 50.0 50.0 
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Table B−7: Best fit simulated CH4(aq) concentrations for location P2NE in 2015, 2016 and 2017. 

Location Depth (m below TWI) 
Simulated CH4(aq) (μg L−1) 

2015 2016 2017 

P2NE 0.00 0.0 0.0 - 

P2NE 0.02 1.1 0.8 - 

P2NE 0.04 2.1 1.6 - 

P2NE 0.06 3.2 2.4 - 

P2NE 0.08 4.2 3.2 - 

P2NE 0.10 5.2 3.9 - 

P2NE 0.12 6.3 4.7 - 

P2NE 0.15 8.3 6.3 - 

P2NE 0.17 9.3 7.1 - 

P2NE 0.19 10.4 7.8 - 

P2NE 0.21 11.4 8.6 - 

P2NE 0.23 12.4 9.4 - 

P2NE 0.25 13.3 10.1 - 

P2NE 0.30 15.8 12.1 - 

P2NE 0.35 18.3 14.0 - 

P2NE 0.40 20.6 15.8 - 

P2NE 0.45 22.8 17.6 - 

P2NE 0.50 25.0 19.4 - 

P2NE 0.55 27.0 21.1 - 

P2NE 0.60 29.0 22.7 - 

P2NE 0.65 30.9 24.3 - 

P2NE 0.70 32.7 25.8 - 

P2NE 0.75 34.4 27.3 - 

P2NE 0.80 36.1 28.8 - 

P2NE 0.85 37.7 30.2 - 

P2NE 0.90 39.3 31.6 - 

P2NE 0.95 40.8 32.9 - 

P2NE 1.00 42.3 34.3 - 

P2NE 1.05 43.7 35.5 - 

P2NE 1.10 45.0 36.8 - 

P2NE 1.15 46.3 38.0 - 

P2NE 1.20 47.5 39.1 - 

P2NE 1.25 48.6 40.2 - 

P2NE 1.30 49.8 41.3 - 

P2NE 1.35 50.8 42.4 - 

P2NE 1.40 51.9 43.5 - 

P2NE 1.45 52.9 44.5 - 

P2NE 1.50 53.8 45.5 - 

P2NE 1.55 54.7 46.5 - 
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Location Depth (m below TWI) 
Simulated CH4(aq) (μg L−1) 

2015 2016 2017 

P2NE 1.60 55.5 47.5 - 

P2NE 1.65 56.1 48.4 - 

P2NE 1.70 56.7 49.4 - 

P2NE 1.75 57.2 50.3 - 

P2NE 1.80 57.7 51.2 - 

P2NE 1.85 58.0 52.0 - 

P2NE 1.90 58.3 52.9 - 

P2NE 1.95 58.6 53.7 - 

P2NE 2.00 58.8 54.5 - 

P2NE 2.10 59.2 56.2 - 

P2NE 2.20 59.6 58.1 - 

P2NE 2.30 60.0 59.9 - 

P2NE 2.40 60.0 60.0 - 

P2NE 2.50 60.0 60.0 - 

P2NE 2.60 60.0 60.0 - 

P2NE 2.70 60.0 60.0 - 

P2NE 2.80 60.0 60.0 - 

P2NE 2.90 60.0 60.0 - 

P2NE 3.00 60.0 60.0 - 

P2NE 3.10 60.0 60.0 - 

P2NE 3.20 60.0 60.0 - 

P2NE 3.30 60.0 60.0 - 

P2NE 3.40 60.0 60.0 - 

P2NE 3.50 60.0 60.0 - 

P2NE 3.60 60.0 60.0 - 

P2NE 3.70 60.0 60.0 - 

P2NE 3.80 60.0 60.0 - 

P2NE 3.90 60.0 60.0 - 

P2NE 4.00 60.0 60.0 - 

P2NE 4.10 60.0 60.0 - 

P2NE 4.20 60.0 60.0 - 

P2NE 4.30 60.0 60.0 - 

P2NE 4.40 60.0 60.0 - 

P2NE 4.50 60.0 60.0 - 

P2NE 4.60 60.0 60.0 - 

P2NE 4.70 60.0 60.0 - 

P2NE 4.80 60.0 60.0 - 

P2NE 4.90 60.0 60.0 - 

P2NE 5.00 60.0 60.0 - 
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Table B−8: Best fit simulated CH4(aq) concentrations for location P3SW in 2015, 2016 and 2017. 

Location Depth (m below TWI) 
Simulated CH4(aq) (μg L−1) 

2015 2016 2017 

P3SW 0.00 0.0 0.0 0.0 

P3SW 0.02 0.8 0.8 0.6 

P3SW 0.04 1.5 1.7 1.3 

P3SW 0.06 2.3 2.6 2.0 

P3SW 0.08 3.0 3.4 2.7 

P3SW 0.10 3.8 4.3 3.4 

P3SW 0.12 4.5 5.1 4.1 

P3SW 0.13 5.2 5.9 4.8 

P3SW 0.15 5.9 6.8 5.6 

P3SW 0.17 6.6 7.6 6.3 

P3SW 0.19 7.2 8.4 7.0 

P3SW 0.21 7.9 9.2 7.8 

P3SW 0.23 8.5 10.0 8.5 

P3SW 0.25 9.1 10.8 9.3 

P3SW 0.30 10.5 12.8 11.2 

P3SW 0.35 11.7 14.8 13.2 

P3SW 0.40 12.9 16.7 15.1 

P3SW 0.45 13.9 18.5 17.1 

P3SW 0.50 14.8 20.4 19.1 

P3SW 0.55 15.7 22.2 21.1 

P3SW 0.60 16.5 24.0 23.2 

P3SW 0.65 17.4 25.9 25.2 

P3SW 0.70 18.2 27.7 27.3 

P3SW 0.75 19.1 29.6 29.3 

P3SW 0.80 20.0 31.5 31.4 

P3SW 0.85 21.0 33.5 33.5 

P3SW 0.90 22.0 35.4 35.6 

P3SW 0.95 23.1 37.4 37.8 

P3SW 1.00 24.3 39.4 39.9 

P3SW 1.05 25.6 41.1 41.7 

P3SW 1.10 27.0 42.3 42.8 

P3SW 1.15 28.5 43.2 43.6 

P3SW 1.20 30.0 43.8 44.1 

P3SW 1.25 31.6 44.2 44.4 

P3SW 1.30 33.2 44.5 44.6 

P3SW 1.35 34.9 44.6 44.7 

P3SW 1.40 36.7 44.8 44.8 

P3SW 1.45 38.5 44.8 44.9 

P3SW 1.50 40.3 44.9 44.9 
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Location Depth (m below TWI) 
Simulated CH4(aq) (μg L−1) 

2015 2016 2017 

P3SW 1.55 41.8 44.9 44.9 

P3SW 1.60 42.9 45.0 45.0 

P3SW 1.65 43.6 45.0 45.0 

P3SW 1.70 44.1 45.0 45.0 

P3SW 1.75 44.4 45.0 45.0 

P3SW 1.80 44.6 45.0 45.0 

P3SW 1.85 44.8 45.0 45.0 

P3SW 1.90 44.9 45.0 45.0 

P3SW 1.95 44.9 45.0 45.0 

P3SW 2.00 44.9 45.0 45.0 

P3SW 2.10 45.0 45.0 45.0 

P3SW 2.20 45.0 45.0 45.0 

P3SW 2.30 45.0 45.0 45.0 

P3SW 2.40 45.0 45.0 45.0 

P3SW 2.50 45.0 45.0 45.0 

P3SW 2.60 45.0 45.0 45.0 

P3SW 2.70 45.0 45.0 45.0 

P3SW 2.80 45.0 45.0 45.0 

P3SW 2.90 45.0 45.0 45.0 

P3SW 3.00 45.0 45.0 45.0 

P3SW 3.10 45.0 45.0 45.0 

P3SW 3.20 45.0 45.0 45.0 

P3SW 3.30 45.0 45.0 45.0 

P3SW 3.40 45.0 45.0 45.0 

P3SW 3.50 45.0 45.0 45.0 

P3SW 3.60 45.0 45.0 45.0 

P3SW 3.70 45.0 45.0 45.0 

P3SW 3.80 45.0 45.0 45.0 

P3SW 3.90 45.0 45.0 45.0 

P3SW 4.00 45.0 45.0 45.0 

P3SW 4.10 45.0 45.0 45.0 

P3SW 4.20 45.0 45.0 45.0 

P3SW 4.30 45.0 45.0 45.0 

P3SW 4.40 45.0 45.0 45.0 

P3SW 4.50 45.0 45.0 45.0 

P3SW 4.60 45.0 45.0 45.0 

P3SW 4.70 45.0 45.0 45.0 

P3SW 4.80 45.0 45.0 45.0 

P3SW 4.90 45.0 45.0 45.0 

P3SW 5.00 45.0 45.0 45.0 
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Best Fit Model Reports: 

P1C Cl− Transient Seepage 

Report generated using GeoStudio 2018 R2. Copyright © 1991-2018 GEOSLOPE International 

Ltd. 

Project Settings: 

Unit System: International System of Units (SI) 

Analysis Settings: 

 Transient Seepage 

 Description: Establish upward pore water movement 

 Kind: SEEP/W 

 Parent: Steady-State Seepage 

 Method: Transient 

Physics 

 Water Transfer 

 Free convection: thermal effects: No 

 Free convection: solute effects: No 

 Vapor transfer: isothermal: No 

 Vapor transfer: thermal: No 

Water Settings 

 Initial PWP Conditions from: Parent Analysis 

 Maximum Number of Iterations: 500 

 Maximum Difference: 0.005 

 Significant Digits: 2 

 Max # of Reviews: 10 

Under-Relaxation Criteria 

 Initial Rate: 1 

 Minimum Rate: 0.1 

 Rate Reduction Factor: 0.65 
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 Reduction Frequency (iterations): 10 

 Unit Weight of Water: 9.807 kN/m³ 

 Bulk Modulus of Pore-Fluid: 2,083,333.3 kPa 

Settings 

 Dimension: 1D 

 Exclude cumulative values: No 

Time 

 Starting Time: 1 d 

 Duration: 2,000 d 

 # of Steps: 100 

 Step Generation Method: Linear 

 Time Increment: 20 d 

 Save Steps Every: 1 

 Fixed Elapsed Times: 810; 1,180; 1,550;  

Materials: 

FFT 1 Hydraulic Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.86 

 Compressibility: 0 /kPa 

Water Hydraulic Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 1 

 Compressibility: 0 /kPa 

FFT 2 Hydraulic Model: Saturated Only 

 Sat Kx: 1 m/d 
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 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.85 

 Compressibility: 0 /kPa 

FFT 3 Hydraulic Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.84 

 Compressibility: 0 /kPa 

FFT 4 Hydraulic Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.83 

 Compressibility: 0 /kPa 

FFT 5 Hydraulic Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.82 

 Compressibility: 0 /kPa 

Boundary Conditions: 

Head at Top: 

 Category: Hydraulic 

 Kind: Water Pressure Head 10 m 

Flow in bottom 

 Category: Hydraulic 
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 Kind: Water Flux 

 Seep Water Unit Flux Function: P1C 

 Review: No 

Hydraulic Boundary Functions: P1C 

 Model: Spline Data Point Function 

 Function: Water Flux vs. Time 

 Curve Fit to Data: 100 % 

 Segment Curvature: 100 % 

 Y-Intercept: 0.003378243 m³/d/m² 

 Data Points: Time (d), Water Flux (m³/d/m²) 

 

P1C Cl- CTRAN/W Analysis 

Report generated using GeoStudio 2018 R2. Copyright © 1991-2018 GEOSLOPE International 

Ltd. 

Project Settings: 

Unit System: International System of Units (SI) 

Analysis Settings 

 CTRAN/W Analysis 

 Description: Establish concentrations in tailings (and water) 

 Kind: CTRAN/W 

 Parent: Transient Seepage 

 Method: Transient 

Physics: 

Solute Transfer 

 Advection-dispersion with water transfer: Yes 

Water Settings 

 Results from: Parent Analysis 
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Solute Settings 

 Initial Concentrations from: (none) 

 Maximum Number of Iterations: 25 

 Maximum Difference: 1e-05 

 Significant Digits: 2 

Settings 

 Dimension: 1D 

 Exclude cumulative values: No 

Time 

 Starting Time: 0 d 

 Duration: 2,000 d 

 # of Steps: 100 

 Step Generation Method: Linear 

 Time Increment: 20 d 

 Save Steps Every: 1 

 Fixed Elapsed Times: 810; 1,180; 1,550;  

Materials 

FFT 1  Solute: 

 Diffusion Function: P1 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 600 g/m³ 

Water Solute 

 Diffusion Function: Diffusion in water 

 Adsorption Function: Adsorption vs concentration 
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 Longitudinal Dispersivity: 1 m 

 Transverse Dispersivity: 1 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 380 g/m³ 

FFT 2 Solute 

 Diffusion Function: P1 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 600 g/m³ 

 FFT 3 Solute:Diffusion Function: P1 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 600 g/m³ 

FFT 4 Solute 

 Diffusion Function: P1 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 550 g/m³ 

FFT 5 Solute 
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 Diffusion Function: P1 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 550 g/m³ 

Boundary Conditions: 

Bottom Cl 

 Category: Contaminant 

 Kind: Solute Concentration 550 g/m³ 

Changing Cl 

 Category: Contaminant 

 Kind: Solute Concentration 

Contaminate Concentration Vs Time Function: Cl Changing geochem added in DF 

Contaminant Adsorption Functions 

Adsorption vs concentration 

 Model: Spline Data Point Function 

 Function: Adsorption vs. Concentration 

 Curve Fit to Data: 100 % 

 Segment Curvature: 100 % 

 Y-Intercept: 0 g/g 

 Data Points: Concentration (g/m³), Adsorption (g/g) 

Contaminant Boundary Functions: 

Cl Changing Cl-  

 Model: Spline Data Point Function 

 Function: Concentration vs. Time 
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 Curve Fit to Data: 32 % 

 Segment Curvature: 40 % 

 Y-Intercept: 546.95376 g/m³ 

 Data Points: Time (d), Concentration (g/m³) 

Contaminant Diffusion Functions: 

P1 Add In Function 

 Model: Add-In Function 

 Function: TestInterpolateList 

 Assembly: Interpolate Diffusion Coefficient 

 Function: TestInterpolateList 

Diffusion in water 

 Model: Spline Data Point Function 

 Function: Diffusion Coefficient vs. Volumetric Water Content 

 Curve Fit to Data: 100 % 

 Segment Curvature: 100 % 

 Y-Intercept: 0.000125 m²/d 

 Data Points: Volumetric Water Content, Diffusion Coefficient (m²/d) 

P2NE Cl− Transient Seepage 

Report generated using GeoStudio 2018 R2. Copyright © 1991-2018 GEOSLOPE International 

Ltd. 

Project Settings 

 Unit System: International System of Units (SI) 

Analysis Settings 

Transient Seepage 

 Description: Establish upward pore water movement 

 Kind: SEEP/W 

 Parent: Steady-State Seepage 

 Method: Transient 

Physics 
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Water Transfer 

 Free convection: thermal effects: No 

 Free convection: solute effects: No 

 Vapor transfer: isothermal: No 

 Vapor transfer: thermal: No 

Water Settings 

 Initial PWP Conditions from: Parent Analysis 

 Maximum Number of Iterations: 500 

 Maximum Difference: 0.005 

 Significant Digits: 2 

 Max # of Reviews: 10 

Under-Relaxation Criteria 

 Initial Rate: 1 

 Minimum Rate: 0.1 

 Rate Reduction Factor: 0.65 

 Reduction Frequency (iterations): 10 

 Unit Weight of Water: 9.807 kN/m³ 

 Bulk Modulus of Pore-Fluid: 2,083,333.3 kPa 

Settings 

 Dimension: 1D 

 Exclude cumulative values: No 

Time 

 Starting Time: 1 d 

 Duration: 2,400 d 

 # of Steps: 80 

 Step Generation Method: Linear 

 Time Increment: 30 d 

 Save Steps Every: 1 

 Fixed Elapsed Times: 810; 1,180; 1,550;  

Materials 
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FFT 1  

 Hydraulic Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.95 

 Compressibility: 0 /kPa 

Water 

 Hydraulic Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 1 

 Compressibility: 0 /kPa 

FFT 2 

 Hydraulic Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.95 

 Compressibility: 0 /kPa 

FFT 3 

 Hydraulic Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.84 

 Compressibility: 0 /kPa 

FFT 4 

 Hydraulic Model: Saturated Only 



 

124 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.83 

 Compressibility: 0 /kPa 

FFT 5 

 Hydraulic Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.82 

 Compressibility: 0 /kPa 

Boundary Conditions 

Head at Top 

 Category: Hydraulic 

 Kind: Water Pressure Head 10 m 

Flow in bottom 

 Category: Hydraulic 

 Kind: Water Flux 

 Seep Water Unit Flux Function: P2NE 

 Review: No 

Hydraulic Boundary Functions 

P2NE 

 Model: Spline Data Point Function 

 Function: Water Flux vs. Time 

 Curve Fit to Data: 100 % 

 Segment Curvature: 100 % 

 Y-Intercept: 0.00577 m³/d/m² 

 Data Points: Time (d), Water Flux (m³/d/m²) 
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P2NE Cl− CTRAN/W Analysis 

Report generated using GeoStudio 2018 R2. Copyright © 1991-2018 GEOSLOPE International 

Ltd. 

Project Settings: 

 Unit System: International System of Units (SI) 

Analysis Settings: 

 CTRAN/W Analysis 

 Description: Establish concentrations in tailings (and water) 

 Kind: CTRAN/W 

 Parent: Transient Seepage 

 Method: Transient 

Physics: 

 Solute Transfer 

 Advection-dispersion with water transfer: Yes 

 Water Settings 

 Results from: Parent Analysis 

Solute Settings: 

 Initial Concentrations from: (none) 

 Maximum Number of Iterations: 25 

 Maximum Difference: 1e-05 

 Significant Digits: 2 

Settings: 

 Dimension: 1D 

 Exclude cumulative values: No 

Time: 

 Starting Time: 0 d 

 Duration: 2,400 d 

 # of Steps: 80 

 Step Generation Method: Linear 

 Time Increment: 30 d 
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 Save Steps Every: 1 

 Fixed Elapsed Times: 810; 1,180; 1,550;  

Materials: 

FFT 1 Solute 

 Diffusion Function: P2 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 600 g/m³ 

Water 

 Diffusion Function: Diffusion vs water content 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 1 m 

 Transverse Dispersivity: 1 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 380 g/m³ 

FFT 2 Solute 

 Diffusion Function: P2 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 600 g/m³ 

FFT 3 Solute 

 Diffusion Function: P2 Add In Function 

 Adsorption Function: Adsorption vs concentration 
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 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 600 g/m³ 

FFT 4 Solute 

 Diffusion Function: P2 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 600 g/m³ 

FFT 5 Solute 

 Diffusion Function: P2 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 600 g/m³ 

Boundary Conditions: 

Bottom Cl 

 Category: Contaminant 

 Kind: Solute Concentration 600 g/m³ 

 Changing Cl 

 Category: Contaminant 

 Kind: Solute Concentration 

 Contaminate Concentration Vs Time Function: Cl Changing geochem added in DF 

Contaminant Adsorption Functions: 
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Adsorption vs concentration 

 Model: Spline Data Point Function 

 Function: Adsorption vs. Concentration 

 Curve Fit to Data: 100 % 

 Segment Curvature: 100 % 

 Y-Intercept: 0 g/g 

 Data Points: Concentration (g/m³), Adsorption (g/g) 

 Data Point: (0, 0) 

 Data Point: (1,000, 0) 

Contaminant Boundary Functions: 

Cl− Changing Water Cap 

 Model: Spline Data Point Function 

 Function: Concentration vs. Time 

 Curve Fit to Data: 32 % 

 Segment Curvature: 40 % 

 Y-Intercept: 546.95376 g/m³ 

 Data Points: Time (d), Concentration (g/m³) 

Contaminant Diffusion Functions: 

Diffusion vs water content 

 Model: Spline Data Point Function 

 Function: Diffusion Coefficient vs. Volumetric Water Content 

 Curve Fit to Data: 95 % 

 Segment Curvature: 22 % 

 Y-Intercept: 6.1999999e-05 m²/d 

 Data Points: Volumetric Water Content, Diffusion Coefficient (m²/d) 

P2 Add In Function 

 Model: Add-In Function 

 Function: TestInterpolateList 

 Assembly: Interpolate Diffusion Coefficient 

 Function: TestInterpolateList 
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 Field: csvFileLocation: C:\Users\djf160\Documents\MSc\Transport Models\P2 Add 

In\P2Function.cs 

P3SW Cl− Transient Seepage 

Report generated using GeoStudio 2018 R2. Copyright © 1991-2018 GEOSLOPE International 

Ltd. 

Project Settings 

 Unit System: International System of Units (SI) 

Analysis Settings: 

 Transient Seepage 

 Description: Establish upward pore water movement 

 Kind: SEEP/W 

 Parent: Steady-State Seepage 

 Method: Transient 

Physics 

Water Transfer 

 Free convection: thermal effects: No 

 Free convection: solute effects: No 

 Vapor transfer: isothermal: No 

 Vapor transfer: thermal: No 

Water Settings 

 Initial PWP Conditions from: Parent Analysis 

 Maximum Number of Iterations: 500 

 Maximum Difference: 0.005 

 Significant Digits: 2 

 Max # of Reviews: 10 

Under-Relaxation Criteria 

 Initial Rate: 1 

 Minimum Rate: 0.1 

 Rate Reduction Factor: 0.65 

 Reduction Frequency (iterations): 10 
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 Unit Weight of Water: 9.807 kN/m³ 

 Bulk Modulus of Pore-Fluid: 2,083,333.3 kPa 

Settings 

 Dimension: 1D 

 Exclude cumulative values: No 

Time 

 Starting Time: 1 d 

 Duration: 2,000 d 

 # of Steps: 100 

 Step Generation Method: Linear 

 Time Increment: 20 d 

 Save Steps Every: 1 

Materials 

FFT 1  

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.86 

 Compressibility: 0 /kPa 

Water 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 1 

 Compressibility: 0 /kPa 

FFT 2 



 

131 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.85 

 Compressibility: 0 /kPa 

FFT 3 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.84 

 Compressibility: 0 /kPa 

FFT 4 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.83 

 Compressibility: 0 /kPa 

FFT 5 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.82 
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 Compressibility: 0 /kPa 

Boundary Conditions 

Head at Top 

 Category: Hydraulic 

 Kind: Water Pressure Head 10 m 

 P3 Constant flow 

 Category: Hydraulic 

 Kind: Water Flux 0.00055 m/d 

 Review: No 

P3SW Cl− CTRAN/WAnalysis 

Report generated using GeoStudio 2018 R2. Copyright © 1991-2018 GEOSLOPE International 

Ltd. 

Project Settings 

 Unit System: International System of Units (SI) 

Analysis Settings 

 CTRAN/WAnalysis 

 Description: Establish concentrations in tailings (and water) 

 Kind: CTRAN/W 

 Parent: Transient Seepage 

 Method: Transient 

Physics 

Solute Transfer 

 Advection-dispersion with water transfer: Yes 

 Water Settings 

 Results from: Parent Analysis 

 Solute Settings 

 Initial Concentrations from: (none) 

 Maximum Number of Iterations: 25 

 Maximum Difference: 1e-05 

 Significant Digits: 2 
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Settings: 

 Dimension: 1D 

 Exclude cumulative values: No 

Time 

 Starting Time: 0 d 

 Duration: 2,000 d 

 # of Steps: 100 

 Step Generation Method: Linear 

 Time Increment: 20 d 

 Save Steps Every: 1 

 Fixed Elapsed Times: 810; 1,180; 1,550;  

Materials 

FFT 1 Solute 

 Diffusion Function: Add-In Diff Coefficient 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 650 g/m³ 

Water Solute 

 Diffusion Function: Diffusion in water 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 1 m 

 Transverse Dispersivity: 1 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 380 g/m³ 

FFT 2 Solute 

 Diffusion Function: Add-In Diff Coefficient 
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 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 650 g/m³ 

FFT 3 Solute 

 Diffusion Function: Add-In Diff Coefficient 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 600 g/m³ 

FFT 4 Solute 

 Diffusion Function: Add-In Diff Coefficient 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 600 g/m³ 

FFT 5 Solute 

 Diffusion Function: Add-In Diff Coefficient 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 600 g/m³ 
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Boundary Conditions 

Bottom Cl 

 Category: Contaminant 

 Kind: Solute Concentration 600 g/m³ 

Changing Cl 

 Category: Contaminant 

 Kind: Solute Concentration 

Contaminate Concentration Vs Time Function: Cl Changing geochem water cover 

 Contaminant Adsorption Functions 

 Adsorption vs concentration 

 Model: Spline Data Point Function 

 Function: Adsorption vs. Concentration 

 Curve Fit to Data: 100 % 

 Segment Curvature: 100 % 

 Y-Intercept: 0 g/g 

 Data Points: Concentration (g/m³), Adsorption (g/g) 

Contaminant Boundary Functions 

Cl Changing geochem  

 Model: Spline Data Point Function 

 Function: Concentration vs. Time 

 Curve Fit to Data: 32 % 

 Segment Curvature: 40 % 

 Y-Intercept: 546.95376 g/m³ 

 Data Points: Time (d), Concentration (g/m³) 

Contaminant Diffusion Functions 

Diffusion in water 

 Model: Spline Data Point Function 

 Function: Diffusion Coefficient vs. Volumetric Water Content 

 Curve Fit to Data: 100 % 

 Segment Curvature: 100 % 



 

136 

 Y-Intercept: 0.000125 m²/d 

 Data Points: Volumetric Water Content, Diffusion Coefficient (m²/d) 

 Data Point: (0.1, 0.000125) 

 Data Point: (2, 0.000125) 

Add-In Diff Coefficient 

 Model: Add-In Function 

 Function: TestInterpolateList 

 Assembly: Interpolate Diffusion Coefficient 

 Function: TestInterpolateList 

 Field csvFileLocation: C:\Users\djf160\Documents\MSc\Transport Models\P1 Add 

In\P1Function.csv 

 

 

 

P1C Boron Transient Seepage 

Report generated using GeoStudio 2018 R2. Copyright © 1991-2018 GEOSLOPE International 

Ltd. 

Project Settings 

 Unit System: International System of Units (SI) 

Analysis Settings 

 Transient Seepage 

 Description: Establish upward pore water movement 

 Kind: SEEP/W 

 Parent: Steady-State Seepage 

 Method: Transient 

Physics 

Water Transfer 

 Free convection: thermal effects: No 

 Free convection: solute effects: No 

 Vapor transfer: isothermal: No 

 Vapor transfer: thermal: No 
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Water Settings 

 Initial PWP Conditions from: Parent Analysis 

 Maximum Number of Iterations: 500 

 Maximum Difference: 0.005 

 Significant Digits: 2 

 Max # of Reviews: 10 

Under-Relaxation Criteria 

 Initial Rate: 1 

 Minimum Rate: 0.1 

 Rate Reduction Factor: 0.65 

 Reduction Frequency (iterations): 10 

 Unit Weight of Water: 9.807 kN/m³ 

 Bulk Modulus of Pore-Fluid: 2,083,333.3 kPa 

Settings 

 Dimension: 1D 

 Exclude cumulative values: No 

Time 

 Starting Time: 1 d 

 Duration: 2,000 d 

 # of Steps: 200 

 Step Generation Method: Linear 

 Time Increment: 10 d 

 Save Steps Every: 1 

Materials 

FFT 1  

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 
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 Volumetric Water Content: 0.86 

 Compressibility: 0 /kPa 

Water 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 1 

 Compressibility: 0 /kPa 

FFT 2 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.85 

 Compressibility: 0 /kPa 

FFT 3 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.84 

 Compressibility: 0 /kPa 

FFT 4 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 
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 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.83 

 Compressibility: 0 /kPa 

FFT 5 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.82 

 Compressibility: 0 /kPa 

Boundary Conditions 

Head at Top 

 Category: Hydraulic 

 Kind: Water Pressure Head 10 m 

 Flow in bottom 

 Category: Hydraulic 

 Kind: Water Flux 

 Seep Water Unit Flux Function: P1C 

 Review: No 

Hydraulic Boundary Functions 

 P1C 

 Model: Spline Data Point Function 

 Function: Water Flux vs. Time 

 Curve Fit to Data: 100 % 

 Segment Curvature: 100 % 

 Y-Intercept: 0.0036 m³/d/m² 

 Data Points: Time (d), Water Flux (m³/d/m²) 

CTRAN/W Analysis 
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Report generated using GeoStudio 2018 R2. Copyright © 1991-2018 GEOSLOPE International 

Ltd. 

Project Settings 

 Unit System: International System of Units (SI) 

Analysis Settings 

 CTRAN/W Analysis 

 Kind: CTRAN/W 

 Parent: Transient Seepage 

 Method: Transient 

Physics 

Solute Transfer 

 Advection-dispersion with water transfer: Yes 

 Water Settings 

 Results from: Parent Analysis 

 Solute Settings 

 Initial Concentrations from: (none) 

 Maximum Number of Iterations: 25 

 Maximum Difference: 1e-05 

 Significant Digits: 2 

Settings 

 Dimension: 1D 

 Exclude cumulative values: No 

Time 

 Starting Time: 0 d 

 Duration: 2,000 d 

 # of Steps: 100 

 Step Generation Method: Linear 

 Time Increment: 20 d 

 Save Steps Every: 5 

 Fixed Elapsed Times: 810; 1,180; 1,550;  
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Materials 

FFT 1  Solute 

 Diffusion Function: P1 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 1.1 g/m³ 

Water Solute 

 Diffusion Function: Diffusion in water 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 1 m 

 Transverse Dispersivity: 1 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 380 g/m³ 

FFT 2 Solute 

 Diffusion Function: P1 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 1.1 g/m³ 

FFT 3 Solute 

 Diffusion Function: P1 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 
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 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 1 g/m³ 

FFT 4 Solute 

 Diffusion Function: P1 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 1 g/m³ 

FFT 5 Solute 

 Diffusion Function: P1 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 1 g/m³ 

Boundary Conditions 

Bottom boron 

 Category: Contaminant 

 Kind: Solute Concentration 1 g/m³ 

Top Boron  

 Category: Contaminant 

 Kind: Solute Concentration 0 g/m³ 

Contaminant Adsorption Functions 

Adsorption vs concentration 

 Model: Spline Data Point Function 

 Function: Adsorption vs. Concentration 
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 Curve Fit to Data: 100 % 

 Segment Curvature: 100 % 

 Y-Intercept: 0 g/g 

 Data Points: Concentration (g/m³), Adsorption (g/g) 

Contaminant Diffusion Functions 

P1 Add In Function 

 Model: Add-In Function 

 Function: TestInterpolateList 

 Assembly: Interpolate Diffusion Coefficient 

 Function: TestInterpolateList 

 FieldcsvFileLocation: C:\Users\djf160\Documents\MSc\Transport Models\P1 Add 

In\P1Function.csv 

P1C CH4 Normalized Transient Seepage 

Report generated using GeoStudio 2018 R2. Copyright © 1991-2018 GEOSLOPE International 

Ltd. 

Project Settings 

 Unit System: International System of Units (SI) 

Analysis Settings 

 Transient Seepage 

 Description: Establish upward pore water movement 

 Kind: SEEP/W 

 Parent: Steady-State Seepage 

 Method: Transient 

Physics 

Water Transfer 

 Free convection: thermal effects: No 

 Free convection: solute effects: No 

 Vapor transfer: isothermal: No 

 Vapor transfer: thermal: No 

Water Settings 
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 Initial PWP Conditions from: Parent Analysis 

 Maximum Number of Iterations: 500 

 Maximum Difference: 0.005 

 Significant Digits: 2 

 Max # of Reviews: 10 

Under-Relaxation Criteria 

 Initial Rate: 1 

 Minimum Rate: 0.1 

 Rate Reduction Factor: 0.65 

 Reduction Frequency (iterations): 10 

 Unit Weight of Water: 9.807 kN/m³ 

 Bulk Modulus of Pore-Fluid: 2,083,333.3 kPa 

Settings 

 Dimension: 1D 

 Exclude cumulative values: No 

Time 

 Starting Time: 1 d 

 Duration: 2,500 d 

 # of Steps: 100 

 Step Generation Method: Linear 

 Time Increment: 25 d 

 Save Steps Every: 2 

 Fixed Elapsed Times: 810; 1,180; 1,550; 2,280;  

Materials 

FFT 1  

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 
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 Volumetric Water Content: 0.86 

 Compressibility: 0 /kPa 

Water 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 1 

 Compressibility: 0 /kPa 

FFT 2 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.85 

 Compressibility: 0 /kPa 

FFT 3 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.84 

 Compressibility: 0 /kPa 

FFT 4 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 
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 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.83 

 Compressibility: 0 /kPa 

FFT 5 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.82 

 Compressibility: 0 /kPa 

Boundary Conditions 

Head at Top 

 Category: Hydraulic 

 Kind: Water Pressure Head 10 m 

Flow in bottom 

 Category: Hydraulic 

 Kind: Water Flux 

 Seep Water Unit Flux Function: P1C 

 Review: No 

Hydraulic Boundary Functions 

P1C 

 Model: Spline Data Point Function 

 Function: Water Flux vs. Time 

 Curve Fit to Data: 100 % 

 Segment Curvature: 100 % 

 Y-Intercept: 0.003378243 m³/d/m² 

 Data Points: Time (d), Water Flux (m³/d/m²) 
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P1C CH4 Normalized CTRAN/W Analysis 

Report generated using GeoStudio 2018 R2. Copyright © 1991-2018 GEOSLOPE International 

Ltd. 

Project Settings 

 Unit System: International System of Units (SI) 

Analysis Settings 

 CTRAN/W Analysis 

 Description: Establish concentrations in tailings (and water) 

 Kind: CTRAN/W 

 Parent: Transient Seepage 

 Method: Transient 

Physics 

Solute Transfer 

 Advection-dispersion with water transfer: Yes 

Water Settings 

 Results from: Parent Analysis 

Solute Settings 

 Initial Concentrations from: (none) 

 Maximum Number of Iterations: 25 

 Maximum Difference: 1e-05 

 Significant Digits: 2 

Settings 

 Dimension: 1D 

 Exclude cumulative values: No 

Time 

 Starting Time: 0 d 

 Duration: 2,500 d 

 # of Steps: 100 

 Step Generation Method: Linear 

 Time Increment: 25 d 
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 Save Steps Every: 2 

 Fixed Elapsed Times: 810; 1,180; 1,550; 2,280;  

Materials 

FFT 1  Solute 

 Diffusion Function: P1 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 1 g/m³ 

Water Solute 

 Diffusion Function: Diffusion in water 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 1 m 

 Transverse Dispersivity: 1 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 0 g/m³ 

FFT 2 Solute 

 Diffusion Function: P1 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 1 g/m³ 

FFT 3 Solute 

 Diffusion Function: P1 Add In Function 

 Adsorption Function: Adsorption vs concentration 
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 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 1 g/m³ 

FFT 4 Solute 

 Diffusion Function: P1 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 1 g/m³ 

FFT 5 Solute 

 Diffusion Function: P1 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 1 g/m³ 

Boundary Conditions 

CH4 production 

 Category: Contaminant 

 Kind: Solute Concentration 1 g/m³ 

Top C 

 Category: Contaminant 

 Kind: Solute Concentration 0 g/m³ 

Coupled Anaerobic CH4 Oxidation 

 Category: Contaminant 
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 Kind: Solute Mass Flux -0.0005 g/d/m² 

Contaminant Adsorption Functions 

 Adsorption vs concentration 

 Model: Spline Data Point Function 

 Function: Adsorption vs. Concentration 

 Curve Fit to Data: 100 % 

 Segment Curvature: 100 % 

 Y-Intercept: 0 g/g 

 Data Points: Concentration (g/m³), Adsorption (g/g) 

Contaminant Diffusion Functions 

P1 Add In Function 

 Model: Add-In Function 

 Function: TestInterpolateList 

 Assembly: Interpolate Diffusion Coefficient 

 Function: TestInterpolateList 

 FieldcsvFileLocation: C:\Users\djf160\Documents\MSc\Transport Models\P1 Add 

In\P1Function.csv 

P2NE CH4 Normalized Transient Seepage 

Report generated using GeoStudio 2018 R2. Copyright © 1991-2018 GEOSLOPE International 

Ltd. 

Project Settings 

 Unit System: International System of Units (SI) 

Analysis Settings 

 Transient Seepage 

 Description: Establish upward pore water movement 

 Kind: SEEP/W 

 Parent: Steady-State Seepage 

 Method: Transient 

Physics 

Water Transfer 
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 Free convection: thermal effects: No 

 Free convection: solute effects: No 

 Vapor transfer: isothermal: No 

 Vapor transfer: thermal: No 

Water Settings 

 Initial PWP Conditions from: Parent Analysis 

 Maximum Number of Iterations: 500 

 Maximum Difference: 0.005 

 Significant Digits: 2 

 Max # of Reviews: 10 

Under-Relaxation Criteria 

 Initial Rate: 1 

 Minimum Rate: 0.1 

 Rate Reduction Factor: 0.65 

 Reduction Frequency (iterations): 10 

 Unit Weight of Water: 9.807 kN/m³ 

 Bulk Modulus of Pore-Fluid: 2,083,333.3 kPa 

Settings 

 Dimension: 1D 

 Exclude cumulative values: No 

Time 

 Starting Time: 1 d 

 Duration: 2,500 d 

 # of Steps: 100 

 Step Generation Method: Linear 

 Time Increment: 25 d 

 Save Steps Every: 1 

 Fixed Elapsed Times: 810; 1,180; 1,550; 2,280;  

Materials 

FFT 1  
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 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.95 

 Compressibility: 0 /kPa 

Water 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 1 

 Compressibility: 0 /kPa 

FFT 2 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.95 

 Compressibility: 0 /kPa 

FFT 3 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.84 
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 Compressibility: 0 /kPa 

FFT 4 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.83 

 Compressibility: 0 /kPa 

FFT 5 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.82 

 Compressibility: 0 /kPa 

Boundary Conditions 

Head at Top 

 Category: Hydraulic 

 Kind: Water Pressure Head 10 m 

Flow in bottom 

 Category: Hydraulic 

 Kind: Water Flux 

 Seep Water Unit Flux Function: P2NE 

 Review: No 

Hydraulic Boundary Functions 

 P2NE 

 Model: Spline Data Point Function 

 Function: Water Flux vs. Time 
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 Curve Fit to Data: 100 % 

 Segment Curvature: 100 % 

 Y-Intercept: 0.00577 m³/d/m² 

 Data Points: Time (d), Water Flux (m³/d/m²) 

 Mesh Properties 

 View: 2D 

 Element Thickness: 0.25 m 

P2NE CH4 Normalized CTRAN/W Analysis 

Report generated using GeoStudio 2018 R2. Copyright © 1991-2018 GEOSLOPE International 

Ltd. 

Project Settings 

 Unit System: International System of Units (SI) 

Analysis Settings 

 CTRAN/W Analysis 

 Description: Establish concentrations in tailings (and water) 

 Kind: CTRAN/W 

 Parent: Transient Seepage 

 Method: Transient 

Physics 

 Solute Transfer 

 Advection-dispersion with water transfer: Yes 

Water Settings 

 Results from: Parent Analysis 

Solute Settings 

 Initial Concentrations from: (none) 

 Maximum Number of Iterations: 25 

 Maximum Difference: 1e-05 

 Significant Digits: 2 

Settings 

 Dimension: 1D 
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 Exclude cumulative values: No 

Time 

 Starting Time: 0 d 

 Duration: 2,500 d 

 # of Steps: 100 

 Step Generation Method: Linear 

 Time Increment: 25 d 

 Save Steps Every: 2 

 Fixed Elapsed Times: 810; 1,180; 1,550; 2,280;  

Materials 

FFT 1 Solute 

 Diffusion Function: P2 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 1 g/m³ 

Water Solute 

 Diffusion Function: Diffusion vs water content 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 1 m 

 Transverse Dispersivity: 1 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 0 g/m³ 

FFT 2 Solute 

 Diffusion Function: P2 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 
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 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 1 g/m³ 

FFT 3 Solute 

 Diffusion Function: P2 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 1 g/m³ 

FFT 4 Solute 

 Diffusion Function: P2 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 1 g/m³ 

FFT 5 Solute 

 Diffusion Function: P2 Add In Function 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 1 g/m³ 

Boundary Conditions 

Bottom Cl 
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 Category: Contaminant 

 Kind: Solute Concentration 1 g/m³ 

Top C 

 Category: Contaminant 

 Kind: Solute Concentration 0 g/m³ 

Contaminant Adsorption Functions 

Adsorption vs concentration 

 Model: Spline Data Point Function 

 Function: Adsorption vs. Concentration 

 Curve Fit to Data: 100 % 

 Segment Curvature: 100 % 

 Y-Intercept: 0 g/g 

 Data Points: Concentration (g/m³), Adsorption (g/g) 

Contaminant Diffusion Functions 

Diffusion vs water content 

 Model: Spline Data Point Function 

 Function: Diffusion Coefficient vs. Volumetric Water Content 

 Curve Fit to Data: 95 % 

 Segment Curvature: 22 % 

 Y-Intercept: 6.1999999e-05 m²/d 

 Data Points: Volumetric Water Content, Diffusion Coefficient (m²/d) 

P2 Add In Function 

 Model: Add-In Function 

 Function: TestInterpolateList 

 Assembly: Interpolate Diffusion Coefficient 

 Function: TestInterpolateList 

 Field csvFileLocation: C:\Users\djf160\Documents\MSc\Transport Models\P2 Add 

In\P2Function.csv 

P3SW CH4 Normalized Transient Seepage 
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Report generated using GeoStudio 2018 R2. Copyright © 1991-2018 GEOSLOPE International 

Ltd. 

Project Settings 

 Unit System: International System of Units (SI) 

Analysis Settings 

 Transient Seepage 

 Description: Establish upward pore water movement 

 Kind: SEEP/W 

 Parent: Steady-State Seepage 

 Method: Transient 

Physics 

Water Transfer 

 Free convection: thermal effects: No 

 Free convection: solute effects: No 

 Vapor transfer: isothermal: No 

 Vapor transfer: thermal: No 

Water Settings 

 Initial PWP Conditions from: Parent Analysis 

 Maximum Number of Iterations: 500 

 Maximum Difference: 0.005 

 Significant Digits: 2 

 Max # of Reviews: 10 

Under-Relaxation Criteria 

 Initial Rate: 1 
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 Minimum Rate: 0.1 

 Rate Reduction Factor: 0.65 

 Reduction Frequency (iterations): 10 

 Unit Weight of Water: 9.807 kN/m³ 

 Bulk Modulus of Pore-Fluid: 2,083,333.3 kPa 

Settings 

 Dimension: 1D 

 Exclude cumulative values: No 

Time 

 Starting Time: 1 d 

 Duration: 2,500 d 

 # of Steps: 100 

 Step Generation Method: Linear 

 Time Increment: 25 d 

 Save Steps Every: 3 

Materials 

FFT 1  

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.86 

 Compressibility: 0 /kPa 
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Water 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 1 

 Compressibility: 0 /kPa 

FFT 2 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.85 

 Compressibility: 0 /kPa 

FFT 3 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.84 

 Compressibility: 0 /kPa 



 

161 

FFT 4 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.83 

 Compressibility: 0 /kPa 

FFT 5 

 Hydraulic 

 Model: Saturated Only 

 Sat Kx: 1 m/d 

 Ky'/Kx' Ratio: 1 

 Rotation: 0 ° 

 Volumetric Water Content: 0.82 

 Compressibility: 0 /kPa 

Boundary Conditions 

Head at Top 

 Category: Hydraulic 

 Kind: Water Pressure Head 10 m 

P3 Constant flow 

 Category: Hydraulic 

 Kind: Water Flux 0.00055 m/d 

 Review: No 
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P3SW CH4 Normalized CTRAN/WAnalysis 

Report generated using GeoStudio 2018 R2. Copyright © 1991-2018 GEOSLOPE International 

Ltd. 

Project Settings 

 Unit System: International System of Units (SI) 

Analysis Settings 

 CTRAN/WAnalysis 

 Description: Establish concentrations in tailings (and water) 

 Kind: CTRAN/W 

 Parent: Transient Seepage 

 Method: Transient 

Physics 

Solute Transfer 

 Advection-dispersion with water transfer: Yes 

Water Settings 

 Results from: Parent Analysis 

Solute Settings 

 Initial Concentrations from: (none) 

 Maximum Number of Iterations: 25 

 Maximum Difference: 1e-05 

 Significant Digits: 2 

Settings 

 Dimension: 1D 
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 Exclude cumulative values: No 

Time 

 Starting Time: 0 d 

 Duration: 2,500 d 

 # of Steps: 100 

 Step Generation Method: Linear 

 Time Increment: 25 d 

 Save Steps Every: 1 

 Fixed Elapsed Times: 810; 1,180; 1,550; 2,280;  

Materials 

FFT 1  Solute 

 Diffusion Function: Add-In Diff Coefficient 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 1 g/m³ 

Water Solute 

 Diffusion Function: Diffusion in water 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 1 m 

 Transverse Dispersivity: 1 m 

 Decay Half-Life: 0 d 
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 Dry Density: 0 g/m³ 

 Activation Concentration: 0 g/m³ 

FFT 2 Solute 

 Diffusion Function: Add-In Diff Coefficient 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 1 g/m³ 

FFT 3 Solute 

 Diffusion Function: Add-In Diff Coefficient 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 1 g/m³ 

FFT 4 Solute 

 Diffusion Function: Add-In Diff Coefficient 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 
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 Dry Density: 0 g/m³ 

 Activation Concentration: 1 g/m³ 

FFT 5 Solute 

 Diffusion Function: Add-In Diff Coefficient 

 Adsorption Function: Adsorption vs concentration 

 Longitudinal Dispersivity: 0.004 m 

 Transverse Dispersivity: 0.003 m 

 Decay Half-Life: 0 d 

 Dry Density: 0 g/m³ 

 Activation Concentration: 1 g/m³ 

Boundary Conditions 

Bottom Cl 

 Category: Contaminant 

 Kind: Solute Concentration 1 g/m³ 

Top C 

 Category: Contaminant 

 Kind: Solute Concentration 0 g/m³ 

Coupled Anaerobic CH4 Oxidation 

 Category: Contaminant 

 Kind: Solute Mass Flux -0.0005 g/d/m² 

Contaminant Adsorption Functions 

Adsorption vs concentration 

 Model: Spline Data Point Function 

 Function: Adsorption vs. Concentration 
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 Curve Fit to Data: 100 % 

 Segment Curvature: 100 % 

 Y-Intercept: 0 g/g 

 Data Points: Concentration (g/m³), Adsorption (g/g) 

Contaminant Diffusion Functions 

Diffusion in water 

 Model: Spline Data Point Function 

 Function: Diffusion Coefficient vs. Volumetric Water Content 

 Curve Fit to Data: 100 % 

 Segment Curvature: 100 % 

 Y-Intercept: 0.000125 m²/d 

 Data Points: Volumetric Water Content, Diffusion Coefficient (m²/d) 

Add-In Diff Coefficient 

 Model: Add-In Function 

 Function: TestInterpolateList 

 Assembly: Interpolate Diffusion Coefficient 

 Function: TestInterpolateList 

 

 

 

 


