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Abstract 

This study utilized numerical modelling of spills and leaks of natural gas production 

wastewater into the shallow subsurface to identify areas most vulnerable to groundwater 

quality deterioration in Northeast British Columbia. Modelling was conducted using the 

flow and transport code TOUGH2. The models were designed to address three main 

factors identified from the DRASTIC method for vulnerability assessment: (1) Depth to 

water, (2) Impact of vadose zone, and (3) Conductivity of the aquifer materials. Models 

show that dense saline wastewater will migrate further and faster through highly 

permeable materials. Lower permeability materials attenuate the wastewater migration 

resulting in smaller plumes with locally higher brine concentrations. A sensitivity analysis 

reveals that the vadose zone permeability and depth to water table are significant 

controls on wastewater migration and footprint. Overall, the vulnerability in the region is 

relatively low, with some exceptions near river valleys, mountainous regions, and areas 

with shallow water tables. 
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Chapter 1.  
 
Introduction  

The natural gas industry has been rapidly expanding in North America, mainly 

through unconventional resources production like shale gas. The key components 

driving shale gas exploitation are technological improvements in drilling, production, and 

elevated natural gas prices (US Energy Information Administration (US EIA), 2013). 

However, there is insufficient research to assess the environmental impacts from 

unconventional resources exploitation and, more specifically, the risk related to potential 

water contamination from shale gas wastewater (WW) (Dusseault, 2014).  

Globally, shale gas resources are estimated at 7,795 Tcf (trillion cubic feet), but 

to recover that gas, stimulation techniques are needed to increase the permeability of 

the reservoir (Rogner, 1997; Nash, 2010; US EIA, 2013). Unconventional gas reservoirs 

are characterized by low permeability rocks, including tight sandstones, carbonates, 

coal, and shale. To improve gas productivity in these low permeability rocks, techniques 

such as horizontal drilling and multiple-stage hydraulic fracturing (also known as 

fracking) are utilized. The fracturing process consists of injecting water with sand and 

chemicals (injection fluid) to create fractures that allow gas to migrate into the well. Once 

the hydraulic fracturing process is completed, the injected fluid returns to the surface 

along with the formation water (Nash, 2010; Mokhatab & Poe, 2012). After the well is put 

into production, some water returns to the surface with the gas and is commonly known 

as produced water, which is a mixture of formation water and any remaining injection 

fluid. The combination of the injection fluid, formation water and produced water 

generates large volumes of wastewater (WW), which is characterized by high contents 

of dissolved salts, heavy metals and other chemicals (McCormack et al., 2001; Stewart 

& Arnold, 2010; Haluszczak et al., 2013). Shale gas hydraulic fracturing techniques have 

raised concern and debate about the risks they pose to the environment, particularly 

contamination of surface water and groundwater. Furthermore, WW spills have a greater 

likelihood of occurrence due to the vast amounts of WW produced and transported via 

trucks and pipelines (Mokhatab & Poe, 2012; Soeder et al., 2014). 
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Although British Columbia (BC) has been extracting natural gas for almost 50 

years, the production has been transitioning to unconventional gas resources (mainly 

tight gas and shale gas). By 2011, unconventional gas represented 60% of the majority 

of the gas production growth in BC (Campbell & Horne, 2011). In Northeast British 

Columbia (NEBC), particularly in the Peace River Regional District (PRRD) and the 

Northern Rockies Regional Municipality (NRRM), shale gas activities are rapidly 

expanding (Rivard et al., 2012). In these areas, the majority of the sand and gravel 

aquifers are exposed at the surface and located within the most active gas plays 

(Montney and Horn River Basin plays) (Lowen, 2011), making them highly susceptible to 

contamination from potential WW spills and leaks. In addition, most of the water wells in 

the area are installed within the first 30 m below the ground surface (Baye et al., 2016), 

making the shallow groundwater resource vulnerable to contamination from spills or 

leaks. Mitigation practices currently in place in BC may not be sufficient, because while 

the number of spill events is decreasing each year, the magnitude, volume, and extent of 

spills or leaks are rising. This trend suggests an increase in the probability of a 

significant event (spill/leak), specifically related to WW (OGC 2013; Notte, 2014).  

1.1. Research Purpose and Objectives 

The purpose of this research is to identify areas most vulnerable to water quality 

deterioration from potential wastewater spills in the shallow subsurface zone in NEBC 

(PRRD and NRRM). The research objectives are: 

1. Identify the main physical controls influencing flow and transport of 
contamination following a wastewater spill in the shallow subsurface 
zone. 

2. Map the vulnerability of the shallow subsurface to water quality 
deterioration from wastewater spills in NEBC (specifically, the PRRD 
and NRRM). 

To meet these objectives, numerical models are developed based on three main 

factors that influence the degree of surface contamination in an area: (1) Depth to water, 

(2) Impact of vadose zone and (3) Hydraulic Conductivity of the aquifer materials. These 

factors were obtained from the NEBC shallow groundwater intrinsic vulnerability map 

created using the standardized DRASTIC system, which identifies the areas in NEBC 

most susceptible to shallow groundwater contamination from land sources (Holding & 
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Allen, 2015). The numerical models are built using the TOUGH2 modelling program, 

which simulates multiphase flow in porous and fractured media (Pruess et al., 1999). 

The 3D box models represent WW release in the shallow subsurface zone as a spill 

(short-term release) and leak (long-term release). The models simulate a 10,000 L spill 

under different hydrogeological settings. The simulations provide estimates of the 

amount of time required for a spill/leak to have an impact on the groundwater, as well as 

define the extent of contamination. The results are overlaid on and integrated into the 

NEBC shallow groundwater intrinsic vulnerability map to identify areas that are most 

vulnerable to water quality deterioration from WW spills/leaks. It is expected that the 

results of this research will be used in decision making to reduce the risk of potential 

water contamination; improve the understanding of vulnerable areas; as well as to raise 

awareness and promote better monitoring and mitigation practices.  

1.2. Thesis Outline 

This thesis is written in standard thesis format. This thesis will be later formatted 

into a paper for publication. The thesis is organized as follows: 

Chapter 1 – Introduction: The chapter comprises a brief introduction to this 

research followed by the research purpose, objectives, and thesis outline.  

Chapter 2 – Background: The chapter includes a description of basic concepts 

about wastewater and the current understanding and knowledge gaps regarding 

wastewater spills and their possible impacts. The chapter also provides an overview of 

density-driven flow and numerical modelling. 

Chapter 3 - Study Area: The study area is introduced with background 

information regarding the hydrogeological settings and the current state of the shale gas 

development in BC. 

Chapter 4 - Methodology: The chapter describes the reclassification of the Depth 

to water – Impact of vadose zone – Hydraulic Conductivity (D-I-C) factors derived from 

the NEBC DRASTIC map (Holding & Allen, 2015). These factors are used to develop the 

modelling scenarios. In addition, a description of the modelling code TOUGH2 is 

provided, along with an explanation of space and time discretization for the numerical 

models. 
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Chapter 5 – Results and Discussion: The chapter presents the modelling results 

for the base box models (1/4 of the full model domain) for different hydrogeological 

settings. The results describe and compare the estimated travel times and the extent of 

the WW plume for different scenarios. The second part of the chapter includes the 

results of regional flow models along with a sensitivity analyses focusing on permeability, 

porosity, injection rate and spill volume. The final part of this chapter presents the Spill 

Vulnerability Map, which identifies the areas of high-low vulnerability to a spill hazard in 

NEBC. 

Chapter 6 – Conclusions: The chapter presents the main conclusions of the 

research, and a brief discussion regarding uncertainties, modelling limitations and 

recommendations for future research 
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Chapter 2.  
 
Wastewater  

2.1. The Wastewater Cycle 

Natural gas resources are classified as conventional or unconventional, 

according to the properties of the geological formation from which the gas is produced. 

Unconventional resources contain significant quantities of gas, but the formations have 

low permeability, which makes the gas challenging to extract. Globally, gas from 

unconventional resources is divided into six main categories: deep gas, tight gas, 

coalbed methane, geopressurized zones, sub-sea hydrate, and shales (Nash, 2010; US 

EIA 2013).  

Shales are sedimentary rocks characterized by low permeability and relatively 

high organic matter content. The organic matter makes shales the most common source 

rocks for hydrocarbons, but their low permeability means some of the hydrocarbons are 

prevented from migrating out of the rock. To economically produce those hydrocarbons, 

the rock must be fractured, using horizontal drilling and multiple-stage hydraulic 

fracturing. Fractures are created by injecting large amounts of water, proppant (sand) 

and chemicals at high pressure into the horizontal section of the well. The injected fluid 

helps to reduce friction, corrosion, bacterial growth and improves well stimulation. The 

sand grains keep the fractures open, allowing the hydrocarbons to flow into the well 

(Johnson & Johnson, 2011; Mokhatab & Poe, 2012; Arthur & Cole, 2014). The most 

common targets for hydraulic fracturing are gas reserves, although oil and condensate 

are also produced (Mokhatab & Poe, 2012). 

Once the hydraulic fracturing process is completed, the injected water returns to 

the surface over several weeks as flowback water. This water is a mixture of the injected 

fracking fluid along with the formation water (Haluszczak et al., 2013). The formation 

water is of particular concern as it commonly contains high concentrations of dissolved 

salts, heavy metals, naturally occurring radioactive materials (NORMS), hydrocarbons 

and other organic compounds (Mokhatab & Poe, 2012; Haluszczak et al., 2013). Total 

dissolved solids (TDS) in formation waters can range from 4,000 to 350,000 mg/L and 



6 

generally increase with depth (Hayes, 2009). After the well has been put into production 

and during the lifetime of the well, some water returns to the surface with the gas and is 

commonly known as produced water, which is a mixture of formation water and any 

remaining fracking fluid. The produced water typically consists of a high fraction of 

formation water with decreasing amounts of fracking fluid over time. The combination of 

the flowback water and produced water generates large volumes of WW (Figure 2.1).  

The total amount of water used in unconventional gas wells differs widely from 

well to well, from 1000 m3 to 70,000-m3 volume, depending on the geology of the 

formation, stimulation treatment method,1 and the number of completions (Johnson & 

Johnson, 2011). Usually, flowback and produced water are accumulated and stored at 

the surface for recycling or disposal. Before the WW is disposed of, it is treated due to its 

high salinity and chemical content so it can be injected in permitted deep injection wells 

(McCormack et al., 2001; Stewart & Arnold, 2010; Lee et al., 2011). 

 

Figure 2.1 Shale gas associated wastewater (produced water + formation water 
+ flowback water). 

Over the past decade, the unconventional oil and gas industry has raised public 

concern over water contamination issues from shale gas development (Gregory et al., 

2011; Mokhatab & Poe, 2012; Rozell & Reaven, 2012; Jackson et al., 2013; Soeder et 

al., 2014). Contamination of surface waters and soil during oil/gas development activities 

                                                
1
 Stimulation treatments employed in Northeast British Columbia includes: a)Slickwater: High volume of 

water with low concentrations of sand and friction reducing chemicals, for brittle heterogeneous rocks; b) 
Energized treatments: Low water usage but large volumes of sand and foams and polymers to fracture more 
ductile rocks (i.e., siltstones, shale with clay) and c) Energized slickwater: A combination of both treatments 
along with compressed gases such as N2, to increase the stimulated reservoir volume. 



7 

is likely to occur through accidental spills during drilling and hydraulic fracturing 

procedures, production, and handling and transport of chemicals and WW (Rozell & 

Reaven, 2012; Soeder et al., 2014). Spills or leaks can also occur as a result of 

equipment failure (e.g., broken flowlines, seal failure), storage integrity failure (i.e., 

cracks or holes in containers), and human errors. Figure 2.2 illustrates the potential 

pathways for accidental WW spills or leaks including: a) pipelines or flowlines; b) 

overflow impoundments; c) onsite storage; and d) accidents during transportation 

(Dusseault & Jackson, 2014; Soeder et al., 2014). The potential for water contamination 

from a spill is driven by: (1) the fluid characteristics (chemical composition); (2) the 

chemical’s fate and transport (density-driven flow); and (3) the spill characteristics (size, 

rate and frequency when data is available) (Gross et al., 2013; U.S. EPA, 2015), which 

are discussed in more detail below. 

 

Figure 2.2. Potential pathways for shale gas wastewater spills/leaks: a) 
pipelines and flowlines; b) overflow impoundments; c) onsite 
storage; and d) transportation. 

2.2. Wastewater Composition 

To address the potential impact of a spill, it is essential to understand the WW 

composition. WW from shale gas activities varies depending on the geology, age, 

geochemistry of the producing formation, and the chemicals added during the drilling, 

injection, and production processes (Lee et al., 2011). In general, WW is composed of 

large amounts of dissolved salts, heavy metals, NORMS and organics (Table 2.1), which 

are some of the naturally occurring substances found in formation waters (McCormack 
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et al., 2001; Stewart & Arnold , 2010; Zoback et al., 2010; U.S. EPA 2015; Haluszczak et 

al., 2013).  

Table 2.1. Examples of naturally occurring substances in targeted formations. 

CONTAMINANTS EXAMPLES 

Formation fluids Brines 

Liquid hydrocarbons Straight and branched-chain saturated and unsaturated 
hydrocarbons, aromatic hydrocarbons 

Gases Methane, ethane, carbon dioxide, hydrogen sulfide, 
nitrogen, helium 

Trace elements Mercury, lead, arsenic 

Naturally occurring radioactive materials 
(NORM)  

Radium, thorium, uranium 

Dissolved organic material Organic acids, polycyclic aromatic hydrocarbons, volatile 
and semi-volatile organic compounds (BTEX : benzene, 

toluene, ethylbenzene and xylene)   

 

The TDS content of WW ranges from hundreds to thousands of mg/L and is 

mostly dominated by sodium and chloride. Other constituents such as calcium, barium, 

bicarbonate, bromide, magnesium, radium, strontium, and sulfate have also been found 

at elevated concentrations (U.S. EPA, 2015). Some of these metals (e.g., barium, 

cadmium, chromium, and lead), can be harmful to humans and the environment at 

elevated concentrations. Mainly barium has been found in formation waters within the 

range of thousands of mg/L (Hayes, 2009). Data regarding the NORMS content is 

limited, but in general, shales and sandstones are usually enriched in radium. Other 

radionuclides found in high concentrations in produced water are thorium and uranium, 

which seem to correlate with high TDS content (Rowan et al., 2011; U.S. EPA, 2015). 

Regarding the organics present in the WW, they vary according to the formation and the 

chemicals added to the injection fluid. The most common organics found in the WW are 

polymers, oil, and volatile organic compounds (Hayes, 2009). Likewise, benzene, 

toluene, ethylbenzene, and xylenes (BTEX) are commonly found in produced water and 

are mostly associated with storage and production facilities at active well sites 

(Haluszczak et al., 2013). 

The exact origin of the salinity in the WW is complex, as it can be sourced either 

from salt dissolution and/or from the mixing of formation water with the injection fluid. 

Some authors propose that the increase in salinity is due to the dissolution of halite and 

other minerals found within the shale formation (Rowan et al., 2011). Another hypothesis 

suggests that salt layers with barium, calcium, iron, potassium, magnesium, sodium, and 
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strontium dissolve and contribute to salinity as the flowback water returns to the surface 

(Blauch et al., 2009). Regardless of the origin, the TDS content is one of the most 

significant issues concerning water quality impact, particularly for drinking water supplies 

(Dusseault, 2014; U.S. EPA, 2015). 

Lastly, another concern regarding the WW composition is the chemicals used for 

the injection fluid (Lutz et al., 2013; Soeder et al., 2014). The exact composition of the 

chemicals added will vary according to the operator and from well to well. Furthermore, 

only a few companies will voluntarily disclose the full list of chemicals used during the 

injection process, but overall the most common additives used in the injection fluid are 

acid, biocide, clay control, corrosion inhibitor, emulsifier, foaming agents, pH control, 

salts, and solvents (U.S. EPA, 2015).  

Due to the diverse WW composition, during a spill, more than one contaminant is 

commonly released, and these typically have different physical properties (e.g., density, 

viscosity) and solubilities in water. For example, some compounds will exist in both a 

dissolved form and in an insoluble non-aqueous phase, causing changes in the 

hydrogeochemical characteristics of the water (Fetter et al., 1999). Other compounds will 

travel and undergo different processes such as sorption, precipitation/dissolution, cation 

exchange, or oxidation/reduction, which will potentially influence the varying degrees of 

contamination, and thus the potential risk to drinking water resources (U.S. EPA, 2015). 

Some of the chemicals present will react and form complexes with the solid phase or 

precipitate, while others may be transported along with the WW into the soil and 

groundwater (Soeder et al., 2014; U.S. EPA, 2015). The complex chemical composition 

of the WW means that the different contaminants will potentially be transported along 

different pathways and have different extents. Therefore, it is crucial to determine the 

WW fate and transport to prevent and assess the potential impact of a spill or leak. 

2.3. Wastewater Fate and Transport 

Generally, after a spill at the surface, a fluid will seep through the ground surface, 

then infiltrate through the unsaturated zone (or vadose zone) by gravity and eventually 

reach the groundwater, where it will be mostly transported along with the groundwater 

flow. There are different processes (physical and chemical) controlling the fate and 
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transport of a fluid during a spill in both the unsaturated and saturated zone, which will 

influence the potential impact of water contamination (Bear & Cheng, 2010). 

The movement of a fluid in the unsaturated zone will be mostly downward and 

driven by gravity and capillary properties, although there can also be some lateral 

movement due to the heterogeneity of the materials (Bear & Cheng, 2010). In the 

unsaturated zone, the porous medium is filled partially with water and partially with air. 

Therefore, the porous medium will have a lower hydraulic conductivity because the pore 

space is partially filled with air and thus water will not move as easily in comparison with 

a saturated porous medium. However, the unsaturated hydraulic conductivity (or relative 

permeability2 since the system describes both liquid and gas phase flow) will increase 

with higher moisture content, increasing the capacity to transmit water (Freeze & Cherry, 

1979; Fetter et al., 1999; Hendrickx et al., 2005). The relative permeability will depend 

on the fraction of the pore space occupied by the fluid and the fluid’s properties 

(Schlumberger, 2014). Therefore, being able to predict the fluid movement through the 

unsaturated zone is important for estimating the travel time to the water table and the 

subsequent contamination of an aquifer (Bear & Cheng, 2010).  

Once the WW reaches the saturated zone, transport is mainly by advection 

(transport at the same rate as the average linear velocity of groundwater), dispersion 

(dilution of solutes by mixing with groundwater), and diffusion (movement due to 

concentration gradients). However, the saline WW will continue to be driven vertically by 

gravity because density differences with the less saline groundwater will result in a 

vertical component to the flow potential (Bachu, 1995). The degree to which the 

competing forces influence flow defines the extent of the footprint that a spill of WW can 

achieve (Hendrickx et al., 2005).  

Other important factors influencing fluid flow are the permeability and porosity of 

the materials, which determine the capacity of the materials to transmit and hold water 

(Fetter, 2001). In general, the fluids will move faster and travel further in materials with 

high permeability (e.g., sand) than in systems with low permeability (e.g., clay). The 

porosity of the material represents the open space between grains; therefore, a high 

porosity material will provide more volume to hold a fluid (Freeze & Cherry, 1979; U.S. 

                                                
2
 Relative permeability: Dimensionless measure of the effective permeability of a certain fluid 

phase. 
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EPA., 2015). For example, coarse materials like sand and gravels have large pores that 

drain quickly in comparison with fine grain materials (Fetter, 2001). Various scales of 

heterogeneity in the groundwater system and the patterns of local and regional flow 

systems can also influence plume migration. In addition, the heterogeneity on the 

vertical scale determines whether lateral or vertical flow dominates (Freeze & Cherry, 

1979; Hendrickx et al., 2005). Understanding and predicting how dense WW will 

distribute in the subsurface after a spill thus requires knowledge of the properties of the 

fluids and the sediments. 

Determining the risk of WW spills is an important step towards mitigation and 

developing strategies to reduce their impact on the environment. Several studies have 

attempted to estimate the transport and fate of the contaminants related to fracturing 

fluids as well as their effect on the environment. For example, in 2001, the Central 

Energy Resources Science Center (CERSC) and the U.S. Geological Survey (USGS) 

studied the transport, fate, and impacts of produced water contaminants in Northeast 

Oklahoma. Significant findings were high salinity content from 0.5-2 m depth in colluvium 

and alluvium soils. In addition, salts also penetrated the underlying bedrock at 8 m depth 

(Otton et al., 2007). In 2005, the American Petroleum Institute (API) modeled several 

scenarios of produced water spills, particularly focusing on chloride movement and 

infiltration into the vadose zone. The models were created using HYDRUS 1-D and 

MODFLOW codes for a simulation period of 30 days. Results showed that if the soil 

depth was small and the depth to groundwater exceeded three meters, a large spill (10-

10,000 barrels) would not cause groundwater contamination. It was also found that for 

the chloride to migrate there needs to be a net downward flux to the water table. 

Moreover, chloride moved slowly and decreased in concentration when the simulations 

included a thick 20 m layer of clay (Hendrickx et al., 2005). More recently, Shores et al. 

(2017) modeled BTEX and naphthalene solute transport from produced water spills with 

the HYDRUS code. The authors simulated a variety of spills in sandy or clay loam soils 

and compared the results with the EPA drinking water guidelines. Major findings showed 

that high concentrations of the contaminants and their rapid transport occurred in 

coarser textured soil (Shores et al., 2017). 

Another type of study involves controlled spill experiments to examine surface 

contamination. For example, in West Virginia 303,000 liters of fracturing fluids were 

spilled over a 0.20 ha forest area. The results indicated damage to ground vegetation 
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(10 days after the spill) and elevated concentrations of sodium and chloride in the 

surface soils after almost a year of the fluid release (Adams, 2011). Aminto & Olson 

(2012) developed models of different spill scenarios using the mass and concentrations 

of several contaminants. The scenarios simulated a 1000 gallon diluted additive spill 

discharged into the surface water and soil. The site exhibited high concentrations of 

sodium hydroxide (NaOH) and hydrochloric acid (HCl) in the water, soil, and biota, which 

can act as long-term contaminant, sources (Aminto & Olson, 2012). Lauer et al. (2016) 

characterized trace elements and isotopic ratios in surface waters in areas impacted by 

wastewater spills in North Dakota. Comparison of the results against baseline data for 

the waters in the area showed elevated concentrations of dissolved salts (sodium, 

chloride, and bromide) and other elements (selenium, vanadium, and lead). In addition, 

the soil and sediments contained elevated radium (Lauer et al., 2016).  

In general, all the studies mentioned have shown elevated concentrations of 

dissolved salts in the soil and groundwater after a spill event, particularly for sodium and 

chloride, as well as a long-term impact on the environment. Limitations of some of these 

studies arise from the lack of baseline data for groundwater quality and modelling 

scenarios neglecting factors like the heterogeneity of the materials.  

Predicting the fate and transport of chemicals is a complex problem due to the 

many processes (physical and chemical) involved (U.S. EPA, 2015). However, it is 

necessary to study these processes to estimate the susceptibility of water resources in 

case of a spill. Numerical models are a useful tool for simulating flow, transport, and 

reactions that can help to understand the fate of the contaminants from a spill. As 

mentioned above, WW has high salinity concentrations making it denser than seawater 

(Lee et al., 2011); hence, during a spill, the differences in fluid density will result in 

transport driven by the combination of physical and chemical processes, but the high 

density of the WW will significantly influence it. 

2.4. Density-Driven Flow 

A highly dense fluid will likely migrate deeper below the water table where it will 

dissolve and potentially lead to long-term contamination (Simmons et al., 2001). The 

higher the density of the fluid, the more affected the flow and the resultant contaminant 

distribution once the fluid reaches the saturated zone (Freeze & Cherry, 1979; Simmons 
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et al., 2001). Examples involving density-driven flow transport include seawater 

intrusion, radioactive waste disposal, saltwater upconing under freshwater lenses, brine 

displacement, geothermal energy production, and leakage of dense pollutants in 

landfills, among others (Simmons et al., 2001). 

Numerical modelling is commonly used to understand and represent complex 

hydrogeological systems to predict certain outcomes, such as contaminants’ fate and 

transport. The models solve differential and integral equations to quantify or estimate 

defined processes (Rumynin, 2011). Numerical approaches are frequently used to 

obtain an estimated solution to these equations at discrete points in space and time (Kim 

et al., 2002). Modelling subsurface density-driven flow is complex due to variations in the 

density of the fluid and the chemical species of the contaminants (Konikow, 2011); the 

models need to take into account: viscosity, pressure, the temperature of the fluid and 

the TDS content (Abd-Elhamid & Javadi, 2011; Rumynin, 2011). Thus, with a numerical 

approach, the differential equations are summarized to linear and non-linear equations 

relating them with thermodynamic variables (e.g., pressure and temperature) to each 

discretized grid point (Kim et al., 2002).  

To solve for some complexities, modelling codes are coupled and simultaneously 

solve the groundwater flow and transport of solute equations (Abd-Elhamid & Javadi, 

2011; Rumynin, 2011). If the viscosity and density are not uniform, then the flow 

equation is formulated in terms of pressure in the z-axis along the vertical. It is assumed 

that spatial variations in density are due to changes in solute concentration. Under these 

assumptions, the equation of flow is written as follows: 

                             Eq.2.1 

where k is the permeability, µ is the dynamic viscosity, P is the pressure, p is the density, 

g is the gravity, qs is the fluid sink/source term or the volumetric rate at which water is 

added or removed from the system per unit volume of aquifer, and the Ssp is the specific 

storage in terms of pressure or the volume of water released from storage (Freeze & 

Cherry, 1979; Zheng & Bennett, 1995). Detailed information about the generalization of 

Darcy’s law and the groundwater flow and the advection-dispersion equations can be 

found in Freeze & Cherry (1979).  
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The TOUGH (Transport of Unsaturated Groundwater and Heat) software codes 

are used for generating multi-dimensional models that couple the transport of water, 

vapor, non-condensable gas, and heat in porous and fractured media. Particularly, the 

module TOUGH2 considers fluid flow in liquid and gas phases occurring under pressure, 

viscosity, and gravity forces (Pruess et al., 1999). There has been a variety of 

applications of TOUGH2, including nuclear waste disposal, CO2 geological 

sequestration, brine injection, and environmental investigations, among others. The 

primary goal of all these investigations was to determine the fate and transport of 

contaminants at different spatial and temporal scales (Kopp et al., 2010; Siirila et al., 

2012; Finsterle et al., 2014).  

2.5. Spill Characteristics 

To simulate a WW spill, it is necessary to define the physical characteristics of 

the spill. As mentioned above, the potential impact of a spill is driven by its size (volume 

of fluid released and the area covered by the spill) and the frequency of the events. The 

size of a spill will be influenced by the type of contamination source; for example, during 

a continuous discharge the fluid will be released from a controllable point source (i.e. 

effluent leakage from a pipeline) whereas an instantaneous discharge the fluid will be 

accidentally or suddenly released (e.g., truck accidents, overflow spills) (Czernuszenko 

& Rowinski, 2005). Therefore, if the fluid release is from a slow leak (i.e., pipeline), then 

the liquid may pond at the surface, and the affected area will expand slowly. If a more 

rapid release occurs, like a spill from a blowout or tank failure, then momentum may 

result in greater overland movement and less soil infiltration during the event.  

During 2011, the US EPA conducted research across several US gas plays to 

estimate the size and frequency of spills. The results showed an average of 77 surface 

spills a year affecting shallow groundwater with an average spill size of approximately 

197 m2 and two meters deep. In addition, leaks of flowback and produced water were 

reported to be as much as 220,000 L, although the known volumes that reached a 

surface water body ranged from less than 640 L up to 280,000 L (Vaidyanathan, 2013). 

The US EPA also identified other factors affecting the severity of impacts from an 

accidental release, which are related to the specific area where the spill or leak occurred 

and/or the operators of the well pad, including environmental conditions, proximity to 
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drinking water resources, employee training and experience, quality and maintenance of 

equipment, and spill containment and mitigation (U.S. EPA., 2015). 

It is clear that spill scenarios can be modeled to investigate the consequences of 

hazardous components reaching soil horizons or water resources specific to a 

designated study area. Determining the extent of water contamination will depend on the 

nature of the contaminant and the hydrogeologic features of the area (Fetter, 2001); 

hence, these must be understood to predict and determine the impact of shale gas 

activities on water sources.  
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Chapter 3.  
 
Study Area 

This research focuses on NEBC, particularly the region encompassed by the 

Peace River Regional District (PRRD) and the Northern Rockies Regional Municipality 

(NRRM) (Figure 3.1). The study area is the same as that used by Holding & Allen (2015) 

who defined the area in consultation with the BC Ministry of Forests, Land and Natural 

Resources Operation (FLNRO) as part of their shallow groundwater susceptibility 

mapping assessment.  

Most of the oil and gas production in BC is currently located within the study 

area, as well as in several major cities and First Nations territories. Oil and gas 

exploration activities have been carried out in the area since the 1950s, but the 

unconventional resources are concentrated in five regional fields: Liard Basin, Horn 

River Basin (HRB), Montney (North and Heritage plays), and Deep Basin (Figure 3.1). 

(Rivard et al., 2012). In the last decade, there has been a rapid growth of the shale gas 

industry, which has been accompanied by increasing concern regarding water quality 

deterioration from shale gas development operational practices, particularly accidental 

spills of WW (Becklumb et al., 2015).  
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Figure 3.1 The NEBC study area comprising the Peach River Regional District 
(PRRD) and Northern Rockies Regional Municipality (NRRM), along 
with the most active regional fields. (Dataset from BC Data 
Catalogue: OGC Oil and Gas Regional Fields). 
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The following sections provide background information on the study area 

regarding climate, hydrogeology (surficial and bedrock deposits), water chemistry, and 

shale gas development. The purpose of this information is to provide a context of the 

main parameters that need to be considered for developing the conceptual 

hydrogeological model of the area in Chapter 4.  

3.1. Physiography and Climate 

The PRRD and the NRRM are located along the western edge of the Alberta 

Plateau in northeastern BC (Holland, 1964). Overall, the region is relatively flat with 

some rolling terrain incised by the Peace River valley. The Peace River valley is 

extensive and flat, and is approximately 3.5 km wide and 200 m deep (Hartman & 

Clague, 2008; Lowen, 2011). The topography includes mountainous terrain in the south 

and west in the Rocky Mountain Foothills and a relatively flat area in the northeastern 

portion. The average elevation in the study area is approximately 610 m. 

The region is characterized by a cold climate with long periods (November 

through March) of freezing temperatures followed by short warm summers (Valentine et 

al., 1978). Climate records from weather stations located in Chetwynd, Dawson Creek, 

and Fort St. John reported a mean annual temperature of 2°C with a minimum of -13°C 

in January and a maximum of ~16°C in July. Overall, between the three stations, the 

average temperature is 2°C with a minimum of -12°C and a maximum of 16°C. The 

average precipitation in the region is ~446 mm occurring as rainfall and snow. The 

majority of the precipitation happens in the summer between June and August, with an 

average of 64-68 mm recorded, but during the arid winter (December- February), the 

precipitation ranges between 29 and 16 mm (Figure 3.2). In addition, throughout the 

winter, some of the precipitation is deposited as snow, hence during spring (April – early 

June) it is released as it thaws (Environment Canada, 2017).  
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Figure 3.2. Monthly average temperature (dashed line) and precipitation (bars) 
for the Chetwynd (ID:1181508), Dawson Creek (ID:1182285) and Fort 
St. John (ID:1183000) weather stations (Climate normals 1981-2010). 

3.2. Geology and Hydrogeology 

Across the region, the bedrock is covered by a veneer of unconsolidated 

sediments with variable thickness and is typically exposed in the uplands and along river 

valley walls (Mathews, 1963). Soils are dominated by luvisols, and land cover with 

grasslands, and cultivated areas. (Holland, 1964; Catto, 1991). 

3.2.1. Unconsolidated Deposits 

The unconsolidated sediments in the region are defined as any material 

deposited above the bedrock surface. Unconsolidated deposits range in thickness from 

0 m thick in areas of bedrock outcrops up to 100 m thick (buried channels areas), but in 

areas close to present-day rivers the deposits are absent due to erosion (Levson et al., 

2003; Hartman & Clague, 2008). The Quaternary stratigraphy of the area is the result of 

several Cordilleran and Laurentide glaciations, and it is well preserved along the Peace 

River (Hartman & Clague, 2008).  

The surficial geology (Figure 3.3) comprises mostly tills, lacustrine sediments, 

and minor amounts of glaciofluvial sands and gravels (Catto, 1991; Leslie & Fenton, 
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2001). The units identified in this region are presented in Table 3.1; and they are based 

on their composition, thickness, drainage, and extent (Catto, 1991; Leslie & Fenton, 

2001). Some areas of the PRRD offer favorable conditions for aquifer potential or water 

supplies, particularly in areas that contain unconsolidated deposits with significant 

thicknesses. The water level in unconsolidated deposits is influenced or mimics 

topography variations, hence local scale groundwater flow systems are dominant (Baye 

et al. 2016). Groundwater flow in the area is mostly vertical across the aquitards (low 

permeability materials: silts, clays, and shales) and horizontal in permeable layers such 

as sands, gravels, and sandstones (BGC & Hemmera, 2012). Shallow groundwater 

levels from 39 wells in the Peace River valley show a seasonal fluctuation between 1 

and 5 m, with two wells near Hudson’s Hope reporting fluctuations up to 10 m (BGC & 

Hemmera, 2012). 

Although glacial and lacustrine deposits cover the majority of the area, there are 

still shallow deposits (sand and gravel) that may comprise some local aquifers (Mathews 

1963; Lowen, 2011). Most of the aquifers in BC occur in sandy gravel formations, which 

are exposed at the surface, making them highly susceptible to contamination from 

anthropogenic activities (Berardinucci & Ronneseth, 2002). 

Table 3.1. Peace River Region Quaternary deposits: stratigraphy, 
hydrostratigraphy, and materials (Mathews, 1963; Lowen, 2011). 

PERIOD STRATIGRAPHY HYDROSTRATIGRAPHY MATERIALS 

Q
u

at
er

n
ar

y 

Postglacial deposits Aquifer potential alluvial sand and gravels, silts  

Late glacial lacustrine 
deposits (7-42 m) 

Aquifer potential clay, silt, sand and gravel 

Glacial till (3-12 m) Low permeability till   

Interglacial (river and 
lake deposits) 

Aquifer potential silt and clay, gravel and minor 
sand 

Old glacial till (15m) Low permeability till and pebbles 

Early interglacial or 
preglacial (38 m) 

Aquifer potential silts and clay, buried gravels 
and sands 
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Figure 3.3. Surficial Geology in the Peace River Region, NEBC. Source: Natural 
Resources Canada (Catto, 1991). 
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3.2.2. Bedrock Geology 

The bedrock in the area is mainly sedimentary (Cretaceous age), and its surface 

is usually located within 30 m of the ground surface in the upland areas and less than 18 

m below the terrace surfaces. The broad strata comprising the bedrock represent three 

main marine transgression–regression-transgression cycles corresponding with 

fluctuations of sea level (Catto, 1991; Lowen, 2011) (Figure 3.4) as follows: 

 Third sequence: Mainly marine strata from the Smoky Group deposited 
during major transgressions, succeeded by non-marine clastic sediments of 
the Wapiti Formation (Fm).  

 Second sequence: Lower Cretaceous marine and non-marine clastic rocks 
of the Bullhead and Fort St. John groups and the Dunvegan Fm. 

 First sequence: Marine shale of the Jurassic Fernie Fm followed by coarse 
clastic sediments of the Upper Jurassic to Lower Cretaceous Nikanassin 
Fm.  

In general, the regressive clastic sequences (Bullhead Group and Dunvegan Fm) 

are considered as a potential for aquifers, especially the sandstone units. Meanwhile, 

the marine shale units (Fort St. John Group, Kaskapau, Puskwaskau, and Kotaneelee 

Formations) have the potential to behave as aquitards (the stratigraphic table is shown 

in Appendix A). Particularly within the Dunvegan Fm, there are several bedrock aquifers, 

which are difficult to delimit and map, due to laterally discontinuous channel sequences 

(Riddell, 2012). The majority of the developed aquifers are located in the Dawson Creek 

and Fort St. John areas, particularly along the main river valleys. Groundwater flow in 

bedrock has not been determined yet, but it is inferred that flow follows the elevation 

gradient from west to east (Lowen, 2011).  
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Figure 3.4. Major bedrock Formations and Groups of the Peace River Region, 
NEBC. Source: Ministry of Energy and Mines (2011). 
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3.3. NEBC Aquifers 

In NEBC, there are (1) shallow aquifers (usually unconfined and less than 600 m 

deep) in Quaternary sediments deposited during glacial and interglacial periods and (2) 

sandstone bedrock aquifers (more than 600 m deep) (Lowen, 2011). Several studies in 

NEBC have documented the existence of water supplies and their poor quality, 

particularly from bedrock aquifers in comparison to water from unconsolidated sediment 

aquifers (Mathews 1963; Cowen, 1998, Berardinucci & Ronneseth, 2002; Lowen, 2011; 

Baye et al. 2016).  

Lowen (2011) delineated and classified developed aquifers in the PRRD. The 

aquifer characterization identified 55 aquifers, with 23 in consolidated (sedimentary 

bedrock) and 32 in unconsolidated materials (pre-glacial and glacial deposits). Aquifers 

in unconsolidated deposits are identified in three main settings: 1) fluvial/alluvial 

sediments; 2) confined units under till/clay/silt; and 3) confined paleovalley near 

Groundbirch. Most of these aquifers have a shallow static water level and are associated 

with river valleys or low-lying areas. Bedrock aquifers can be found throughout the study 

area ranging from the surface outcrop up to 100 m deep (Baye et al. 2016). The majority 

of the developed aquifers are located around Dawson Creek and Fort St. John areas, 

particularly along the main river valleys (Figure 3.5) (Lowen, 2011). Furthermore, the 

most productive aquifers are located in Tumbler Ridge, west of Taylor, Pouce Coupe, 

and in the Pine Valley (Figure 3.5) (Berardinucci & Ronneseth, 2002, Lowen, 2011). 

Locally, there are bedrock and unconsolidated aquifers in NEBC, which have not been 

delineated due to lack of data or low water demand (Lowen, 2011; Petrel Robertson 

Consulting Ltd. & Canadian Discovery Ltd., 2011). 

To address the issues of groundwater availability and quality in BC, the BC 

Aquifer Classification System was developed by the Ministry of Water, Land, and Air 

Protection. The classification is based on the aquifer's development (water availability) 

and the vulnerability to contamination. For example, some areas of high vulnerability 

include aquifers partially confined by sand and silt materials (average thickness of 3.5 m) 

or aquifers in glaciofluvial deposits and confined by granular materials (silt or silty gravel) 

where the confining layer is considered leaky. Some bedrock aquifers that are partially 

confined by a layer of clay, silt and till (12 m average thickness) are classified as 

moderately vulnerable, although in areas where this confining layer is more than 20 m 
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thick, the vulnerability degree is low. There are still some parts in NEBC where aquifers 

have not been delineated, or potential aquifers have not been entirely classified; thus, 

these areas should not be interpreted as lacking groundwater resources (Berardinucci & 

Ronneseth, 2002). The Montney Aquifer Characterization Project was a university-

government consortium that characterized aquifers within the Peace River Region in 

NEBC (Figure 3.5). The major conclusion of this research was a general conceptual 

model of the aquifers, with the dominance of unconfined aquifers (mostly sand and 

gravel materials) in the river valleys, although most of the area is underlain by bedrock 

aquifers covered by clay/till deposits. The east portion of the study area is mostly 

comprised of thick deposits of till/silty clay with some sand lenses (Baye et al., 2016). 

 

Figure 3.5. Peace River Region sand and gravel aquifers. Source: Lowen D. 
(2011). 



26 

Regarding water quality in the area, from 2000 to 2011, the Northern Health 

Authority examined several water supply systems in the region. Significant findings 

indicate that bedrock groundwater in the Peace River valley has less favorable water 

quality parameters in comparison to unconsolidated sediment aquifers (Cowen, 1998). 

Water analyses showed that the bedrock groundwater chemistry ranges from Ca-Mg-

HCO3 to Ca-Mg-SO4 and Na-HCO3, with 1,000 to 2,500 mg/L TDS content. Samples 

from unconsolidated deposits showed TDS ranging from 1000 mg/L to approximately 

5000 mg/L in the south portion of the Peace River. The groundwater is described mainly 

as Ca-Mg-HCO3 or Na-HCO3 with some SO4 dominance near Dawson Creek. Overall, 

the groundwater in the region has a variable composition with low to moderate levels of 

TDS (100-500 mg/L) to complex mineralized Na-HCO3 and Na-Ca-Mg-SO4-HCO3 (TDS 

500 to 2000 mg/L). Groundwater also contains elevated concentrations of Fe, Mn, Ba, B, 

Na, and F, all of which exceed the 2010 Guidelines for Canadian Drinking Water Quality 

(Berardinucci & Ronneseth, 2002; Lowen, 2011). 

In addition, the BC Ministry of Forests, Lands, Natural Resource Operations and 

Rural Development (FLNRORD) and Simon Fraser University (SFU) have conducted 

water well sampling of private wells, monitoring wells, springs, lakes, rain, and snow for 

the Northeast British Columbia Aquifer Project. The samples were analyzed at SFU for 

anions, cations, isotopes, trace metals, alkalinity, and TDS. Preliminary results (Figure 

3.6) shown that the NEBC 1 samples come from Quaternary sediment aquifers and 

sandstone bedrock, whereas NEBC 2 and NEBC 3 come from fine-grained sedimentary 

bedrock (Wilford et al., 2012). Overall, samples with high Na content are usually sourced 

from bedrock aquifers, as these Cretaceous bedrock formations were deposited as 

marine sediments. Hence, Quaternary sediments are non-marine and expected to have 

low Na content (Baye et al., 2016). In addition, isotopic analyses showed that samples 

sourced from Quaternary aquifers have a similar isotopic composition as samples from 

springs and fall precipitation. Bedrock samples are differentiated in two groups: the first 

one with a similar isotopic signature as the Quaternary aquifers (NEBC 2) and the 

second one more depleted (NEBC 3). Finally, the isotopic data confirmed that most of 

the groundwater in the area is locally sourced, and recharged with either spring or fall 

precipitation, although some bedrock samples appear to be only recharged from fall 

precipitation or during colder weather. (Baye et al., 2016). 
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Water in BC is protected by provincial/local government and federal statutes, 

which ensure its proper quality, management, and supply. The BC Drinking Water 

Protection Act and the Drinking Water Protection Regulation ensure potable drinking 

water in BC. The Provincial Health Officer’s main duties include, but are not limited to, 

approval and monitoring of water systems, water treatment and quality standards, 

preparing annual reports, and making recommendations to drinking water protection 

plans (BC Ministry of Health, 2016). Starting in February 2016, the BC Water 

Sustainability Act (WSA) came into force to guarantee sustainable and clean freshwater 

to BC residents. Significant regulations under the WSA include the proper management 

of the water resources under several other regulations and acts in addition to updating 

and expanding the Groundwater Protection Regulation (GWPR) to ensure proper 

construction and maintenance of water wells (BC Ministry of Environment, 2016). 

 

Figure 3.6.  Piper diagram for water samples from the Northeast British 
Columbia Aquifer Project. Source:From Kirste et al. 2014. 
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As mentioned above, most of the aquifers in BC are exposed at the surface, 

making them highly susceptible to contamination from anthropogenic activities. The 

expansion of the shale gas industry in NEBC has increased the demand for water in the 

region as well as the potential risk for contamination because most of the unconsolidated 

aquifers are located within the most active gas plays (Berardinucci & Ronneseth, 2002; 

Lowen, 2011). Hence, by 2015, the Northeast Water Strategy was released in 

partnership with First Nations, government, industry, and academia to ensure the future 

water sustainability in the northeast region. To date, this partnership has focused on 

making better water decisions, enforcing regulations, improving reporting, and 

compliance, and building a water stewardship ethic. As NEBC experiences rapid growth 

and expansion within the oil and gas industry, it is crucial to ensure today and future 

water demands in the region (Dusseault, 2014).  

3.4. Shale Gas Development in NEBC 

In Canada, the majority of shale gas production comes from the Montney and 

Horn River Basin. The Montney formation has been producing oil and gas since the 

1950s, particularly from conventional sandstone reservoirs. Over the past few years, the 

Montney has become the most important unconventional gas play in Canada as it 

contributes to about 67% of BC’s current monthly raw gas volumes (CER, 2013; 

Dusseault, 2014). By October 2017, natural gas production in Canada hit a high record 

of 15.59 Bcf/d according to the NEB, with an average production of 6.3 Bcf/d coming 

from the Montney play. Most of the gas that will supply exports will be sourced from the 

Montney, leading to faster production growth around 2025 and 2030 (CER, 2018).  

Since 2005, BC's unconventional gas production has increased due to advances 

in drilling and fracturing techniques. As of August, 2018, there were approximately 4,470 

horizontal producing gas wells in NEBC (Figure 3.7), with ~2,380 wells producing from 

the Montney and ~215 from the Horn River Basin. 
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Figure 3.7.  Aquifers and horizontal producing gas wells in NEBC. Source:Data 
retrieved on August 01, 2018 from AccuMap. 
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3.4.1. Montney Play Trend 

The main Montney Play covers an area of 2.64 million ha, and most of it is 

located between Fort St. John and Dawson Creek in BC and the rest in Alberta. The 

major geological facies include fine-grained shoreface, siltstone to shale, fine-grained 

sandstone turbidites, and organic-rich phosphatic shale. The shale gas potential in the 

Montney trend comprises two zones with a total thickness of ~300 m: 1) the Lower 

Montney is sand, silty shale and 2) the Upper Montney is dominated by siltstone (CER, 

2013).  

The estimated potential of shale gas/oil from the Montney play is 80-700 trillion 

cubic feet (Tcf), although in some areas the Montney also produces some significant 

amount of condensate (Taylor et al., 2009). In 2005, the horizontal multistage hydraulic 

wells began using energized treatments and narrowed from 300 m to 150 m with 1,800 

m of lateral length. By 2012, the Montney play became the single largest contributor to 

provincial natural gas production volumes and accounted for approximately 41% of the 

total BC monthly production volume (Johnson & Johnson, 2011; OGC, 2013; Rivard et 

al., 2012). It is expected that the majority of Canadian production growth will come from 

the Montney, when its production reach 12.1 Bcf/d in 2040, or 58% of total Canadian gas 

production (CER, 2018). 

3.4.2. Horn River Basin 

The Horn River Basin (HRB), covering an area of 7,100 m2, has been a target of 

interest for oil and gas production from shale gas since 2005. It occurs in the subsurface 

of NEBC and outcrops at Slave Lake in the Northwest Territories. This play is an over-

pressured basin containing natural gas liquids and a series of organic-rich brittle shales, 

where production targeting is for dry gas from mid-Devonian aged shales of the Muskwa, 

Otter Park, and Evie Formations (OGC, 2013). The estimated potential of shale gas/oil 

from the Horn River Basin is 144-600 Tcf. By the end of 2010, the average gas 

production rate was 392 mmcf per day with a cumulative production of approximately 74 

Bcf. In 2007, operators began using slickwater treatments with 15 to 30 fracturing stages 

per well. By 2012, the completions had narrowed from 300 m to 150 m with a lateral 

extent of up to 3000 m (OGC, 2013). By December 2013, the daily gas production 

continued to increase, reaching 580 mmcf from 203 producing wells. The Horn River 



31 

basin contains 25.7% (11.1 Tcf) of the province’s remaining recoverable raw gas 

reserves (Johnson & Johnson, 2011; OGC, 2013, 2014a). 

3.4.3. Shale Gas Water Usage and Wastewater Disposal 

Shale gas technology has allowed increased gas production but poses several 

environmental issues, the primary ones being related to water availability and quality 

(U.S. EPA, 2011; Dusseault, 2014). Currently, in NEBC, the shale gas industry uses 

three types of hydraulic fracturing treatments or completions (Table 3.3): slickwater; 

energized treatment, and energized slickwater (a hybrid of both types). The majority of 

the water for these treatments comes from fresh surface water sources (rivers, lakes, 

dugouts) or fresh groundwater sources (Johnson & Johnson, 2011; Dusseault, 2014).  

Depending on the geology of the fracturing formation, the amount of water used 

varies, with an average of 11,953 m3/well in the Montney and 88,634 m3/well in the HRB 

(OGC, 2015). The majority of the treatments in the Montney are energized CO2 

completions, which require relatively less water compared to the slickwater treatments in 

the HRB. In 2012, the average water usage by well in the Montney was 1900 m3 with a 

recovery rate of 50 to 100% (OGC, 2012, 2013; Rivard et al., 2012), but was expected to 

increase as operators were leaning towards both slickwater and energized slickwater 

treatments (Table 3.2). In the HRB, the majority of the wells were stimulated with 

approximately 79,500 m3
 of water along with 2,000-5,200 tons of sand per well (Table 

3.2) (Johnson & Johnson, 2011). 

Table 3.2. Average drilling data and completion parameters gathered in 2013 
for the Montney and Horn River Basin. Data source from Johnson & 
Johnson (2011) and the BC Oil and Gas Commission (2012). 

DRILLING DATA NORTHERN MONTNEY HORN RIVER BASIN 

Average water volume/well m3 6,700-9,700 76,900 

Average proppant per stage (t) 150 150 

Total fluid pumped (m3) 11,740 79,500 
Average fluid pumped per stage (m3) 1,190 3,456 

Number of stages 10 23 
Completed length (m) 1,545 2,350 

Average fracking space (m) 170 140 
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After the completions are finished and depending on the treatment used, 20% of 

the slickwater returns along with nitrogen, whereas for energized treatments the return 

rate is approximately 55% (Johnson & Johnson, 2011). In 2007, operators began using 

slickwater treatments with up to 15 to 30 fracture stages per well (Table 3.3).  

Table 3.3. Treatments or completions water, sand and pressure parameters 
used in shale gas wells in NEBC. Data source from Johnson & 
Johnson (2011). 

TREATMENTS OR 
COMPLETIONS 

WATER PER 
STAGE (m3) 

SAND PER 
STAGE (T) 

STIMULATION 
PRESSURE 

(Kpa) 

Slickwater 2101 178 59827 

Energized 168 98 54880 

Energized slickwater 791 130 52541 

 

Analyses of flowback water from wells producing in the Montney Fm have shown 

TDS values ranging from 4500-130,000 mg/L (Owen, 2017) whereas the average TDS 

content in seawater is >35,000 mg/L, posing a concern about contamination and proper 

disposal of this excess wastewater (Johnson & Johnson, 2011; Rivard et al., 2012).  

Wastewater from shale gas production accounts for approximately 80% of the 

total waste generated from gas operations (McCormack et al., 2001). In BC, wastewater 

must be disposed of by injection into deep subsurface formations through disposal wells 

or temporarily stored under strict regulations (OGC, 2010; Dusseault, 2014). In NEBC, 

the disposal of wastewater is done by deep injection into saline aquifers to ensure 

confinement from surface water and groundwater (Petrel Robertson Consulting Ltd. & 

Canadian Discovery Ltd., 2011). The disposal zones are recommended to be located 

deep beneath water supply aquifers, and away from faults systems to avoid induced 

seismicity or contamination issues (Petrel Robertson Consulting Ltd. & Canadian 

Discovery Ltd., 2011). Across the Montney Play, there are several potential disposal 

areas in saline aquifers, but their distribution and characteristics is complex. Studies on 

the characterization of reservoirs in the region have shown that the Debolt, Kiskatinaw, 

and Belloy Formations are favorable units with potential for deep well injection (Petrel 

Robertson Consulting Ltd. & Canadian Discovery Ltd., 2011; OGC, 2014). 

At present, the shale gas industry has increased its efforts to reduce water 

usage, and thus the requirement for safe disposal. Some of these efforts include 
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recycling of flowback and produced water and reducing the use and volumes of the 

chemicals used in hydraulic fracturing. Currently, in BC the industry is treating 

wastewater to remove solids, non-aqueous liquids, volatile hydrocarbons and gases 

(Dusseault, 2014). An example of recycling efforts is currently lead by the City of 

Dawson Creek in partnership with Shell Canada as they developed a reclaimed water 

facility, where wastewater is treated into non-potable standard water used for industry or 

municipal activities (e.g., street cleaning, dust control, etc.) (Dusseault, 2014). Despite 

these efforts, groundwater contamination can result from accidental or intentional fluid 

injection into a non-targeted aquifer because of poor well design or poor understanding 

of the geology, faulty well construction, and deteriorated well casing or cement (Fetter et 

al., 1999). Moreover, surface water quality degradation can be caused due to 

downstream impacts that are associated with refining and distribution of hydrocarbons 

and include incidents related to accidental releases from pipelines, flow lines, lined 

ponds, storage facilities, and transportation trucks (Jackson et al. 2013; Dusseault, 

2014). 

3.4.4. Shale Gas-related Incidents 

The BC Oil and Gas Commission (OGC) defines an incident as an event 

resulting from oil and gas activities outside of normal operations, which may or may not 

be an emergency. Particularly, a “spill” is the unauthorized release or discharge of a 

substance into the environment. In the case of produced/saltwater, a permit holder must 

report the incident to the OGC if the spill is equal or greater to 200 kg or 200 L or if it 

impacts waterways (OGC, 2014c). There is more than 44,500 km of pipelines in NEBC 

regulated by the OGC (OGC, 2017). The majority of these pipelines are buried, and 

currently, 39,363 km are operating and transporting refined or unrefined products such 

as:  

 Sour natural gas: natural gas with hydrogen sulfide (H2S) 

 Natural gas: includes sweet gas and fuel gas 

 Crude oil: includes crude, sour crude, and all other low vapor pressure 
(LVP) transport 

 Water: freshwater, produced water, saltwater, and sour water 

 High vapor pressure (HVP) transport: ethylene, propane, pentanes, liquid 
ethane, and any other condensates 



34 

 Others: miscellaneous gases and oil effluent 

Since 1999, pipeline integrity has been regulated with Pipeline Integrity 

Management Programs (IMPs). The OGC requires that every permit holder implement 

the IMPs while constructing, operating, maintaining, or abandoning pipeline 

infrastructure within the province (OGC, 2015). Every year, the OGC provides a 

statistical overview of the regulated pipelines in BC in the Pipeline Performance Report. 

Those reports showed the current pipeline status and the incidents occurred during that 

year (Table 3.4). Overall, since 2011, there have been between 22 and 45 incidents, 

although not all of them resulted in a spill (OGC, 2014c, 2015, 2016, 2017, and 2018b). 

The most recent WW spill was reported in 2016 south of Fort Nelson with a 250-m3 

release of produced water (OGC, 2017). The majority of the mechanisms of failure in 

pipeline incidents are related to metal loss, particularly internal/external corrosion, and 

external third party interference (OGC, 2014c, 2016, and 2018b). Although the risk of 

pipeline failure on any individual segment or pipeline is low, the cumulative probability of 

experiencing many small leaks and spills and at least one medium to major spill is high 

(Alberta Energy Regulator, 2013).  

Table 3.4. Length of pipelines and the number of incidents from 2013-2018. 
Data from BC Oil and Gas Commission Pipeline Performance 
Reports. 

YEAR 
LENGTH OF 
PIPELINES 

(Km) 

NUMBER OF 
INCIDENTS 

INCIDENT 
FREQUENCY (PER 

1000 Km) 

2014 42681 42 0.98 

2015 43584 45 1.03 

2016 44552 26 0.58 

2017 45192 29 0.64 

2018 47066 22 0.47 

Incidents reported only on operating pipelines. 

 

In 2014, the OGC launched “The BCOGC Incident Map”, an interactive web map, 

which provides data of reported incidents occurring since 2000 (since 2017, the data 

management system only show incidents happening since 2009) (Figure 3.8). The 

variety of incidents reported is a result of oil and gas activities that may or may not result 

in an emergency and/or have the potential to affect the integrity of a pipeline (OGC, 

2013).  



35 

A total of 1,675 incidents were reported from 2000 to 2018, with 916 liquid spill or 

leakage incidents and 270 events identifying the product release as produced or 

saltwater (17 events reported the product as unknown), although early data from 2000-

2006 could also include produced or saltwater as miscellaneous liquids release. The 

registered volume of liquid discharge is scarce (or not reported) but varies between 0.03 

and 4000 m3. Data regarding the extent of a spill is not provided in the majority of the 

incidents, except for few events reporting a covering area between 3 and 200 m2. Some 

incidents were reported to be less than 200 m away from surface water bodies (one 

incident reported the drilling location 32 m away from a river), although winter conditions 

resulted in the fluid spill freezing, facilitating the cleaning and remediation procedures. 

The BCOGC Incident Map does not include non-OGC regulated pipelines and NEB-

regulated pipelines. Data from the NEB board report 256 incidents in BC from 2008 to 

2018 (June), with only one incident identified as a 20 m3 produced water spill which 

occurred in 2015 close to Taylor, BC (CER, 2013).  

In NEBC, there are more than 4,000 groundwater wells (Figure 3.9) reported in 

GWELLS, with approximately 2,230 categorized as private or domestic. Some of these 

wells (49) are located within 50 to 200 m from a pipeline, making them vulnerable to a 

major spill or leak (Ministry of Environment and Climate Change Strategy, 2018). In 

addition, some of these private wells (~10) are also located within 500 m of a recorded 

produced water or saltwater spill, although no environmental impacts have been 

reported (OGC, 2013; Ministry of Environment and Climate Change Strategy, 2018). 

Still, the proximity of some spill incidents to surrounding communities in NEBC has 

raised a concern about the potential impact on their groundwater quality; thus the need 

to identify the areas most vulnerable to a potential accidental release of WW. 
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Figure 3.8. OGC regulated pipelines and reported incidents in NEBC from 2000-
2018. Source:Data retrieved August 2018 from "The BCOGC Incident 
Map" database. 

. 
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Figure 3.9. OGC spill incidents (produced water and saltwater) and BC 
groundwater wells in NEBC. Source: Spill incident data from the 
BCOGC "Incident Map" and groundwater GWELLS database from 
the Ministry of Environment and Climate Change Strategy. 
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3.5. NEBC Shallow Groundwater Intrinsic Vulnerability 
Mapping 

As previously stated, most of the shallow aquifers in NEBC are located within the 

most active areas of unconventional oil and gas development, hence an increasing 

concern among communities regarding potential water quality deterioration from shale 

gas-related activities. In response to this concern, Holding & Allen (2015) developed a 

shallow groundwater vulnerability map for the study region. The map was created using 

the DRASTIC methodology (Aller et al., 1987), which evaluates the pollution potential of 

a defined area based on hydrogeological inputs. 

The DRASTIC method is a ranking system based on weights and rates of seven 

factors: Depth to water, Recharge, Aquifer media, Soil media, Topography, Impact of the 

vadose zone and Conductivity of the aquifer, which influence groundwater vulnerability. 

The methodology assigns a weight to each factor (1 to 5) based on the relative 

importance of each factor influencing the migration of contaminants into an aquifer 

(Table 3.5). The following description of each factor summarizes the significant features 

taken into account when determining their weights (Aller et al., 1987). 

 Depth to water: is defined as the area above the water table where the pore spaces 

are partially filled with water and air. The importance of this factor is that it represents 

the depth or the thickness of the materials that a contaminant has to travel through 

before reaching the water table or an aquifer. Hence, a pollutant will have the longest 

travel times as the depth to water increases.  

 Recharge: is the amount of water that infiltrates through the subsurface and 

eventually reaches the water table. As more water percolates, there is a higher 

potential for the contaminant to be transported. 

 Aquifer media: refers to the materials that comprise the aquifer. The amount of water 

that is yielded by an aquifer will depend on the pore space available. Higher porosity 

generally relates to higher the permeability, which lowers the attenuation capacity, 

and consequently increases the potential for contamination.  

 Soil media: usually comprise the top surface portion of the vadose zone (usually less 

than 1.5 m). The soil characteristics influence how likely the contaminant is to 
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infiltrate in the subsurface. In addition, the thickness of the soil horizon will affect the 

attenuation process. 

 Topography: gradient and direction will control the runoff or the stagnation process of 

a pollutant influencing its degree of infiltration. 

 Impact of the vadose zone: the vadose zone is the unsaturated zone above the 

water table, which affects the amount of migration of a contaminant. The porous 

media characteristics of the vadose zone will affect the likelihood of a contaminant 

reaching an aquifer. 

 Conductivity of the aquifer: affects the migration of the contaminant once it has 

reached the aquifer. The conductivity is dependent on the porosity and permeability 

of the aquifer materials; thus, higher hydraulic conductivity increases the rate of 

migration and the groundwater vulnerability. 

Table 3.5. DRASTIC factors weightings 

 

 

 

 

 

Each DRASTIC factor has a range of potential ratings from 1 to 10 (low to high); 

rating tables specific to each factor represent different degrees of impact on groundwater 

pollution (Aller et al., 1987). Often, DRASTIC mapping is carried out using a geographic 

information system (GIS) with each factor being assigned a rating in each grid cell. The 

ratings for all factors are then summed using the weights in Table 3.5. The advantage of 

the DRASTIC methodology is that the rates of each factor can be adapted to suit a 

particular study area (Aller et al., 1987).  

For NEBC, Holding and Allen (2015) characterized the ranges based on 

available datasets, which are limited and sparse throughout the study area. The 

estimated mean depth to water ranged from 21 to 26 mbgs (meters below ground 

FACTOR WEIGHT 

Depth to water 5 

Recharge 4 

Aquifer media 3 
Soil media 2 

Topography 1 
Impact of the vadose zone 5 
Conductivity of the aquifer 3 
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surface). Recharge was calculated using a combination of climate and surface data with 

the Hydrologic Evaluation of Landfill Performance (HELP) software. The modelling 

results showed an average annual recharge for most of the area between 0 to 200 

mm/year reflecting low precipitation conditions. Aquifers were classified based on 

bedrock and surficial geology maps, assuming that potential aquifers are located within 

subsurface materials. The most common geologic materials in the area consist of 

shales, till, clay, silt, sandstone, limestone, sand, and gravel. The soil in the area was 

classified based on the soil survey map for NEBC and sorted by drainage degree. The 

topography was calculated and characterized using a 25 m digital elevation model in 

GIS, while the vadose zone was categorized based on surficial geology maps. 

Regarding hydraulic conductivity, only five pumping tests were available for the whole 

area; hence, the classification was based on the aquifer media and typical hydraulic 

conductivity values from the literature. Overall, the results showed that higher 

vulnerability areas occur mostly in high elevation bedrock where the recharge is high, 

and in river valleys with large portions of sand and gravel. These high vulnerability areas 

result from the combination of high rates of recharge and weathered bedrock or shallow 

water tables and poor soil cover (Holding & Allen, 2015).  

The DRASTIC method focuses on the potential for contamination from land 

surface sources, thus limiting the results to the ground surface area. However, 

contamination can also be present below the ground surface and move laterally through 

an aquifer (Holding & Allen, 2015; Holding et al., 2017). Therefore, to account for lateral 

movement below the ground surface, this research develops 3D density-driven flow and 

transport models to simulate WW spills, and identifies the most vulnerable areas to 

water quality deterioration. The hydrogeological characteristics of the models are based 

only on three DRASTIC factors: Depth to water, Impact of the vadose zone, and 

Conductivity of the aquifer materials (D-I-C). The rationale for the selection of only these 

factors is that they have the most influence on contaminant migration, particularly in the 

shallow subsurface zone (up to a depth of 30 m).  
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Chapter 4.  
 
Methodology 

Analyzing the impacts of accidental WW release in the shallow subsurface zone 

was achieved by predicting the extent and rate of transport of WW with numerical 

models. The different numerical models were constructed based on three DRASTIC 

factors identified as having the greatest influence on vulnerability in NEBC: (1) Depth to 

water, (2) Impact of vadose zone, and (3) Hydraulic Conductivity of the aquifer materials, 

collectively abbreviated as D-I-C (Holding & Allen, 2015). The 3D numerical models 

were generated using TOUGH2 (Transport of Unsaturated Groundwater and Heat) 

(Pruess et al., 1999) software to simulate multiphase and density-driven flow and 

transport.  

The following sections describe the reclassification of the DRASTIC factors using 

a GIS and show the final D-I-C map; the next sections focus on the modelling approach 

and the construction of the models with TOUGH2, which include descriptions of the 

parametrization and general model set up. 

4.1. DRASTIC Reclassification  

Groundwater vulnerability consists of the combination of the intrinsic vulnerability 

(IV) and specific vulnerability (SV) of an area with the first comprising the 

hydrogeological settings and the second referring to the particular source of 

contamination (Xin et al. 2011). In this research, IV was determined from the DRASTIC 

factors in the NEBC vulnerability map and the SV refers to a potential WW spill. Only 

three components (D-I-C) of the seven DRASTIC components were reclassified and 

used as input for the numerical models. These include Depth to the water table (D), 

Impact of vadose zone (I), and hydraulic Conductivity (C) of the aquifer materials. 

These factors play a significant role in the fate and transport of the fluids, as well as 

representing the highest degree of influence on the contamination of groundwater from 

surface sources according to the original DRASTIC weighting scheme (rank 5D, 5I, and 

3C) (Aller et al., 1987). Although the recharge factor also has a high weight rank (4R), it 

was not used in this research because there is not enough data to accurately quantify 
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recharge throughout the area; the estimated values from the NEBC vulnerability map 

were based on precipitation rates which are mostly low in the region (average of ~446 

mm/yr.) (Holding & Allen, 2015).  

The idea behind this approach is that once the factors are reclassified, the new 

D-I-C ranks would be used to construct the 3D models in TOUGH2, thus better capturing 

the groundwater vulnerability in NEBC. For example, Factor D has three different 

classes of depth to the water table, which represent the thicknesses of the vadose zone 

(Layer 1 in the model). Factor I provides information about the hydrological unit (or type 

of material) characterizing the vadose zone, and lastly, Factor C describes the 

hydrological units and hydraulic conductivities characteristic of NEBC aquifers 

(represented by layer 2 in the model). The following sections provide more details about 

each D-I-C factor, their reclassification, the new ranks, and the final D-I-C map. 

4.1.1. Depth to Water 

The lack of data to interpolate and map the depth to the water table in NEBC 

prompted Holding & Allen (2015) to develop a different approach for estimating the 

depth to water. They developed an equation relating depth to the water below the 

ground surface and ground surface elevation using measured groundwater depths in 

150 wells around Fort St. John (Holding & Allen, 2015). They then estimated the depth 

to water across the region using this equation. The water levels ranged from 21 to 26 

meters below the ground surface (mbgs) across NEBC. Using the original DRASTIC 

vulnerability map, the D measurements were classified into ten categories ranging from 

1 to 10 (low to high). As proposed by Aller (1987), the shallower the water table, the 

higher the assigned ranking (10) and the deeper the water table, the lower the assigned 

ranking (1).  

For this research, depth to water was reclassified from 10 to 3 categories (Table 

4.1). The values selected were based on the average water depth throughout the area. 

Furthermore, in the original map, the area representing water table depths between 0 to 

6 m is small, and it was not included in the reclassification and ranking. Figure 4.1 shows 

the reclassified DRASTIC map of depth to water table (D) with the three rankings. 
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Table 4.1.  Depth to water ranking after reclassification. 

AVERAGE DEPTH TO WATER (MBGS) RANK 

24-30 1 

18-24 2 

6-18 3 

 

 

Figure 4.1.  Depth to water factor map showing the reclassified DRASTIC map 
for the Factor “D”.  
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4.1.2. Impact of the Vadose Zone 

The vadose zone materials were regrouped according to their material type and 

spatial variation throughout the area. In NEBC, surficial materials comprise primarily 

coarse-grained deposits, fine-grained deposits (clay and silt), and till (Holding & Allen, 

2015). The coarse-grained glaciofluvial, fluvial, and eolian deposits were grouped as 

Rank 3 and comprise mostly sand and gravel. Bedrock was ranked alone (Rank 2) 

because it is found throughout the area and is commonly fractured and/or exposed at 

the surface, potentially allowing rapid infiltration. The glaciolacustrine and till deposits 

were ranked together (Rank 1) because of their typically low permeability. The revised 

ranking is shown in Table 4.2 and Figure 4.2 
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Table 4.2.  Vadose zone materials ranking after reclassification. 

VADOSE ZONE MATERIAL RANK 

Glaciolacustrine 
1 

Till 

Bedrock (fractured) 2 

Glaciofluvial 
Fluvial 

3 

 

 

Figure 4.2.  Impact of the vadose zone factor map showing the reclassified 
DRASTIC map for the Factor “I”. 
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4.1.3. Hydraulic Conductivity 

Although the study area is quite hydrogeologically complex, the materials with 

similar hydraulic conductivity were grouped together to simplify the models. Holding & 

Allen (2015) determined the hydraulic conductivity based on values from the literature, 

largely due to the limited data and especially the low number of pumping tests in the 

area. In this study, glaciolacustrine deposits and shale are assigned the lowest rank (1) 

assuming their low hydraulic conductivity, followed by till (2) and sandstone (3). The last 

category is for high hydraulic conductivity materials including glaciofluvial and eolian 

deposits, thus the highest rank (4). Each of the materials was assigned a hydraulic 

conductivity based on published values from Freeze & Cherry (1979) and Domenico & 

Schwartz (1990) (Appendix B. The distribution of rankings is shown in Table 4.3 and 

Figure 4.3 
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Table 4.3. Assigned hydraulic conductivity and ranking after reclassification. 

AQUIFER MATERIAL CONDUCTIVITY (m/day) RANK 

Shale (no fractures) 1x10-7 
1 

Glaciolacustrine 1x10-6 

Till 1x10-4 2 

Sandstone/Shale 1x10-3 3 

Sand and gravel 1x10+1 
4 

Glaciofluvial 1x10+2 

 

 

Figure 4.3. Hydraulic conductivity of the aquifer materials factor map showing 
the reclassified DRASTIC map for Factor “C”. 
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4.1.4. Reclassified Map: D-I-C 

The D-I-C intrinsic vulnerability map (Figure 4.4) was constructed by combining 

the three factors using the GIS raster calculation tool, which allows the creation and 

execution of an algebraic expression using each D-I-C map to obtain a raster dataset as 

output (ESRI n.d).  

The general approach is to use a local operation3 to sum each cell of the D, I, 

and C rasters to obtain a new raster in which the values reflect the operations performed 

with the original raster cells (ESRI n.d). The final output raster should be a combination 

of three numbers that represent the D-I-C factors. Thus, a scalar is used as a multiplier 

for each factor and then the factors are added to produce the final raster (Equation 4.1). 

For example, a model scenario 334 is a result of the input criteria D-I-C multiplied by a 

scalar [100 x 3] + [10 x 3] + [1 x 4], which are then added together [300+30+4] = 334, to 

obtain the final D-I-C value. 

[100 x D] + [10 x I] + [1 x C] Eq.4.1 

The different ranks of each factor resulted in 36 combinations for potential 

modelling scenarios. The final models were based on 27 combinations (Table 4.4) as 

some of the scenarios were unrealistic because they represent bedrock on top of till or 

glaciofluvial deposits. It is anticipated that the most vulnerable scenarios will be 

encountered in areas with a combination of 6-18 m depth to water table (Rank 3) and 

glaciofluvial/eolian materials in the vadose zone (Rank 3). In contrast, the lowest risk 

scenario is expected in areas characterized with a depth to the water table of 24-30 m 

(Rank 1) and vadose zone and aquifer materials characterized by low hydraulic 

conductivity values (Rank 1).  

                                                
3
 Map algebra operation or function applied to each individual cell and only involves cells that 

share the same location. 
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Table 4.4. The attribute table for the D-I-C map. 

D-RANK I-RANK C-RANK SCENARIO (D-I-C) 

1 1 1 1-1-1 

1 1 2 1-1-2 

1 1 3 1-1-3 

1 1 4 1-1-4 

1 2 3 1-2-3 

1 3 1 1-3-1 

1 3 2 1-3-2 

1 3 3 1-3-3 

1 3 4 1-3-4 

2 1 1 2-1-1 

2 1 2 2-1-2 

2 1 3 2-1-3 

2 1 4 2-1-4 

2 2 3 2-2-3 

2 3 1 2-3-1 

2 3 2 2-3-2 

2 3 3 2-3-3 

2 3 4 2-3-4 

3 1 1 3-1-1 

3 1 2 3-1-2 

3 1 3 3-1-3 

3 1 4 3-1-4 

3 2 3 3-2-3 

3 3 1 3-3-1 

3 3 2 3-3-2 

3 3 3 3-3-3 

3 3 4 3-3-4 
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Figure 4.4.  Reclassified map for the components D-I-C showing all the possible 
scenarios to be encountered in NEBC and their degree of 
vulnerability to contamination from the surface. 
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4.2. Modelling Approach 

To determine and understand the potential impact of a WW spill in NEBC, a 

series of 3D density-dependent flow and transport models were generated using the 

TOUGH2 code. TOUGH2 is a simulator for non-isothermal multiphase flow in porous 

media, part of the TOUGH suite of simulators (Pruess et al., 1999). The program utilizes 

the integral finite difference method to solve the conservation of mass and energy 

equations of the discretized model space. TOUGH2 requires no reference to a 

coordinate system, allowing the use of irregular unstructured grids in three dimensions. 

A flexible discretization allows better simulation of flow and transport in heterogeneous 

systems (Xu et al., 2011). The TOUGH family codes are pre and post-processed with 

PetraSim graphic interface, which allows detailed 3D visualization of the models 

(Thunderhead Engineering, 2017; Xu et al., 2011). 

The main applications of TOUGH2 include geothermal energy development, 

nuclear waste disposal, environmental assessment and remediation, and flow and 

transport in the saturated/unsaturated zone. The main processes in TOUGH simulators 

include advective fluid flow, heat and mass transport, diffusive mass transport, and 

conductive heat flow along with permeability, density, viscosity, and capillary pressure 

effects (Pruess et al., 1999; Finsterle et al., 2014). The following subsection describes 

the governing equations and the equations of state utilized in TOUGH2. The subsequent 

sections describe the design and construction of the box models based on the D-I-C 

factors. 

4.2.1. Governing Equations  

In numerical modelling, the governing equations of heat and mass transport are 

used to describe solute transport and changes in space and time (Zheng & Bennett, 

1995). The TOUGH2 code solves mass and energy equations that describe fluid and 

heat flow in multiphase systems. The code simulates fluid advection in porous media 

based on the flow, as described by Darcy's law: 

 
Eq.4.2 



52 

where  is the velocity vector,  is the total permeability,  the viscosity, the pressure, 

 the density, and  is the gravity vector. Darcy’s law is modified to include relative 

permeability in order to account for multiphase flow, as follows: 

 

Eq.4.3 

where  indicates the phase,  is the relative permeability (between 0 and 1) for the 

phase, and  

   Eq.4.4 

is the fluid pressure in the phase, which is the sum of the pressure in a reference phase 

(usually gas) and the capillary pressure  (Pruess et al., 1999; Thunderhead 

Engineering, 2017). The van Genuchten (1980) equations define capillary pressure and 

relative permeability as follows: 

 
Eq.4.5 

 

Eq.4.6 

where Cp is the capillary pressure at a given saturation and Po is the entry pressure, 

which is the minimum pressure required for the flow of the non-wetting phase to enter 

into the porous media and is related to the size of the pore throats. The term S* is 

defined as: 

S*= (Sl-Slr) / (Sls-Slr) Eq.4.7 

where Sl is the liquid saturation of the wetting phase, Slr is the liquid residual saturation, 

and Sls is the liquid saturation when the wetting fluid fills the pores and is set to 1 

(Pruess et al., 1999). In both the capillary pressure and relative permeability equations, 

the term m controls the slope of the pressure curve described by van Genuchten (van 
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Genuchten, 1980; Pruess et al., 1999). Detailed information on the construction of the 

Cp and Rp and curves will be described in Section 4.2.4. 

The TOUGH2 structure is set up so that the flow and transport module can 

interface with different fluid property modules. Hence, TOUGH2 calculates the 

thermophysical properties of fluids through different equations of state (EOS) modules 

that can accommodate several chemical species in liquid, gas, and solid phases (Pruess 

et al., 1999; Finsterle et al., 2014). The nature and properties of a specific fluid mixture 

used in the TOUGH governing equations are captured by thermophysical parameters 

such as fluid density, viscosity, enthalpy, etc., which are provided by a suitable EOS 

module (Pruess et al., 1999). For this study, the module EOS7 is used as it describes 

the multiphase mixture of water, brine, and air with density and viscosity effects in both 

the gas and liquid phase (Xu et al., 2011). The brine mass fraction describes the salinity 

in the EOS7 module, with viscosity and density interpolated from the water and brine 

endmembers. The aqueous phase density is calculated by assuming that the total fluid 

volume is conserved as water and brine mix (Herbert et al., 1988). The density of the 

mixture with the water and brine densities is expressed by Equation 4.8:  

 
Eq.4.8 

where Xb represents the brine mass fraction, ρm the mixture density, ρw water density, 

and ρb brine density. This equation is applied to densities with fixed pressure and 

temperature conditions. With variable pressure and temperature, the EOS7 assumes the 

compressibility and expansivity of the brine are equal to the water (Xu et al., 2011).  

4.2.2. Model Domain Setup and Boundary Conditions 

A typical site in NEBC was conceptualized as a 200 m by 200 m base box model, 

30 m deep (Figure 4.5). A distance of 200 m was selected to allow ample space for the 

plume to travel. This distance is comparable to the 100 m distance threshold stated in 

the BC Oil and Gas Activities Act, which is related to the closest a well [oil and gas] can 

be to a natural boundary of a water body (BCOGC, 2008). The 30 m depth of the model 
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was based on the information that the bedrock surface throughout the area is mostly 

located within 30 m of the ground surface (Baye et al., 2016). 

 

 
Figure 4.5.  Conceptual base box model representing a typical site NEBC in plan 

view and cross-section. The base box model is divided into three 
layers representing Layer 1 unsaturated zone, Layer 2 aquifer, and 
Layer 3 bedrock. Injection cells used to simulate a spill or leak are 
shown in red. (**Depth to water table was varied: 12, 21, and 27 m). 
The grid coarsens from the left to the right side of the model. 

Notice that the base box model (200 m x 200 m x 30 m) is conceptualized as a 

quadrant of the full tridimensional box model gridded as 400 m x 400 m x 30 m (Figure 

4.6). The purpose of having a ¼ size base box model was to reduce the computational 

time during runs and for sensitivity analyses. For the base model simulations, it was 

assumed there is no flow across the boundaries of the model; thus, all the model edges 

are set to no flow (zero flux) except for the injection cells (more details Section 4.2.3). 

The twenty-seven models (Appendix D) were set to run for ten years as static models 

with no regional flow or recharge conditions.  

To simulate regional flow, full box models were used with injection at the center 

(Figure 4.6). Details concerning the boundary conditions for the regional flow models are 

provided in Section 4.2.3. 
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Although recharge influences the vertical migration of fluids, it is also dependent 

on precipitation rates, and for most NEBC the precipitation rates are less than 500 

mm/year (Holding & Allen, 2015); hence, recharge was not included in the models.  

 

Figure 4.6. Conceptual full box model (400 m x 400 m x 30 m) of a study site 
showing the ¼ base box model in plan view. The green cells at the 
edges of the box model were set to a large volume (1E50) to 
represent fixed pressure as a way to simulate regional flow. (**Depth 
to water table was varied: 12, 21, and 27 m). Injection cells used to 
simulate a spill or leak are located in the center of the model. The 
grid becomes coarser from the middle towards the edges of the 
model. 

Grid discretization in PetraSim is currently limited to 70,000 cells; hence, several 

types of mesh refinement were carried out to define which array of elements allowed the 

maximum number of cells. For finite difference models, the grid should be increasing by 

an increment no more than 1.5 times the previous nodal spacing. An increase by a factor 

of two can be used for a few rows and columns, although this may increase the 

probability of error due to irregular grid spacing (Anderson & Woessner, 1992). The base 

box model was discretized as shown in Figure 4.5, although five different grid 
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arrangements were initially tested (before selecting the final grid arrangement (Table 

4.5).  

Table 4.5.  Model domain discretization in X,Y, and Z direction. 

DIRECTION CELLS SIZE (m) 

XY 12 1.25 
XY 10 2.5 
XY 20 5 
XY 6 10 
Z** 30 ±1 

TOTAL cells XYZ 69,120 
** The size in Z cells is an average of ±1 m, depending on the thickness of layer 1 (12, 21, or 27 m). 

Discretization for the full box model (400 x 400 m) was the most highly refined in 

the middle where the injection cells are located and the size of the cells gradually 

increases towards the edge of the model (Table 4.6 and Figure 4.6) 

Table 4.6.  Model domain discretization in X, Y, and Z direction. 

DIRECTION CELLS SIZE (m) 

XY 6 20 
XY 1 15 
XY 2 10 
XY 6 5 
XY 3 2.5 
XY 12 1.25 
XY 3 2.5 
XY 6 5 
XY 2 10 
XY 1 15 
XY 6 20 
Z** 30 ±1 

TOTAL cells XYZ 69,120 
** The size in Z cells is an average of ±1 m, depending on the thickness of layer 1 (12, 21, or 27 m). 

Both model domains were constructed with three layers representing the 

unsaturated zone (Layer 1 = L1), a saturated zone (Layer 2 = L2), and bedrock (Layer 3 

= L3) (Figure 4.5 and Figure 4.6). The different thicknesses used in L1 were set up 

according to the ranks in Factor D, using the median value of the range of depth to water 

table (Table 4.7), thus these measurements represent the vadose zone thickness.  
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Table 4.7. Range of average depth to water, DRASTIC rank and depth value 
used for TOUGH2 models. 

D-I-C AVERAGE 
DEPTH TO WATER 

(mbgs) 
RANK 

DEPTH TO 
WATER IN 

THE MODEL 
(mbgs) 

24-30 1 27 

18-24 2 21 

6-18 3 12 

 

The discretization in the Z direction for both models is set up to 30 cells of 1 m 

each, but the number of cells varies through L1 and L2 depending on the thickness of 

the vadose zone. For example, for depth to the water table of 27 m, the discretization of 

L1 is 27 cells; for L2 is two cells, and L3 is one cell (Table 4.8). 

Table 4.8.  Model domain discretization by layer based on depth to the water 
table. 

DEPTH TO WATER 
TABLE (m) 

DISCRETIZATION IN Z 

L1 (CELLS) SIZE (m) L2 (CELLS) SIZE (m) L3 (CELLS) SIZE (m) 

12 15 0.8 14 1.21 1 1 

21 20 1.05 9 0.8 1 1 

27 27 1 2 1 1 1 

 

Between each grid arrangement, discretization was conducted progressively as 

areas close to the injection cells often needed further refinement. A finer grid resolution 

means more accurate results in terms of flow, but this also carries more computational 

time; hence, discretization needs to balance between efficiency and accuracy 

(Hermanson, 2013). In preliminary modelling, the extent of the spill was found to be 

contained within the first ~105 m from the injection area; thus, a coarser grid was 

assigned after 100 m to improve computational time.  

4.2.3. Regional Flow Model: Initial and Boundary Conditions  

Initial conditions for the models were established by setting a fixed head type 

boundary condition to generate the water table for each of the different depths to water 

table models. In TOUGH2, fixed head boundary conditions can be generated by 

introducing a fixed pressure cell at a specified depth. The fixed pressure is achieved by 

assigning a very large volume factor (1E50) to the selected cells. In TOUGH2, assigning 

the cells a high volume factor means the thermodynamic state (i.e., pressure and 
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temperature) of those cells will not change due to the large volume (Finsterle et al., 

2014). The head values (relative to the base of the model) for each of the depths to 

water were 3 m, 9 m, and 18 m. The head values had to be converted to pressures 

using (Fetter et al., 1999): 

 
Eq.4.9 

where P represents the pressure, w water density (1000 kg/m3), g represents gravity 

(9.81 m/s2), and z is the elevation head (assuming sea level). For a fluid, the pressure at 

a point is equal to the weight of the overlying water per unit cross-sectional area: 

 
Eq.4.10 

where hp, is the height of the water column that provides a pressure head. Substituting 

into Equation 4.9: 

 
Eq.4.11 

In TOUGH2, the initial conditions for the entire model use a constant pressure of 

1.013E5 Pa, which is the reference atmospheric pressure at sea level, and a fixed 

pressure cell at 30 m. The static model then equilibrates and generates a pressure 

distribution that was used as the initial condition. 

Regional groundwater flow was only included in the full box model. Two steps 

were involved. The first step for simulating the regional flow was to calculate the 

appropriate pressures based on potentiometric surface data in the study area (Baye et 

al. 2016). From the potentiometric surface map, it was estimated that head gradients in 

the area are typically less than 0.01. Thus, it was decided to head differences of 0.3, 3 

and 5 m for the box model over a distance of 400 m (gradient between 0.00075, 0.0075 

and 0.0125). For the second step, the default pressure from the initial conditions was 

used (to establish the pressure distribution) and then the bottom left hand and right hand 

side cells (X=0 and 400) were assigned large volume factors (1.0E50) with the 

appropriate pressures to simulate a 0.3, 3 or 5 m head drop from left to right. This 

produced a pressure gradient across the model in the X direction. 
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4.2.4. Hydrogeological Units 

To characterize a flow system of a particular area, data needed included 

hydrogeological characteristics, permeability, porosity, capillary pressure, relative 

permeability, properties of the fluids, and initial and boundary conditions (Pruess et al., 

1999). In TOUGH2, discretization of the porous medium is done through cells or grid 

blocks that are associated with different materials (or hydrogeological units) (Pruess et 

al., 1999; Thunderhead Engineering, 2017). In this research, the hydrogeological units 

are based on the Factors I (Table 4.2) and C (Table 4.3) from the reclassified D-I-C 

factors. As mentioned before, units described as aquifers in NEBC comprise mostly 

permeable materials like sand and gravel or bedrock formations; whereas aquitard 

materials are comprised of intercalations of clay, till, and silt with sand lenses and shale 

(Baye et al., 2016). Overall, vadose zone materials are mostly till and glaciolacustrine 

materials with some areas consisting mainly of glaciofluvial sediments (Holding & Allen, 

2015; Baye et al., 2016). Once the materials were defined, they were assigned average 

representative values for different parameters such as porosity, permeability, capillary 

pressure, and relative permeability as described below. 

Porosity and Permeability 

Porosity accounts for the available pore space to hold water and permeability 

defines how well those pores are connected (Freeze & Cherry, 1979). In theory, smaller 

pores result in more friction between the fluid and the pore walls versus the larger pores 

where there is less friction. Hence, porosity influences transport as it is a factor in 

determining the seepage velocity (Zheng & Bennett, 1995). Permeability is one of the 

most critical variables controlling groundwater movement as it describes how easily 

water can flow through the rock or unconsolidated sediments. Materials with high 

permeability have well-connected pore space, whereas an impermeable material has 

pores that are poorly connected (Freeze & Cherry, 1979; Domenico and Schwartz, 

1990). Data for permeability (or hydraulic conductivity) in NEBC is sparse aside from a 

study by BGC & Hemmera (2012) and a study by Morgan (2018) (Appendix B: Tables 

B.2 and B.3). Thus, the final permeability and porosity values used as input for the 

TOUGH2 materials (Table 4.9) were also based on literature values from Freeze & 

Cherry (1979) and Domenico & Schwartz (1990) (Appendix B: Table B.1). Because the 

vertical permeability is typically lower in the vertical direction than in the horizontal 



60 

direction (Zheng & Bennet, 1995), permeabilities in the Z direction were assigned values 

one order of magnitude lower than in the X-Y directions (Table 4.9). It is acknowledge 

that using literature values is somehow limited and may be underestimating the 

conductivity of the region particularly in fractured bedrock zones. 

Table 4.9. Permeability and porosity values used for TOUGH2 simulations and 
their D-I-C rank. 

RANK MATERIAL 
PERMEABILITY (m2)  

POROSITY 
X, Y Z 

1 
Shale (no fracture) 

Glaciolacustrine 
E-18-E-17 E-19-E-18 0.10-0.40 

2 Till E-15 E-16 0.20 

3 Sandstone/shale E-14 E-15 0.25 

4 
Sand and gravel; 

glaciofluvial 
E-11 E-12 0.35 

 

Capillary Pressure and Relative Permeability 

Since this research involves the flow of two immiscible fluids (water and air) in a 

porous medium, it is important to define the capillary pressure (Cp) and relative 

permeability (Rp) concepts. In the vadose zone of a porous medium, some of the pore 

space will be occupied with a wetting fluid (i.e., water), and the rest of the pore space will 

be filled with the non-wetting fluid (i.e., air). The difference between the pressures of 

these two fluids occupying the same pores is known as capillary pressure (Fetter et al., 

1999) which results from the adhesion forces between the fluids and the pore surfaces 

(Tiab & Donaldson, 2011; Fetter et al., 1999). The capillary pressure is positive or 

negative depending on the wetting fluid saturation; thus in the vadose zone, the Cp has a 

negative value (Fetter et al., 1999). In a porous medium, the immiscible fluids are flowing 

and competing to occupy pore spaces thus, relative permeability refers to the 

relationship of the effective permeability of each fluid in the presence of the other at 

certain saturation (Fetter et al., 1999). The higher the saturation, the easier one fluid will 

flow through the pores, increasing its permeability in comparison with the other fluid 

(Brooks & Corey, 1964). TOUGH2 has several options for the type of equations used to 

calculate the relative permeability; in this study, the van Genuchten-Mualem model was 

used. 
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Capillary pressure and relative permeability depend on fluid saturation; as the 

water content is reduced the capillary pressure increases, but the relative permeability is 

reduced (Pruess et al., 1999). The Cp and Rp functions, defined in Equations 4.5 and 

4.6, respectively, require the specification of values for the parameters Po, Slr, and m in 

TOUGH2. The values can be obtained from experimental data by curve fitting. This 

approach is somewhat limited as it is challenging to obtain data to characterize the 

specified Cp and Rp. Besides, curve fitting is difficult and may influence the modelling 

results (Finsterle et al., 2008).  

In this research, Cp and Rp input parameters were based on available reported 

data. The majority of the literature reviewed focused on drainage using column 

experiments with fluids such as water, oil, and brines. The most common porous 

materials used during the experiments were sandstone and sands. The final values 

selected for the parameters are an average of the values tested from the curve fitting 

(Table 4.10 and Appendix C). Overall, the values for parameter m in the literature range 

from 0.400 up to 0.900 and closely relate to how easily the fluid flows, as the m factor 

reflects how poorly or well sorted a material is. Literature suggests that for low porosity 

and permeability materials a smaller m factor should be considered, whereas for a well-

sorted material (i.e. coarse-grained sandstone) a higher m value should be used 

(Hermanson, 2013). The Po is related to the size of the pore throat; thus, values increase 

with decreasing the permeability of the material. The m and Slr parameters represent the 

same process in both Cp and Rp, thus same curve fitting values were used (Table 4.10). 

In addition, selected models (D-I-C: 3-3-4, 3-2-3, and 3-1-2) were run with default 

parameters values from TOUGH2 in order to test sensitivity, and detailed results will be 

discussed in Chapter 5 in the sensitivity analysis section. 

Table 4.10. Capillary pressure parameter values assigned from van Genuchten 
curve fitting. Parameters are defined in Equations 4.5 and 4.6. 

MATERIAL 
CAPILLARY PRESSURE 

m Slr 1/Po 

Shales 0.25 0.065 5.00E-5 
Glaciolacustrine 0.30 0.060 5.00E-4 

Till 0.35 0.050 1.00E-4 
Sandstone 0.40 0.030 1.00E-3 

Glaciofluvial 0.60 0.010 1.00E-2 
TOUGH2 default 0.457 0.000 5.105E-4 
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4.2.5. Time Discretization and Solution Controls 

In TOUGH2, solution controls can be edited to improve solver and time stepping 

processes (Table 4.11). If the maximum number of iterations is exceeded, the code 

automatically reduces the time steps (Pruess et al., 1999). In the solution control 

settings, the maximum number of time steps is based on the Courant number, which 

measures how much information goes through a grid cell in a given time step. The 

preferred Courant number is less than 1 and is defined as C=vΔt/Δx, where v is the fluid 

velocity, Δt is the time step and, Δx is the spacing of the grid in the model (Zheng & 

Bennett, 1995). Initial simulations showed that radial fluid velocities during the first year 

after injection averaged between 3.47 x 10-7 to 1.13 x 10-7 m/s. To obtain a Courant 

number less than 1 (preferentially 0.5) with the minimum grid lateral spacing of 1.25 m 

and the maximum velocity of 3.47 x 10-7 m/s, the calculated maximum Δt should be 20 

days. The calculated Δt is somewhat conservative because as the plume is advancing it 

reaches bigger grid spacing and slows down; as a result, Δt needs to increase to comply 

with the Courant number. For example, for models with glaciofluvial material in the 

vadose zone and saturated zone, the maximum radial distance reached in 10 years is 

~100 m. For a grid spacing of 5 m, to satisfy a 0.5 Courant number, Δt should be 245 

days or less, whereas in the z-direction the Δt is 74 days maximum for a velocity of 5.09 

x 10-1 m/s with 1 m grid spacing. After ten years, the fluid velocity in the Z direction slows 

down between 1.81 x 10-7 to 3.57 x 10-8 m/s for models with till and glaciolacustrine 

materials in the unsaturated and saturated zone. Utilizing these velocities and the 

minimum grid spacing of 1 m, Δt falls between 33 and 163 days. Initial runs using 20 

days, showed the code auto-reducing the time steps several times due to instabilities, 

and in some cases, the simulation stopped before reaching ten years. After several runs 

of models with glaciofluvial materials in L1 or L2, the most suitable time step was 1 day, 

whereas models characterized by till, glaciolacustrine or sandstone materials were set to 

0.5 days. Although the use of smaller time steps is ideal for more accurate solutions, it 

also has longer computation times (Anderson & Woessner, 1992).  

As mentioned previously, depending on the convergence criteria, the time steps 

can be automatically adjusted (increased or reduced) during a simulation run. Automatic 

time step adjustment is essential for an efficient solution of multiphase flow. An 

advantage of TOUGH2 is that the reduction factor provides numerical stability as it 

implements smaller time steps when the numerical solutions do not converge (Pruess et 
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la., 1999). The default setting in TOUGH2 allows three iterations; but to increase 

numerical accuracy, the value was increased to four iterations. The reduction factor 

occurs once the maximum number of iterations is reached and is exceeded. For the 

models in this study, the reduction factor was set to two to allow time steps to decrease 

thus increasing the potential to converge (Anderson & Woessner, 1992; Hermanson, 

2013). The default solver used in TOUGH2 is the bi-conjugate gradient solver, as it is 

highly reliable to converge solutions (Thunderhead Engineering, 2017; Hermanson, 

2013; Xu et al., 2011). Lastly, another factor that improves numerical accuracy is the 

convergence criterion, which is set between 10-3 and 10-6 for transport/chemistry scheme 

as suggested by Xu et al. (2011), and for this model was left as the default value (1.00E-

6). 

Table 4.11. Solution controls in TOUGH2. 

SOLUTION CONTROLS 

TIMES DEFAULT NEBC MODELS 

Start Time 0.0 day 0.0 day 

End Time 3650 day 3652.5 day 

Time Step-DELTEN 1.15E-3 day 1.0E-5 day 

Max Num Time Steps-MCYC 200 Infinite 

Max CPU Time-MSEC Infinite Infinite 

Max Iterations Per Step-NOITE 8 15 

Max Time Step-DELTMX Infinite 1-0.5 day 

Iter To Double Time Step 3 4 

Reduction Factor 4 2 

Solver Default NEBC models 

CG Convergence Criterion 1.00E-6 1.00E-6 

4.2.6. Simulation Setup 

In TOUGH2, a set of primary variables can describe the systems in a single 

phase (P-pressure, Xb-brine mass fraction, X-air mass fraction, T-temperature) or two-

phase (Pg-gas phase pressure, Xb-brine mass fraction, Sg+10-gas saturation plus 10, 

T-temperature) conditions. The gas saturation is conceptualized as (Sg+10), in order to 

distinguish between single and two-phase based on the numerical value alone (Pruess 

et al., 1999).  
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Initial pressure distributions were obtained by performing a series of TOUGH2 

runs. The first run was made using single-phase conditions for the entire model and 

temperature of 6.5°C based on average records from collected water samples in NEBC 

(Baye et al., 2016) and default pressure of 1.013E5 Pa. Afterward, the pressures for 

each cell obtained from this initial run were used as initial conditions in the input file. The 

subsequent run was used to establish the vadose zone conditions, where L1 was 

designated as two-phase with gas saturation of 0.80. The final run provided the correct 

pressure distribution (air and water) for the model under saturated and unsaturated 

conditions; these were used as the initial conditions for the ten years simulation. This 

approach of pressure estimation was performed for all models before the injection cells 

where added. In TOUGH2, sources and sinks are used to define the flow in a cell (in or 

out) by specifying the time and rate of injection of a defined fluid. For these models, the 

injected fluid is brine, which is similar to the high-density WW. 

Reference Brine Fluid 

To represent the fluid release of WW in the models, a spill was simulated using 

16 cells (4 by 4 cells) in the first row located in the top left corner of L1 as injection cells. 

TOUGH2 allows setting up cells with the injection of water, brine, or air. In TOUGH2, the 

salinity of the aqueous phase is described as mass fraction Xb. The density and 

viscosity are interpolated from the values for the water and brine endmembers. The 

brine is modeled as a NaCl solution, and it can be adapted to any needs by modifying 

either viscosity or density (Pruess et al., 1999); thus, for this research, brine was 

selected to simulate WW. The brine density was modified using total dissolved solids 

(TDS) values reported for flowback water from 24 wells completed in the Montney 

Formation to simulate a fluid similar to the WW. The TDS values range between 24,000 

up to 228,000 mg/L, with a mostly Cl and Na composition (Owen, 2017). The brine 

density was set to 1208.5 kg/m3, reflecting TDS values of ~230,000 mg/L (Table 4.12). 

Table 4.12. TOUGH2 brine parameters. 

PARAMETER VALUE 

Reference pressure 1.05 Pa 
Reference temperature 25°C 

Brine density 1208.5 kg/m3 
Viscosity linear coeff. 0.4819 

  



65 

As described earlier, the size of the spill was based on the pipeline performance 

reports from BCOGC (Appendix C) and the spill incident map in Figure 3.9. The reports 

show limited information regarding spills from 2004 to 2017. Based on the incidents, the 

reported median volume of a fluid spill (mostly produced water) in NEBC was 10,000 L. 

This volume was injected during 15 days at a rate of 5.828E-4 kg/s to simulate a spill. 

The injection cells are located in the top left corner of the model (Figure 4.5) with a size 

of 1.25 m by 1.25 m in the X-Y axis and 1 m in the Z direction. Sixteen cells were used 

for injection covering a total area of 25 m2 with a volume of 20 m3. Based on the results 

obtained in the base box models, a few scenarios were selected to be run for the full box 

model. A total of 64 cells were used for injection of 40,000 L (as the base box model only 

represents ¼ of the size; thus, the increase in volume) during 15 days covering an area 

of 100 m2 and a volume of 80 m3 (Figure 4.6). 

4.3.  Sensitivity Analysis 

A sensitivity analysis was performed to assess the importance and influence of 

fluid parameters in the WW migration. The analysis was done on the base case models 

that represent the most and less vulnerable scenarios. The studies were conducted to 

examine permeability, porosity, and capillary pressure values as well as volume and 

injection rate of the WW fluid (Table 4.13). The results of this analysis will be discussed 

in detail for each parameter in Chapter 5 in the Sensitivity Analysis section.   

The permeability and porosity values were increased and decreased in each 

material based on reasonable ranges reported in the literature. The permeability was 

changed in both the X-Y and Z directions. The capillary entry pressure values were 

swapped between the most permeable (glaciofluvial) and impermeable (shales) 

materials in order to compare the level of influence in the plume distribution in the 

unsaturated zone. In terms of the injection volume and rate, for the base box model, the 

volume and rate where modified to test sensitivity. The rate was reduced to 24-hr 

injection rate for a 10,000 L spill and later the volume increase to 40,000 L during an 

injection period of 15 days. These changes were tested only for models 3-3-4 and 1-3-4, 

which represent the most vulnerable scenarios in areas with a depth to the water table of 

12 m and 27 m, respectively. 
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Table 4.13.  Parameters tested for sensitivity analysis and their associated 
ranges. 

PARAMETER MATERIAL 
LOW BASE HIGH 

XY Z XY Z XY Z 

Permeability 
(m2) 

Shales E-19 E-20 E-18 E-19 E-16 E-17 

Glaciolacustrine E-18 E-19 E-17 E-18 E-14 E-15 

Till E-16 E-17 E-15 E-16 E-13 E-14 

Sandstone E-15 E-16 E-14 E-15 E-12 E-13 

Glaciofluvial E-13 E-14 E-11 E-12 E-9 E-10 

Porosity  

Shales 0.005 0.10 0.15 

Glaciolacustrine 0.35 0.40 0.45 

Till 0.15 0.20 0.25 

Sandstone 0.20 0.25 0.30 

Glaciofluvial 0.30 0.35 0.40 

 Capillary entry 
pressure 

 
Models Default SA 

Shales 5.00E-5 5.105E-4 1.00E-1 

Glaciofluvial 1.00E-1 5.105E-4 5.00E-5 

Injection rate 

 Time Volume  

Base box model (1/4) 15 days 10,000 L  

SA 
15 days 40,000 L  

24 hours 10,000 L  
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Chapter 5.  
 
Results and Discussion 

This chapter describes and discusses the significant findings of the base box 

model simulations (1/4 of the full model) and the full model with groundwater flow. To 

enable comparison between the various models, the results are sorted according to 

Depth to Water Table rank and are described following the D-I-C (Depth to water table, 

Impact of vadose zone, and Conductivity of the aquifer materials) structure in terms of 

the radial and vertical distance traveled by the WW plume for one, five, and ten years. 

The salinity concentration results from a mixture of water and brine modeled as a NaCl 

solution are described as brine mass fraction (Xb). Following that, the results and the 

plume characteristics of the full regional model are discussed. The next section of this 

chapter comprises the sensitivity analyses where different parameters were tested to 

determine their degree of influence in the models. Finally, the last section of the chapter 

presents the vulnerability maps. 

Overall, the factors dominating the degree of water quality deterioration are the 

permeability of the vadose zone materials and the depth to water table. The permeability 

of the materials controls how fast or slow the WW migrates during the spill/leak. Lower 

permeability materials tend to attenuate WW migration rates, whereas high permeability 

materials show faster WW travel times. In addition, permeability also influences the WW 

footprint as highly permeable materials show more extensive plumes in comparison with 

low permeability materials. The modelling clearly shows that areas with a shallow depth 

to water table (6-18 mbgs) are the most vulnerable to water quality deterioration from 

WW spills/leaks.  

This chapter focuses on the most vulnerable scenarios for water quality 

deterioration from a potential WW release; the rest of the models and data can be found 

in Appendix E.  
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5.1. Depth to Water Table 

The TOUGH models use an average depth to water table measurements of 12 m 

(Rank 3), 21 m (Rank 2), and 27 m (Rank 1). It is expected that the most vulnerable 

scenarios will be encountered in areas with a shallow depth to the water table, but the 

vadose zone and aquifer material properties will influence the degree of vulnerability in 

each model.  

5.1.1. Depth to Water Table Rank 3 (12 m) 

Figure 5.1 is the D-I-C map showing only the areas where the water table is 

located less than 18 m below ground surface (mbgs) (Rank 3). The grey area in the map 

represents depths to water table greater than 18 m. According to the D-I-C map, the 

most vulnerable areas for a water table located between 6 and 18 mbgs (Rank 3 = 12 m) 

are found to the west in the mountain regions, north and southeast of Fort Nelson, and 

along the river valleys between Fort St. John and Dawson Creek (Figure 5.1). The areas 

in the mountain regions are mostly a combination of weathered bedrock and a shallow 

water table (obtained from averaging the sparse well data in the area; Holding & Allen, 

2015). In contrast, deeper water table areas are seen in the center of the study area and 

east of Tumbler Ridge, where low permeability materials dominate. In general, the 

results for the modelling scenarios with Rank 3 for factor D show a radial WW plume 

extent ranging from ~11 m to 24 m for a 10-year simulation (Appendix E Figure E.1 to 

Figure E.3). In terms of the vertical distance, models show a range of results, with the 

WW plume reaching the water table (12 m) within 60 to 90 days after the start of 

injection. 

The model scenario characterized by glaciofluvial materials in the unsaturated 

and saturated zone (3-3-4) shows the WW traveling rapidly in the unsaturated zone with 

almost no radial spreading until reaching the basal low permeability material at 30 m, 

with a plume extent of ~24 m after 10 years (Figure 5.2). After the fluid was injected, the 

plume reaches the saturated zone in ~60 days and the bottom of the aquifer at 

approximately 4.5 years, where it continues to spread radially. There is some lateral 

migration at the base of the unsaturated zone and in the middle to upper portion of the 

saturated zone; however, this tends to diminish over time as the downward directed flux 

dominates in these regions. 
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Figure 5.1.  D-I-C Map of NEBC showing only the areas where the water table is 
located between 6 and 18 m below ground surface (mbgs) (Rank 3); 
the grey area represents depths to water table greater than 18 m. 
The values show model configurations going from the least to most 
vulnerable. Data is based on the NEBC DRASTIC Report (Holding & 
Allen, 2015). 
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Figure 5.2.  Results for base box model 3-3-4, showing the WW footprint for 1, 5 
and 10 years. Depth to the water table is 12 mbgs; vadose zone 
material is comprised of glaciofluvial deposits, and the aquifer 
material conductivity is characterized by sand and gravel materials. 
The plume is delineated by mass fraction (Xb) concentration contour 
values ranging from 0.00001 to 1. The WW leakage was simulated 
using a volume of 10,000 L of brine during an injection period of 15 
days. 

The rest of the models categorized as Rank 3 for factor D, but with different 

aquifer materials (models 3-3-3, 3-3-2, and 3-3-1), show a similar behavior as model 3-

3-4 regarding the WW footprint (Figure 5.3). In these models, the plume reaches the 

water table between 60 and 90 days after the injection began, due to the high 

permeability of the glaciofluvial deposits comprising the vadose zone, but are dominated 

by lateral flow upon reaching the interface between the more permeable vadose zone 

materials and the underlying lower permeability materials. The models show a radial 

extent between ~23.5 and 23.6 m in the unsaturated zone. It can also be observed that 

in these models, the WW plume does not reach the bottom of the aquifer. In general, all 

the models show a rapid infiltration through the unsaturated zone and radial spreading 

when the plume reaches the saturated zone or a less permeable material. 
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Figure 5.3. Results for base box models 3-3-3, 3-3-2 and 3-3-1 showing the WW 
footprint for 1, 5 and 10 years. Depth to the water table is 12 mbgs; 
vadose zone material is comprised of glaciofluvial deposits, and the 
aquifer material conductivity is characterized by sandstone (3-3-3), 
till (3-3-2), and glaciolacustrine materials (3-3-1). The plume is 
delineated by mass fraction (Xb) contour values ranging from 
0.00001 to 1. The WW leakage was simulated using a volume of 
10,000 L of brine during an injection period of 15 days. 

A weathered bedrock4 in the unsaturated zone characterizes model 3-2-3 with 

aquifer material comprised of sandstone, as shown in Figure 5.4. In this model, the WW 

plume reaches a radial extent of 10.71 m and a vertical distance of approximately 4.2 m 

after a 10-year simulation. The low permeability bedrock means the WW infiltrates 

relatively slowly thus the plume does not reach the water table after 10 years, as most of 

the WW stays within the first 4 m of the unsaturated zone and spreads radially. Similar 

behavior to model 3-2-3 can be observed for the rest of the models with factor D Rank 3, 

which are characterized by aquifer materials including sandstone (3-1-3), till (3-1-2) and 

glaciolacustrine deposits (3-1-1). These models have small footprints with a total radial 

extent of plume migration in the unsaturated zone of approximately 11-12 m. The 

similarities between these models suggest that low permeability sandstone, till and 

glaciolacustrine materials (permeability range 10-14-10-16 m2) in the unsaturated zone 

have a stronger influence on the WW plume footprint. 

                                                
4
 Fractured bedrock can display higher permeability that is not simulated in these models. 
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Figure 5.4.  Results for base box model 3-2-3, showing the WW footprint for 1, 5 
and 10 years. Depth to the water table is 12 mbgs; vadose zone and 
the aquifer material hydraulic conductivity is characterized by 
sandstone. The plume is delineated by mass fraction (Xb) contour 
values ranging from 0.00001 to 1. The WW leakage was simulated 
using a volume of 10,000 L of brine during an injection period of 15 
days. 

5.1.2. Depth to Water Table Rank 2 (21 m) 

Areas with a depth to water table between 18 and 24 m are located throughout 

the east of the study area, mostly in the Fort St. John and Dawson Creek area (Figure 

5.5). Mapping of the depth to water in these areas is based on a larger number of data in 

the NEBC DRASTIC report; however, the data is limited and some uncertainty is 

introduced.  

Materials like sand and gravel characterize the highly permeable materials in the 

unsaturated and saturated zone of model 2-3-4 (Figure 5.6). In this model, the WW 

plume reaches the water table approximately 269 days after injection. It can also be 

observed that for a period after the plume reaches the transition area to the saturated 

zone, the fluid tends to spread laterally on top of the water table. The radial extent of the 

plume in the unsaturated zone reaches approximately 6 m due to the rapid infiltration of 

the brine and the high permeability and low water retention of the sand and gravel. 
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Figure 5.5. D-I-C map of NEBC showing areas where the water table is located 
between 18 and 24 mbgs; the grey area represents depths to water 
table less than 18 m and greater than 24 m. The values show model 
configurations going from the least to the most vulnerable. Data is 
based on the NEBC DRASTIC Report (Holding & Allen, 2015). 
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Figure 5.6. Results for base box model 2-3-4, showing the WW footprint for 1, 5 
and 10 years. Depth to the water table is 12 mbgs; vadose zone 
material is comprised of glaciofluvial deposits, and the aquifer 
material hydraulic conductivity is characterized by sand and gravel 
materials. The plume is delineated by mass fraction (Xb) contour 
values ranging from 0.00001 to 1. The WW leakage was simulated 
using a volume of 10,000 L of brine during an injection period of 15 
days. 

 

Similarities are observed among models 2-3-3, 2-3-2, and 2-3-1 (Figure 5.7), 

which are characterized by a vadose zone comprised of glaciofluvial materials. The 

water table is reached at ~1-1.5 years after the injection in model 2-3-1 and between 

260-300 days in models 2-3-3 and 2-3-2. Overall, the plume remains largely above the 

initial water table and migrates laterally. In none of the scenarios does the fluid reach the 

bottom of the aquifer after the 10-year simulation time. In terms of the radial distance, 

the fluid migrates ~12-16 m in the unsaturated zone after the 10-year simulation. 
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Figure 5.7. Results for base box models 2-3-3, 2-3-2 and 2-3-1 showing the WW 
footprint for 1, 5, and 10 years. Depth to the water table is 21 mbgs; 
vadose zone material is comprised of glaciofluvial deposits, and the 
aquifer material hydraulic conductivity is characterized by 
sandstone (2-3-3), till (2-3-2), and glaciolacustrine materials (2-3-1). 
The plume is delineated by mass fraction (Xb) contour values 
ranging from 0.00001 to 1. The WW leakage was simulated using a 
volume of 10,000 L of brine during an injection period of 15 days. 

 

Lastly, models 2-1-4, 2-1-3, 2-1-2, and 2-1-1 (Appendix E Figure E.6), which are 

characterized by till in the vadose zone, show the fluid reaching a radial distance of ~12 

m after the 10-year simulation. In terms of the vertical distance, the fluid migrates a total 

of ~5 m over 10 years, not reaching the saturated zone. Model 2-2-3, characterized by 

all bedrock material (Figure 5.8), results in a plume migration of ~10 m in a radial 

direction and ~5 m vertically. The similarities of the model outputs are the result of low 

permeability materials characterizing the unsaturated zone. All simulations show the 

WW plume extending radially 9- 12 m for a 10-year period in the unsaturated zone. In 

terms of the vertical distance, only scenario 2-3-4 results in the plume reaching the 

bottom of the aquifer during the 10-year simulation (at ~7 years). Whereas, the rest of 

the models reach ~5 to 23 m vertically due to lower permeability materials and a thicker 

unsaturated zone. 
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Figure 5.8. Results for base box model 2-2-3, showing the WW footprint for 1, 5, 
and 10 years. Depth to the water table is 21 mbgs; vadose zone and 
the aquifer material hydraulic conductivity are characterized by 
sandstone. The plume is delineated by mass fraction (Xb) contour 
values ranging from 0.00001 to 1. The WW leakage was simulated 
using a volume of 10,000 L of brine during an injection period of 15 
days. 

5.1.3. Depth to Water Table Rank 1 (27 m) 

Models categorized as Rank 1 (27 m) for depth to water table are the least 

vulnerable scenarios in terms of the WW plume footprint. Figure 5.9 shows areas where 

the water table is greater than 24 m below the ground surface. The distributions of these 

regions are confined to the northwest part of the study, the central area between Trutch 

and Fort St. John, and the area between Dawson Creek and Tumbler Ridge.  

In general, the models characterized as Rank 1 with glaciofluvial materials in the 

vadose zone show a similar plume behavior to the previous models with similar 

properties. In these models, the plume tends to migrate vertically and does not reach the 

water table and/or the bottom of the aquifer within the 10-years simulation. Whereas, 

models characterized by a vadose zone material comprised of fractured bedrock or till 

show a smaller plume footprint that usually do not reach the water table. 

 



79 

 

Figure 5.9. D-I-C Map of NEBC showing areas where the water table is greater 
than 24 mbgs; the grey area represents depths to water table less 
than 24 m. The values show model configurations going from the 
least to the most vulnerable. Data is based on the NEBC DRASTIC 
Report (Holding & Allen, 2015). 
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Overall, the models characterized by glaciofluvial materials in the unsaturated 

zone have a similar plume footprint. The plume in model 1-3-4 reaches a radial extent of 

~9.9 m after the 10-year period simulation. For the vertical distance, the plumes reach 

the 27 m depth to water table ~1.5 years after injection period began, and the bottom of 

the aquifer at ~5 years. Model 1-3-3 displays similar results as model 1-3-4, but the 

plume is largely above the initial water table and is contained within the sands and 

gravels of the vadose zone. Models 1-3-3, 1-3-2, and 1-3-1 show the plume reaching the 

water table at ~1.5 years after the fluid release was generated and extending radially in 

the unsaturated zone between 11 to 12 m for the 10-year simulation. Simulation results 

for the models show the plume extent ~28 m in the vertical direction and the plume does 

not reach the bottom of the aquifer. 
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Figure 5.10. Results for base box model 1-3-4, 1-3-3, 1-3-2 and 1-3-1 showing the 
WW footprint for 1, 5, and 10 years. Depth to the water table is 27 
mbgs; vadose zone material is comprised of glaciofluvial deposits, 
and the aquifer material hydraulic conductivity is characterized by 
glaciofluvial deposits (1-3-4), sandstone (2-3-3), till (2-3-2), and 
glaciolacustrine materials (2-3-1). The plume is delineated by mass 
fraction (Xb) contour values ranging from 0.00001 to 1. The WW 
leakage was simulated using a volume of 10,000 L of brine during an 
injection period of 15 days. 

 

Model 1-2-3 simulating bedrock material in the unsaturated and saturated zone 

shows that after the simulation period the plume does not reach the water table. After a 

10-year simulation, the plume only migrated 5 m in the vertical direction and extends 

laterally ~10 m laterally in the unsaturated zone. Scenarios 1-1-4, 1-1-3, 1-1-2, and 1-1-1 

(Appendix E Figure E.9) are comprised of glaciolacustrine/till materials in the vadose 

zone. The models show similar migration patterns reaching ~5 m depth during the 10-

year period simulation. The plumes display lateral spread of ~12 m during the 10-year 

simulation. In none of the aforementioned models does the plume reach the water table. 

As the vadose zone is relatively thick (27 m) and is partially saturated, the brine 

migration is attenuated, resulting in smaller plumes. In addition, since glaciolacustrine/till 

materials characterize the vadose zone, the clay prevents deeper penetration due to its 

lower permeability. 
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Figure 5.11. Results for base box model 1-2-3, showing the WW footprint for 1, 5, 
and 10 years. Depth to the water table is 27 mbgs; vadose zone and 
the aquifer material hydraulic conductivity are characterized by 
sandstone. The plume is delineated by mass fraction (Xb) contour 
values ranging from 0.00001 to 1. The WW leakage was simulated 
using a volume of 10,000 L of brine during an injection period of 15 
days. 

5.2. Plume Characteristics 

This section shows and discusses the plume characteristics in terms of travel 

time, distance reached, and concentration distribution. Overall, plumes within highly 

permeable materials travel faster and migrate further. While plumes in low permeability 

materials have slower migration rates and thus smaller extent, it is worth noting that in 

the scenarios with highly permeable material in the unsaturated zone and lower 

permeability material in the saturated zone, lateral migration dominates and there is no 

significant penetration into the saturated zone.  

5.2.1. Plume Travel Time 

This segment discusses the plume travel time within the unsaturated and 

saturated zone. The scenarios with depth to the water table of 12 m (Rank 3) and a 

vadose zone characterized by glaciofluvial materials showed the fastest travel times 

during the simulations (Figure 5.12). The highest velocities are encountered within the 

unsaturated zone where there is a higher gravitational force. As the plume moves from 
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the injection area towards the edges of the model, the liquid velocities tend to be slower. 

In some models, the WW did not reach the saturated zone during the 10-year simulation, 

particularly in those models with depth to water table of 21 and 27 m (Factor “D” Rank 2 

and 1, respectively) and characterized by a vadose zone comprised of sandstone or 

glaciolacustrine/till material (Factor “I” Rank 2 and 1, respectively).  

From Figure 5.12, there is a trend in models characterized by a Rank 3 for Factor 

“I” (vadose zone characterized by glaciofluvial materials), clustering near the 0 year 

mark showing faster migration rates, while the models ranked as 2 and 1 for factor “I” 

(vadose zone characterized by sandstone and glaciolacustrine materials, respectively) 

show longer travel times to water table. Thus, regardless of the depth to water table, the 

material characterizing the vadose zone appears to be the primary control on the plume 

migration rates.  

In models with Factor “D” and “I” both ranked as 3, the WW reaches the water 

table in less than 90 days, with the WW in model 3-3-4 reaching the water table between 

60 and 70 days. The combination of a shallow water table and glaciofluvial material in 

the vadose zone results in the fastest travel times to reach the water table. Based on 

plume migration to water table (12 m), rates are estimated between 48.6 to 73 m/yr. 

Although by the end of the simulation, the velocities have dramatically reduced (~10-2 

m/yr) reflecting how over time the driving forces decrease as the plume migrates. 

Velocities through the unsaturated zone where the water table is at 21 m are ~29.5 m/yr 

and for the 27 m water table ~18 m/yr. The slowing of the migration rate reflects the 

diminishing driving force as brine becomes residually trapped in the pore space of the 

unsaturated zone and reduces the mass of water able to flow. 

In models characterized by Rank 3 for Factor “D” (12 m depth) and Ranks 2 and 

1 (sandstone and glaciolacustrine/till, respectively) for Factor “I”, the WW does not reach 

the water table during the 10-year simulation (outside the red areas in Figure 5.12). 

Thus, for these models the low permeability of the vadose material completely controls 

the migration rate of the plumes. Using the vertical distances traveled during the 10-year 

simulation it was estimated that the WW will take thousands of years in these models to 

reach the water table depending on the vadose zone material. However, these estimates 

are not based on modelling for the entire time frame. It is expected that in longer-term 



85 

models the brine will remain as residual water in the vadose zone and there will be no 

driving force to promote migration.  

In general, most of the models show fluid velocities decreasing as the plume 

reaches the water table, particularly in models where there are different materials 

characterizing the unsaturated and saturated zone. In addition, migration rates tend to 

be slower beneath the water table, because once the WW enters the aquifer there is 

less density difference between the brine and the water in comparison with the 

unsaturated zone (brine/air). As has been observed, the WW migration rate and 

direction depend on the material characterizing each zone, thus permeability is mostly 

governing the fluid behavior. Moreover, the material comprising the vadose zone 

regulates the rate at which the brine is entering the aquifer. Materials characterized by 

high permeability show the highest velocities in comparison with materials of low 

permeability, which have the lowest velocities.  
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Figure 5.12. Results of base case models showing time to reach the water table in years; y-axis in 1000s of years. The 
models are ranked and colored by depth to water table following the D-I-C structure. The models in the red 
area are those that reach the water table within the 10-year simulation.  
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5.2.2. Plume Distance 

The plume distance refers to the total distance migrated in the saturated zone in 

the X-Y and the Z directions. In some scenarios, the plume did not reach the saturated 

zone within the 10-year simulation, particularly in models with a vadose zone 

characterized by low permeability materials (Figure 5.13, models at 0 m). The longest 

plume distances in the X-Y direction are encountered in models characterized by a 

glaciofluvial vadose zone for any depth to water table; similar results are observed in the 

Z direction (Figure 5.14). However, in all directions, a shallower water table also 

influences some of the modelling results.   

Beginning with the radial distance (Figure 5.13), similar behavior is observed in 

models with the unsaturated zone comprised of glaciofluvial materials (Factor “I” Rank 

3). As the WW is moving downward, the vadose zone below the spill/leak becomes more 

saturated, when the brine reaches the water table it either continues to migrate 

downward if the aquifer is permeable or migrates laterally if less permeable. Once the 

plume reaches the water table interface, the difference in permeability due to the lower 

permeability aquifer material causes the plume to spread along in the X-Y direction. 

Thus, a shallow water table promotes longer radial distances versus a deeper water 

table. Overall, the WW plume migrates laterally between ~10 m and 24 m. Thus, these 

models record the longest radial distance during the 10-year simulation regardless of the 

depth to water table.  

As seen in Figure 5.13 (first four models, shown in purple), the longest distances 

recorded are for models characterized by glaciofluvial materials in the unsaturated zone 

for a 12 m water table depth. In these models, the brine flows down faster through the 

glaciofluvial materials until it reaches the saturated zone or a low permeability material 

where it sits and spreads laterally (Appendix E Figure E.1, Figure E.4 and Figure E.7). 

After 10 years, the radial distances in these models range between 23.5 and 24.5 m, 

followed by models with a 21 m depth to water table (brown models in Figure 5.13) with 

radial distances ranging from 12.3 to 16.6 m and lastly, models with a deep water table 

reach radial distances between ~10 and 12 m. In general, it can be observed that the 

radial extent reduces as the water table depth increases. Finally, in the models where 

the WW did not reach the saturated zone, both the saturated and unsaturated zones 
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have low permeability materials, which promote slower migration rates through the 

vadose zone. Thus, the plumes footprint is shorter and does not reach the water table.  

 

Figure 5.13. Results of base case models for the total radial distance traveled in 
the saturated zone. The models are ranked and colored by depth to 
water table following the D-I-C structure. Models that did not reach 
the saturated zone are represented by 0 m. 

In terms of the vertical distance, the longest plume distances are observed in 

models with a 12 m water table depth (Figure 5.14) and models with glaciofluvial 

materials in the unsaturated and saturated zones. Once again, in models characterized 

by unsaturated and saturated zones with low permeability materials, the WW does not 

reach the water table during the 10-year simulation.  

In models with Rank 3 for Factor “D”, the WW reaches vertical distances ranging 

between ~2 and 18 m below the water table. Next, models Rank 2 reach vertical 

distances of 0.8 to 9 m, and finally, models Rank 1 show distances ranging from 1 to 3 

m. It can be observed that as the brine is traveling down due to gravitational forces, as it 

enters the saturated zone the migration rate decreases due to saturation and depending 



89 

on the permeability. Models having till or glaciolacustrine aquifer materials display the 

shortest distances traveled by the plume in the Z direction within the saturated zone. 

The permeability of the materials controls the migration rates and the brine plume 

footprint. Highly permeable materials result in faster migration rates; whereas in low 

permeability materials, the plumes tend to pool or remain stagnant within the vadose 

zone, thus, not reaching the water table. Even though, the water table is reached in 

models with a highly permeable vadose zone, once the plume enters the saturated zone 

the migration rates and distances reached are controlled by the aquifer material 

permeability. 

 

Figure 5.14. Results of base case models for the total vertical distance traveled 
in the saturated zone. The models are ranked and colored by depth 
to water table following the D-I-C structure. Models that did not 
reach the saturated zone are represented by 0 m. 
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5.2.3. Plume Concentrations 

In all of the models, the brine concentration decreases as the plume migrates 

from the injection area. Higher brine concentrations are found downgradient in areas 

adjacent to the spill/leak source (injection cells) and mostly on top of the water table. The 

models display similar behavior in plume concentration depending on the material 

characterizing the vadose zone at any water table depth. As soon as the plume enters 

the saturated zone, the concentrations rapidly decrease due to dilution. This section can 

be better understood by reviewing the model figures in Appendix E. 

High brine concentrations in models with Rank 3 for Factor “I” (glaciofluvial 

materials in the unsaturated) are found mostly within the area below the injection cells 

and above the water table. In general, during early times after the injection period, the 

plume has a brine concentration between 1.00 and 0.90 within the first 3 m depth; these 

high concentrations extend up to ~4.5 m in the X-Y direction. As the brine approaches 

the saturated zone, the concentrations begin to dilute due to mixing with the residual 

water in the vadose zone pore space. After 10 years, the highest concentrations are 

found within the vadose zone below the injection cells extending 4.8 m radially, whereas 

in the saturated zone, concentrations are significantly lower ranging from 0.1 to 0.00001. 

Similar concentration patterns were observed in models with a glaciofluvial vadose zone 

at any depth to water table. Thus, in Figure 5.15 it can be observed that for a deep water 

table (i.e., models 2-3-4 and 1-3-4) the plume travels a longer distance, thus there is a 

larger area with high brine concentration in models with 21 and 27 m depth to water 

table. As the brine migrates through glaciofluvial materials in the vadose zone, it 

becomes quickly saturated, whereas in the saturated zone the brine rapidly dilutes. 

Overall, in these models after 10 years of simulation, elevated brine concentrations are 

found only within the unsaturated zone and gradually decreasing as the plume migrates 

down and laterally.  
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Figure 5.15.  Brine concentration at 10 years, for models 3-3-4 (water table at 12 
m), 2-3-4 (water table at 21 m), and 1-3-4 (water table at 27 m). The 
models are ranked and colored by depth to water table following the 
D-I-C structure. These models are characterized by glaciofluvial 
materials in the unsaturated and saturated zone. 

Models with a vadose zone comprised of bedrock and glaciolacustrine/till 

materials display similar plume footprints and concentration distributions (Figure 5.16 

and Appendix E Figure E.2 and Figure E.3). In vadose zones with low permeability 

materials, the highest concentrations are found within this area, with smaller footprints 

and mostly lateral spreading. After 10 years, the highest brine concentrations can be 

seen mostly within 1.5 m depth, whereas lower concentrations are found towards the 

edges of the plumes (Appendix E Figure E.2 and Figure E.3).  

The combination of a low permeability layer and the unsaturated environment 

promotes lower migrations rates and favors transport in the X-Y direction. Within the 

vadose zone, there is a residual water content (average 20% of porosity); hence, lower 

concentrations occur through dilution. Therefore, the highest concentrations in the 

models are encountered closest to the injection site.  
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Figure 5.16.  Brine concentration at 10 years, for models with Rank 3 for Factor 
“D” (12 m depth to water table) and characterized by Ranks 2 and 3 
for Factor “I”. 

Generally, the lower concentrations along the edges of the plume are due to 

dispersion and dilution occurring in the saturated zone. Although TOUGH2 does not 

explicitly account for hydrodynamic dispersion, the code produces a certain amount of 

numerical dispersion dependent on velocity. The aquifer thickness is also a factor that 

determines the ability and rate for the groundwater to dilute the brine plume. A thicker 

aquifer allows more dilution, resulting in lower concentrations in comparison with a thin 

aquifer. In addition, it is expected that once the injected brine in the unsaturated zone is 

exhausted the plumes will keep on spreading, leading to an even greater decrease in 

concentration and larger footprint.  

Lastly, it is found that after 10 years a large proportion of the injected brine and 

high brine concentrations will still be present within the unsaturated zone despite the 

material or depth to water table. As mentioned before as the driving forces diminish 

during plume migration, some brine is left behind filling the pore space. The residual 

brine will be present in this volume unless recharge by precipitation is taking place. In 
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this investigation, recharge was not modeled, but it is expected to increase the vertical 

migration of the WW particularly through the vadose zone. High recharge rates will likely 

dilute and transport down the remaining brine through the vadose zone, posing a longer-

term threat of water quality deterioration. 

5.3. Regional Flow Model 

The following section describes the major findings in the regional flow model. The 

model is discretized as as 400 m x 400 m x 30 m representing a full tridimensional box 

model. Regional flow is modelled based on pressure differences of boundary conditions, 

since TOUGH does not use hydraulic head. The advantage of this approach is that the 

software automatically calculates the appropriate pressure distributions generating a 

gradient based on the pressures assigned and easily incorporates density variations due 

to brine content. Scenario 3-3-4 was used (glaciofluvial materials) with each of a 0.3, 3, 

and 5 m head drop from left to right, to represent hydraulic head gradients of 0.00075, 

0.0075, and 0.0125 over the 400 m distance. The fluid velocities calculated based on the 

model conditions are 4.6 m/yr for the 0.00075 gradient, 45.6 m/yr for the 0.0075 

gradient, and 76 m/yr for the 0.0125 gradient. It was found that a higher gradient results 

in faster migration rates due to the flow generated, consequently influencing the plume 

footprint. As the gradient increase, the plumes are longer and narrower in comparison 

with plumes in a lower or no gradient environment.  

For comparison, a model with no regional flow was run. It can be observed that 

without a gradient, the plume extends equally in all directions towards the edges of the 

model domain at all simulation times (Figure 5.17). In comparing the regional box model 

to the ¼ base case (3-3-4) model, radial distances reached at the end of the 10-year 

simulation in the box model are ~24.7 m versus 24.5 m found in the base case scenario. 

The small difference is likely due to the coarser grid utilized in the box model. In addition, 

there is some distortion of the plume distribution that is the result of the variably spaced 

gridding. The plumes should be circular based on the permeability distribution. 

Overall, it is found that even a small gradient (0.00075) influences the plume 

migration rate and footprint. In Figure 5.18 it can be observed that as the plume reaches 

the saturated zone (between 60-90 days), it migrates towards the right side of the model 

with the plume front at 17 m (~12 m from the edge of the injection zone at 1 year). In 
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cross section view, it can be seen that the plume moves towards the right side of the 

model in the direction of the gradient migrating 111.5 m over 10 years. The plume shows 

a small increase in the Y direction consistent with that displayed in the base case 

models when the plume reaches the water table; this slowly diminishes with time at the 

leak site but translates along the flow path. Brine concentration is highest below the 

injector within the unsaturated zone after the 5- and 10-year simulations. In the aquifer, 

the concentrations remain low as a result of dilution with values rarely exceeding 0.01 

mass fraction brine in the saturated zone except directly below the leak. As mentioned 

before, in the unsaturated zone adding recharge may lead a potential longer-term threat 

to water quality deterioration.  

In the regional model 3-3-4 with a gradient of 0.0075, the plume reaches the 

water table (12 m) after 60 to 90 days and then begins to migrate towards the right side 

of the model (Figure 5.19). During the first year of simulation, the plume migrates ~57.5 

m laterally due to the regional flow; hence, from plan view, a sharp plume edge moves 

towards the right side of the domain. As the simulation continues, the plume hits the 

edge of the model at 2.5 years, and by year 5, the plume shows an elongated narrow 

band leading to the edge of the model domain. In the subsurface, the plume does not 

penetrate as deeply into the saturated zone except near the boundary where the plume 

shape is affected by the boundary conditions (cells along X = 400, Y = 1-400, Z = 28 m 

have fixed pressure). Similar plume behavior can be observed in Figure 5.20, for the 

model with a 0.0125 head gradient. Here migration rates are faster and the plume is 

narrower. During year 1, the plume front migrates 93 m from the edge of the injection 

zone along the direction of flow and has not significantly penetrated through the 

saturated zone until some way along the flow path. At ~1.75 years, the plume reaches 

edge of the domain and shows similar distortion due to the boundary conditions. 

Comparing the plume footprints between different gradients, it is clear that a 

higher gradient generates faster migration rates and thus more elongated, narrower, and 

shallower plumes, whereas with a lower gradient, the plume evolution in the Y direction 

results in a wider footprint and more penetration into the aquifer. In all cases where there 

is a head gradient, once the plume reaches the water table, lateral migration dominates. 

Dispersion contributes significantly to the migration rate with all of the modelled 

velocities higher than the average linear groundwater velocity. Lastly, it can be seen that 
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high brine concentrations are mostly found in the unsaturated zone above the water 

table, because in the aquifer, the brine travels faster and more dilution is occurring. 

It can be concluded that a regional gradient affects the plume distribution based 

on the magnitude of the gradient, thus when the model has no gradient, the plume 

distributes evenly in a radial direction. As the brine enters the saturated zone, it is 

transported by advection; dilution occurs due to mixing with the flowing groundwater. 

However, a large portion of the brine remains in the vadose zone after 10 years (Table 

5.3), which represents a potential risk if recharge takes place. High recharge rates will 

quickly transport the remaining brine through the unsaturated zone and into the aquifer.  

Depending on the gradient, the plume will display wider or narrower profiles, with 

more dispersion in the Y and Z directions at lower flow rates. Overall, results show that 

groundwater flow controls the rate of migration in the aquifer, and thus influences how 

the brine transports and dilutes. Higher gradients promote faster flow rates and longer, 

narrower, and more dilute plumes. 



96 

 

Figure 5.17. Regional flow model with cross section and plan view for model 3-3-4 at 1, 5, and 10 years. The model has no 
hydraulic gradient. The model is characterized by glaciofluvial materials in the unsaturated and saturated 
zones, and a 12 m depth to water table. The plume is delineated by mass fraction (Xb) contour values ranging 
from 0.00001 to 1. The WW leakage was simulated using a volume of 40,000 L of brine during an injection 
period of 15 days. 

 



97 

 

 

Figure 5.18. Regional flow model with cross section and plan view for model 3-3-4 at 1, 5, and 10 years. The model has a 
hydraulic gradient of 0.00075 over a 400 m distance. The model is characterized by glaciofluvial materials in 
the unsaturated and saturated zones, and a 12 m depth to water table. The plume is delineated by mass 
fraction (Xb) contour values ranging from 0.00001 to 1. The WW leakage was simulated using a volume of 
40,000 L of brine during an injection period of 15 days. 
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Figure 5.19. Regional flow model with cross section and plan view for model 3-3-4 at 1, 5, and 10 years. The model has a 
hydraulic gradient of 0.0075 over a 400 m distance. The model is characterized by glaciofluvial materials in 
the unsaturated and saturated zones, and a 12 m depth to water table. The plume is delineated by mass 
fraction (Xb) contour values ranging from 0.00001 to 1. The WW leakage was simulated using a volume of 
40,000 L of brine during an injection period of 15 days. 
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Figure 5.20. Regional flow model with cross section and plan view for model 3-3-4 at 1, 5, and 10 years. The model has a 
hydraulic gradient of 0.0125 over a 400 m distance. The model is characterized by glaciofluvial materials in 
the unsaturated and saturated zones, and a 12 m depth to water table. The plume is delineated by mass 
fraction (Xb) contour values ranging from 0.00001 to 1. The WW leakage was simulated using a volume of 
40,000 L of brine during an injection period of 15 days. 
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5.4. Sensitivity Analysis 

To assess the importance and influence of specific parameters on the migration 

of the WW, a sensitivity analysis was performed for comparison with the base case 

scenario. For permeability and porosity, the analysis was performed using models 

ranked 3 and 1 for Factor “D” to account for areas with shallow and deep water tables, 

respectively. In addition, the models selected are those characterized by the same 

material in the unsaturated and saturated zone, in order to determine the model’s 

sensitivity to the hydraulic properties. In terms of capillary pressure, the analysis 

consisted of switching the capillary entry pressure values assigned to the high and low 

permeable materials (i.e., shale and glaciofluvial materials). Finally, the rate of injection 

was tested to simulate conditions of sudden fluid release during a short period of time in 

order to compare with the base case scenarios.  

The results show the main differences in WW plume footprint arise from 

permeability; with longer and larger plumes in high permeability scenarios compared to 

the base case model. Porosity does not seem to be a major factor, but plume extent 

increases or decreases by approximately 1 m in comparison with base case scenario. 

Differences in the plume footprint are only observed in the unsaturated zone of model 3-

3-4 when capillary entry pressure is changed, but it was found that a higher m (van 

Genuchten) parameter plays a more significant role in the plume evolution. The rate of 

injection shows that for a 24-hour spill, the WW will reach the water table and the bottom 

of the aquifer faster, approximately 45 days earlier than in the base case scenario. 

5.4.1. Permeability 

Since previous results have shown that the dominating factor in the WW plume 

migration and footprint is the permeability of the materials, several values are tested 

(Table 4.3). As expected, increasing the permeability results in faster migration rates, 

and thus longer distances travelled in the X-Y direction within the saturated zone, and 

plumes reaching the bottom of the aquifer within the 10-year simulation period. 

Whereas, low permeability results in smaller plumes with longer radial distances within 

the unsaturated zone. The results are described based on the material tested, beginning 

with low permeability materials. 



101 

Till 

Beginning with till materials, Figure 5.21 shows the modelling results at 10 years 

for both the low and high permeability values tested versus the base case scenario. It 

can be noticed that the base case and the low permeability plumes are somewhat 

similar. With a low permeability, the plume reaches a radial distance of 10.4 m, whereas 

in the base case reach 12.4 m. A bigger difference is noticeable with high permeability 

where the plume reaches 6.3 m in the Z direction, whereas in the base case and lower 

permeability reach ~4.8 and 4 m respectively. Overall, the radial distance in all cases is 

mostly the same (between 10-12.4 m), but distance in the Z direction varies depending 

on the permeability, with higher values resulting in the plume reaching longer vertical 

distances.     

 

Figure 5.21.  Sensitivity analysis results for permeability at 10 years for model 3-
1-2, characterized by till material in the unsaturated and saturated 
zones, with a 12 m depth to water table. The plume is delineated by 
mass fraction (Xb) contour values ranging from 0.00001 to 1. 

Continuing with the till model 1-1-2 (27 m water table), Figure 5.22 shows, 

similarly to the previous models, that the plumes for the base case and lower 

permeability scenarios display similar behavior. After 10 years, the plume reaches a 

depth between 4 and 6.8 m in all cases, thus they do not reach the water table within the 

simulation. Again, looking at the higher permeability model (Figure 5.22), the plume 

reaches a longer distance in the Z direction (6.8 m) in comparison with the lower 
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permeability and base case scenarios. In terms of the radial extent, the models reach a 

distance ranging from 9 to 12.5 m.  

 

Figure 5.22. Sensitivity analysis results for permeability at 10 years for model    
1-1-2, characterized by till material in the unsaturated and saturated 
zones, with a 27 m depth to water table. The plume is delineated by 
mass fraction (Xb) contour values ranging from 0.00001 to 1. 

Sandstone 

Figure 5.23 and Figure 5.24 show the results for models characterized by all 

sandstone material, with 12 and 27 m depths to water table. From model 3-2-3, similar to 

the till analysis, it can be observed that higher permeability for both models (3-2-3 and 1-

2-3), results in longer plumes in the Z direction (between 10.9-11.09 m). Whereas the 

radial distances (8.74 m in both models) are somewhat smaller in comparison with lower 

permeability and base case scenarios.  

In the lower permeability simulation (Figure 5.23), it is found that the plume looks 

similar to the base case. In model 3-2-3, the plume travels 10.7 m laterally in the base 

case and 10.8 m in the lower permeability simulation. In the vertical direction, the plume 

travels only 0.2 m less for the lower permeability model in comparison with the base 

case. The plume in model 1-2-3 (Figure 5.24) extends ~4 m vertically, whereas in the 

base case, the plume reaches 5 m. In terms of the lateral distance, the plumes in both 

the base case and lower permeability scenarios reach 10 m.  
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Figure 5.23. Sensitivity analysis results for permeability at 10 years for model    
3-2-3, characterized by sandstone material in the unsaturated and 
saturated zones, with a 12 m depth to water table. The plume is 
delineated by mass fraction (Xb) contour values ranging from 
0.00001 to 1. 

 

Figure 5.24. Sensitivity analysis results for permeability at 10 years for model    
1-2-3, characterized by sandstone material in the unsaturated and 
saturated zones, with a 27 m depth to water table. The plume is 
delineated by mass fraction (Xb) contour values ranging from 
0.00001 to 1. 
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Glaciofluvial 

Overall, glaciofluvial materials are characterized as highly permeable, thus the 

majority of the plumes travel further and faster in all directions during the 10-year 

simulation. As expected, higher permeability results in faster travel times with both 

models (3-3-4 and 1-3-4), ultimately plume migration was greater than 100 m for both 

higher permeability models in 10 years (Figure 5.25 and Figure 5.26). The difference in 

radial extent compared to the base case scenario is approximately 100 m. The plume 

reaches the shallower water table in less than 15 days, whereas it reaches the deepest 

water table in ~40 days. In comparison with the base case scenario, the plume reaches 

both the shallow (15 days) and deep water (500 days) tables faster. The bottom of the 

aquifer is reached between 30 to 60 days in model 3-3-4 and at ~90 days in model 1-3-

4, whereas in the base case, the bottom of the aquifer was reached after 4.5 years (3-3-

4) and 5 years (1-3-4). 

On the contrary, lower permeability promotes slower migration rates hence the 

plumes are radially smaller and do not reach the water table during the 10 years. In 

terms of the radial distance, the plumes are smaller, extending between 8.7 m (model 3-

3-4) and 9.2 m (1-3-4), which is a difference of almost 1.2-15.3 m compared to the base 

case model. Lastly, it can be observed that high permeability promotes a bigger footprint 

with high brine concentrations reaching longer distances within the unsaturated zone in 

comparison with base case or low permeability models. 
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Figure 5.25. Sensitivity analysis results for permeability at 10 years for model    
3-3-4, characterized by glaciofluvial material in the unsaturated and 
saturated zones, with a 12 m depth to water table. The plume is 
delineated by mass fraction (Xb) contour values ranging from 
0.00001 to 1. 

 

Figure 5.26. Sensitivity analysis results for permeability at 10 years for model     
1-3-4, characterized by glaciofluvial material in the unsaturated and 
saturated zones, with a 27 m depth to water table. The plume is 
delineated by mass fraction (Xb) contour values ranging from 
0.00001 to 1. 
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Shale 

Shale material, forming Layer 3 in the model, was tested in models with both the 

unsaturated and saturated zones comprised of either glaciofluvial, sandstone, or till. 

Because the shale layer is located at the bottom of the model domain, no significant 

changes were expected. Thus, the results in all directions for all the models at any water 

table depth showed no changes compared to the base case scenarios. 

5.4.2. Porosity 

The sensitivity analysis for porosity did not show significant differences between 

the higher, lower, and base case results. However, it can be seen in detail that with 

higher porosity values the radial and vertical distances decrease a few meters in all 

models. With higher porosity, there is more pore space. Therefore, the brine flows 

through the vadose zone filling the pore space, consequently reducing the plume 

migration. Whereas for lower porosity, the radial extent increases because less pore 

space means less available space, thus the brine flows faster and further. Similar plume 

shapes are observed in models 3-1-2 and 3-2-3, which are characterized by low 

permeability materials in the unsaturated zone. Significant differences are observed in 

model 3-3-4, where at low and high porosity the plume reaches ~30 m and 14.7 m 

respectively, while in the base case it reached 24.5 m.  

In terms of the concentration, the plumes look similar to the base case scenarios 

in all models and no significant changes are observed. Higher concentrations are 

located within the unsaturated zone characterized by low permeability materials and 

extend radially. Whereas, the highly permeable materials (3-3-4) display higher brine 

concentrations within elongated plumes that reach the bottom of the aquifer. Since all 

the simulations have similar behavior, Figure 5.27 shows only the models with a 

shallower depth to water table. The rest of the scenarios can be found in Appendix E 

(Figure E.20 to Figure E.24).  
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Figure 5.27. Sensitivity analysis results for porosity at 10 years for models 3-1-2, 
3-2-3, and 3-3-4, characterized by a 27 m depth to water table. The plume is 
delineated by mass fraction (Xb) contour values ranging from 0.00001 to 1. 
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5.4.3. Capillary Entry Pressure  

The capillary entry pressure (Pe) is described as the minimum pressure needed 

for the non-wetting phase to enter the pores; thus, the Pe values are related to the 

material’s pore volume and pore throat size. High Pe values occur in materials like shale 

which are characterized by narrow pore throats and small pore volumes, while well-

sorted and coarse materials (i.e., sand) have low capillary entry pressure. In this 

analysis, the Pe value of the glaciofluvial material was assigned to the shale, and vice 

versa. 

The results shown in Figure 5.28 do not show significant changes but migration 

rates are somewhat slower in comparison with the base case, particularly in the vadose 

zone. Overall, radial distances in the models are ~0.2 m smaller than in the base case 

scenario. The plume reaches the water table at the same time as in the base case 

scenario (60-90 days). Model 1-3-4 results in radial distances approximately 0.45 m 

smaller than in the base case. This difference is likely because the combination of a 

higher entry pressure and a thicker unsaturated zone with more available pores to be 

filled. These results show the effect of changes in the capillary entry pressure only 

impact the vadose zone, where the higher pressure required overcoming the entry 

pressure means that more flow that is lateral occurs as that is the direction of lower 

permeability. 
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Figure 5.28. Sensitivity analysis results for capillary entry pressure at 10 years 
for model 3-3-4 and 1-3-4, characterized by glaciofluvial material in the 
unsaturated and saturated zone, with a 12 m and 27 m depth to water table. Pe 
values were changed for the shale and glaciofluvial materials. The plume is 
delineated by mass fraction (Xb) contour values ranging from 0.00001 to 1.0. 

From the results, it can be concluded that the capillary entry pressure parameter 

is not a dominant factor in the plume evolution, except in the unsaturated zone. From a 

second analysis using, the TOUGH default values for capillary pressure and relative 

permeability against the base case scenarios (see Table 4.10), it was found the van 

Genuchten m parameter could also influence migration rates. Figure 5.29 shows the 

results for the vertical distance traveled during the 10-year simulation for models 3-3-4, 

3-2-3, and 3-1-2 with TOUGH default values and base case values. It can be seen that 

model 3-3-4 shows the base case results are greater than the TOUGH default (Appendix 

E Figure E.26). These longer distances traveled are due to the m value used in the 

simulations, which is related to the mobility of the fluid (relative permeability). Usually 

high m values are characteristic of well-sorted materials and highly mobile liquids, thus a 

value of 0.60 was selected for the glaciofluvial materials based on a review of available 

literature. A default value of 0.457 is suggested in TOUGH, hence the difference 

observed particularly in highly permeable sands. On the other hand, low permeability 

materials in models 3-2-3 and 3-1-2 resulted in almost no differences in comparison with 

the base case except for the beginning and the end of the simulation. For model 3-2-3, 

the differences between models are smaller ranging 0.06-0.7 m in radial or vertical 

distance; likely, because the m parameter utilized in both simulations is similar (0.40 for 

base case and 0.457 as default). Lastly, the model characterized by till (3-1-2) showed 
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almost no changes except for a few data points close to the end of the simulation. The 

differences were less than 0.02 m with the values compared being 0.35 (base case) 

versus 0.457 (default).         

 

Figure 5.29. Sensitivity analysis results for capillary pressure and relative 
permeability, using TOUGH default values and base scenarios, for 
vertical distance traveled during the 10-year simulation. The models 
are characterized by unsaturated and saturated zones comprised of 
glaciofluvial (3-3-4), sandstone (3-2-3), and till materials (3-1-2), with 
a 12 m depth to water table.  

5.4.4. Volume and Rate of Injection 

First, the rate of injection was tested by reducing the injection time to 24 hours for 

a total volume of 10,000 L and secondly, the volume of injection was increased to 

40,000 L during an injection period of 15 days. The scenarios analyzed were 3-3-4 and 

1-3-4; all are characterized by glaciofluvial materials in the unsaturated and saturated 

zones for 12 and 27 m depths to water table. Overall, for both analyses, the volume and 
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rate of injection either increased or decreased the plume radial distance and migration 

rates, in comparison with the base case. 

Beginning with the shallow water table results (Figure 5.30), for a 24-hour 

injection period, the plume reaches the water table at 90 days and the bottom of the 

aquifer at 6.5 years. These times are slower than the base case scenario where the 

water table was reached at 60 days and the bottom of the aquifer at 4.5 years. Another 

important change to observe is the brine concentration distribution. In this case, the 

rapid injection of the brine does not allow for significant dilution or migration, thus high 

concentrations are encountered in a small area compared to the base case. The higher 

concentration in the 24-hr model extends up to ~4 m depth in the unsaturated zone, 

while in the base case for approximately 7.5 m depth. However, the width of the plume 

below the injection is greater in the 24-hour injection model thus occupying a greater 

volume and concentrating the brine in the top few meters.  

Continuing with the second analysis, the injection volume was changed to 40,000 

L and injected over 15 days. The water table was reached in less than 30 days, and the 

bottom of the aquifer at 274 days, which is significantly faster than in the base case. This 

plume has a similar behavior as the base case, but it reaches ~60 m radially during the 

10-year simulation, which is almost 35 m more than in the base case simulation. It can 

also be seen in Figure 5.31, a small plume bulge seems to be migrating laterally in the 

unsaturated zone, but it is actually sitting at the top of the dynamic saturated zone. The 

rise in water table is caused by the time dependent injection rate within the model. Thus, 

the combination of fast injection rates and large volume causes the saturated area to 

rise approximately 1.5 m above where the water table was initially located (Appendix E 

Figure E. 29).  
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Figure 5.30. Sensitivity analysis results for model 3-3-4 characterized by 
glaciofluvial materials in the unsaturated and saturated zones, and a 
12 m depth to water table. Results show the plumes at 10 years for a 
40,000 L brine injected over 15 days, the base case scenario (10,000 
L x 15 days) and 10,000 L brine injection over 24 hours. The plume is 
delineated by mass fraction (Xb) contour values ranging from 
0.00001 to 1. 

Similar plume behaviors are observed in model 1-3-4. In the 24-hr case the 

plume reached only 8.7 m in the XY direction and 29.7 m in the Z direction, whereas in 

the base case reach 9.94 m radially. The water table is reached after approximately 638 

days while in the base case it was reached after ~1.5 years. These lower flow rates are 

a combination of a large unsaturated zone and faster injection rate. In the case of the 

large volume, analyses show the plume reaching further distances with a 40,000 L 

volume injection than in the base scenarios. The radial distance reached is 

approximately 34 m further than the base case and reaches the bottom of the aquifer at 

150 days. The water table is reached in less than 120 days due to the rapid migration 

resulting from large volume injection. 

Lastly, high brine concentrations are found in the models with a large injection 

volume particularly in scenarios with a deep water table. In this model the high brine 

concentrations are found approximately ~20 m depth, whereas in a 24-hour case are 

found within 3.8 m depth. The injection of a larger volume or a rapid period of injection 

influences the WW plume distribution and migration rates for any given depth to the 
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water table; hence, these results are important when thinking about monitoring and spill 

response practices, particularly in the most vulnerable areas. 

 

Figure 5.31. Sensitivity analysis results for model 1-3-4 characterized by 
glaciofluvial materials in the unsaturated and saturated zones, and a 
27 m depth to water table. Results show the plumes after 10 years 
for a 40,000 L brine injection over 15 days, the base case scenario 
(10,000 L x 15 days) and 10,000 L brine injection over 24 hours. The 
plume is delineated by mass fraction (Xb) contour values ranging 
from 0.00001 to 1. 

5.5. Vulnerability Maps  

The following section presents the vulnerability maps constructed based on the 

modelling results. The first map shows the travel time to reach the water table (Figure 

5.32), while the second and third show the distances reached during the 10-year 

simulation in the unsaturated and saturated zones for “XY” and “Z” directions, 

respectively ( and ). The maps appear to be a combination of the maps for Factor “D” 

(Depth to water table; Figure 4.1) and Factor “I” (Impact to the vadose zone; Figure 4.2) 

presented in section 4.1. In general, there is some correlation of shallower water table 

areas (Rank 3) and a highly permeable vadose zone (Rank 3) requiring less time for the 

plume to reach the water table in comparison with areas with deeper water tables and 

less permeable materials. Overall, since most of the study area is comprised primarily of 

low permeability materials, the total radial distances are less than ~24 m. In terms of the 
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vertical distance, the plumes reach 30 m depth only in areas with a vadose zone 

characterized by glaciofluvial materials.   

Areas highly vulnerable to water quality deterioration from a WW spill can be 

seen in all maps: in an area around Dawson Creek, Chetwynd, and Fort St. John, as 

well as a small area in the northwest close to Nelson Forks and Liard River. These areas 

are river valleys characterized by sand and gravel materials in both the unsaturated and 

saturated zones and shallow water tables, thus they are highly vulnerable to water 

quality deterioration. Moreover, these glaciofluvial areas have a high degree of 

vulnerability despite the depth to water table, as the plume reaches the water table in 

less than 1 year of simulation. Furthermore, the modeled plumes will likely reach 30 m 

depth within a 5 year simulation and continue to migrate laterally up to ~24 m particularly 

in areas characterized by highly permeable materials in both unsaturated and saturated 

zones. 

In areas characterized by bedrock materials and located along the west portion 

of NEBC, the plume does not reach the water table even when combined with a shallow 

water table. Although fractures where not investigated in this research, it is expected that 

fractures will lead to faster migration rates than what it was found in the models; thus, 

the results might be underestimating the vulnerability in these areas. The rest of the 

study area is characterized by low permeability materials, which results in low 

vulnerability for water quality deterioration. 

In terms of radial distance traveled ( and ), the plume reached between 4 and 7.5 

m in the vadose zone and 0 to ~25 m in the saturated zone (0 being models that did not 

reach the saturated zone). The shortest distances recorded are for areas characterized 

by till or glaciolacustrine materials (teal colored areas; ) which promote slower migration 

rates. Whereas in the Z direction it can be observed that the majority of the areas show 

low vulnerability as a result of the plume not reaching the water table within the 10-year 

simulation. Longer vertical distances are only encountered in areas characterize by high 

permeability materials, which allow faster migration rates despite the depth to water 

table. Thus, as expected, the vulnerability in the saturated area is closely related to the 

permeability characterizing the vadose zone, which will control whether or not the plume 

reaches the saturated zone and continue to spread radially. Overall, vertical migration is 

faster as the brine is influenced by gravitational driving forces. Nevertheless, a vadose 
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zone characterized by till or glaciolacustrine material attenuates the migration rates and 

the distances reached in a 10-year simulation are less than ~5 m ). As mentioned 

before, once the plume enters the saturated zone the migration and plume footprint will 

be controlled by the permeability of the materials. Thus, in the saturated zone, the 

longest distances reached correspond to glaciofluvial materials (purple colored areas 

Figure 5.35) in comparison with short ones from glaciolacustrine materials (teal colored 

areas; Figure 5.36). 

In most of the region, the distribution of materials in the subsurface is poorly 

constrained so if there is a shallow water table with till overlying a sand and gravel 

aquifer there is potential for the brine to migrate into those aquifers and redistribute if 

recharge or other driving forces are present. The low permeability materials in the 

unsaturated zone promote slower migration rates, and local higher brine concentrations; 

thus, groundwater quality deterioration is low in these areas. Moreover, much of the 

region is characterized by deeper water tables; hence, there is a lower potential for the 

brine to migrate to those greater depths. Ultimately, the most vulnerable regions are a 

result of the combination highly permeable materials characterizing the vadose and 

saturated zones, resulting in faster migration rates in all directions (purple areas in all 

maps). 

Finally, the advantage of the vulnerability maps is the capability of adding new 

data and improving the results. For example, a more detailed head gradient distribution 

in NEBC will improve the plume footprint and migration results; thus, the capacity to map 

the most vulnerable areas to water quality deterioration. The combination of head 

distribution, depth to water table, and aquifer materials will provide a greater 

understanding of the potential migration rates, which can help improve emergency 

response systems. In addition, the results can also provide a refined plume footprint that 

could be used to delineate a potential vulnerable zone around the spill area or improve 

monitoring, remediation, and reclamation strategies.  
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Figure 5.32. Travel time to water table in years for NEBC study area. The travel 
times are ranked and color coded following the D-I-C structure. 
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Figure 5.33. Radial distance traveled in meters by the WW plume for NEBC study 
area in the unsaturated zone. The distances are ranked and color 
coded following the D-I-C structure. 
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Figure 5.34. Radial distance traveled in meters by the WW plume for NEBC study 
area in the saturated zone. The distances are ranked and color 
coded following the D-I-C structure. 
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Figure 5.35 Vertical distance traveled in meters by the WW plume for NEBC 
study area in the unsaturated zone. The distances are ranked and 
color coded following the D-I-C structure.  
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Figure 5.36 Vertical distance traveled in meters by the WW plume for NEBC 
study area in the saturated zone. The distances are ranked and color 
coded following the D-I-C structure. 
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Chapter 6.  
 
Conclusions and Recommendations 

The purpose of this research was to improve the ability to identify areas most 

vulnerable to water quality deterioration from potential wastewater (WW) spills in the 

shallow subsurface zone in NEBC. The results are based on the groundwater 

vulnerability approach including intrinsic (DRASTIC method) and specific vulnerability (3-

D models). Numerical models were developed based on three main factors, D-I-C, that 

influence the vulnerability to surface contamination in an area: (1) Depth to water, (2) 

Impact of vadose zone, and (3) Hydraulic Conductivity of the aquifer materials. The 

factors were obtained from the NEBC shallow groundwater intrinsic vulnerability map 

created using the standardized DRASTIC system, which identifies the areas most 

susceptible to shallow groundwater contamination from land sources (Holding & Allen, 

2015). However, the DRASTIC approach does not account for the vulnerability of the 

groundwater in terms of lateral or vertical migration; thus the importance of developing 3-

D numerical models to address this limitation. Therefore, the modelling results were 

integrated into the NEBC shallow groundwater intrinsic vulnerability map to identify 

areas that are most vulnerable to water quality deterioration from WW spills.  

The results of this research helped identify the physical controls dominating flow 

and transport of a WW spill in the shallow subsurface zone. First, the type of material 

and its permeability influences the WW footprint (radial and vertical extent). Accordingly, 

the NEBC vulnerability maps show the areas that are most susceptible to water quality 

deterioration from a WW spill. These maps can be used as a decision-making tool to 

reduce the risk of potential groundwater contamination and improve the understanding of 

vulnerable areas as well as to raise awareness and promote better monitoring and spill 

mitigation practices. This chapter summarizes the major outcomes and insights from this 

research. The chapter concludes with a brief discussion of the limitations and sources of 

uncertainty and makes recommendations for future work.  

A major finding of this research is that the combination of a high impact vadose 

zone rating (Factor “I”) and conductivity of the aquifer material rating (Factor “C”) 

increase the vulnerability to water quality deterioration in the shallow subsurface. The 
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most vulnerable areas are primarily in river valleys, which are characterized by fluvial 

and glaciofluvial materials that promote faster plume migration rates. Therefore, greater 

attention should be given to these areas in terms of monitoring and spill response 

practices.  

These permeable areas combined with a shallow water table depth (6-18 mbgs) 

show that a WW release of sufficient volume (~10,000L) over relatively short periods of 

time would reach the water table within 60 to 90 days. Hence, in these areas, faster spill 

response protocols and constant monitoring should be considered. Although areas 

characterized by low permeability materials in the unsaturated zone cover most of 

NEBC, some areas with shallow water tables are to some extent vulnerable to water 

quality deterioration. In modelling these types of materials, the brine remained within the 

unsaturated zone; consequently, driving forces like recharge events or a new spill could 

remobilize the residual brine to eventually reach the water table. If higher permeability 

materials underlay some of these areas, the WW could enter the groundwater system 

and migrate along local or regional flow paths. The direction and rates of plume 

movement from a source depend on the spatial distribution of permeability in the area.  

The sensitivity analysis shows that permeability will affect WW plume footprint, 

thus longer and larger plumes are found in high permeability materials compared to low 

permeability. Furthermore, high brine concentrations are expected in larger volumes in 

high permeability materials in comparison with low permeability materials. Accordingly, 

till and glaciolacustrine materials attenuate the WW migration. Consequently, sources of 

contamination can be more easily remediated in areas characterized by a low 

permeability vadose zone, and before the plume reaches the saturated zone. In contrast, 

the most vulnerable scenarios with highly permeable unsaturated and saturated zone 

materials have faster migrations rates. During the 10-year simulation, the water table in 

all scenarios is reached and dilution begins in the aquifer, but plumes can extend 

significantly (up to 25 m in static conditions) within the aquifer, and relatively higher 

concentrations can be found directly under the injection site and above the water table.  

Plume and brine concentration distributions are also affected by groundwater 

flow. The regional flow models show how a regional gradient affects the plume 

distribution based on the magnitude of the gradient. For example, when the model has 

no gradient, the plume distributes evenly in a radial direction and moderately high brine 
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concentrations are present in the aquifer after 10 years. However, when flow is added, 

as the brine enters the saturated zone, it is transported by advection, and dilution occurs 

due to dispersion as the flowing groundwater mixes with the brine. Nevertheless, it was 

observed that a portion of the brine would remain in the vadose zone after 10-years, 

which represents a longer-term risk as recharge from precipitation occurs. For example, 

seasonal high recharge rates will quickly transport the remaining brine through the 

unsaturated zone and eventually enter the aquifer.  

Figure 6.1 show that in NEBC there is a significant number of pipelines (~6400 

km) operating near high vulnerability areas. It was estimated that around 1.5% of the 

current active and new pipelines are located within high vulnerability areas, and 

approximately ~5% are within areas of moderate vulnerability. Furthermore, spills can 

also occur during transportation or on/near the well pad. It was assessed that ~50 km2 of 

roads (permitted) are located in areas of high to moderate vulnerability (Appendix E 

Figure E.30), while approximately 8% of the current wells and facilities in NEBC are 

found in moderate to high vulnerability areas (Appendix E Figure E.31). Of particular 

interest is the area near communities like Dawson Creek, Hudson Hope, and Fort St. 

John, where the majority of the aquifers are unconfined and characterized by sand and 

gravel materials (Figure 6.1). In those areas, a WW spill will reach the saturated zone 

between 60 and 90 days, hence the need for constant monitoring and faster spill 

response protocols.  

As stated by the Emergency Management Regulation, companies must develop 

emergency response plans, based on potential incidents or hazards, including worst-

case scenario spills or leaks (OGC, 2018a). Thus, the results of this research can be 

used as an initial step to develop or enhance monitoring strategies and hazard mitigation 

systems, particularly in vulnerable areas. Even though spills cannot be predicted, their 

impacts can be greatly reduced and perhaps even prevented by enforcing regulations 

and enhancing monitoring practices, particularly where pipelines or roads and 

vulnerability regions intersect. In addition, areas where WW is being stored and handled 

should also be subject to precautionary inspections and monitoring programs. Although 

this research does not account for or fully predict the degree to which an aquifer can be 

contaminated, the vulnerability maps can be used as a preliminary risk assessment tool 

as they are based on the main factors influencing the potential of a WW spill to 

contaminate an aquifer.  
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A major concern among communities is the potential impact of the chemicals 

found in the WW. Thus, future research should include reactive transport in order to 

predict the fate of chemicals or major ions that could cause potential harm to the 

environment or human health. New simulations should include geochemical reactions 

during transport (TOUGHREACT) and flow in fractured porous media (TOUGH3), 

although this will cause longer processing times. A modelling limitation in this research 

derives from the PetraSim graphic interface, which has a default constraint of 70,000 

cells (which can be increased by the PetraSim support staff); hence, the base case 

models were relatively small. Likewise, this constraint likely influenced the regional flow 

model discretization as it was found that a coarse grid is probably overestimating the 

plume migration.  

The models in this research were constructed using available data for NEBC; 

however, there are several sources of uncertainty in this research including limited data 

availability, the resolution of the data and the extent of baseline data. Beginning with the 

DRASTIC intrinsic vulnerability map, the Factor “D” was based on 1,665 water well 

records from the BC WELLS database for all of NEBC and a digital elevation model of 

the ground surface (25 m resolution). The depth to water table was averaged to areas 

with the same ground elevation causing imprecise interpolation across the region. The 

Factors “I” and “C” were based on a combination of a low-resolution surficial geology 

map (scale 1:5,000,000), a high-resolution map (scale 1:250,000) of a small area around 

Fort St. John, and poorly constrained aquifer distributions based on well log 

interpolation. The aquifers mapped in the area are mostly located around Fort St. John 

and most of them are confined, thus hydrogeological data is limited. In addition, the 

bedrock geology was captured with several geology digital maps at a scale of 1:250,000 

and the BC WELLS database. Despite the resolution differences and sparse data 

available, the data encompass sufficient depth to capture the shallow subsurface 

geological materials (~30 m). 

The permeability and porosity values used in the models were based on two 

NEBC studies along with values from the literature since there are few pumping tests 

available for the study area (BGC & Hemmera, 2012; Holding & Allen, 2015; Baye et al., 

2016; Morgan, 2018). It is acknowledged that using literature values is limited and 

consequently, the parameters used in the models may be underestimating the 

conductivity of the region particularly in fractured bedrock zones. However, this research 
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focused only on the shallow subsurface zone, which is predominantly composed of low 

permeability materials in most of NEBC, resulting in low to moderate vulnerability 

regions. Lastly, the capillary pressure and relative permeability values were sourced 

from available literature on material experiments and tested with van Genuchten curve 

fitting. It was found that values for a specific material could vary significantly depending 

on the laboratory experiments and whether drainage or imbibition processes were 

tested. In this research, the Slr and m parameters were found to be sensitive in highly 

permeable materials, because they influence the mobility or displacement of a fluid in 

the pore spaces. Another limitation in this research arises from the lack of sufficient 

baseline data in NEBC. Ideally, data should include water table and head gradient 

distribution as well as recharge rates in order to capture the hydrological settings in the 

area. The surficial and subsurface hydrogeology and geology distribution should be 

considered with respect to heterogeneity but this was not captured in the models and 

has the potential to affect the specific vulnerability of an area. 

In addition, to predict the potential impact of a spill, there must be sufficient and 

accurate data recording volume of fluid released, spill area, specific type of fluid, and 

emergency response time. The models in this study were developed using the current 

available data, however, since shale gas development is ongoing in the study area, it is 

expected that more data will be available in the future which can easily be incorporated 

within the groundwater vulnerability method. At that point, the DRASTIC maps, the 

numerical models, and, consequently, the vulnerability maps can be updated and refined 

with new data.  

Finally, there are a limited number of studies that have attempted to address the 

potential impact of spills from shale gas wastewater (e.g., Hendrickx et al., 2005; Adams, 

2011; Aminto & Olson, 2012; Lauer et al., 2016; Shores et al., 2017; Gurian et al., 2018). 

However, the majority of these studies relied on experimental spills, Monte Carlo 

analysis, or 1-D models, which cannot fully define the WW plume footprint. 

Investigations of brine spill sites indicate that the models produced for this study are 

consistent with observed wastewater plume behaviour with many showing relatively little 

transport in low permeability materials. Vadose zone transport is recognized as typically 

being dominated by permeability with higher permeability materials defining flow paths 

(Hendrickx et al., 2005; Otton et al., 2007) similar to the controls identified in this study. 

Groundwater flow models for the OSPER B site in Oklahoma reported in Kharaka et al. 
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(2003) showed oil-field brine plume migration limited by the low permeability shale units 

with ~40-50 m migration after 600 days in the higher permeability (1E-13 m2) sandstone 

under a 0.06 head gradient in the shallow subsurface. The flow and transport modelling 

in this study, although not modelling the same conditions, do show characteristics that 

are similar to the OSPER B site models outputs. Likewise, most of the published 

DRASTIC studies only address the intrinsic vulnerability of an area, but do not account 

for contamination below the ground surface (specific vulnerability). Therefore, in terms of 

shale gas research and to the best of the author’s knowledge, a DRASTIC-numerical 

modeling approach has never been used to address potential spills of shale gas WW 

particularly in the shallow subsurface zone. The advantage of the groundwater 

vulnerability method combined with the DRASTIC-numerical modeling approach is that 

the methodology is not area specific, which allows for modification and adaptations to 

other study areas with current or future shale gas development. 
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Figure 6.1. NEBC study area, showing vulnerability to water quality 
deterioration based on years to reach the water table. The map is 
also showing the BCOGC active or new pipelines and the aquifers 
by material type. 
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Appendix A.  
 
Geology and Hydrogeology of the Peace River 
Region, NEBC 

Tabe. A.1. Cretaceous and Jurassic stratigraphy, hydrostratigraphy, and 
aquifer materials of the Peace River Region, NEBC. 

ERA PERIOD 
PEACE RIVER REGION (NORTHEAST BRITISH COLUMBIA) 

STRATIGRAPHY HYDROSTRATIGRAPHY MATERIALS 
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Wapiti (0-450 m) Aquifer 
Sandstone, mudstone, 

coal 
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up
 

Puskwaskau (200 m) Aquitard 
Dark marine shale and 

siltstone 

Badheart (8 m) Aquifer potential 
medium to grained 
marine sandstone 

Muskiki (99 m) Aquitard Dark marine shale  

Cardium (5-30 m) 
Cardium aq./ Dawson 

Creek-Arras aq. 
Fine-grained, grey 

sandstone 

Kaskapau (170-900 m) 
Groundbirch-Progress 

aquifer/ Regional 
aquitard 

Dark marine shale, fine 
to medium grained 

sandstone 

Howard creek ss, 
Pouce Coupe ss, Doe 
Creek ss. (4, 25, 9 m) 

Dunvegan (50-120 m) Dunvegan aquifer 

Carbonaceous 
sandstone, 

conglomerate, dark 
shale, siltstone 
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Shaftesbury (170-400 m) Shaftesbury aquitard 
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siltstone 
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 Paddy (10 m) 

Paddy aquifer 

Sandstone, coal 

Cadotte (20 m) 
Coarse to fine marine 

sandstone 

Harmon (10 m) Harmon aquitard 
Dark non calcareous 

shale 
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 Notikewin (28 m) 
Upper Mannville 

aquifer 

Fine-medium 
sandstone, dark shale 

Falher (215 m) 
Sandstone, shale, 

siltstone, coal 

Wilrich (154 m) Wilrich aquitard 
Dark shales, thin 

sandstone, siltstone 
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Bluesky (46 m) Potential aquifer 
Mudstones, 

conglomerates, 
sandstones 
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Gething (75-550 m) 

Lower Mannville 
aquifer 

Sandstone, 
carbonaceous shale or 

mudstone 
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Conglomerate with 
interbedded sandstone, 

shale and coal 
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Marine sandstones 
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grey shales  
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MIDDLE Poker Chip (10-14 m) Shale 
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Nordegg (15-47 m) 
Phosphate limestone, 

silty shale 
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Appendix B.  
 
Range of Values for Hydraulic Conductivity and 
Permeability 

Table B.1. Range of values of hydraulic conductivity and permeability (Source: 
Freeze and Cherry, 1979 and Domenico and Schwartz, 1990). 

UNCONSOLIDATED SEDIMENTARY MATERIALS  

MATERIAL HYDRAULIC CONDUCTIVITY (M/S) PERMEABILITY (M2) 

Gravel 10-4 – 10-1 10-9 – 10-6 
Sand (coarse-fine) 10-7 – 10-2 10-12 – 10-7 

Till 10-12 – 10-6 10-17 – 10--11 
Clay 10-12 – 10-9 10-17 – 10-14 

   
SEDIMENTARY ROCKS 

ROCK TYPE HYDRAULIC CONDUCTIVITY (M/S) PERMEABILITY (M2) 

Sandstone 10-10 – 10-6 10-15 – 10-11 
Shale 10-13 – 10-9 10-18 – 10-14 

 

Table B.2. Hydraulic conductivity values for different units by BGC Hemmera 
for the Groundwater Regime Technical Data Report (2012).  

HYDROSTRATIGRAPHIC UNIT 
HYDRAULIC CONDUCTIVITY 

M/S M2 

HORIZONTAL VERTICAL HORIZONTAL VERTICAL 

Glaciofluvial (sand and gravel) 3.2x10-6 1.6x10-6 3.2x10-11 1.6x10-11 
Sandstone 1x10-5 5x10-6 1x10-10 5x10-11 

Glaciolacustrine 1.1x10-6 1.1x10-8 1.1x10-11 1.1x10-13 
Till 2.7x10-7 1.4x10-7 2.7x10-12 1.4x10-12 

Shale 7.7x10-10 7.7x10-12 7.7x10-15 7.7x10-17 
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Table B.3. Grain Analysis by performed by S. Morgan (2018). 

SAMPLE I.D. LITHOLOGIC DESCRIPTION FROM DRILLING KSAT (M/S) METHOD M2 

10b-1 moist fine - medium sand 0.000104 Kozeny 1.04E-10 

10b-2 saturated fine - medium sand 0.000138 Kozeny 1.38E-10 

10b-3 dry fine - medium sand 0.00115 Kozeny 1.15E-09 

10b-4 fine - medium sand, possible organics 0.000197 Kozeny 1.97E-10 

10b-5 medium sand 0.00117 Kozeny 1.17E-09 

10b-6 coarse sand 0.00286 Kozeny 2.86E-09 

10x @ 42' wet very fine - fine sand 0.0000332 Kozeny 3.32E-11 

10x @ 55' wet very fine - fine sand w/ pebbles 0.00000901 Kozeny 9.01E-12 

10x @ 80' very wet pebbly fine sand 0.0616 Terzaghi 6.16E-08 
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Appendix C.  
 
Capillary Pressure and Relative Permeability curve 
fitting  

Scale dependency of dynamic relative permeability–saturation curves in relation with fluid 
viscosity and dynamic capillary pressure effect, (2016). 

Authors: Gaurav Goel, Luqman K. Abidoye, Bhagu R. Chahar, Diganta B. Das) 

 Non wetting phase: Silicone oil 

 Wetting phase: DI water 

 Porous medium: Sand (top 8cm and middle 12cm) 

Curve Fit Parameters - van Genuchten (1980) 

m Slr 1/Po Pmax 

0.650 0.011 1.00E-1 1.00E7 

 

Figure C.1. Capillary pressure curve fit parameters from van Genucthen (1980) 
for a sand (top) sample from Goel et al. (2016). 
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Curve Fit Parameters - van Genuchten (1980) 

m Slr 1/Po Pmax 

0.750 0.01 1.00E-2 1.00E7 

 

Figure C.2. Capillary pressure curve fit parameters from van Genucthen (1980) 
for a sand (middle) sample from Goel et al. (2016). 
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Capillary pressure-saturation relationships for porous granular materials: pore morphology 

method vs. pore unit assembly method (2017). 

Authors: Thomas Sweijen , Hamed Aslannejad , and S. Majid Hassanizadeh 

 Non wetting phase: DI water 

 Wetting phase: Air 

 Porous medium: Ottawa sand 

Curve Fit Parameters - van Genuchten (1980) 

m Slr 1/Po Pmax 

0.821 0.001 1.00E-1 1.00E7 

 

Figure C.3. Capillary pressure curve fit parameters from van Genucthen (1980) 
for Ottawa sand sample from Sweijen et al. (2017). 
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Multiphase flow of properties of clay bearing rocks: Laboratory measurement of relative 

permeability and capillary pressure (2010). 

Authors: Carlos A. Grattoni, Phil Guise, Quentin J. Fisher, and Rob J. Knipe. 

 Non wetting phase: 5% NaCl 

 Wetting phase: Air 

 Porous medium: Kaolin clay and sand 

Curve Fit Parameters - van Genuchten (1980) 

m Slr 1/Po Pmax 

0.620 0.001 1.00E-5 1.00E7 

 

Figure C.4. Capillary pressure curve fit parameters from van Genucthen (1980) 
for a kaolin clay and sand sample from Grattoni et al. (2010). 

 

 

 

 

 



146 

Analysis of Critical Permeability, Capillary and Electrical Properties for Mesaverde Tight Gas 

Sandstones from Western U.S. Basins (2009). 

Author: Alan P. Byrness 

 Non wetting phase: Mercury 

 Wetting phase: Air 

 Porous medium: Green River Basin (sandstone) 

Curve Fit Parameters - van Genuchten (1980) 

m Slr 1/Po Pmax 

0.420 0.030 1.00E-5 1.00E7 

 

Figure C.5. Capillary pressure curve fit parameters from van Genucthen (1980) 
for Green River Basin (C-47-2699.7 ft) sample from Byrness (2009). 
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Curve Fit Parameters - van Genuchten (1980) 

m Slr 1/Po Pmax 

0.440 0.028 1.00E-5 1.00E7 

 

Figure C.6. Capillary pressure curve fit parameters from van Genucthen (1980) 
for Green River Basin (C-47-2729.9 ft) sample from Byrness (2009). 
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Curve Fit Parameters - van Genuchten (1980) 

m Slr 1/Po Pmax 

0.370 0.270 1.00E-3 1.00E7 

 

Figure C.7. Capillary pressure curve fit parameters from van Genucthen (1980) 
for Green River Basin (B-54-3433.8 ft) sample from Byrness (2009). 
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Role of Induced and Natural Imbibition in Frac Fluid Transport and Fatein Gas Shales 

(2011). 

Author: Alan P. Byrness 

 Non wetting phase: Mercury 

 Wetting phase: Air 

 Porous medium: Shale/mudstone 

Curve Fit Parameters - van Genuchten (1980) 

m Slr 1/Po Pmax 

0.305 0.060 5.00E-5 1.00E7 

 

Figure C.8. Capillary pressure curve fit parameters from van Genucthen (1980) 
for shale/mudstone sample from Byrness (2011). 
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A damped iterative EnKF method to estimate relative permeability and capillary pressure 

for tight formations from displacement experiments (2015). 

Authors: Yin Zhang, Chengyao Song, and Daoyong Yang 

 Non wetting phase: Synthetic brine 

 Wetting phase: Crude oil 

 Porous medium: Bakken formation (shale/dolomite) 

Curve Fit Parameters - van Genuchten (1980) 

m Slr 1/Po Pmax 

0.300 0.058 5.00E-5 1.00E7 

 

Figure C.9. Capillary pressure curve fit parameters from van Genucthen (1980) 
for a kaolin clay and sand sample from Zhang et al. (2015). 
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Estimation of relative permeability and capillary pressure from mass imbibition 

experiments (2018).  

Authors: Nayef Alyafei, and Martin J. Blunt 

 Non wetting phase: Air 

 Wetting phase: Brine 

 Porous medium: Portland formation (limestone) 

Curve Fit Parameters - van Genuchten (1980) 

m Slr 1/Po Pmax 

0.545 0.010 1.00E-4 1.00E7 

 

Figure C.10. Capillary pressure curve fit parameters from van Genucthen (1980) 
for a limestone sample from Alyafei et al. (2018). 
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Appendix D.  
 
BC Oil and Gas Commission Spill Incidents 

Table D.1. BC Oil and Gas Commission spill incidents. 

INCIDENT 
NUMBER 

DATE COMPANY NORTHING EASTING 
PIPELINE 
PRODUCT 

VOL 
LEAKED 

M3 
LITERS 

001440950-
001 

17/11/2004 Canadian Natural Resources Limited 6610682 567895 Produced Water 12 11700 

001435479-
001 

16/12/2004 Canadian Natural Resources Limited 6334118 646886 Produced Water 5 5000 

001436218-
001 

31/12/2004 EnCana Corporation 6559774 668153 Produced Water 7 7000 

001435319-
001 

13/01/2005 Nexen Energy ULC 6503946 670201 Produced Water 1 1000 

001438790-
001 

16/01/2005 Pengrowth Corporation 6341268 637574 Produced Water 2 2000 

001437720-
001 

09/02/2005 Progress Energy Ltd. 6240114 651844 Produced Water 20 20000 

001439281-
001 

11/02/2005 
BG Canada Exploration and 

Production, Inc. 
6353477 549840 Produced Water 5 5000 

001432759-
001 

16/02/2005 Apache Canada Ltd. 6262531 645362 Produced Water 5 5000 

001440116-
001 

20/02/2005 Devon Canada Corporation 6245389 632596 Produced Water 1 1000 

001433480-
001 

28/02/2005 Canadian Natural Resources Limited 6636027 624320 Produced Water 30 30000 

001435242-
001 

03/03/2005 Husky Oil Operations Limited 6485004 657332 Produced Water 4 4000 
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INCIDENT 
NUMBER 

DATE COMPANY NORTHING EASTING 
PIPELINE 
PRODUCT 

VOL 
LEAKED 

M3 
LITERS 

001437164-001 08/03/2005 Canadian Natural Resources Limited 6323539 648264 Produced Water 1 1000 

001441087-001 06/04/2005 Pengrowth Corporation 6259817 635183 Produced Water 450 450000 

001437149-001 13/04/2005 Pengrowth Corporation 6272190 620703 Produced Water 4 4000 

001437084-001 12/05/2005 Canadian Natural Resources Limited 6281724 653445 Produced Water 1 1000 

001442270-001 01/06/2005 Pengrowth Corporation 6323270 640811 Produced Water 4 4000 

001436980-001 20/06/2005 ExxonMobil Canada Ltd. 6507375 588203 Produced Water 20 20000 

001435334-001 30/06/2005 Pengrowth Corporation 6280449 637608 Produced Water 6 6000 

001435802-001 02/07/2005 Tervita Corporation 6276947 612440 Produced Water 1 500 

001437089-001 12/07/2005 Apache Canada Ltd. 6339793 619138 Produced Water 1 500 

001434386-001 23/07/2005 EnCana Corporation 6134688 672953 Produced Water 20 20000 

001435003-001 01/08/2005 EnCana Corporation 6506198 597516 Produced Water 2 2000 

001432253-001 04/08/2005 Pengrowth Corporation 6262297 635925 Produced Water 50 50000 

001434247-001 18/08/2005 Pioneer Natural Resources Canada Inc. 6319439 668992 Produced Water 25 25000 

001434927-001 02/09/2005 Canadian Natural Resources Limited 6218194 610331 Produced Water 100 100000 

001440805-001 02/09/2005 Canadian Natural Resources Limited 6614153 633411 Produced Water 1 500 

001438152-001 12/09/2005 Canadian Natural Resources Limited 6626727 633872 Produced Water 6 6000 

001437222-001 15/09/2005 Terra Energy Corp. 6504248 567831 Produced Water 2 2000 

001433874-001 02/10/2005 Bonavista Petroleum Ltd. 6497429 543429 Produced Water 60 60000 

001437527-001 16/10/2005 Canadian Natural Resources Limited 6223438 560280 Produced Water 3 3000 

001438142-001 20/10/2005 Pengrowth Corporation 6261774 635527 Produced Water 1 500 

001438387-001 25/10/2005 Devon Canada Corporation 6419449 574945 Produced Water 2 2400 

001437217-001 08/11/2005 Penn West Petroleum Ltd. 6602295 611944 Produced Water 30 30000 

001435013-001 01/12/2005 Suncor Energy Inc. 6283392 569785 Produced Water 2 1500 

001437874-001 16/12/2005 Pengrowth Corporation 6358216 628921 Produced Water 5 5000 

001438182-001 01/01/2006 Ish Energy Ltd. 6568629 627916 Produced Water 1 1000 

001444137-001 03/01/2006 Hunt Oil Company of Canada, Inc. 6263261 609144 Produced Water 2 1500 



154 

INCIDENT 
NUMBER 

DATE COMPANY NORTHING EASTING 
PIPELINE 
PRODUCT 

VOL 
LEAKED 

M3 
LITERS 

001438636-001 17/01/2006 Pengrowth Corporation 6323277 640831 Produced Water 2 1500 

001438646-001 20/01/2006 EnCana Corporation 6158733 636654 Produced Water 7 7000 

001438656-001 21/01/2006 Harvest Operations Corp. 6504119 669905 Produced Water 5 5000 

001439442-001 23/01/2006 Suncor Energy Inc. 6283399 569741 Produced Water 5 4500 

001445283-001 03/02/2006 EnCana Oil & Gas Co. Ltd. 6582994 627949 Produced Water 1 1000 

001443708-001 03/02/2006 EnCana Corporation 6290259 588109 Produced Water 1 1000 

001445224-001 08/02/2006 Penn West Petroleum Ltd. 6327354 622535 Produced Water 1 1000 

001443697-001 13/02/2006 Canadian Natural Resources Limited 6314317 661426 Produced Water 2 2000 

001444825-001 20/02/2006 Canadian Natural Resources Limited 6336373 655748 Produced Water 6 6000 

001445219-001 23/02/2006 Canadian Natural Resources Limited 6622503 636453 Produced Water 5 5000 

001445358-001 15/03/2006 Harvest Operations Corp. 6058103 687681 Produced Water 1 1000 

001444107-001 15/03/2006 EnCana Oil & Gas Co. Ltd. 6334339 676565 Produced Water 250 250000 

001444800-001 21/03/2006 EnCana Oil & Gas Co. Ltd. 6506200 597538 Produced Water 1 1000 

001444864-001 23/03/2006 Storm Exploration Inc. 6494202 600846 Produced Water 20 20000 

001444749-001 11/04/2006 EnCana Oil & Gas Co. Ltd. 6334352 676583 Produced Water 1 500 

001445416-001 12/04/2006 Canadian Natural Resources Limited 6600966 620077 Produced Water 25 25000 

001445538-001 12/04/2006 Ish Energy Ltd. 6568559 627809 Produced Water 35 35000 

001444088-001 13/04/2006 Canadian Natural Resources Limited 6342382 630321 Produced Water 1 1000 

001444083-001 13/04/2006 Canadian Natural Resources Limited 6614241 633501 Produced Water 2 2000 

001444078-001 14/04/2006 Pengrowth Corporation 6277955 635222 Produced Water 2 1500 

001444068-001 17/04/2006 
BG Canada Exploration and Production, 

Inc. 
6349825 555405 Produced Water 2 2000 

001444053-001 18/04/2006 Harvest Operations Corp. 6505706 663974 Produced Water 120 120000 

001444049-001 20/04/2006 Talisman Energy Inc. 6503040 579738 Produced Water 3 3000 

001444039-001 21/04/2006 Ish Energy Ltd. 6568612 618133 Produced Water 3 3000 

001443529-001 28/05/2006 EnCana Corporation 6506217 597505 Produced Water 2 2000 
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INCIDENT 
NUMBER 

DATE COMPANY NORTHING EASTING 
PIPELINE 
PRODUCT 

VOL 
LEAKED 

M3 
LITERS 

001443981-001 29/05/2006 EnCana Oil & Gas Co. Ltd. 6506217 597505 Produced Water 2 2000 

001443606-001 13/06/2006 
BG Canada Exploration and Production, 

Inc. 
6357111 551279 Produced Water 80 80000 

001444664-001 16/07/2006 Pengrowth Corporation 6259839 634517 Produced Water 2 2000 

001444311-001 20/07/2006 EnCana Oil & Gas Co. Ltd. 6495387 566562 Produced Water 2 2000 

001445451-001 12/08/2006 Hunt Oil Company of Canada, Inc. 6278666 629981 Produced Water 3 3000 

001444316-001 13/08/2006 Petro-Canada 6511606 531130 Produced Water 2 2000 

001443765-001 02/09/2006 RedStar Oil & Gas Inc. 6500248 620248 Produced Water 60 60000 

001438247-001 01/10/2006 Canadian Natural Resources Limited 6341300 628112 Produced Water 4 4000 

001445303-001 02/10/2006 Duvernay Oil Corp. 6597030 635292 Produced Water 4000 4000000 

001445631-001 04/10/2006 EnCana Oil & Gas Co. Ltd. 6593700 623271 Produced Water 1 500 

001443592-001 05/10/2006 
BG Canada Exploration and Production, 

Inc. 
6073205 670501 Produced Water 1 1000 

001443785-001 16/10/2006 Progress Energy Ltd. 6297583 650087 Produced Water 2 1500 

001444478-001 27/10/2006 Ish Energy Ltd. 6568626 627770 Produced Water 10 10000 

001444495-001 30/10/2006 EnCana Oil & Gas Co. Ltd. 6506227 597502 Produced Water 230 230000 

001443402-001 13/11/2006 EnCana Corporation 6217715 595293 Produced Water 300 300000 

001444673-001 18/11/2006 Canadian Natural Resources Limited 6307623 621395 Produced Water 9 8500 

001445431-001 20/11/2006 
BG Canada Exploration and Production, 

Inc. 
6349113 552919 Produced Water 1 1000 

001445655-001 22/11/2006 Talisman Energy Inc. 6252104 645127 Produced Water 1 500 

001445086-001 29/11/2006 Kaiser Energy Ltd. 6268444 682847 Produced Water 30 30000 

001444292-001 03/12/2006 EnCana Corporation 6554231 572784 Produced Water 4 4000 

001443582-001 05/01/2007 Petro-Canada 6512114 529134 Produced Water 2000 2000000 

001444543-001 13/01/2007 Pengrowth Corporation 6351722 631556 Produced Water 400 400000 

001444557-001 18/01/2007 Devon Canada Corporation 6339853 554798 Produced Water 3 2500 

001443859-001 27/01/2007 Pengrowth Corporation 6272200 620679 Produced Water 5 5000 
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INCIDENT 
NUMBER 

DATE COMPANY NORTHING EASTING 
PIPELINE 
PRODUCT 

VOL 
LEAKED 

M3 
LITERS 

001443849-001 28/01/2007 Encal Oil and Gas Ltd. 6534936 599326 Produced Water 35 35000 

001443655-001 15/02/2007 Devon Canada Corporation 6579226 666621 Produced Water 42 42000 

001444360-001 21/02/2007 Enermark Inc. 6254333 585458 Produced Water 6 6000 

001444355-001 21/02/2007 Pengrowth Corporation 6277927 635223 Produced Water 8 8000 

001443587-001 26/04/2007 Devon Canada Corporation 6351906 601354 Produced Water 4 4000 

001444257-001 28/04/2007 Pengrowth Corporation 6277941 635236 Produced Water 1 1000 

001445553-001 06/06/2007 Canadian Natural Resources Limited 6636776 617363 Produced Water 2 2000 

001443407-001 02/07/2007 Paramax Resources Ltd. 6645636 496235 Produced Water 4 4000 

001444920-001 07/07/2007 ConocoPhillips Canada Resources Corp. 6377161 627438 Produced Water 3 3000 

001444874-001 13/07/2007 EnCana Oil & Gas Co. Ltd. 6128973 683451 Produced Water 200 200000 

001445081-001 17/07/2007 Talisman Energy Inc. 6252088 645242 Produced Water 10 10000 

001445004-001 02/08/2007 EnCana Oil & Gas Co. Ltd. 6149812 655697 Produced Water 6 6000 

005502062-001 15/12/2008 Anadime Energy Inc. 6281404 642932  Produced Water 2 2000 

006327837-001 13/10/2009 ConocoPhillips Canada Limited 6379132 628717  Produced Water 2 1750 

006354303-001 16/10/2009 EnCana Oil & Gas Co. Ltd. 6558744 656179  Produced Water 1 1000 

006535404-001 14/12/2009 Harvest Operations Corp. 6498767 664682  Produced Water 50 50000 

005090167-001 20/01/2010 EnCana Oil & Gas Co. Ltd. 6343512 665018  Produced Water 1 1000 

008464828-001 24/08/2011 Orefyn Energy Advisors Corp. 6239678 632222  Produced Water na na 
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Appendix E.  
 
Modelling Results for Base Box Models 

Depth to water table Rank 3 (12 m) 
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Figure E.1. Results for base box models 3-3-4, 3-3-3, 3-3-2, and 3-3-1, showing 
the WW footprint for 1, 5, and 10 years. Depth to water table is 12 
mbgs, the vadose zone material is composed of glaciofluvial 
deposits, and the aquifer material conductivity is characterized by 
glaciofluvial materials (3-3-4), sandstone (3-3-3), till (3-3-2), and 
glaciolacustrine materials (3-3-1). The plume is delineated by mass 
fraction (Xb) contour values ranging from 0.00001 to 1. The WW 
leakage was simulated using a volume of 10,000 litres of brine 
during an injection period of 15 days. 
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Figure E.2. Results for base box model 3-2-3, showing the WW footprint for 1, 5, 
and 10 years. Depth to water table is 12 mbgs, the vadose zone 
material is composed of fractured bedrock, and the aquifer material 
is characterized by sandstone. The plume is delineated by mass 
fraction (Xb) contour values ranging from 0.00001 to 1. The WW 
leakage was simulated using a volume of 10,000 litres of brine 
during an injection period of 15 days. 
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Figure E.3. Results for base box models 3-1-4, 3-1-3, 3-1-2, and 3-1-1, showing 
the WW footprint for 1, 5, and 10 years. Depth to water table is 12 
mbgs, the vadose zone material is composed of till, and the aquifer 
material conductivity is characterized by glaciofluvial (3-1-4), 
sandstone (3-1-3), till (3-1-2), and glaciolacustrine materials (3-1-1). 
The plume is delineated by mass fraction (Xb) contour values 
ranging from 0.00001 to 1. The WW leakage was simulated using a 
volume of 10,000 litres of brine during an injection period of 15 days. 
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Depth to water table Rank 2 (21 m) 
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Figure E.4. Results for base box models 2-3-4, 2-3-3, 2-3-2, and 2-3-1, showing 
the WW footprint for 1, 5, and 10 years. Depth to water table is 21 
mbgs, the vadose zone material is composed of glaciofluvial 
deposits, and the aquifer material conductivity is characterized by 
glaciofluvial materials (2-3-4), sandstone (2-3-3), till (2-3-2), and 
glaciolacustrine materials (2-3-1). The plume is delineated by mass 
fraction (Xb) contour values ranging from 0.00001 to 1. The WW 
leakage was simulated using a volume of 10,000 litres of brine 
during an injection period of 15 days. 



164 

 

Figure E.5. Results for base box model 2-2-3, showing the WW footprint for 1, 5, 
and 10 years. Depth to water table is located at 21 mbgs, the vadose 
zone material is composed of fractured bedrock, and the aquifer 
material is characterized by sandstone. The plume is delineated by 
mass fraction (Xb) contour values ranging from 0.00001 to 1. The 
WW leakage was simulated using a volume of 10,000 litres of brine 
during an injection period of 15 days. 
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Figure E.6. Results for base box models 2-1-4, 2-1-3, 2-1-2, and 2-1-1, showing 
the WW footprint for 1, 5, and 10 years. Depth to water table is 21 
mbgs, the vadose zone material is composed of till, and the aquifer 
material conductivity is characterized by glaciofluvial material (2-1-
4), sandstone (2-1-3), till (2-1-2), and glaciolacustrine materials (2-1-
1). The plume is delineated by mass fraction (Xb) contour values 
ranging from 0.00001 to 1. The WW leakage was simulated using a 
volume of 10,000 litres of brine during an injection period of 15 days. 
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Depth to water table Rank 1 (27 m) 
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Figure E.7. Results for base box models 1-3-4, 1-3-3, 1-3-2, and 1-3-1, showing 
the WW footprint for 1, 5, and 10 years. Depth to water table is 27 
mbgs, the vadose zone material is composed of glaciofluvial 
deposits, and the aquifer material conductivity is characterized by 
glaciofluvial materials (1-3-4), sandstone (1-3-3), till (1-3-2), and 
glaciolacustrine materials (1-3-1). The plume is delineated by mass 
fraction (Xb) contour values ranging from 0.00001 to 1. The WW 
leakage was simulated using a volume of 10,000 litres of brine 
during an injection period of 15 days. 
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Figure E.8. Results for base box model 1-2-3, showing the WW footprint for 1, 5, 
and 10 years. Depth to water table is 27 mbgs, the vadose zone 
material is composed of fractured bedrock, and the aquifer material 
is characterized by sandstone. The plume is delineated by mass 
fraction (Xb) contour values ranging from 0.00001 to 1. The WW 
leakage was simulated using a volume of 10,000 litres of brine 
during an injection period of 15 days. 
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Figure E.9. Results for base box models 1-1-4, 1-1-3, 1-1-2, and 1-1-1, showing 
the WW footprint for 1, 5, and 10 years. Depth to water table is 27 
mbgs, the vadose zone material is composed of till, and the aquifer 
material conductivity is characterized by glaciofluvial material (1-1-
4), sandstone (1-1-3), till (1-1-2), and glaciolacustrine materials (1-1-
1). The plume is delineated by mass fraction (Xb) contour values 
ranging from 0.00001 to 1. The WW leakage was simulated using a 
volume of 10,000 litres of brine during an injection period of 15 days. 
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Regional Flow Model 

 

Figure E.10. Regional flow model with cross section and plan view for model 3-3-4 at 1, 5, and 10 years. The model has no 
hydraulic gradient. The model is characterized by glaciofluvial materials in the unsaturated and saturated 
zones and a 12 m depth to water table. The plume is delineated by mass fraction (Xb) contour values ranging 
from 0.00001 to 1. The WW leakage was simulated using a volume of 40,000 L of brine during an injection 
period of 15 days. 
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Figure E.11. Regional model with cross section and plan view for model 3-3-4, at 1, 5, and 10 years. The model has a 
regional hydraulic gradient of 0.00075 over a 400 m distance. The model is characterized by glaciofluvial 
materials in the unsaturated and saturated zones, with a 27 m depth to water table. The plume is delineated by 
mass fraction (Xb) contour values ranging from 0.00001 to 1. The WW leakage was simulated using a volume 
of 40,000 L of brine during an injection period of 15 days. 
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Figure E.12. Regional flow model model with cross section and plan view for model 3-3-4, at 1, 5, and 10 years. The model 
has a hydraulic gradient of 0.0075 over a 400 m distance. The model is characterized by glaciofluvial materials 
in the unsaturated and saturated zones, with a 27 m depth to water table. The plume is delineated by mass 
fraction (Xb) contour values ranging from 0.00001 to 1. The WW leakage was simulated using a volume of 
40,000 L of brine during an injection period of 15 days. 
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Figure E.13. Regional flow model with cross section and plan view for model 3-3-4, at 1, 5, and 10 years. The model has a 
hydraulic gradient of 0.0125 over a 400 m distance. The model is characterized by glaciofluvial materials in 
the unsaturated and saturated zones, with a 27 m depth to water table. The plume is delineated by mass 
fraction (Xb) contour values ranging from 0.00001 to 1. The WW leakage was simulated using a volume of 
40,000 L of brine during an injection period of 15 days. 
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Figure E.14. Regional flow model for scenario 3-3-4, characterized by glaciofluvial materials in the unsaturated and 
saturated zones, with a 12 m depth to water table. Results of liquid saturation for 0.00075, 0.0075 and 0.0125 
gradient at 0-day simulation. The saturation liquid contour values range from 0.00001 to 1. 
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Sensitivity Analysis  

Permeability 

 

 
Figure E.15. Results of permeability sensitivity analysis for base box models 3-1-

2 and 1-1-2, showing the WW footprint at 10 years. Depth to water 
table is located at 12 (3-1-2) and 27 (1-1-2) mbgs; vadose zone and 
aquifer material conductivity are characterized by till. The plume is 
delineated by concentration contour values ranging from 0.00001 to 
1. The WW leakage was simulated using a volume of 10,000 L of 
brine during an injection period of 15 days. 
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Figure E.16. Results of permeability sensitivity analysis for base box models 3-2-
3 and 1-2-3, showing the WW footprint at 10 years. Depth to water 
table is 12 (3-2-3) and 27 (1-2-3) mbgs; vadose zone and aquifer 
material conductivity is characterized by sandstone. The plume is 
delineated by concentration contour values ranging from 0.00001 to 
1. The WW leakage was simulated using a volume of 10,000 L of 
brine during an injection period of 15 days. 
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Figure E.17. Results of permeability sensitivity analysis for base box models 3-3-
4 and 1-3-4, showing the WW footprint at 10 years. Depth to water 
table is 12 (3-3-4) and 27 (1-3-4) mbgs; vadose zone and aquifer 
material conductivity is characterized by glaciofluvial materials. The 
plume is delineated by concentration contour values ranging from 
0.00001 to 1. The WW leakage was simulated using a volume of 
10,000 L of brine during an injection period of 15 days. 
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Figure E.18. Results of permeability sensitivity analysis showing the vertical 
distance traveled over 10 years for base box models 3-3-4, 1-3-4, 3-2-
3, 1-2-3, 3-1-2, and 1-1-2. The models are characterized by 
glaciofluvial, sandstone, and till materials in the unsaturated and 
saturated zones, and 12 m (3-3-4, 3-2-3 and 3-1-2) and 27 m (1-3-4, 1-
2-3 and 1-1-2) depth to water table.  
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Figure E.19. Results of permeability sensitivity analysis showing the radial distance traveled over 10 years for base box 
models 3-3-4, 1-3-4, 3-2-3, 1-2-3, 3-1-2, and 1-1-2. The models are characterized by glaciofluvial, sandstone, 
and till materials in the unsaturated and saturated zones, and 12 m (3-3-4, 3-2-3 and 3-1-2) and 27 m (1-3-4, 1-
2-3 and 1-1-2) depth to water table. 
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Porosity 

 

 
Figure E.20. Results of porosity sensitivity analysis for base box model 3-1-2 and 

1-1-2, showing the WW footprint at 10 years. Depth to water table is 
12 (3-1-2) and 27 (1-1-2) mbgs; vadose zone and aquifer material 
conductivity are characterized by till. The plume is delineated by 
concentration contour values ranging from 0.00001 to 1. The WW 
leakage was simulated using a volume of 10,000 L of brine during an 
injection period of 15 days. 
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Figure E.21. Results of porosity sensitivity analysis for base box model 3-2-3 and 
1-2-3, showing the WW footprint at 10 years. Depth to water table is 
12 (3-2-3) and 27 (1-2-3) mbgs; vadose zone and aquifer material 
conductivity are characterized by sandstone. The plume is 
delineated by concentration contour values ranging from 0.00001 to 
1. The WW leakage was simulated using a volume of 10,000 L of 
brine during an injection period of 15 days. 
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Figure E.22. Results of porosity sensitivity analysis for base box model 3-3-4 and 
1-3-4, showing the WW footprint at 10 years. Depth to water table is 
12 (3-3-4) and 27 (1-3-4) mbgs; vadose zone and aquifer material 
conductivity are characterized by glaciofluvial materials. The plume 
is delineated by concentration contour values ranging from 0.00001 
to 1. The WW leakage was simulated using a volume of 10,000 L of 
brine during an injection period of 15 days. 
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Figure E.23. Results of porosity sensitivity analysis, showing the vertical 
distance traveled over 10 years for base box models 3-3-4, 1-3-4, 3-2-
3, 1-2-3, 3-1-2, and 1-1-2. The models are characterized by 
glaciofluvial, sandstone, and till materials in the unsaturated and 
saturated zone, and 12 m (3-3-4, 3-2-3 and 3-1-2) and 27 m (1-3-4, 1-2-
3 and 1-1-2) depth to water table.
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Figure E.24. Results of porosity sensitivity analysis, showing the radial distance traveled over 10 years for base box 
models 3-3-4, 1-3-4, 3-2-3, 1-2-3, 3-1-2, and 1-1-2. The models are characterized by glaciofluvial, sandstone, 
and till materials in the unsaturated and saturated zones, and 12 m (3-3-4, 3-2-3 and 3-1-2) and 27 m (1-3-4, 1-
2-3 and 1-1-2) depth to water table.  
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Capillary Pressure  

 

 
Figure E.25. Sensitivity analysis results for capillary pressure entry values in 

models 3-3-4 and 1-3-4, characterized by glaciofluvial materials in 
the unsaturated and saturated zones and a depth to water table of 12 
and 27 m, respectively. 
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Figure E.26. Sensitivity analysis results for capillary pressure and relative 
permeability using TOUGH default values, in model 3-3-4 
characterized by glaciofluvial materials in the unsaturated and 
saturated zones and a depth to water table of 12m.  

 

Volume and Rate on Injection 

 

Figure E.27. Sensitivity analysis results for model 3-3-4 characterized by 
glaciofluvial materials in the unsaturated and saturated zones and a 
12 m depth to water table. Results show the plumes at 10 years for a 
40,000 L brine injection during 15 days, base case scenario (10,000 L 
x 15 days) and 10,000 L brine injection during 24 hours. 
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Figure E.28. Sensitivity analysis results for model 1-3-4 characterized by 
glaciofluvial materials in the unsaturated and saturated zones and a 
27 m depth to water table. Results show the plumes at 10 years for a 
40,000 L brine injection during 15 days, base case scenario (10,000 L 
x 15 days) and 10,000 L brine injection during 24 hours. 

 

 

Figure E. 29 Sensitivity analysis results for model 3-3-4 characterized by 
glaciofluvial materials in the unsaturated and saturated zones and a 
12 m depth to water table. Results show the brine and saturation 
liquid at 10 years for a 10,000 L brine injection during 24 hours. 
White dashed line represents the original water table depth, and the 
dashed black line represents the new water table position after 10-
years simulation.  
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Vulnerability Maps 

 

Figure E.30. NEBC study area showing vulnerability to water quality deterioration 
based on years to reach the water table and the current BCOGC 
permitted roads. 
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Figure E.31. NEBC study area showing vulnerability to water quality deterioration 
based on years to reach the water table and the current BCOGC 
permitted wells and facility areas.  

 


