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Abstract 

The Canadian economy is largely dependent on the distribution of large volumes of oil to domestic and 

international markets by a long network of pipelines. Unfortunately, accidents occur, and oil can leak or 

spill from these pipelines before it reaches its destination. Of particular concern are the long-term 

consequences of oil spills in freshwater, which include sinking of oil in water and the contamination of 

sensitive areas, such as where fish (e.g., salmon) deposit their eggs in gravel-dominated river sediments. 

There is a knowledge gap regarding the fate and behaviour of oil in river sediment. 

To this end, this study aimed at finding the potential for diluted bitumen (dilbit) oil to become trapped in 

gravel and to transfer hydrocarbons into water by dissolution, which are harmful to aquatic life. Two sets 

of laboratory experiments were conducted to simulate conditions of an oil spill on an exposed bank or in 

shallow water. In the first set, by conducting capillary pressure-saturation (Pc-Sw) experiments it was found 

that dilbit can enter gravel pores without much resistance and approximately 14% of the pore volume can 

be occupied by discontinuous single or multipore blobs of dilbit following imbibition of water. Air-water 

Pc-Sw experiments done in laboratory 1-D columns required gravity correction and could be successfully 

scaled to predict dilbit-water Pc-Sw curves, except for the trapped amount of dilbit.  

Trapped dilbit constituents can be dissolved into the water flowing through gravel pores (hyporheic flow) 

at different velocities. In the second set, dissolution experiments suggested that for the duration of the test, 

hydrocarbons that cause acute toxicity dissolve rapidly, likely resulting in a decrease in their effective 

solubility. However, dilbit saturation changed only <2% within that time. Chronically toxic PAH 

compounds were also detected in the effluent water. The total concentration of all detected PAHs and alkyl-

PAHs exceeded the threshold literature value to protect early-life stage fish. Observations of decreased 

concentrations with increased aqueous velocities as well as less than equilibrium concentrations indicated 

that the mass transfer was rate-limited. A correlation was developed for the mass transfer rate coefficient 

to understand the mass transfer behaviour beyond the conditions used in the experiments, which had a 

Reynolds number exponent similar to the studies of NAPL dissolution in groundwater.   
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Chapter 1 

Introduction 

1.1 Introduction 

The economy of Western Canada is largely dependent on oil, including oil from the oil sands in the 

province of Alberta. More than 97% of Canada’s total reserve is bitumen, estimated at 168 billion 

barrels, which is the recoverable portion of 1.8 trillion barrels of bitumen-in-place (Alberta Oil 

Sands Industry, 2015). After recovery and processing, oil from these reserves is transported to 

markets and ports through overland facilities such as pipelines and railcars. Pipelines are the 

primary means of transport (CAPP, 2015a), supported by the fact that Canada has the third longest 

network of pipelines after the USA and Russia (CIA, 2013). Total oil production continues to 

increase and there are proposals for pipeline expansions (Crosby et al., 2013; CAPP, 2015a). A 

total of 88% of oil exported to the USA from Canada is through pipelines (CAPP, 2015b). Figure 

1.1 presents the detail of the existing and proposed Canadian and USA Crude oil pipelines (CAPP, 

2015b). Pipelines accidents can occur. For example, they were the largest single source of total 

overland spills in the USA between 1990 and 1999 (Etkin, 2001). The most recent examples of oil 

spills by pipeline failure in Canada include North Battleford, 2016; Fort McMurray, 2015; Red 

Earth Creek, 2014; Elk Point, 2012; Red Deer River, 2012; and Little Buffalo, 2011. Spills from 

other sources (e.g., rail accidents) are also not uncommon. In 2013, derailment of a light crude oil 

carrier in Lac Mégantic, Québec deposited an estimated 100,000 L of oil in the nearby Chaudière 

River (Fitzpatrick et al., 2015). While some spills can be recovered and easily managed (e.g., 

Burnaby spill, 2007), others are devastating to environment and ecology (e.g., Deepwater Horizon 

spill, 2010). 
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Figure 1.1: Canadian and USA pipelines: existing and proposed (CAPP, June 2015). 

Overland spills sometimes find their ways into rivers and streams. Many studies (e.g., Bradley, 

1974; Atlas, 1995) have been done previously on the impacts and remediation of marine oil spills. 

Despite differences between spills in freshwater and marine systems, freshwater spills are often 

addressed using experience and knowledge gained from responding to spills in the oceans 

(Vandermeulen and Ross, 1995). One important difference is that the dilution capacity is limited 

in the smaller volume of water in a river. Another difference is the potential for oil submergence 

due to the density of the receiving water. As freshwater is less dense than saltwater, with other 

conditions remaining the same (e.g., temperature, presence of suspended particles), oil introduced 

in freshwater is more likely to sink (Usher, 2006). The dependence of people on rivers and the 

existence of population centres, agricultural lands etc. near the rivers make it more difficult to 

address and cleanup freshwater spills (Oliveira and Keller, 2001). Furthermore, cleanup becomes 
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more challenging when oil submerges below the water surface and enters into the sediment 

(Fitzpatrick et al., 2014; Dew et al., 2015).  

1.1.1 Oil Submergence in Freshwater 

Oils that are lighter than water cannot normally sink. However, when appropriate environmental 

conditions are present, physical and chemical changes can occur to spilled oil which allows it to 

submerge under the water surface. Environment Canada (2013) produced a simplified diagram that 

showed the changes that determine the fate and behaviour of oil spilled in water, which can be 

applied to rivers, lakes and marine systems (Figure 1.2). A combination of these changes (e.g., 

evaporation, dissolution, and emulsification) contribute to the weathering of oil (NRC, 2003; 

Environment Canada, 2013). When weathered by exposure to the atmosphere, oil can lose its 

volatile components with time, which makes it denser. Evaporative losses are prominent for light 

crude and medium crude oils; within the early period of a spill they lose up to 75% and 40% of 

their initial volume, respectively. This loss is less for heavy oils (less than 10%) (Fingas, 1999; 

NRC, 2003). Breaking-wave action can break oil parcel into droplets and form a ‘mixing layer’ of 

uniformly mixed droplets just below an oil slick (Tkalich, 2006; Tkalich and Chan, 2002; Delvigne 

and Sweeney, 1988). Below the mixing layer in the water column the droplet concentration 

decreases rapidly with depth. While larger droplets float back to the surface, smaller droplets move 

deep into the water column (Tkalich, 2006). Suspended minerals and organic matter present in the 

water column can combine with those oil droplets, which eventually leads to settling to the river 

bottom. The primary methods of oil recovery following a spill (e.g., skimming) are often inadequate 

to respond to these weathering effects on oil. 
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Figure 1.2: Weathering determines fate and behaviour of oil upon spills. MAH refers to 

monocyclic aromatic hydrocarbons and PAH refers to the polycyclic aromatic hydrocarbons 

(Environment Canada, 2013). 

The presence of suspended particles in water can greatly enhance the potential of oil to submerge 

(Figure 1.3). Figure 1.3 is presented after Gong et al. (2014) who reviewed the interaction of oil 

and sediments in marine systems, but this should be equally applicable for freshwater systems. 

Furthermore, oil spilled on land can combine with particles before reaching the water (Lee et al., 

2015). Researchers have used different terms to describe the integration of oil and particles, such 

as: oil-mineral aggregates (OMA) (Omotoso et al., 2002; Owens and Lee, 2003), oil-suspended 

particulate matter aggregates (OSA) (Sun and Zheng, 2009) or Clay/oil flocculation (Jahns et al., 

1991). Oil-particle aggregate (OPA) is used here following Fitzpatrick et al. (2015) because 

‘particle’ encompasses both minerals and organics in water that bind with oil. The extent of 

aggregation between oil and particles can be significantly affected by oil properties (e.g., viscosity, 

density), the nature of the sediment (e.g., size, concentration) and characteristics of the surrounding 
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environment (e.g., temperature, salinity) (Sun and Zheng, 2009; Gong et al., 2014). The possibility 

of forming OPAs decreases with increasing viscosity of oil, and the threshold is 9500 mPa-s (Lee 

et al., 1998). A fresh (not weathered) Cold Lake Blend (CLB), a common dilbit, has a viscosity of 

285 mPa-s at 15 ᵒC, however it increases with increasing degrees of weathering and/or decreasing 

temperature (Government of Canada, 2013). Therefore, a relatively fresh spill of dilbit in a warm 

environment has more potential to bind sediment particles. Although OPA formation is rapidly 

increased up to a certain salinity (ionic strength) level, it was also observed in different studies done 

in freshwater systems (Sun and Zheng, 2009). Aggregation is increased with smaller particles (i.e., 

larger surface area available for oil-particle interaction) (Omosoto et al, 2002; Zhang et al., 2010) 

and in rivers with turbulence and strong currents where sediment load is high.  

 

Figure 1.3: Suspended particles in water affects oil movement (Gong et al., 2014). 

The combination of these processes (e.g., loss of lighter fractions, formation of OPA) can make the 

oil sufficiently dense so that it sinks below the surface and enters into the sediment (Figure 1.3) 
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(Gong et al., 2014; Lee et al., 2015). The portion of oil which remains in the sediment can be a 

source of persistent environmental problems.  

1.1.2 Importance of Clean Sediment and Hyporheic Flow 

The immediate response following an oil spill is focused on cleaning the floating oil, but cleaning 

oil from sediments can take years. This is due to the difficulty in reaching the bottom of a water 

body and, moreover, techniques such as dredging have tremendous adverse effects on ecosystems 

(Freedman et al., 2013; Dew et al., 2015). For example, oil from the Arrow spill in Nova Scotia 

remained in the sediment 30 years after the spill occurred (Lee et al., 2003). Flora and fauna which 

grow or live near the sediment are greatly affected by the contaminated sediment (Lee et al., 2015). 

The residual oil in pink salmon spawning sediments from the 1989 Exxon Valdez spill caused 

higher embryo death-rates even four years after the incident (Bue et al., 1998; Murphy et al., 1999). 

The risk to aquatic organisms is particularly high in rivers where natural dilution is limited and fish, 

like salmon and trout, lay their eggs in the gravel-dominated sediment (Kondolf and Wolman, 

1993). Rivers with gravel beds are found throughout Canada. In alluvial rivers, the transitional zone 

between surface water and groundwater is known as the hyporheic zone, where flow exchange 

occurs between these two types of water (Boulton et al., 1998; Edwards, 1998; Tonina and 

Buffington, 2009). Hyporheic flow is important to preserve a variety of life forms within this zone, 

the total number of which varies with both depth within the zone and with seasonal changes 

(Williams and Haines, 1974), by supplying dissolved oxygen and nutrients through the sediment 

pores and cleaning organic wastes (Boulton et al., 1998; Tonina and Buffington, 2009). Hyporheic 

exchange occurs where the river channel encounters a sudden change (e.g., change in slope or 

meandering) (Winter et al., 1998). Tonina and Buffington (2009) showed that the existence of a 

bar on the bed generates hyporheic flow due to the pressure difference between either sides of the 

dune (Figure 1.4). In an oil contaminated river, hyporheic flow can have an adverse effect in many 

ways. Downwelling flow can carry oil droplets into the sediment, the oxygen carried by the flow 
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can be consumed during decomposition of organics in the trapped oil (Tonina and Buffington, 

2009) and the upwelling flow can carry hydrocarbons partitioned from the trapped oil and 

intoxicate living organisms, including fish, near the sediment (Schein et al., 2009).  

 

Figure 1.4: The concept of hyporheic flow induced by a dune in the bed, simulated using dye 

(Tonina and Buffington, 2009). 

1.1.3 Dilbit Spills 

One of the most catastrophic oil spills in freshwater in recent history is the Kalamazoo river spill 

in 2010. A pipeline rupture near Marshall, MI released an estimated 3.2 million L of diluted 

bitumen (US National Transportation Safety Board, 2012; Dollhopf et al., 2014). The oil floating 

on the surface was removed by traditional cleanup techniques. However, the smaller percentage of 

oil that submerged into the sediment required long-term cleanup actions (Fitzpatrick et al., 2015). 

The lack of understanding of the properties and fate of diluted bitumen products in oil spill events 

caused a rise in recovery efforts and cost. Following that accident, studies have been done to 

understand dilbit spill behaviour (e.g., Crosby et al., 2013; Yarranton et al., 2014), particularly in 

freshwater (e.g., Dew et al., 2015). 

As raw bitumen is highly viscous, it cannot be readily transported through pipelines after extraction 

and needs to be mixed with a diluent (Alberta Energy and Utilities Board, 2005; Government of 

Canada, 2013). Diluted bitumen (dilbit) has several different blends, which results from mixing 
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bitumen from different sources and condensates in various proportions, with each blend having 

slightly varying physical and chemical properties (Government of Canada, 2013; Crude Quality 

Inc., 2016). For example, Cold Lake Blend (CLB) is typically less viscous than Access Western 

Blend (AWB) (Government of Canada, 2013). Moreover, all dilbit blends tend to have a higher 

percentage of BTEX (benzene, toluene, ethyl-benzene and xylene) compounds (volatiles) than 

other bitumen products, such as synbit.  This higher percentage of volatiles increases the potential 

for dilbit to sink upon weathering (Government of Canada, 2013; Dew et al., 2015). Government 

of Canada (2013) tested two dilbit blends: CLB and AWB, because these have the highest 

transported volume of all dilbit through Canadian pipelines in 2011-2012. Table 1.1 summarizes 

selected properties of these two dilbits that likely affect their fate and behaviour after a spill. Most 

properties are available at 0 o C and 15 o C, which represent typical marine water temperatures across 

Canada (Governemnt of Canada, 2013). The W1-W4 indicates artificially weathered fractions 

obtained by 8.5%, 16.9%, 25.3% and 26.5% loss of the initial mass, respectively. W3 and W4 

weathered fractions, for CLB and AWB, are denser than freshwater (density of water at 20 ᵒC = 

0.9982 g/cc). SL Ross Environmental Research Limited (2012) tested the effects of UV exposure 

on spilled oil and found that although UV can accelerate degradation, the exposed oil density did 

not exceed 0.998 g/cc, and therefore the majority of oil remained buoyant within the top 10% depth 

of the tank where their experiment was performed. As dilbit density is comparable to that of 

freshwater, weathering alone may be sufficient to sink oil below the water surface, but the increase 

in density is also influenced by the formation of OPA (Fingas et al., 2003). Government of Canada 

(2013) added the effects of suspended particles in their experiments with weathering effects and 

found that when dilbit was mixed with fine to moderate-sized particles by high turbulence, the 

possibility of submergence was increased.  

The complication in recovering oil from the Kalamazoo spill originated from a number of factors: 

the response was late and the responders were not fully aware of the difficulty of handling dilbit 
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(Sillman et al., 2014), the original spill occurred on surrounding areas and weathering occurred as 

it travelled to the river (US National Transportation Safety Board, 2012; Dew et al., 2015), the river 

was turbulent and had a significant load of suspended particles (Fitzpatrick et al., 2015), and the 

oil reached approximately 61 km into the river (Dollhopf et al., 2014). Consequently the cleanup 

efforts were aggressive, time-consuming and expensive, and caused further environmental 

deterioration (Dew et al., 2015). The sediment agitation techniques used to liberate sunken oil 

produced additional OPAs (Lee et al., 2012), and impacted fish and other organisms near the bed 

(Winter and Haddad, 2014). The sediment cleanup extended more than four years after the accident 

(USEPA, 2014) and contributed a considerable amount to the total estimated $1.2 billion cleanup 

cost (Enbridge Inc., 2014). In a similar spill, it is expected that the cleanup cost could be reduced 

if there was sufficient knowledge and resources available to devise an effective dilbit spill response 

and risk management plan that included consideration of oil in sediment.  

In summary, a dilbit spill in freshwater can eventually become a source of long-term pollution 

because oil can be transported to the bottom of a river, bed sediment can entrap discontinuous dilbit 

blobs and the components of the trapped dilbit can partition into the interstitial water. 

Understanding the mechanisms of entrapment and dissolution, and quantifying the fate of dilbit in 

each stage are crucial to the formulation of a useful remediation and risk management strategy. 

Table 1.1: Selected physical properties of AWB and CLB (Government of Canada, 2013) 

Properties Temperature Fresh W1 W2 W3 W4 

AWB 

Density 

(g/cm3) 

 

0 ᵒC 0.9399 0.9646 0.9949 1.0214 1.0211 

15 ᵒC 0.9253 0.9531 0.9846 1.0127 1.0140 

20 ᵒC 0.9148 0.9547 NR NR NR 

Dynamic 

Viscosity 

(mPa-s) 

 

0 ᵒC 1.30×103 9.82×103 2.04×105 9.35×107 >1.00×108 

15 ᵒC 347 1.72×103 2.97×104 2.52×105 7.91×106 

40 ᵒC 59.8 NR NR NR NR 
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Surface 

Tension 

(mN/m) 

0 ᵒC 31.2 31.9 NM NM NM 

15 ᵒC 30.2 31.1 31.2 NM NM 

20 ᵒC 27.5 NR NR NR NR 

Oil-water 

Interfacial 

Tension 

(mN/m) 

0 ᵒC 24.8 NM NM NM NM 

15 ᵒC 24.2 28.0 NM NM NM 

CLB 

Density 

(g/cm3) 

 

0 ᵒC 0.9376 0.9665 0.9909 1.0130 1.0176 

15 ᵒC 0.9249 0.9537 0.9816 1.0034 1.0085 

20 ᵒC 0.9216 NR NR NR NR 

Dynamic 

Viscosity 

(mPa-s) 

 

0 ᵒC 803 6.98×103 1.29×105 1.85×107 5.71×107 

15 ᵒC 285 1.33×103 1.83×104 3.91×105 3.21×105 

40 ᵒC 59 NR NR NR NR 

Surface 

Tension 

(mN/m) 

0 ᵒC 30.0 30.8 NM NM NM 

15 ᵒC 28.8 30.1 30.2 NM NM 

20 ᵒC 28.0 NR NR NR NR 

Oil-water 

Interfacial 

Tension 

(mN/m) 

0 ᵒC 30.6 NM NM NM NM 

15 ᵒC 27.7 28.9 NM NM NM 

NM = Not Measurable, too viscous 

NR = Not Reported 

1.1.4 Dilbit Entrapment 

It is hypothesized here that multiple scenarios can lead to the contamination of sediment with oil 

(Figure 1.5). Section 1.1.1 discussed the mechanism of oil breaking into smaller droplets and being 

transported to and into bed sediments by sinking or by downwelling hyporheic flow, facilitated by 

increases in density due to weathering or OPA formation (Figure 1.5 row 1). Oil can also become 

incorporated in bed sediments if it is spilled in the shallower portions of a river stream or on exposed 

river banks, and is then submerged in the river due to a rise in the water level (Figure 1.5 row 2). 

Finally, oil spilled on land can coat relatively dry sediment near the side of the river and also be 

submerged by a rise in water level (Figure 1.5 row 3). Condition 1 and condition 2 likely represent 
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two extreme possibilities, where the minimum (as transported droplets) and maximum (as trapped 

blobs) volume of oil, respectively, could be trapped in the sediment pores. Condition 3 likely 

represents an intermediate volume of oil, but with a high interfacial area between the oil and water, 

through which mass transfer from the oil into the aqueous phase would occur. While all of these 

conditions can occur, this study considers condition 2 because of the potential to trap large volumes 

of oil. As such, it represents a worst-case scenario for the contamination of the bed sediment. 

 

Figure 1.5: Conceptual diagram of three scenarios resulting in dilbit contamination of sediments, 

row 1: oil on the water surface, broken down into smaller droplets, can be transported to the 

sediment by hyporheic flow, row 2: oil spilled in the shallow water or on an exposed bar can 

become trapped in the sediment by temporal water level fluctuations, and row 3: oil spilled on land 

coats the surface of dry sediment near the bank and becomes submerged as the water level rises. 

Water flows from left to right in all cases. 

 

As described in the contaminant hydrogeology and petroleum literature, sequential drainage and 

imbibition will trap oil in the pores of a porous medium as disconnected blobs formed by snap-off 
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and bypassing mechanisms (Chatzis et al., 1983; Mercer and Cohen, 1990). These residual blobs 

remain immobile even at high hydraulic gradients (Kueper et al., 2003). Although often considered 

immiscible, oil components can be dissolved into the aqueous phase at low concentrations (Wilson 

et al., 1990; Kueper et al., 2003). Drainage and imbibition processes, including fluid trapping, can 

be represented by capillary pressure-saturation (Pc-Sw) curves. Various methods of obtaining Pc-Sw 

relationships are available (Dane and Hopmans, 2002), however, difficulties arise when the porous 

media consist of coarse sands and gravels, and curves developed using standard procedures need 

to be corrected, because of the high ratio of gravity to capillary forces (Tokunaga et al., 2002). 

1.1.5 Mass Transfer from Trapped Dilbit to Water Flowing at Hyporheic Velocities 

A potential problem associated with trapped diluted bitumen in sediment pores is that soluble 

constituents can be transferred into the water flowing through the pores. The rate of mass transfer 

from the immobile oil to the mobile water depends on a combination of factors, including the water 

velocity, and the available contact area (Miller et al., 1990). Although mass transfer from trapped 

oil has not been studied previously in hyporheic flow systems, it has been a topic of interests among 

researchers of various other disciplines; for example, in the areas of petroleum engineering and 

subsurface contamination (Agaoglu et al., 2015). The knowledge gained from subsurface mass 

transfer should be applicable to the dissolution of dilbit blobs in river bed sediments. However, 

differences in the velocity of water are important. Typical groundwater velocities are in the order 

of mm/day to m/day (10-8 to 10-5 m/s), whereas hyporheic flow velocity can range between 10-5 and 

10-2 m/s (Grimm and Fisher, 1984; Valett et al., 1990; Boulton et al., 1998).  

In studies of groundwater contamination, the transfer of soluble components from oil to water is 

quantified either using an equilibrium solubility approach on a local scale (i.e., local equilibrium 

assumption or LEA) (Van der Waarden et al., 1971; Abriola and Pinder, 1985) or using a non-

equilibrium linear driving force model (i.e., a rate-limited approach) (Miller et al., 1990; Powers et 

al., 1992; 1994). Nambi and Powers (2003) listed a number of factors, based on previous studies, 
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that limit the mass transfer to produce less-than-equilibrium concentrations. The contact time and 

contact area between the phases are among the determinants that limit mass transfer. It is expected 

that the mass transfer from dilbit to water will be rate-limited at these higher hyporheic velocities. 

Choosing the right approach between LEA and rate-limited dissolution is important because an 

inappropriate assumption can lead to errors in the prediction of the time required for cleanup of an 

affected site (Seagren et al., 1999). Predictions of rate-limited dissolution from residual oil blobs 

to a flowing aqueous phase are often made using correlation models, which relate mass transfer 

coefficients to system properties (e.g., Miller et al., 1990; Powers et al., 1992, 1994; Imhoff et al., 

1994). However, most correlation models have restricted applicability because they are sensitive 

to the experimental conditions used in their development. 

Acknowledging the difference in the characteristics and consequences between oil spills in rivers 

and in oceans, more studies need to be done to understand the potential effects of oil spills in 

freshwater, particularly with respect to the long-term effects of trapped oil in sediments. There is a 

lack of knowledge concerning the volume of diluted bitumen that could be trapped following a spill 

that is able to reach the bed sediment and the potential aqueous concentrations that could result 

from the dissolution of that trapped oil (i.e., if they are sufficiently concentrated to cause lethality 

in organisms dwelling in or near the sediment). This research addresses this knowledge gap, and it 

is the first of its kind involving gravel-dominated sediments and diluted bitumen. 

1.2 Research Objectives 

The goal of this research was to further the understanding of the potential long-term effects of dilbit 

spills by estimating the potential of gravel to trap dilbit and by studying the mass transfer from 

dilbit to pore water flowing at hyporheic velocities, representative of gravel-bedded rivers. The 

specific research objectives were to: 

(a) understand the distribution of dilbit and water in gravel as a result of sequential drainage 

and imbibition by developing capillary pressure-saturation relationships; 
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(b) measure the maximum amount of trapped dilbit that is available for mass transfer as a 

trapped non-wetting residual; and 

(c) assess the mass transfer behaviour from dilbit to water by measuring the aqueous phase 

hydrocarbon concentrations due to partitioning from trapped dilbit to flowing water and 

comparing those concentrations to equilibrium estimates. 

This research will serve as a basis to (i) improve our understanding of the potential for dilbit spills 

to become a persistent source of contamination and thereby help with spill response and risk 

management, (ii) recognize if the aqueous concentrations produced by the dissolution during 

hyporheic flow are at levels consistent with those that can be acute or chronically toxic to organisms 

living near the river beds and (iii) inform practitioners about the timeframe that will be required for 

natural attenuation of trapped dilbit. 

1.3 Organization of the Thesis 

This thesis was organized in a manuscript format. Chapter 2 presents the laboratory experiments 

done to establish the capillary pressure-saturation (Pc-Sw) relationship in gravel for both air-water 

and dilbit-water fluid pairs. Application of a correction procedure to obtain local Pc-Sw from height-

averaged data was performed in this chapter. Chapter 3 discusses the mass transfer behaviour from 

trapped dilbit blobs to pore water at hyporheic velocity. Chapter 4 includes conclusions and 

recommendations for future research. Chapter 2 will be submitted to the Journal of Hazardous 

Materials and Chapter 3 will be submitted to the Science of The Total Environment as original 

research papers. Co-authorship of Chapter 2 and Chapter 3 are detailed in the front matter. 
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Chapter 2 

Capillary pressure - saturation relationships for diluted bitumen and 

water in gravel 

2.1 Introduction 

Spills and accidental releases of crude oil during its overland transportation, for example by 

pipeline or rail, are potential sources of environmental contamination. When released to freshwater 

bodies, oil spills can be more damaging than marine spills because dilution is limited in confined 

freshwater systems, which are comparatively shallow and contain less volume of water than oceans 

(Trett, 1989). Typically, response to an oil spill is intended to address short-term adverse effects 

(such as deterioration of built structures, interruption to recreational water use) and includes 

limiting access to the spill site as well as containment and removal of the oil slick, for example 

using booms, suction or mechanical skimming (Vandermeulen and Ross, 1995; Brown, 1989). 

However, longer-term effects are also possible due to the persistence of oil under some conditions. 

For example, a spill of diluted bitumen to the Kalamazoo river in Michigan, USA in 2010 (Dollhopf 

et al., 2014) resulted in sinking of oil beneath the water surface and oil contamination of the river 

bed. Removal of oil from the bed called for extensive remedial measures resulting in a total cost of 

US$1.2 billion (Enbridge Inc., 2014).  

The Alberta oil sands in western Canada have the world’s third largest oil reserve, and contain an 

estimated 168 billion barrels of recoverable bitumen (Alberta Oil Sands Industry, 2015). Because 

bitumen is highly viscous, its transportation to ports and refineries through pipelines requires that 

it be diluted with low viscosity products (Alberta Energy and Utilities Board, 2005). The resulting 

mixture is referred to as diluted bitumen or dilbit. When released to freshwater, dilbit has the 

potential to sink and the immersed oil often settles onto the sediments (Dew et al., 2015). River bed 

sediments, including gravels and coarse sands, are crucial for the reproduction of various fish 
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species, including salmon and trout (Kondolf and Wolman, 1993). There is the potential for oil 

transported to gravel sediment to enter the large pores, becoming trapped in the pore spaces and 

acting as a persistent source of contamination (Lee et al., 2015). To successfully manage the 

contamination of freshwater systems following an oil spill, remediation and risk management must 

address both the oil in the sediments as well as the oil in the surface water. A strategy that considers 

both the short- and long-term adverse effects requires an understanding of multiphase (oil and 

water) flow in the porous media that makes up the bed sediment.  

An understanding of oil and water flow in porous media relies on the knowledge of capillary 

pressure - saturation (Pc-Sw) relationships (also referred to as retention curves), including the 

trapping of oil caused by hysteretic drainage and imbibition pathways. Quantifying the amount of 

trapped oil in gravel sediments is particularly important to estimate the mass of oil capable of acting 

as a long-term contaminant as well as the potential for dissolution of oil components to the 

surrounding pore water. Numerous studies have been done to measure Pc-Sw relationships for air-

water and oil-water systems, many of which are related to groundwater contamination by non-

aqueous phase liquids (NAPLs). Most studies have been conducted in porous media that are sand-

sized or smaller. Few studies of Pc-Sw have been conducted in gravel (e.g., Tokunaga et al., 2002; 

2004).  

Pc-Sw relationships are typically measured in the laboratory by packing a porous medium into a 

pressure cell and measuring changes in saturation due to changes in fluid pressures (e.g., Dane et 

al., 1992; Sakaki and Illangasekare, 2007). Measurements, done in a step-wise manner, typically 

consist of drainage (a decrease in the saturation of the wetting fluid due to an increase in the 

capillary pressure) of a porous medium sample initially saturated with the wetting fluid, followed 

by imbibition (an increase in the saturation of the wetting fluid due to a decrease in capillary 

pressure). Measurements of displaced fluid volume represent changes in fluid saturation averaged 

over the sample volume. When an equilibrium condition is reached following each pressure-change 
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step, Pc (calculated as the difference between the pressures of the two immiscible fluids) and Sw are 

recorded to construct Pc-Sw curves for drainage and imbibition, which represent the capillary 

behaviour of the porous medium.    

Calculating saturation by measuring displaced fluid volume (outflow or inflow), however, produces 

inaccurate results for some combinations of fluids and porous media (Liu and Dane, 1995; 

Tokunaga et al., 2002; Sakaki and Illangasekare, 2007). These saturation values represent 

saturations averaged over the height of the sample. However, this height-averaged saturation is not 

equal to a local (point) measurement of saturation if capillary forces are weak, as occurs in coarse-

grained media and with fluid pairs having small interfacial tensions (Dane et al., 1992). Because 

fluid pressures are often set (and measured) at the sample boundaries, capillary pressure and 

saturation values vary with height within the sample (Dane et al., 1992; Liu and Dane, 1995), and 

this variation is prominent within tall samples (Dane and Hopmans, 2002). Therefore Pc-Sw curves 

developed with height-averaged capillary pressure and saturation values cannot represent Pc-Sw 

behaviour at a single point in systems with weak capillary forces. Local measurements of pressure 

and saturation must be made (e.g., Dane et al, 1992), or height-averaged measurements must be 

corrected (e.g., Liu and Dane, 1995; Tokunaga et al., 2002) to account for these variations.     

The objective of this study was to measure Pc-Sw relationships for dilbit and water in gravel, and 

compare those relationships to those for air and water in gravel. Dilbit was chosen for this study 

because there is not enough information available on the fate and transport of diluted bitumen 

following a spill (Government of Canada, 2013), and that lack of knowledge can complicate 

cleanup efforts in freshwater systems (Dew et al., 2015). Air-water and dilbit-water relationships 

were compared to determine the potential to scale curves between fluid pairs, and dilbit 

displacement during imbibition was measured to determine the potential for gravel to trap dilbit, 

which could subsequently serve as a long-term contaminant source following dilbit spills to gravel-

bedded rivers. These are the first such experiments to investigate drainage and imbibition of diluted 
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bitumen and water, and it is expected that these results will help in estimating the possible risk of 

a dilbit spill and to develop effective remediation programs.  

2.2 Background 

2.2.1 Properties of Dilbit 

After a dilbit spill, one of the most important factors that affects decision making is whether it will 

float or sink in water (Dew et al., 2015). Dilbit is a mixture of 70-75% bitumen and 25-30% natural 

gas condensate by volume (Héraud, 2011), which is added to decrease the viscosity of bitumen for 

pipeline transportation. Seven dilbit products listed by Government of Canada (2013) contain 

volatile BTEX compounds (benzene, toluene, ethyl-benzene and xylene) ranging between 0.83% 

and 1.20% by volume. The light ends compounds (sum of all butanes to decanes) range between 

18.3% and 24.1% by volume. As these lighter fractions easily evaporate during environmental 

weathering, especially at warm temperatures, dilbit densifies and as a result can sink in freshwater 

(Crosby et al., 2013).   

Dew et al. (2015) reviewed previous studies to identify the conditions under which dilbit sinks in 

a freshwater environment. Combining the results of experiments done by three researchers (SL 

Ross Environmental Research Limited, 2012; Government of Canada, 2013 and Yarranton et al., 

2014), they suggested that mainly two factors determine sinking of dilbit: the nature of the spill 

(spill route and extent of weathering) and the amount of suspended solids in the water. If dilbit 

spills on land and travels to freshwater it may, depending on the travel time, be sufficiently 

weathered to sink. If dilbit spills directly into the water it floats until weathering takes place. Dilbit 

can also sink by binding to suspended solids in the water. These factors intensified problems 

encountered during cleanup of the Kalamazoo River spill, where 20-30% of the spilled oil remained 

in the Kalamazoo river sediment three years after the spill occurred (USEPA, 2013; King et al., 

2014).    
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2.2.2 Correction of height-averaged Pc-Sw Data 

While the standard procedure for measuring Pc-Sw relationships is based on boundary fluid 

pressures and total fluid volumes, certain combinations of factors such as grain size, sample height, 

fluid properties (density and interfacial tension) and configuration of the pressure cell can result in 

significant differences between average and local measurements. For example, capillary pressure 

varies with sample height when the densities of two immiscible fluids are different (Dane et al., 

1992; Liu and Dane, 1995; Perfect et al., 2004). Korteland et al. (2010) emphasized that for samples 

in which two immiscible fluids are not uniformly distributed over the sample height, the centroid 

of the phases and the centroid of the sample are not same. Thus, capillary pressure measured at a 

single elevation within the sample (e.g., mid-height) cannot represent capillary pressure at different 

elevations. This variation in capillary pressure with height can be neglected when the sample is 

very short (1 or 2 cm) (Dane and Hopmans, 2002). In addition, during drainage of a coarse porous 

medium packed in a tall column, the top of the sample starts draining once the displacement 

pressure is exceeded, while the bottom remains saturated with the wetting fluid. Consequently, the 

saturation calculated using outflow volume is height-averaged and does not represent the saturation 

at the top or bottom of the column. Pc-Sw curves measured in this manner are not applicable to a 

point within the sample (Dane and Hopmans, 2002). Using sample height and displacement 

pressure to represent the gravity and capillary forces, respectively, Liu and Dane (1995) showed 

that as the ratio of sample height to displacement pressure increases, the height-averaged curves 

are more likely to deviate from the point-measured curves. They also discussed the effect of density 

difference between the fluids and found that the disagreement between the curves is reduced when 

the densities of two immiscible fluids are equal.  

As gravity forces dominate over capillary forces, vertical stratification of saturation occurs in the 

column (Tokunaga et al., 2004), particularly at higher average wetting saturations. The averaging 

of saturation over the sample height smooths out the measured Pc-Sw curves near the displacement 

pressure (Dane et al., 1992; Liu and Dane 1995; Jalbert and Dane, 2001; Sakaki and Illangasekare, 
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2007). Studying nine different sand samples, Sakaki and Illangasekare (2007) found that if the 

displacement pressure of the soil is about three times larger than the sample height, no correction 

is necessary. Experimenting in a 30 mm tall Tempe cell, Tokunaga et al. (2002) reported that air-

water Pc-Sw relationships for gravels with 8.0-9.5 mm and 4.8-5.3 mm particle sizes must be 

corrected, but that correction was less important for a 2.0-2.4 mm gravel. The sample height also 

plays a significant role in determining if correction is necessary (Jalbert and Dane, 2001), with a 

shorter column requiring less correction. However, this must be balanced with a need for the sample 

to contain multiple material grains to meet the requirement of a representative elementary volume 

(REV). This presents a challenge for testing gravel samples, where capillary forces are weak due 

to large pore sizes (suggesting a need for small sample heights) but large grain sizes create large 

sample heights. For example, Tokunaga et al. (2004) found noisy results after gravity correction 

was applied to results from a test using 10 mm gravel in a 30 mm tall Tempe cell due to porosity 

variation due to fewer grains contained in the sample.  

To avoid the errors associated with height-averaged measurements, Dane et al. (1992) used a 

gamma-radiation system to measure local saturations for TCE-air and TCE-water systems. Schroth 

et al. (1996) developed a correction procedure based on numerically subdividing the height of their 

cell, and found a small difference between the corrected and measured data when the 7 cm tall cell 

containing sand with grain sizes between 0.3 mm and 1.1 mm had at least three subdivisions (each 

subdivision < 2.33 cm). Tokunaga et al. (2002) developed a gravity correction equation for initial 

drainage curves, equivalent to a special case of correction equations presented by Jalbert and Dane 

(2001), and also applied it for secondary wetting curves (Tokunaga et al., 2004). Sakaki and 

Illangasekare (2007) installed a time domain reflectometry probe and a tensiometer at the mid-

height of their cell, to locally measure saturation and capillary pressure, respectively, and showed 

that local measurements agreed with height-averaged measurements corrected using the procedure 

developed by Liu and Dane (1995).   
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In this study, height-averaged capillary pressure (𝑃�̅�) and saturation (𝑆𝑤
̅̅̅̅ ) were corrected to obtain 

a local capillary pressure-saturation relationship using the method presented by Liu and Dane 

(1995), and the Brooks-Corey (1964) relationship for Pc-Sw.  For drainage:  

𝑆𝑤 = 𝑆𝑟 + (1 − 𝑆𝑟) (
𝑃𝑑

𝑃𝑐
)

𝜆
 for 𝑃𝑐 ≥ 𝑃𝑑       (2.1a) 

𝑆𝑤 = 1 for 𝑃𝑐 < 𝑃𝑑         (2.1b)  

where 𝑆𝑟 is the residual wetting fluid saturation, 𝑃𝑑 is the displacement pressure for the porous 

medium expressed of equivalent height of water [L], and 𝜆 is the pore size distribution index. It is 

important to note that in the Brooks-Corey relationship, there is no distinction between a 

displacement pressure and an entry pressure (Gerhard and Kueper, 2003). Here, the term 

displacement pressure and the symbol 𝑃𝑑 has been used throughout to be consistent with both the 

traditional expression of the Brooks-Corey relationship and the nomenclature used by Liu and Dane 

(1995). For imbibition, the Brooks-Corey equations were modified as (Gerhard and Kueper, 2003): 

𝑆𝑤 = 𝑆𝑟 + (𝑆𝑤
𝑋 − 𝑆𝑟) (

𝑃𝑡

𝑃𝑐
)

𝜆
 for 𝑃𝑐 ≥ 𝑃𝑡      (2.2a) 

𝑆𝑤 = 𝑆𝑤
𝑋 for 𝑃𝑐 < 𝑃𝑡         (2.2b) 

where 𝑆𝑤
𝑋 is the maximum wetting fluid saturation at the end of imbibition, and 𝑃𝑡 is the terminal 

capillary pressure [L]. 

2.2.3 Hysteresis  

A greater capillary force is required during drainage than imbibition to establish the same saturation 

within a porous medium, which gives rise to capillary hysteresis. Tokunaga et al. (2004) showed 

that hysteresis does not prevail in all conditions, and proposed that it depends on the combined 

effects of particle size, fluid properties and gravity expressed as a dimensionless Haines number: 

𝐻𝑎 =
∆𝜌𝑔𝑟2

𝜎
           (2.3) 
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where 𝐻𝑎 is the Haines number (similar to the commonly-employed Bond number, but using a 

grain size rather than a pore radius as a characteristic length), ∆𝜌 is the density difference between 

fluids [ML-3], 𝑟 is the characterisitic grain size [L], 𝜎 is the interfacial tension [MT-2] and g is the 

acceleration due to gravity [LT-2]. They reported that hysteresis will occur in systems with 𝐻𝑎 ≤ 

15. Figure 2.1, adapted from Tokunaga et al. (2004), shows the predicted influence of grain size on 

the Haines number for different fluid pairs. Hysteresis is expected to be negligible for larger grain 

sizes (gravel), but the transition is affected by the fluid properties. Because both the density 

difference and interfacial tension affect the Haines number, greater hysteresis can occur for liquid-

liquid compared to gas-liquid fluid pairs at the same grain size despite higher interfacial tensions 

(Dane et al., 1992).  

 

Figure 2.1: Haines number for different grain sizes and fluid pairs, based on Tokunaga et al. (2004). 

The density and interfacial tension with water for each non-wetting fluid are: air: 0.00123 g/cm3 

and 72.8 mN/m, hexane: 0.6603 g/cm3 and 51 mN/m, toluene: 0.8623 g/cm3 and 36.1 mN/m and 

dilbit: 0.9216 g/cm3 and 27.7 mN/m (and the density of water is 0.9982 g/cm3). The horizontal line 

at Haines number = 15 represents the threshold above which hysteresis vanishes. 
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2.2.4 Leverett Scaling 

Leverett (1941) presented a dimensionless capillary pressure as a function of porous medium and 

fluid properties:  

𝑃𝑐
𝑖𝑗

=
𝑃𝑐

𝜎
 √

𝑘

∅
           (2.4) 

where 𝑃𝑐
𝑖𝑗

is the dimensionless capillary pressure in a two-phase system of fluids i and j, k is the 

intrinsic permeability [L2] and ∅ is the porosity. Equation 2.4 allows capillary pressures measured 

using one fluid pair to be scaled to a second fluid pair, within the same porous medium (same k 

and ∅). Therefore, dilbit-water capillary pressure can be approximated by air-water capillary 

pressure values as: 

𝑃𝑐
𝑏𝑤 =

𝜎𝑏𝑤

𝜎𝑎𝑤
𝑃𝑐

𝑎𝑤          (2.5) 

where 𝑃𝑐
𝑎𝑤  and  𝑃𝑐

𝑏𝑤 are the capillary pressure in air-water and dilbit-water systems, respectively, 

and 𝜎𝑎𝑤 and 𝜎𝑏𝑤 are air-water and dilbit-water interfacial tensions, respectively. No attempt was 

made to also scale the results in this study by contact angle (e.g., Demond and Roberts, 1991).  

2.3 Materials and Methods  

The porous medium used in this study was a peastone gravel (Pyke Farms Landscaping Products, 

Kingston, Canada) composed of granite originally sourced from a quarry near Seeley’s Bay, 

Ontario (Sweet’s Sand and Gravel). The gravel was prepared by sieving to remove particles less 

than 3.36 mm and washing three times with deionized water to remove fine particulates and bulk 

organic material.  The resulting particle size distribution curve (ASTM C136 / C136M-14, 2014) 

for this gravel is presented in Figure 2.2, and had an effective particle diameter (d50) of 7.8 mm and 

a uniformity coefficient (d60/d10) of 1.84. 
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Figure 2.2: Particle size distribution curve for the gravel used in the study. 

Cold Lake Blend (CLB) was the dilbit used in this study, and is one of the highest-volume oils 

transported through Canadian pipelines (Government of Canada, 2013). Samples of CLB were 

provided by the Department of Fisheries and Oceans, Canada. Selected properties of fresh CLB are 

summarized in Table 2.1. The CLB was stored at 4 °C in the dark. Based on an oil density of 0.9216 

mg/L, a water density of 0.9982 mg/L, an interfacial tension of 27.7 mN/m and a characteristic 

grain size of 7.8 mm, the Haines number for the dilbit-water experiments was estimated to be 1.65 

and hysteresis is expected (Figure 2.1).  
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Table 2.1: Physical properties of fresh CLB and water 

Properties Temperature (°C) CLBa Waterb 

Density (g/cc) 

 

0 

15 

20 

0.9376 

0.9249 

0.9216 

0.9998 

0.9991 

0.9982 

Dynamic Viscosity (mPa-s) 0 

15 

803 

285 

1.781 

1.139 

Surface Tension (mN/m) 

 

0 

15 

20 

30.0 

28.8 

28.0 

75.65 

73.50 

72.80 

Interfacial Tension (mN/m) 

CLB/watera 

0 

15 

30.6 

27.7 

aGovernment of Canada (2013) 

bCrittenden et al. (2012) 

The experiments were performed in a custom-made stainless steel cell (Figure 2.3). Stainless steel 

end caps were sealed to the middle section of the cell using oil-resistant Buna-N gaskets (McMaster 

Carr) to create a sample with height 5.28 cm and diameter 7.25 cm. A water reservoir was connected 

to the cell through two 2.5 cm-diameter holes in the bottom end cap, each fitted with a hydrophilic 

membrane (Millipore, 41 μm nylon net) sealed in place with a Viton O-ring to prevent air or oil 

entry into the water reservoir during drainage at higher capillary pressures. Both air-water and oil-

water experiments used a similar setup with slight changes made for the latter to accommodate 

dilbit.  
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Figure 2.3: Schematic diagram of the experimental setup used in Pc-Sw experiments (a) air-water 

and (b) dilbit-water. 

For each experiment, water-wetted gravel was poured slowly into the water-filled cell to reduce the 

potential for air entrapment during packing and to create an initially water-saturated sample.  

During air-water drainage, the water reservoir was lowered in a series of steps (approximately 5-

10 mm each) and air was allowed to enter through the hole in the top cap, open to the atmosphere 

(Figure 2.3a). After each step, outflow from the column was monitored until no change was 

observed over a period of between 3 and 24 hours, and then a new step was initiated. After the 

column reached a residual water saturation, the process was reversed and water was imbibed back 

into the cell by raising the water reservoir in a series of steps, until it reached a level above the top 

cap. Thus, starting the imbibition after reaching the minimum wetting phase saturation ensured that 

there was maximum non-wetting phase trapped after imbibition (Gerhard and Kueper, 2003). A 

similar procedure was followed for drainage and imbibition during dilbit-water experiments, except 
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that the top cap was replaced by a 5.28 cm-high extension of the cell that contained a dilbit pool 

approximately 2.6 cm thick (Figure 2.3b). 

Triplicate air-water experiments (aw1, aw2 and aw3) and dilbit-water experiments (bw1, bw2 and 

bw3) were performed (Table 2.2). In each experiment, both initial drainage curves and secondary 

imbibition curves were measured.  Height-averaged capillary pressures were based on the elevation 

of the water surface in the water reservoir for the air-water experiments, and on the elevations of 

the water surface and the surface of the dilbit pool in the dilbit-water experiments.  Height-averaged 

saturations were based on a change in water volume in the water reservoir. 

Table 2.2: Air-water and dilbit-water experiments 

Experiment Wetting Fluid Non-wetting Fluid Bulk Density, 𝝆𝒃 (g/cm3) Porositya, ∅ 

aw1 water air 1.64 0.38 

aw2 water air 1.64 0.38 

aw3 water air 1.70 0.36 

bw1 water dilbit 1.64 0.39 

bw2 water dilbit 1.65 0.38 

bw3 water dilbit 1.66 0.38 

bw4 water dilbit 1.61 0.40 

aporosity was calculated based on the bulk density and a grain density (𝜌𝑠) of 2.67 g/cm3 

In addition to the Pc-Sw experiments, a single visualization experiment using dilbit and water (bw4) 

was performed to demonstrate the trapping of dilbit in gravel pore space. Similar to the bw1-bw3 

experiments, drainage and imbibition were performed using a dilbit pool and water reservoir that 

was lowered and then raised. However, the bw4 experiment was conducted in a glass column with 

height 19 cm and diameter 5 cm (PYREX® 250mL Cylindrical Separatory Funnel, Corning Inc.) 

and no attempt was made to achieve uniform saturation conditions at the end of drainage and 

imbibition. Images of the glass column during drainage and imbibition were captured using a digital 

camera (Canon EOS Rebel T5i) fitted with a macro lens (Canon EF-S 60mm f/2.8 Macro USM).    
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All height-averaged measurements were corrected using Equation 2.6 – Equation 2.10, based on 

the procedure of Liu and Dane (1995) for a non-wetting fluid (air or dilbit) that is less dense than 

the wetting fluid (water) to determine the local relationships, and were scaled using Equation 2.5 

for comparison between fluid pairs.  

During drainage, the relationship between the local and height-averaged saturations is given by: 

𝑆𝑤
̅̅̅̅ =

𝑧∗

𝑧𝑐
+

𝑧𝑐−𝑧∗

𝑧𝑐
𝑆𝑟 +

(1−𝑆𝑟)𝑃𝑑
𝜆𝐼1

𝐵𝑧𝑐
        (2.6) 

where 𝑧𝑐 is the height of the cell.  The parameter 𝑧∗ is defined by:  

𝑧∗ = 0 for 𝑧𝑐𝑟 ≤ 0         (2.7a) 

𝑧∗ = min[𝑧𝑐 , 𝑧𝑐𝑟] for 𝑧𝑐𝑟 > 0        (2.7b) 

and 𝑧𝑐𝑟 is defined by: 

𝑧𝑐𝑟 =  −
(𝐴−𝑃𝑑+𝑃𝑐̅̅ ̅)

𝐵
          (2.8a) 

𝐴 = 𝑧𝑛
𝜌𝑛

𝜌𝑤
− 𝑧𝑤          (2.8b) 

𝐵 = 1 −
𝜌𝑛

𝜌𝑤
          (2.8c) 

where 𝜌𝑤 is the density of the wetting fluid [ML-3], 𝜌𝑛is the density of the non-wetting fluid  

[ML-3], zn is the elevation at which non-wetting fluid pressure was measured [L] and zw is the 

elevation at which wetting fluid pressure was measured [L]. Assuming 𝜆 ≠ 1, I1 is defined by: 

𝐼1 =
1

1−𝜆
[(𝐴 + 𝐵𝑧𝑐 + 𝑃�̅�)1−𝜆 − (𝐴 + 𝐵𝑧∗ + 𝑃�̅�)1−𝜆]       (2.9) 

For imbibition, Equation 2.6 was modified to account for the maximum saturation following 

imbibition as: 

𝑆𝑤
̅̅̅̅ =

𝑧∗

𝑧𝑐
+

𝑧𝑐−𝑧∗

𝑧𝑐
𝑆𝑟 +

(𝑆𝑤
𝑋−𝑆𝑟)𝑃𝑡

𝜆𝐼1

𝐵𝑧𝑐
       (2.10) 

Local 𝑃𝑐-𝑆𝑤 relationships for each experiment were defined by a Brooks-Corey relationship 

(Equation 2.1 or Equation 2.2) using parameters (𝑃𝑑 or 𝑃𝑡 and 𝜆) obtained by fitting the measured 

values of 𝑃�̅� and 𝑆𝑤
̅̅̅̅  using Equation 2.6 or Equation 2.10 for drainage or imbibition, respectively. 
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Values of 𝑆𝑟 and 𝑆𝑤
𝑋 were obtained independently from the measurements of displaced water 

volume or of trapped dilbit at the end of drainage and imbibition, respectively, and were not used 

to fit the height-averaged data.  

The volume of trapped dilbit at the end of imbibition could not be quantified by measuring the 

volume of bitumen displaced from the cell because adherence of dilbit to tubing, cell parts and 

effluent containers prevented accurate measurements. Instead, the contents of the cell following 

imbibition (water, dilbit and gravel) were transferred to a glass jar partially filled with water and 

hexane. The gravel was stirred to release any trapped dilbit blobs and the liquid was mixed well 

using a stirring rod. The mixture of hexane and dilbit was allowed to separate by gravity above the 

gravel and excess water. The contents of the jar were then frozen for 24 hours, after which the 

liquid hexane-dilbit mixture, which has a lower freezing point, was separated from the ice and 

gravel by pouring, and weighed (procedure details described in Appendix C). 

2.4 Results and Discussion 

2.4.1 Preliminary Visualization Experiment 

Images of the bw4 experiment after imbibition are shown in Figure 2.4. Excess water was imbibed 

to lift the dilbit pool above the top of the gravel (Figure 2.4a). Trapped dilbit blobs approximately 

2-12 mm in size are visible, and were trapped between adjacent grains and between grains and the 

glass wall of the cylinder. Most of these blobs occupied a single pore body, although larger blobs 

may have occupied several pore bodies, facilitated by the larger spaces between the grains and the 

glass wall. The trapped dilbit did not coat the gravel grains. It was trapped as a non-wetting fluid, 

although some coating of the glass wall by blobs was apparent (Figure 2.4b). This type of trapping 

was expected to also have occurred following imbibition in the stainless steel cell. In addition, some 

smaller blobs approximately < 1 mm in size adhered to the glass wall, and remained in the column 

despite not being trapped by the geometry of the gravel pores. Although it is not typical of clean 
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glass surfaces to be wetted with dilbit in the presence of water, the existence of smaller blobs is 

likely due to the presence of some impurities (e.g., oil, dust particles) on the inner glass wall.     

  

Figure 2.4: (a) Distribution of trapped dilbit within the gravel after imbibition and (b) a magnified 

portion of the gravel showing a large multi-pore blob, two smaller single-pore blobs and several 

small droplets adhered to the glass wall. 

2.4.2 Capillary Pressure - Saturation Experiments 

Example height-averaged measurements and the corrected (local) curve for air-water drainage 

(experiment aw1) are shown in Figure 2.5a. These results are similar to those from the aw2 and 

aw3 experiments. The transition from maximum to minimum wetting fluid saturation occurred 

between height-averaged capillary pressures of -2 cm to 4.5 cm. While negative values of capillary 

pressure are not typical of drainage, these negative values are due to the measurement of height-

averaged capillary pressure referenced to the mid-height of the cell, and the higher ratio of gravity 

to capillary forces. Therefore, gravel near the top of the cell was drained before a decrease in 

wetting saturation occurred near the bottom of the cell. The apparent displacement pressure, based 

on the measured values, was found to be < -1.5 cm in all three air-water drainage experiments. This 

value is consistent with the results of Tokunaga et al. (2002), which showed displacement pressures 



 

39 

 

between -1.5 cm and -1 cm for 8.0-9.5 mm gravel and between -1 cm and -0.5 cm for 4.8-5.3 mm 

gravel. Over the triplicate air-water drainage experiments, the residual wetting phase saturation 

values ranged between 13-18% of the pore volume (15% in aw1 shown in Figure 2.5a), and are 

consistent with previous studies (Tokunaga et al., 2002). Example results for air-water imbibition 

are shown in Figure 2.5b. Similar to the measurements during air-water drainage, height-averaged 

capillary pressures between the minimum and maximum wetting saturation were 3.5 cm to -1.5 cm. 

The terminal pressure values for imbibition curves were < -2cm, although hysteresis between 

drainage and imbibition was not immediately evident in the height-averaged measurements. There 

was no air trapping after imbibition, consistent with observations by Tokunaga et al. (2004) in their 

air-water experiments in gravel. 
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Figure 2.5: Measured (height-averaged) and corrected (local) capillary pressure and wetting 

saturation for (a) air-water drainage, (b) air-water imbibition, (c) dilbit-water drainage and (d) 

dilbit-water imbibition based on experiments aw1 (a, b) and bw1 (c, d). The dashed line represents 

the best fit of Equation 2.6 (drainage) or Equation 2.10 (imbibition) to the measured data (black 

squares). Best-fit values of Brooks-Corey parameters (𝑷𝒅 or 𝑷𝒕 and 𝝀) were obtained by the fitting 

the measured data using Equation 2.6 or 2.10, and those were used in Equation 2.1 (drainage) or 

Equation 2.2 (imbibition) to obtain the corrected curves (solid lines). 

Example results for the dilbit-water experiments for drainage and imbibition are shown in Figures 

2.5c and 2.5d, respectively, based on experiment bw1. Unlike the air-water experiments, negative 

height-averaged capillary pressures were not observed, and the transition from maximum to 

minimum capillary pressure occurred over less than 1 cm. In addition, trapping of dilbit was 

observed at the end of imbibition, and is discussed further below.   

The local capillary pressure-saturation relationships for air-water and dilbit-water drainage and 

imbibition are also shown in Figure 2.5, based on the best fit of Equation 2.6 and Equation 2.10 to 
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the measured data from experiments aw1 and bw1. As observed by others (Jalbert and Dane, 2001; 

Tokunaga et al., 2002; Sakaki and Illangasekare, 2007) the local curves are sharper than the height-

averaged curves. The transition from maximum to minimum wetting fluid saturation occurred 

between capillary pressures of 1-3.5 cm during drainage and between 0.3-3 cm during imbibition 

in the air-water experiments, and between 0.3-2 cm during drainage and between 0.1-1.2 cm during 

imbibition in the dilbit-water experiments. During drainage, 90% of that change occurred from 1-

2.3 cm in the air-water experiments and from 0.3-0.8 cm in the dilbit-water experiments. In this 

gravel, that is on the order of one to three grain diameters. The displacement pressure for aw1 was 

1.1 cm and the terminal pressure was 0.5 cm. Consistent with the lower interfacial tension, the 

displacement and terminal pressures for bw1 were lower, 0.5 cm and 0.2 cm, respectively, which 

is typical (Demond and Lindner, 1993). The ratio of the displacement pressure to the sample height 

was 0.2 for aw1 and 0.09 for bw1. These are both less than a ratio of 3, which is the recommended 

threshold below which correction of height averaged Pc-Sw is necessary (Sakaki and Illangasekare, 

2007). These results suggest that gravity correction of drainage and imbibition data is required. For 

air and water this correction is required because of the larger difference in density, despite the 

higher interfacial tension. On the contrary, for dilbit and water little correction is required despite 

the lower interfacial tension because their densities are very close (Liu and Dane, 1995) and, as 

pressures are measured at the mid-height of the sample, the shifting of capillary pressure is minimal 

(Liu and Dane, 1995; Jalbert and Dane, 2001). The difference between the measured values and 

the corrected curve for bw1 (Figure 2.5c and 2.5d) is only pronounced near the entry pressure. This 

apparent need for correction is most likely because the Brooks-Corey function was used in the 

development of the correction procedure. Choosing an alternative correlation (e.g., van Genuchten 

et al., 1980) would reduce this disagreement, consistent with the observations by Peters and Durner 

(2006). 
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The corrected drainage and imbibition curves for all air-water and dilbit-water triplicate 

experiments are shown in Figure 2.6. The displacement pressures, terminal pressures and pore-size 

distribution index values varied within a reasonable range, indicating little variation between 

packings. The Brooks-Corey parameters for the corrected curves (𝑃𝑑, 𝑃𝑡 and 𝜆), residual water 

saturation (𝑆𝑟) and residual non-wetting fluid saturation (𝑆𝑛𝑟), along with the root mean square 

difference (RMSD) between the experimental data and fitted data are summarized in Table 2.3. For 

all triplicates, local capillary pressures for the dilbit-water experiments were lower than those of 

the air-water experiments, with average entry and terminal pressures of 0.5 ± 0.06 cm and  

0.3 ± 0.01 cm for dilbit-water compared to 1.2 ± 0.2 cm and 0.4 ± 0.09 cm for air-water (mean ± 

one standard deviation). Figure 2.6a and 2.6b show that hysteresis exists in both the air-water and 

dilbit-water systems. This is consistent with predictions for the size of porous medium used in this 

study, as the Haines number for both air-water and dilbit-water is below the hysteresis threshold of 

𝐻𝑎 = 15 (Figure 2.1). 

Importantly, the dilbit-water experiments showed the trapping of dilbit at the end of imbibition. 

The trapped volumes were quantified in a separate series of three freezing experiments, where 

drainage and imbibition were conducted in the same manner as for experiments bw1-bw3 but the 

displaced water volume was not measured. Therefore, the average trapped volume from these 

experiments is included in Figures 2.5b and 2.6c. Trapped dilbit saturations of 14% ± 2% (mean ± 

one standard deviation) were found in these freezing experiments. This is equal to approximately 

12 mL (29 g of dilbit per kg of dry gravel), and represents the maximum amount of dilbit that can 

be trapped in gravel as the result of sequential drainage and imbibition in a dilbit-water system. 

This trapped volume represents dilbit that was trapped in the pore space between gravel grains and 

does not include dilbit that adhered to the inside of the cell walls, which remained adhered and was 

not transferred to the jar for separation and quantification by freezing. To validate the freezing 
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method, the same freezing experiment was performed three times with known amounts of water, 

dilbit, hexane and gravel, and the recovery was more than 99.9% in each case (Appendix C). 

Air-water curves scaled using Equation 2.5 are shown in Figure 2.6c. The scaled drainage curves 

agreed well with those for dilbit-water. For example, the scaled air-water displacement pressure 

was 0.47 cm compared to the dilbit-water displacement pressure of 0.49 cm. The match of the 

scaled imbibition curves is not as close, with capillary pressures being under-predicted by 0.05-0.2 

cm, particularly at lower wetting saturations. These results show that air-water experiments can 

provide reasonable estimates of local capillary pressure-saturation relationships for dilbit and 

water, but cannot be used to estimate the extent of trapping at the end of imbibition. 
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Figure 2.6: Corrected (a) air-water curves and (b) dilbit-water curves based on triplicate 

experiments, and (c) corrected air-water curves scaled using Equation 2.5. 



 

45 

 

Table 2.3: Brooks-Corey parameters and residual fluid amount for drainage and imbibition 

Experiment Drainage Imbibition 

𝑷𝒅 (cm) 𝝀  𝑺𝒓 RMSDa 𝑷𝒕 (cm) 𝝀  𝑺𝒏𝒓 RMSD 

aw1 1.1 4.21 0.15 0.040 0.5 2.22 0 0.033 

aw2 1.0 5.01 0.13 0.020 0.4 4.47 0 0.034 

aw3 1.5 7.66 0.18 0.048 0.3 6.14 0 0.088 

bw1 0.5 4.6 0.21 0.025 0.2 4.19 0.14 0.029 

bw2 0.4 6.1 0.19 0.063 0.3 3.52 0.14 0.020 

bw3 0.5 3.11 0.17 0.117 0.3 3.61 0.14 0.043 

aRMSD: Root Mean Squared Difference 

2.5 Conclusions 

A series of drainage and imbibition experiments were conducted to determine the Pc-Sw 

relationships for air-water and dilbit-water in gravel to improve the understanding of the potential 

for dilbit to become trapped in river sediment following a spill event. Results showed small 

displacement pressures for water drainage by both air (< 1.5 cm of water) and dilbit (< 0.5 cm of 

water). Results also demonstrated that the Pc-Sw relationship for dilbit-water can be scaled from the 

results of air-water experiments, but that gravity correction was necessary for measurements made 

in a 5 cm tall cell due to the dominance of gravity over capillarity, which causes fluid saturation to 

vary with elevation. For example, a small change in capillary pressure resulted in a significant 

change in saturation values in both fluid systems, and during drainage a 90% decrease in saturation 

occurred within capillary pressure values equivalent to roughly three grain diameters of water 

height. Measured dilbit-water curves required little gravity correction because of the small 

difference in the densities of these two fluids. In addition, imbibition experiments showed that 

approximately 14% of the gravel pore space can be occupied by discontinuous blobs of dilbit 

(residual), which have the potential to act as a long-term source of contamination in rivers. This 
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trapping of non-wetting fluid was not observed in the air-water experiments. Together, the results 

of these experiments suggest that the potential to scale air-water experiments to predict dilbit-water 

capillary pressure-saturation relationships is advantageous, as conducting experiments with dilbit 

is difficult due to its viscosity and wetting behaviour. However, one needs to be careful to correct 

the results of air-water experiments for the dominance of gravity forces and not to rely on air-water 

experiments for prediction of trapped non-wetting fluid.  
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Chapter 3 

Laboratory study of mass transfer from diluted bitumen  

trapped in gravel 

3.1 Introduction 

Canada has 69% of the bitumen reserves (discovered oil in place) in the world, retained in the oil 

sands of Alberta (Attanasi and Meyer, 2010). The distribution of the extracted oil to refineries, 

markets and ports is dependent on overland transportation. Oil production will increase in the future 

as the global market is expanding (Angevine and Green, 2013; CAPP, 2015). Hence, in addition to 

the existing pipelines, there are proposals for new pipelines (e.g., Kinder Morgan Trans Mountain, 

Enbridge Northern Gateway) to be built within the next few years (CAPP, 2015). Pipelines and 

railways cross through a variety of landscapes and geographical features, including watercourses. 

Therefore, oil released from accidents during transportation, which often occur in small scales 

(Alberta Energy Regulator, 2013; Green and Jackson, 2015), can release oil to freshwater bodies. 

For example, the Northern Gateway twin pipeline project is proposed to transport diluted bitumen 

and condensate stretching more than 1000 km between Alberta and British Columbia. The proposed 

route will cross over 1000 watercourses, some of which are known salmon habitats (Swift et al., 

2011; Environment Canada, 2013). 

The complete removal of spilled oil from a river is unlikely, as oil does not remain confined to the 

site where it was originally spilled; it can be distributed downstream with river flow. Removal is 

further complicated if oil leaves the surface and sinks to the bottom of a river, as a result of flow 

breaking a slick into smaller droplets (Delvigne and Sweeney, 1988) and binding with the 

suspended particulate matter (Sun and Zheng, 2009). Gravel-dominated sediments, where pore 

spaces are relatively large, have the potential to be easily occupied by oil, and oil can stay there for 

a prolonged period of time (Lee et al., 2015). Coarse sand and gravel sediments are spawning 
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habitat for fish, including salmon and trout (Kondolf and Wolman, 1993; Kemp et al., 2011). Oil 

in the sediment can pose a risk to these fish and other aquatic organisms living near the beds (e.g., 

Heintz et al. 1999; Schein et al. 2009), as dissolved constituents from the oil can be transported 

with the water flowing through the sediment pores (i.e., hyporheic flow) (Tonina and Buffington, 

2009). 

Although often considered immiscible, oil constituents can be transferred into the pore water at low 

concentrations (Wilson et al., 1990). For oil exposed to air and water (e.g., an oil slick), mass 

transfer by dissolution is less than by evaporation; however, dissoltuion is important because toxic 

components in oil are mostly bioavailable in the dissolved phase (Robotham and Gill, 1989; Lee et 

al., 2015). Hence, freshwater sediment contaminated by diluted bitumen following a spill event can 

pose a threat to organisms in or near the bed (Dew et al., 2015). Bitumen is mainly composed of 

paraffinic, naphthenic, and aromatic hydrocarbons (Meyer and De Witt, 1990), and the solubility 

of these compounds are not the same (Lee et al., 2015). The density and viscosity of bitumen can 

be modified for pipeline transportation by adding diluent, such as natural gas condensates, to 

produce diluted bitumen (dilbit), and these low molecular weight compounds compose about 30% 

of the total volume (US National Academy of Science, 2012; Committee for a Study of Pipeline 

Transportation of Diluted Bitumen, 2013). Components of bitumen and dilbit available for 

dissolution can vary depending on how it gets into the sediment. A surface spill of dilbit can 

eventually go into the bed sediment following weathering, as dilbit loses lighter fractions and 

becomes dense (Government of Canada, 2013; Dew et al., 2015). Hence, the volatiles which are 

normally more soluble and acutely toxic (NRC, 2005) are less available for dissolution when they 

reach the sediment. Oil can also be transferred into the sediment pores quickly after a spill on an 

exposed bar or at shallow river banks and get trapped by temporal water level fluctuation 

(sequential drainage and imbibition). Drainage and imbibition promotes the trapping of large 

amounts of oil in the sediment (Chapter 2) and the relatively fresh (un-weathered) dilbit can serve 
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as a source for the dissolution of the lighter fractions. The longer chain hydrocarbons are not very 

soluble (Schein et al., 2009), but the oil becomes enriched in these heavier fractions as the lighter 

fractions are removed (Lee et al., 2015). 

The presence of oil in river sediments and its dissolution into the pore water means that an oil spill 

in freshwater may have long-term impacts on water quality and fisheries. Because conventional 

remediation techniques (e.g., containment) are not suitable for cleaning up oil in sediment, 

additional planning and cleanup measures are required (Silliman et al., 2014, Fitzpatrick et al., 

2015). Furthermore, it is important to understand whether dissolved hydrocarbons from oil in 

sediments are sufficiently concentrated and bioavailable for fish or other organisms to cause harm 

in short and longer terms to inform decision makers as new pipelines face public opposition (e.g., 

Swift et al., 2011). If the concentrations are below the toxicity limit, decisions may consider 

remediation by natural attenuation. This approach may be preferred under conditions where 

aggressive cleanup processes can disrupt the environment or be costly. 

This study investigated the dissolution of dilbit trapped in gravel at pore water velocities 

representative of hyporheic flow in gravel-bedded rivers. Experiments similar to those used to 

investigate the dissolution of non-aqueous phase liquids (NAPLs) in groundwater, were performed 

to measure the dissolved concentrations of the volatile fractions at different velocities and the 

decrease in concentrations over time. Measured concentrations were also used to estimate a mass 

transfer coefficient that could be used to estimate concentrations under conditions different than 

those used in these experiments. The potential impact from a diluted bitumen spill is a novel area 

of research and the lack of knowledge concerning the relationship between river conditions, 

dissolved concentrations and the contamination persistence has complicated efforts to clean up 

previous dilbit spills, such as the Kalamazoo River spill in Marshall, MI (Dew et al., 2015). It is 

expected that the results of this study will help to address this knowledge gap by determining if 

dissolved hydrocarbon concentrations resulting from hyporheic flow through the freshwater 
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sediment are similar to those reported as being toxic to aquatic life and investigating the potential 

persistence of these concentrations. It will help practitioners understand the potential risks of oil 

spills from the new pipelines to fish production, the potential timescales of that risk, and ecological 

imbalance by harmful effects to organisms.  

3.2 Background 

3.2.1 Mass Transfer from Trapped Oil to Groundwater 

The transfer of soluble compounds from trapped oil in porous media can either be described using 

a local equilibrium or a rate-limited approach. A local equilibrium approach (LEA) assumes that a 

compound partitions from a non-aqueous phase into the aqueous phase at its solubility value 

(Abriola and Pinder, 1985; Seagren et al., 1999). The rate-limited approach describes mass transfer 

when the aqueous phase concentration cannot reach the equilibrium value (Seagren et al., 1999). 

Mass transfer can be rate-limited throughout dissolution due to high aqueous phase velocities 

(Miller et al., 1990; Power et al., 1992), or it can change from a local equilibrium process to a rate-

limited process over time due to a decrease in the fraction of the pore space occupied by the oil (oil 

saturation) (Imhoff et al., 1994; Powers et al., 1994). In studies of mass transfer from trapped 

NAPLs, such as oil, to groundwater, rate-limited mass transfer is described as being proportional 

to the product of the driving force due to a difference in concentration between the oil-water 

interface and the bulk aqueous phase and the oil-water specific interfacial area (Miller et al., 1990; 

Powers et al., 1992; Imhoff et al., 1994; Seagren et al., 1999): 

𝐽 =  𝑘1𝑎𝑜𝑤(𝐶𝑠 − 𝐶) =  𝐾1(𝐶𝑠 − 𝐶)       (3.1) 

where 𝐽 is the mass flux of a solute into the aqueous phase [ML-3T-1] , 𝑘1 is a proportionality 

constant referred to as the mass transfer coefficient [LT-1], 𝑎𝑜𝑤 is the specific contact area between 

oil and water [L2L-3], 𝐶𝑠 is the solubility of the oil component [ML-3], and 𝐶 is the concentration of 

the component in the bulk aqueous phase [ML-3].  
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Due to the difficulty of measuring oil-water interfacial area (Miller et al., 1990), a lumped mass 

transfer coefficient is often used (𝐾1 = 𝑘1𝑎𝑜𝑤) [T-1].  In small-scale, steady-state experiments, the 

lumped mass transfer coefficient can be estimated by (Powers et al., 1992): 

𝐾1 = − (
𝑞

𝐿
) 𝑙𝑛 (1 −

𝐶

𝐶𝑠
)         (3.2) 

where 𝑞 is the Darcy flux [LT-1], and 𝐿 is the length of the pack through which water is flowing 

[L].   

Researchers in last few decades have investigated mass transfer from NAPLs to groundwater and 

many of them have proposed different correlation models to predict lumped mass transfer 

coefficients (e.g., Miller et al., 1990; Parker et al., 1991; Powers et al., 1992, 1994; Imhoff et al., 

1994, Saba and Illangasekare, 2000; Nambi and Powers, 2003). Most of the experimental mass 

transfer coefficient correlations have been developed using the Gilland-Sherwood type relationship 

and have been presented in terms of a dimensionless modified Sherwood number (𝑆ℎ
′) as a function 

of system properties (e.g., Powers et al., 1992; Saba and Illangasekare, 2000; Nambi and Powers, 

2003). 𝑆ℎ
′ is expressed as (Miller et al., 1990; Powers et al., 1992): 

𝑆ℎ
′ =

𝐾1𝑑50
2

𝐷𝑚
          (3.3) 

where d50 is the particle size of porous medium corresponding to 50% finer [L] and 𝐷𝑚 is the 

diffusion coefficient of dissolved oil in water [L2T-1]. The system properties included in these 

correlations differ between studies, but aqueous phase velocity and NAPL saturation were included 

in most of the widely used correlations (Kokkinaki et al., 2013) with the form: 

𝑆ℎ
′ = 𝛼𝑅𝑒𝛽1𝑆𝑛

𝛽2         (3.4) 

where 𝑅𝑒 is the Reynolds number (𝑅𝑒 = 𝑞𝑑𝑝𝜌 𝜇⁄ , 𝑑𝑝 is the representative size of the porous 

medium, normally taken as 𝑑50 [L], 𝜌 is the density of water [ML-3] and 𝜇 is the viscosity of water 

[ML-1T-1]), 𝑆𝑛 is the NAPL saturation, often used as a substitute for NAPL-water interfacial area, 

and 𝛼, 𝛽1 and 𝛽2 are empirical fitting parameters. Studies have shown that larger NAPL blobs are 
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trapped in coarser media, such as gravel or coarse sands, and their lower specific interfacial area 

limits mass transfer rates (Powers et al., 1992; Powers et al., 1994). Studies have also demonstrated 

decreasing effluent phase concentrations when aqueous phase velocity was increased (Miller et al, 

1990; Powers et al., 1992; Abriola and Weber Jr, 1993). Predictions made with different correlation 

models can differ considerably, and the applicability of these models beyond the conditions used 

in their development is limited (Grant and Gerhard, 2004; Kokkinaki et al., 2013). 

For multicomponent oils such as dilbit, mass transfer from different components varies according 

to Raoult’s Law (Geller and Hunt, 1993; Powers et al., 1994), where the aqueous phase 

concentration of a component is dependent on its single component solubility and its mole fraction 

in the oil mixture:  

𝐶𝑖
𝑒𝑓𝑓 = 𝑋𝑖𝐶𝑠𝑖          (3.5) 

where 𝐶𝑖
𝑒𝑓𝑓 is the effective solubility of component 𝑖 [ML-3], 𝑋𝑖 is the mole fraction of component 

𝑖 in the oil mixture and 𝐶𝑠𝑖 is the solubility where only component 𝑖 is present [ML-3]. The activity 

coefficient of component 𝑖, which can be incorporated into Raoult’s Law, was assumed to be unity. 

Experimental studies using multicomponent NAPLs have shown that the more soluble components 

are preferentially removed in the beginning of mass transfer, which eventually increases the mole 

fraction and therefore the aqueous concentrations of the less soluble components (e.g., Geller and 

Hunt, 1993). Mass transfer rates also decrease with time as the less soluble components dominate 

at later times (Powers et al., 1994). Rivett et al. (2001) performed a field test to study the dissolution 

of multicomponent NAPL, and found that although the most soluble compound was preferentially 

dissolved and removed, there was only a 15% decrease in total amount of NAPL.  

3.2.2 Hyporheic Flow in Rivers 

The flow through the hyporheic zone (White, 1993; Edwards, 1998) occurs due to hydraulic 

gradients originating from an abrupt change in the channel morphology, such as a pool and riffle 

(Brunke and Gonser, 1997; Geist, 2000). Hyporheic flow consists of a downwelling flow into the 
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sediment, pore water flow through the shallow subsurface and an upwelling flow back into the 

surface water (Boulton, 1993; Tonina and Buffington 2009). The depth reached by the hyporheic 

flow increases with increasing permeability of the sediment (Vaux 1968; Geist, 2000). This flow 

is important, as downwelling hyporheic flow supplies oxygen for the survival of benthic organisms 

(Vaux, 1962) and upwelling flow carries nutrients which are essential for organisms living on the 

sediment (Valett et al., 1994). For instance, hyporheic exchange is critical for salmon eggs and 

embryo development (Vaux, 1968; Edwards, 1998; Malcolm et al., 2004).  

It is expected that if there is trapped oil within the sediment, upwelling flow could also carry 

hydrocarbons dissolved from the oil through the pore water and into the surface water. The 

magnitude of the hyporheic flow velocity will affect the rate of mass transfer and the resulting 

concentrations of dissolved oil. Grimm and Fisher (1984) and Valett et al. (1990) measured 

hyporheic velocity by injecting dye through a river sediment and recording the time required to 

travel a specific distance (Boulton, 1993), and their reported velocities were within a range of 

0.0035-0.136 cm/s (Grimm and Fisher, 1984; Valett et al., 1990). The range of hyporheic velocities 

reported by Boulton et al. (1998) was 0.001-1 cm/s. The size of the porous media used in those 

studies varied from coarse sand to fine gravel, but higher velocities are expected in even larger-

sized sediment (e.g., cobbles) (Munn and Meyer, 1988). 

In addition to affecting the dissolution rate from trapped oil, the pore water velocity can also affect 

oil mobilization. Oil blobs (also referred to as residual oil) are trapped by capillary forces within 

the pores of the sediment and are mobilized by viscous forces at higher pore water velocities. The 

ratio of viscous to capillary forces is described by the capillary number (Miller et al., 1990; Saylor 

and Bounds, 2012): 

𝐶𝑎 =
𝑞𝜇

𝜎
          (3.6) 

where 𝜎 is the interfacial tension between oil and water [MT-2]. Residual oil can remain immobile 

for 𝐶𝑎 < 2×10-5, start mobilizing past that value and approximately all residual oil can be removed 
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at 𝐶𝑎 > 5×10-3 (Ng et al., 1978). Based on Equation 3.6, it is expected that higher hyporheic flow 

velocities are more likely to mobilize trapped oil. The effect of the variation of the capillary number 

with hyporheic velocity in a gravel bar is conceptualized in Figure 3.1. Fast hyporheic flow (𝐶𝑎 > 

2-5×10-3) can liberate free phase oil from the sediment (Figure 3.1a). However, if the hyporheic 

velocity is slow enough (𝐶𝑎 < 2×10-5), upwelling flow can only carry hydrocarbons partitioned 

from the trapped oil into the flowing water (Figure 3.1b). This study investigated the latter case. 

 

 

(a)       (b) 

Figure 3.1: Conceptual diagram showing the potential effect of hyporheic velocity on trapped oil 

with (a) relatively fast flow that can mobilize trapped oil, and (b) slower flow that cannot mobilize 

trapped oil and only transports oil constituents that have dissolved into the pore water. Black dots 

represent trapped oil, and gray shading represents dissolved oil constituents. 

3.2.3 Composition and Potential Toxicity of Dilbit 

Diluted bitumen contains many chemicals from its two main components: the diluent and the 

bitumen. Bitumen is a mixture of both hydrocarbons and non-hydrocarbons (Meyer and De Witt, 

1990) which can be separated into large chemical groups of nonpolar hydrocarbons (saturates), 

polar hydrocarbons (aromatics) and non-hydrocarbons (resins and asphaltenes) by saturate, 

aromatic, resin and asphaltene (SARA) extraction (Woods et al., 2008; Bissada et al., 2016). Each 

of the groups contains numerous compounds; for example, the aromatic group alone has 

approximately 6000 constituent molecules (Strausz et al., 2010; 2011). Dilbit also contains lighter 

hydrocarbons (<=C10 n-alkanes) and benzene, toluene, ethyl-benzene and xylene (BTEX) which 

generally comes from the condensates used as diluents (Dew et al., 2015). Table 3.1 presents a 
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summary of the quantity of light ends (<=C10 n-alkanes) and BTEX compounds, obtained from 

Crude Quality Inc. (2016), for Cold Lake Blend (CLB) diluted bitumen product, which was one of 

the highest-volume transported oil in Canada in 2012-2013 (Government of Canada, 2013).  

Table 3.1: Summary of light ends and BTEX compounds in Cold Lake Blend (CLB). (Crude 

Quality Inc., 2016) 

Compound Amount (%vol)* 

Light Ends 

Butanes 1.04 

Pentanes 6.89 

Hexanes 5.49 

Heptanes 3.36 

Octanes 2.10 

Nonanes 1.32 

Decanes 0.65 

BTEX 

Benzene 0.22 

Toluene 0.37 

Ethyl Benzene 0.05 

Xylenes 0.30 

    *5 year average value until April 2016 

It is important to consider the solubility of the oil constituents in the evaluation of sediment 

contamination because hydrocarbons are mainly bioavailable and, therefore, toxic in their dissolved 

form (Robotham and Gill, 1989). Constituents of dilbit can cause both acute and chronic toxicity. 

Acute toxicity can be caused by compounds with lower molecular weight including volatile BTEX 

(highly soluble), naphthalenes and alkyl naphthalenes (moderately soluble), and lighter chain 

alkanes (less soluble) (Lee et al., 2015). However, these compounds can be rapidly lost from a 

surface oil slick due to weathering. For example, results from laboratory experiments (Government 

of Canada, 2013) showed that the fraction of lighter n-alkanes (C9-C14) decreases with increasing 

weathering. However, benthic life can be exposed to the acute toxicity when relatively un-
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weathered dilbit enters and remains inside the sediment. On the other hand, chronic toxicity is due 

mainly to the presence and persistence of PAHs and alkyl-PAHs in oil (McGrath and Di Toro, 

2009; Schein et al., 2009; Lee et al., 2015). These are typically far less soluble in water but can be 

harmful if mass transfer occurs for an extended period of time (NRC, 2005). Short et al. (2003) 

suggested that the total aqueous concentration of PAHs should be < 1 μg/L for fish survival to be 

protective of fish eggs and larvae.  

PAHs with larger molecules (≥ 3 rings) can contribute to long-term toxicity because they are 

persistent and much more toxic than 1- or 2-ringed PAHs (Rice et al., 2001; Adams et al., 2014; 

Bornstein et al., 2014). Toxicity caused by dilbit has been studied only recently and it has been 

found that exposure to dilbit (un-weathered Access Western Blend) caused abnormalities in embryo 

development (Madison et al., 2015). A more recent study by Philibert et al. (2016) found that 

monoaromatic hydrocarbons (BTEX) can better predict toxic effects of dilbit on fish than total 

PAHs, and they recommended that more research is needed in this area.   

3.3 Materials and Methods 

3.3.1 Dissolution Experiments 

A series of dissolution experiments were conducted using stainless steel columns packed with 

gravel, and containing trapped dilbit. Equipment, materials and procedures for gravel packing and 

dilbit emplacement were described in Chapter 2 and are summarized here. A custom-made column 

(height 5.28 cm and diameter 7.25 cm) was packed with commercially available peastone gravel 

(Pyke Farms Landscaping Products, Kingston, Canada) (effective particle diameter = 7.8 mm and 

uniformity coefficient = 1.84). Wet gravel was poured into a water-filled column to reduce the 

potential for air trapping during packing. After packing, a pool of dilbit was poured over the initially 

water-saturated gravel. Cold Lake Blend (CLB) was the dilbit used in all experiments. Dilbit was 

emplaced by slow drainage of water from the bottom of the cell through hydrophilic membranes, 

which lowered the pool into the gravel, followed by imbibition of water back through the 
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membranes, which displaced some dilbit through the top of the column and left some trapped in 

the gravel. Once dilbit was trapped inside the gravel pore spaces, each end of the column was fitted 

with a perforated steel plate, to hold the gravel in place, and an end cap with a tapered inner surface 

to distribute flow. 

To investigate dissolution of the trapped oil, deionized water was pumped from a water reservoir 

upwards through the column (Figure 3.2) using a peristaltic pump (Masterflex® L/S® 07528-10, 

Cole-Parmer) at rates of 6.4-24 mL/min, which produced Darcy fluxes of 0.003-0.01 cm/s. These 

pore water velocities are within the hyporheic flow velocities reported in the literature (Grimm and 

Fisher, 1984; Valett et al., 1990; Boulton et al., 1998), while maintaining 𝐶𝑎 < 2×10-5, to prevent 

mobilization of trapped oil, and 𝑅𝑒 < 1, to maintain flow in the Darcy regime (Harr, 1999). The 

pump tubing was L/S = 16 (Masterflex® Tygon Lab E-3603 Tubing, Cole-Parmer). The tubes 

directly connected to the end caps were semi rigid and highly chemical resistant (PFA Tubing I.D. 

1/8 inch, Thermo Scientific) and the rest of the tubing to connect with the influent and effluent 

reservoirs were flexible general purpose tubing (Clear PVC Tubing I.D. 1/8 inch, Fisher Scientific). 

Minimum tubing length was used to reduce adsorption of hydrocarbons to the inner tubing surface. 

Figure 3.2 shows a schematic diagram of dissolution setup. 

 

Figure 3.2: Schematic diagram of dissolution setup. 
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Four sets of dissolution experiments at hyporheic flow velocities were conducted (Table 3.2). 

Experiments A1-A5 were performed sequentially on the same gravel pack following a single dilbit 

emplacement. In these experiments, water was pumped continuously through the column at three 

flow rates (24, 12 and 6.4 cm3/min) in the sequence fast-medium-slow-medium-fast to investigate 

the change in effluent concentrations with changes in pore water velocity. In a completely water 

wetted gravel pack with porosities equal to those in these experiments (representative of initial 

conditions before dilbit trapping) these flow rates are equal to pore water velocities of 0.025, 0.013 

and 0.007 cm/s, respectively. The fast and medium tests (A1, A2, A4 and A5) were conducted for 

14-17 pore volumes (total volume of voids in the pack) each, and the slow test (A3) was conducted 

for 83 pore volumes. Together, a total of 159 pore volumes were pumped through the column in 

experiments A1-A5. This sequence was duplicated in experiments B1-B5, performed sequentially 

on a second gravel pack following a single dilbit emplacement in that second pack. Each velocity 

was maintained for a similar number of pore volumes as in experiments A1-A5 (except for B3 

which was run for 97 pore volumes), and a total of 185 pore volumes were pumped through the 

column in experiments B1-B5. Experiments C and D were conducted on a third and fourth gravel 

pack and dilbit emplacement, and continued for extended pore volumes of 578 and 950, 

respectively, at a single flow rate to understand how effluent concentrations changed over a longer 

time period (Table 3.2).  

 

 

 

 



 

63 

 

Table 3.2: Summary of hyporheic flow dissolution experimental conditions 

Experiment Porosity, 

∅ 

Flow rate, 

𝑸 

(cm3/min) 

Darcy 

flux, 𝒒 

(cm/s) 

Darcy 

flux, 𝒒 

(m/day) 

Reynolds 

number 

(𝑹𝒆) 

Capillary 

number 

(𝑪𝒂) 

Total 

pore 

volumes 

flushed 

 

 

A 

1  

 

0.39 

24 0.01 8.4 0.76 3×10-6  

 

159 

2 12 0.005 4.2 0.38 2×10-6 

3 6.4 0.003 2.2 0.20 9×10-7 

4 12 0.005 4.2 0.38 2×10-6 

5 24 0.01 8.4 0.76 3×10-6 

 

 

B 

1  

 

0.38 

24 0.01 8.4 0.76 3×10-6  

 

185 

2 12 0.005 4.2 0.38 2×10-6 

3 6.4 0.003 2.2 0.20 9×10-7 

4 12 0.005 4.2 0.38 2×10-6 

5 24 0.01 8.4 0.76 3×10-6 

C 0.39 6.4 0.003 2.2 0.20 9×10-7 578 

D 0.38 6.4 0.003 2.2 0.20 9×10-7 950 

 

To complement the dissolution experiments at hyporheic flow velocities, two additional 

experiments (experiments E and F) were conducted under static conditions (Table 3.3). In each of 

these experiments, dilbit and water were poured into a separatory funnel and shaken by hand 

vigorously for two minutes. The oil and water phases were stored in the separatory funnel for 12-

15 days, after which a sample of the aqueous phase was collected and analyzed for F1 (C6-C10) 

and F2-F4 (≥ C10-C50) hydrocarbons to determine dissolved concentrations representative of 

equilibrium conditions. Experiment E was conducted using a sample of fresh CLB dilbit (i.e., the 

same as the initial conditions for experiments A1, B1, C and D) and experiment F was conducted 

using a sample of dilbit collected at the end of experiment D, which had been flushed with 950 pore 

volumes of water. 
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Table 3.3: Summary of static dissolution experimental conditions 

Experiment Dilbit Volume of 

Water (cm3) 

Volume of 

dilbit (cm3) 

Days 

E Un-weathered 199.8 18.7 15 

F Weathered by water 

washing for 950 PV 

128.4 10.3 12 

3.3.2 Sample Collection and Analysis 

In each of experiments A1-A5, B1-B5, C and D effluent samples were collected from the top of 

the column to determine the concentrations produced by dilbit dissolution. Samples from all 

experiments were analyzed for F1 and F2-F4 hydrocarbon fractions of diluted bitumen by gas 

chromatography (GC). In addition, selected samples from experiment D were analyzed for 

polycyclic aromatic hydrocarbons (PAHs) by GC by the Analytical Services Unit at Queen’s 

University. For experiments A1-A5 and B1-B5, four or five samples were collected for each 

velocity. Samples for F1 analysis were collected in 4 mL clear glass vials; and samples for F2-F4 

or PAH analysis were collected in 250 mL and 1000 mL amber glass bottles, respectively. In all 

cases, samples were collected with no headspace and refrigerated at 4 °C immediately after 

collection.  

Prior to analysis of samples for F1 hydrocarbons, samples were extracted in methanol (pesticide 

grade, Fisher Chemical). Extract was analyzed by GC using an Agilent 7890B gas chromatograph 

with a flame ionization detector (FID) and an Agilent 80 autosampler. The carrier gas was helium 

at 13.799 psi and the column was a DB 624 fused silica capillary column (length 60 m, I.D. 0.53 

mm, film thickness of 3 μm). Injection was through a split/splitless injector running in splitless 

mode, and the injector and detector temperatures were set at 250 ᵒC. The oven program was 80 ᵒC 

for 2 min, then 20 °C/min to 220 °C for 10 min over a total run time of 19 min. The detection limit 

for F1 hydrocarbons was 0.05 mg/L. For analysis of F2-F4 hydrocarbons, separate samples were 

extracted in hexane (Optima grade, Fisher Chemical), and the extract was analyzed by GC-FID 
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using an Agilent 7890A gas chromatograph and an Agilent 7893 autosampler. The carrier gas was 

hydrogen and the column was a SPB-1 fused silica capillary column (length 15 m, I.D. 0.53 mm, 

film thickness of 0.1 μm). The on-column injector was set at 53 ᵒC and the detector temperature at 

340 ᵒC. The oven was programed at 50 ᵒC for 2 min and then increased to 320 ᵒC at the rate of 20 

°C/min for 10 min, with a total run time of 25.5 min. The detection limit for each of the F2-F4 

hydrocarbon fractions was 0.1 mg/L. For quality control purposes, blanks, spikes and calibration 

check standards were included in all analyses along with calibration standards and experimental 

samples. In addition, at least one sample duplicate was analyzed per ten samples. The method used 

for extraction and analysis of both F1 and F2-F4 hydrocarbons was modified from CCME (2001).  

Extraction of samples for PAH analysis was done in multiple steps: first the sample was extracted 

in dichloromethane (Optima grade, Fisher Scientific), roto-evaporated and solvent exchanged to 

hexane (Optima grade, Fisher Chemical). The extract was then placed onto a silica extraction 

column and the eluent was flushed with 1:1 mixture of hexane and dichloromethane to make up to 

10 mL. The extract was then concentrated 20 times using nitrogen gas prior to analysis. An Agilent 

6890N GC system equipped with an Agilent 5975 inert mass selective detector was used for mass 

spectrometry (MS) analysis. A HP-5 capillary column was used (length 30 m, I.D. 0.25 mm, film 

thickness of 0.25 μm). The carrier gas was helium at 17.55 psi. Sample injection was done through 

a split/splitless injector working in a pulsed splitless mode. The MS acquisition was done in the 

selected ion monitoring (SIM) mode. The oven temperature was set at 70 °C for 2 min, increased 

to 310 °C at the rate of 8 °C/min for 25 min, and a total run time of 57 min. The detection limit was 

different for different target compounds, and ranged between 0.01 and 0.05 μg/L. The method for 

PAH analysis was modified from USEPA (2007). 

In addition to measuring dissolved concentrations in the column effluent, the volume of dilbit 

remaining after dissolution at the end of experiments B5 and C was measured. The remaining dilbit 

could not be separated from the gravel by simply pouring it out of the column. Therefore, the 
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volume of dilbit remaining was determined by pouring the column contents (gravel, water and 

dilbit) into a 1 L jar containing a known mass of hexane and water, freezing the jar for 24 hours, 

and separating the liquid dilbit-hexane mixture from the ice (Appendix C).  

3.3.3 Calculation of Mass Transfer Coefficients 

Measured concentrations of F1 hydrocarbons from experiments A1-A3 and B1-B3 were used to 

estimate lumped mass transfer coefficients at Darcy flux values of 0.003, 0.005 and 0.01 cm/s using 

Equation 3.2. In these calculations, F1 hydrocarbons were treated as a single (surrogate) chemical 

species, with a solubility taken to be the effective solubility measured in experiment E. This 

effective solubility was assumed to be constant during the early period (< 60 pore volumes) of the 

A and B series of experiments. The effluent concentrations were also assumed to be constant for 

each Darcy flux, under quasi-steady-state conditions, following the approach of Powers et al. 

(1992). The calculated lumped mass transfer coefficients were used to develop a correlation model 

using a combination of Equation 3.3 and Equation 3.4: 

𝐾1𝑑50
2

𝐷𝑚
=  𝛼′𝑅𝑒𝛽1         (3.7) 

where 𝛼′ = 𝛼𝑆𝑛
𝛽2. Equation 3.7 can be rewritten for 𝐾1 as: 

𝐾1 = 𝛽0𝑅𝑒𝛽1          (3.8) 

The values of the coefficients 𝛽0 = 𝛼′𝐷𝑚/𝑑50
2
 and 𝛽1 were determined by fitting the calculated 

𝐾1values and the 𝑅𝑒 values for the A1-A3 and B1-B3 experiments. 

3.4 Results and Discussion 

3.4.1 Short-term Dissolution Experiments 

The effluent F1 concentrations measured in experiments A1-A5 and B1-B5 (< 200 pore volumes) 

are shown in Figure 3.3, with error bars (± one standard deviation) based on repeated calibration 

curves (Miller and Miller, 1988). Results from A1-A5 and B1-B5 show good reproducibility, with 

all concentrations between 1 and 3 mg/L and increasing concentrations with decreasing velocity. 
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All concentrations were below the equilibrium F1 concentration of 25.5 mg/L (average of two 

samples with duplicates) from experiment E. Increasing concentrations with decreasing velocity is 

consistent with previous studies of NAPL dissolution in groundwater (e.g., Powers et al., 1992; 

Abriola and Weber Jr, 1993). Together with the observations of lower-than-equilibrium 

concentrations, this demonstrates rate-limited dissolution behaviour. Under LEA conditions, 

concentrations would not change with changes in velocity. This suggests that concentrations 

resulting from the dissolution of trapped oil following a dilbit spill at hyporheic velocities will be 

less than equilibrium (effective solubility) values, and that estimates of the contamination lifetime 

will be longer than those predicted assuming LEA behaviour.  

 

 

Figure 3.3: Results from the series of experiments A and B, using Darcy flux values of 0.01 cm/s 

(A1, A5, B1 and B5), 0.005 cm/s (A2, A4, B2 and B4) and 0.003 cm/s (A3 and B3). 

F2-F4 hydrocarbon concentrations measured for experiments A1-A5 and B1-B5 were all below the 

detection limit of 0.1 mg/L, but were F2 = 0.7 mg/L, F3 = 0.5 mg/L and F4 = 0 mg/L totaling 1.2 

mg/L in experiment E. Assuming that the same ratio of F1 concentrations in experiments A1-A5 

and B1-B5 to those in experiment E also applies to the F2-F4 concentrations, the F2-F4 
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concentrations in experiments A1-A5 and B1-B5 are expected to be between 0.05 and 0.15 mg/L. 

Therefore, considering the detection limit, it was possible that F2-F4 was non-detect. However, it 

should be kept in mind that non-detect did not indicate that F2-F4 was not present at all in those 

samples. 

While there was no significant difference in concentrations measured at the same velocity and over 

a small number of pore volumes (14-17), concentrations measured over a larger number of pore 

volumes (83 and 97) showed declining concentrations (A3 and B3). Furthermore, concentrations 

at replicate velocities also decreased with increasing pore volume (A1 vs. A5, A2 vs. A4, B1 vs. 

B5 and B2 vs. B4). These demonstrate that there was a change in mass transfer behaviour with 

increased water flushing (weathering by dissolution). To investigate the changes further, longer-

term dissolutions were investigated in experiments C (578 pore volumes) and D (950 pore 

volumes). 

3.4.2 Long-term Dissolution Experiments 

Results from experiments C and D are presented in Figure 3.4, and they showed good 

reproducibility. Water was flushed at the slowest of the three velocities used in A1-A5 and B1-B5 

series, which yielded the maximum initial concentration of 5.1 mg/L. As observed in experiments 

A1-A5 and B1-B5, F1 concentrations decreased with increasing pore volume, from 4.8 mg/L to 0.5 

mg/L over 950 pore volumes in Experiment D. There was an 80% decrease in the initial 

concentration after about 600 pore volumes.  The decrease in concentration at greater than 600 pore 

volumes was much slower. These results show that, as expected, the highest risk posed by the 

dissolution of F1 hydrocarbons is in the early time following a spill of fresh (un-weathered) dilbit, 

and the concentrations then decrease. Assuming a gravel bar that is 1 m long and has the same 

porosity as the gravel packs in these experiments, 950 pore volumes represents between 44 and 164 

days at hyporheic flow velocities (in uncontaminated gravel) of 0.025 to 0.007 cm/s, respectively. 

This represents a considerable exposure time. 
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Figure 3.4: Results from experiments C and D. 

The decrease in concentration with increasing pore volumes for all four (A1-A5, B1-B5, C and D) 

experiments could be attributed to multiple factors, including a decrease in effective solubility, a 

decrease in interfacial area, and mass transfer limitations within the oil mixture. To investigate 

changes in the effective solubility, experiment F repeated the static (equilibrium) dissolution 

experiment using diluted bitumen removed from the column at the end of experiment D.  The results 

from experiment F, combined with those from the static dissolution of fresh dilbit (experiment E), 

showed that F1 concentrations decreased from 25.5 mg/L to 8.2 mg/L and F2-F4 concentration 

remained similar from 1.2 mg/L to 1.3 mg/L. These differences between concentrations in 

experiments E and F show that the effective solubility of the F1 hydrocarbons changed during water 

flushing by 950 pore volumes of water, likely due to decreases in the mole fraction of F1 

hydrocarbons in the mixture. To investigate the possibility of changes in interfacial area, dilbit 

saturations at the end of dissolution in experiment B5 and C were measured. Decreases in 

concentration due to a decrease in interfacial area have been reported in studies of NAPL 

dissolution in groundwater, and are attributed to decreases in NAPL saturation. However, dilbit 

saturations at the end of dissolution were found to be 13% and 12%, respectively, and were not 
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statistically different from the 14±2% determined during initial emplacement of dilbit in similar 

gravel-packed columns (Chapter 2). This suggests that changes in saturation and interfacial area 

are likely small and cannot account for the observed decrease in effluent F1 concentrations. The 

onset of mass transfer limitations within the dilbit blobs as more soluble components are 

preferentially removed from the blob surfaces was not investigated, and further research is required 

to determine the role of this mechanism in the decrease in concentrations. 

The summary of the analysis of two selected samples from experiment D (after 210 and 927 pore 

volumes) for PAH concentrations is presented in Table 3.4 and Table 3.5, where Table 3.4 shows 

the concentrations of 16 priority PAHs (USEPA, 2013) and Table 3.5 shows the concentrations of 

an additional 35 alkyl-PAHs. Table 3.4 also includes the Canadian water quality guideline  

concentrations (CCME, 2016) for the protection of aquatic life in freshwater for long-term exposure 

periods, which is ≥ 21 days for juvenile and adult fish and  ≥ 7 days for eggs and larvae (CCME, 

2007). Samples from early and later stages of the experiment had similar PAH concentrations with 

the exception of a few alkyl-PAHs (for example, C2-Biphenyl increased to 5.4 μg/L from 3.8 μg/L). 

Some compounds could not be detected as their concentrations remained under the detection limit. 

Compared to F1 concentrations, PAH concentrations were very low, as expected due to the low 

solubility of the heavier hydrocarbons. All of the compounds with CCME guideline values were 

below the guideline values, although concentrations of anthracene were not substantially less than 

the guideline (0.010 μg/L and 0.011 μg/L compared to 0.012 μg/L). The total concentrations of the 

detected PAH compounds, not including the alkyl-PAH compounds, were 1.043 μg/L (at 210 pore 

volumes) and 0.973 μg/L (at 927 pore volumes). The total concentrations of alkyl-PAH compounds, 

however, were 15.94 μg/L (at 210 pore volumes) and 21.52 μg/L (at 927 pore volumes). Although 

individual compounds were less than their respective CCME guidelines, it is important to note that 

the total concentrations of detected PAHs and alkyl-PAHs were 16.98 μg/L (at 210 pore volumes) 

and 22.50 μg/L (at 927 pore volumes), which were above the threshold concentration of 1 μg/L 
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suggested by Short et al. (2003) for the protection of early-stage fish life. Yet, it should be noted 

that oil compounds are not considered toxic except if they are bioavailable to be taken up by the 

organisms (CCME, 2007).  

Table 3.4: List of 16 priority PAHs detected in two samples from experiment D 

 

Compound 

Concentration (μg/L) CCME gulideline 

concentration (μg/L) 

(CCME, 2016) 
Sample at 210 

pore volume 

Sample at 927 

pore volume 

Naphthalene 0.707 0.658 1.1 

Acenaphthylene <0.010 <0.010 No Data 

Acenaphthene 0.052 0.039 5.8 

Fluorene 0.113 0.099 3 

Phenanthrene 0.161 0.166 0.4 

Anthracene 0.010 0.011 0.012 

Fluoranthene <0.020 <0.020 0.4 

Pyrene <0.012 <0.012 0.025 

Benzo(a)anthracene <0.015 <0.015 0.018 

Chrysene <0.020 <0.020 Insufficient Data 

Benzo(bkj)fluoranthene <0.050 <0.050 Not Reported 

Benzo(a)pyrene <0.010 <0.010 0.015 

Dibenzo(ah)anthracene <0.020 <0.020 Not Reported 

Indeno(123cd)pyrene <0.050 <0.050 Not Reported 

Benzo(ghi)perylene <0.020 <0.020 Not Reported 

 

Table 3.5: List of alkyl-PAHs detected in two samples from experiment D 

 

Compound 

Concentration (μg/L) 

Sample at 210 

pore volume 

Sample at 927 

pore volume 

C1 -Napthalene 2.1 2.1 

Biphenyl 0.15 0.17 

C1-Biphenyl 0.24 0.36 

C2 -Napthalene 2.7 3.4 
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C3 -Napthalene 1.9 3.0 

C4 -Napthalene 2.1 3.1 

C2-Biphenyl 3.8 5.4 

C1- Fluorene 0.49 0.87 

Dibenzothiophene 0.26 0.36 

C2- Fluorene 0.34 0.38 

C1 - Dibenzothiophene 0.29 0.33 

C1- Anthracene/Phenanthrenes 0.30 0.32 

C2 - Dibenzothiophene 0.26 0.34 

C3- Fluorene 0.24 0.34 

C2- Anthracene/Phenanthrenes 0.21 0.23 

C3 - Dibenzothiophene 0.13 0.23 

C3- Anthracene/Phenanthrenes 0.49 0.46 

C4- Anthracene/Phenanthrenes <0.05 <0.05 

C1-Pyrene 0.07 0.07 

C2-Pyrene 0.05 0.05 

C4-Dibenzothiophene <0.05 0.08 

5-methylchrysene <0.05 <0.05 

C1 - Chysene/Benzo[a]anthracenes <0.05 <0.05 

C1 - Benzo[a]pyrene/benzo(b&k)fluoranthene <0.06 <0.06 

7,12-Dimethylbenzo(a)anthracene <0.05 <0.05 

C2- Chysene/Benzo[a]anthracenes <0.05 <0.05 

Perylene <0.05 <0.05 

C3- Chysene/Benzo[a]anthracenes <0.05 <0.05 

C2 - Benzo[a]pyrene/benzo(b&k)fluoranthene <0.05 <0.05 

Anthanthrene <0.05 <0.05 

Dibenzo(al)pyrene <0.05 <0.05 

Dibenzo(ae)fluoranthene <0.05 <0.05 

Dibenzo(ae)pyrene <0.05 <0.05 

Dibenzo(ai)pyrene <0.05 <0.05 

Dibenzo(ah)pyrene <0.05 <0.05 
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3.4.3 Mass Transfer Rate Coefficient and Correlation Model 

Lumped mass transfer coefficients (𝐾1) were calculated using Equation 3.2 and the F1 

concentrations measured in experiments A1-A3 and B1-B3. They were found to be between 

5.9×10-5 s-1 and 1.5×10-4 s-1 for Darcy flux values between 0.003 and 0.01 cm/s, respectively. These 

compare well with the findings from studies of NAPL dissolution in groundwater, that have shown 

increasing 𝐾1 (or 𝑆ℎ
′) with increasing velocities (e.g., Miller et al., 1990; Powers et al., 1992). 

A linear regression of 𝐾1 and 𝑅𝑒 (R2 = 0.99) yielded the values for coefficients 𝛽0 and 𝛽1 (Equation 

3.8), and the correlation to describe the lumped mass transfer coefficient at the early stages of 

dissolution as: 

𝐾1 = 0.00018𝑅𝑒0.71         (3.9) 

where 𝛽0 = 0.00018 has units of s-1.  

The exponent of 𝑅𝑒 found in this study is similar to many others reported in studies of NAPL 

dissolution in groundwater, with reported values of 0.71 by Imhoff et al. (1994), 0.75 by Miller et 

al. (1990), 0.61 by Powers et al. (1992), 0.526 by Powers et al. (1994), and 0.61 by Nambi and 

Powers (2003). In these previously presented correlations, 𝐾1 is also a function of other medium 

and fluid properties, but these were not varied in this study. 

The similarity of the 𝑅𝑒 exponent to those reported elsewhere, including at much lower 𝑅𝑒 values 

(0.001-0.2 compared to the 0.20-0.76 used here) provides some confidence in using Equation 3.9 

to make preliminary estimates of mass transfer behaviour for dilbit trapped in similar-size gravel 

and at similar oil saturations, but for different hyporheic flow velocities or lengths of gravel pack 

than those used in this study. For example, Figure 3.5 presents a plot of normalized concentration 

(C/Cs) as a function of 𝑅𝑒, for four different lengths of gravel pack where dilbit is trapped, based 

on Equation 3.9 and Equation 3.2. This plot has been prepared for hyporheic flow velocities (pore 

water velocities) between 0.0003 cm/s and 0.147 cm/s, which represents 𝑅𝑒 between 0.01 and 4.37 

and 𝐶𝑎 between 3.8×10-8 and 2×10-5 (the threshold for the mobilization of trapped blobs). The 
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effect of the length of the gravel pack on C/Cs is demonstrated by using a column length similar to 

that used in the experiments, as well as three hypothetical columns approximately 2, 4 and 20 times 

longer than the experimental column. Experimental data used to fit β0 and β1 were also included in 

the plot. Figure 3.5 demonstrates that lower effluent concentrations are produced by shorter oil-

water contact time resulting from high aqueous velocities or by shorter gravel lengths, and that 

effect dominates over the increase in mass transfer coefficients with increasing velocities. 

Therefore, slower water flow through a sufficiently long section of oil-contaminated gravel can 

promote effluent concentrations that approach equilibrium concentrations (C/Cs =1).  

 

Figure 3.5: Predicted normalized concentration versus Reynolds number for various lengths of 

gravel pack. Reynolds number has been shown up to a pore water velocity of 0.147 cm/s to keep 

Capillary number below 2×10-5 (the threshold for blob mobilization). Black dots represent the 

experimental values. 

3.5 Conclusions 

Results from one-dimensional column experiments showed that the mass transfer from dilbit into 

water flowing through gravel at Darcy flux values of 0.003-0.01 cm/s is a rate-limited process and 

that effluent concentrations decreased with increased velocities. Because it is a rate-limited process, 
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and concentrations were observed to be 2-20% of their equilibrium values, it is expected that dilbit 

trapped in gravel river beds may persist for longer than expected, particularly under conditions of 

higher hyporheic velocities. Weathering can deplete the lighter hydrocarbons from dilbit spilled on 

the water surface, but if dilbit can enter the sediment without much delay following a spill, the 

relatively un-weathered dilbit can become a source of highly-soluble F1 hydrocarbons, which are 

acutely toxic for organisms in their dissolved form. Under the conditions of this study, F1 

concentrations remained high (> 2.5 mg/L) during the first few days of dissolution (200 pore 

volumes), and decreased quickly with increased amounts of water flushing. Similar dilbit saturation 

in pore spaces before and after the experiments suggests that this decrease in concentration with 

pore volume is unlikely due to a decrease in oil-water interfacial area, and is likely due to a change 

in the effective solubility of F1 hydrocarbons as they are depleted from the oil mixture. With the 

depletion of high solubility compounds, it is expected that the effluent concentrations of the heavier 

(F2-F4) hydrocarbons would increase, but these compounds remained below the detection limits 

of this study. The detection of PAH compounds in effluent water suggests that trapped dilbit can 

also serve as a source of pollutants that can cause chronic toxicity in fish, with total PAH 

concentrations (based on analysis of 16 EPA priority PAHs and 35 alkyl-PAHs) of 17-23 μg/L 

detected in longer-term dissolution experiments at a pore-water velocity of 0.007 cm/s. These 

concentrations are an order of magnitude greater than the proposed toxicity threshold of 1 μg/L 

(Short et al., 2003). Toxicity is determined by whether the compounds are bioavailable at sufficient 

concentrations, so further research is needed to determine if the measured aqueous concentrations 

are harmful. It is expected that the results of these experiments will serve as a starting point for 

multidisciplinary researchers to assess the potential long-term risks associated with dilbit spills to 

rivers, including the potential acute and chronic toxic effects from water flowing through dilbit 

contaminated sediment on aquatic organisms living and reproducing near the river beds. 
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Chapter 4 

Conclusions and Recommendations 

4.1 Conclusions 

This study was focused on the potential source of long-term sediment contamination by diluted 

bitumen (dilbit) spills in freshwater, specifically in rivers with gravel-dominated beds which have 

ecological and commercial importance as fish habitats. A surface spill of oil can be transported to 

river bottom sediment in several ways, but this study was particularly concerned with a spill on an 

exposed bar or in shallow water that allows dilbit to enter into the sediment and eventually become 

trapped within the pores due to a fluctuation in the water level. This is similar to the mechanism 

that causes trapping of non-aqueous phase liquids (NAPLs) in the subsurface, known as drainage 

and imbibition in the discipline of contaminant hydrogeology. It has been hypothesized here that 

an understanding of groundwater contamination can be applied to river gravel contamination by 

oil. Nevertheless, this study recognized that there are also differences between the two systems 

(e.g., groundwater velocities can be orders of magnitude lower than the hyporheic velocities of 

water through gravel sediment). This study aimed to understand: (i) whether oil can be entrained 

into the gravel sediment and remain entrapped there for a prolonged duration as a potential source 

of contamination, and (ii) whether the constituents of oil can be dissolved into the pore water at 

concentrations above those reported to be protective against toxicity to aquatic life, including fish.   

Two sets of laboratory experiments were performed to address these goals. The first set of 

experiments were performed to investigate the potential of gravel to trap dilbit, and to measure the 

dilbit-water capillary pressure-saturation (Pc-Sw) relationship. The key findings of these 

experiments were: 

(i) The entry pressure required for dilbit to displace water from the relatively large pore spaces of 

gravel is not more than 0.5 cm (equivalent height of water). Therefore, gravel sediments cannot 
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offer much resistance to dilbit to enter the pores following a spill event. Approximately 14% of the 

pore spaces were occupied by dilbit following drainage and imbibition, which can serve as a source 

of long-term contamination. Visualization experiments showed that the dilbit was entrapped mostly 

as single blobs, but there were some larger blobs that occupied multiple pores. In both air-water 

and dilbit-water experiments, 90% of the saturation change occurred within a very small change 

(1-2.3 cm for air-water drainage and 0.3-0.8 cm for dilbit-water drainage) in capillary pressure.  

(ii) Experimental data obtained for Pc-Sw curves in gravel cannot represent the behaviour of a single 

point in the system, and gravity correction is required. Pc-Sw experiments for both air-water and 

dilbit-water demonstrated that the density difference between the fluids plays an important role in 

deciding whether gravity correction is required. Here, less correction was required for dilbit-water 

Pc-Sw, where the fluid densities are very close.  

(iii) It was evident from both air-water and dilbit-water Pc-Sw measurements that hysteresis existed 

between drainage and imbibition pathways in this gravel, which was also consistent with a Haines 

number < 15. The corrected and scaled air-water Pc-Sw curves can be used for predicting the dilbit-

water Pc-Sw curve in the same porous medium, which can be useful to avoid experimental 

difficulties associated with dilbit. However, the quantity of trapped dilbit after imbibition cannot 

be predicted from air-water measurements. 

The second set of experiments was performed on a gravel pack containing trapped dilbit to 

investigate dissolution at different velocities, and to understand the potential for dissolved oil 

constituents to partition from trapped blobs at concentrations able to cause toxicity to organisms 

living near the bed sediment. The key findings of these experiments were: 

(i) The risk of acute toxicity resulting from the dissolution of relatively fresh trapped dilbit into 

pore water is likely to be high during the first few days following a spill, but the concentrations of 

acutely toxic F1 hydrocarbons decrease rapidly. This rapid removal of highly-soluble F1 

hydrocarbons decreases their mole fraction in the oil mixture, and likely decreases their effective 
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solubility, but the saturation of dilbit in pore spaces decreased by less than 2% within that time 

period. 

(ii) PAH compounds, responsible for chronic toxicity, were also found in the effluent water. Five 

out of 16 priority PAHs were detected, and the remaining nine were under the detection limit. The 

detected concentrations were below the CCME guideline values for the protection of aquatic life 

in freshwater for long-term exposure periods, but anthracene concentrations were within 0.001 

μg/L of the guideline value. An additional 19 alkyl-PAH compounds were also detected. The total 

concentration of all detected PAH and alkyl-PAH compounds (16.98 μg/L at 210 pore volume and 

22.50 μg/L at 927 pore volume) was above the threshold literature value of 1 μg/L for survival of 

fish at their early life stages.  

(iii) Mass transfer from trapped dilbit to pore water under the conditions investigated in this study 

was rate-limited, based on concentrations that were less than equilibrium values and that decreased 

with increasing pore water velocity. Mass transfer rate coefficients calculated from experiments at 

different pore water velocities were used to develop a correlation, and the Reynolds number 

exponent agreed well with previous correlations presented in studies of NAPL dissolution in 

groundwater. 

In summary, the distribution and trapping of oil inside the bed gravel and the slow dissolution of 

oil constituents in pore water have the potential to generate a range of problems that can persist in 

the environment for a long duration. The results of this study underscore the significance of 

understanding these mechanisms, which is expected to help remediation planning and more 

effective freshwater spill management. 

4.2 Recommendations 

This study considered a specific oil spill scenario, similar to subsurface contamination, where dilbit 

is trapped by drainage and imbibition and trapped blobs then dissolve into the hyporheic flow. 

Further work, on this spill scenario as well as others, is recommended: 
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(i) This study investigated the entrapment of fresh dilbit in gravel river beds, but the entrapment of 

weathered oil is also important because the time required for natural cleanup can vary depending 

on the various degrees of weathering, and the oil constituents available for dissolution will also 

vary.  

(ii) Cold Lake Blend (CLB) dilbit was chosen for this study, and other blends should also be 

investigated to determine their trapping and dissolution behaviour.  

(iii) Study of the transient dissolution behaviour of dilbit is required to verify if chronically toxic 

heavier hydrocarbons can be dissolved in higher concentrations as their mole fractions increase 

over prolonged dissolution times, longer than those investigated in this study.  

(iv) The presence of toxic compounds in water does not necessarily indicate that contamination is 

harmful to aquatic life, rather it depends on whether the compounds are adequately concentrated 

and bioavailable to be consumed by the organisms. To bring a complete understanding of long-

term effects of dilbit spills, research from a multidisciplinary team is required, which can link the 

concepts of river hydraulics, mechanisms of oil transport to the sediment, oil-water chemical 

interaction and toxicity of petroleum hydrocarbons to various fish species. The acquired knowledge 

would be essential in developing effective mitigation strategies and spill response plans; enhance 

the capacity for improved risk assessments and thereby support planning proposed pipelines to 

avoid ecologically important areas such as fish habitats.  

 



 

90 

 

 

Experimental Apparatus 

 

Figure A.1: Parts of the custom made stainless steel cell (a) for emplacement experiments, (b) for 

dissolution experiments. 
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Figure A.2: Materials used in this study: (a) fresh cold lake blend (CLB) diluted bitumen, (b) gravel 

(the Canadian quarter is used for scaling). 

 

Figure A.3: Setup for emplacement (capillary pressure- saturation) experiments; (a) air-water, (b) 

dilbit-water. 
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Figure A.4: Setup for dilbit-water dissolution experiment.  

 

Figure A.5: Sampling: 4 mL clear glass vials were used to collect F1 samples; 250 mL and 1000 

mL amber glass bottles were used to collect F2-F4 and PAH samples, respectively. 
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Experimental Procedure Step-by-step 

(i) Residual Dilbit Emplacement (Development of Pc-Sw curves) Experiments: 

Preparation 

1. A stainless steel mid-section was attached to a bottom end cap (with membrane ports) with 

an oil-resistant Buna-N gasket in between. The total cell height available for gravel packing 

was 5.28 cm and diameter 7.25 cm. 

2. Gravel was rinsed thoroughly with water so that a film of water covered the gravel surface 

before pouring the gravel into the cell half-filled with water.  

3. Water-wet gravel was poured slowly from the top, letting the water in the cell overflow 

while occasionally hammering the wall of the cell for compaction. (The degree of 

compaction affected porosity which varied between 36% and 39%). 

4. After filling up the cell with gravel, an extra stainless steel mid-section was attached 

vertically on top of it. Dilbit was poured into that to create a pool of oil on top of the gravel 

pack.*  

5. A water reservoir was connected to the cell through two holes in the bottom end cap. A 

hydrophilic membrane was placed in each hole through which water could go in and out 

but oil could not.    

Drainage 

1. Simply spoken, capillary pressure (Pc) is the difference in elevation between the oil table 

in the cell and water table in the reservoir. Capillary pressure was changed in steps by 

lowering the elevation of the water reservoir with respect to the oil table. 
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2. In each step, the height of the water table was not changed until an equilibrium was 

established (i.e., no more water drained out of the cell). At this point the mass of water 

drained was recorded to calculate the wetting fluid saturation (Sw) of the gravel pack. 

3. Lowering of the water table was continued in this manner and capillary pressure and 

saturation were calculated for each step. 

4. Drainage ended when with lowering of the water table, no more water came out of the 

gravel pack. At that point, the saturation of water was considered to have reached the 

residual value. 

Imbibition 

1. Immediately after drainage, the process was reversed for imbibition. The elevation of the 

water table was gradually increased to allow water to re-occupy the pore spaces replacing 

dilbit.  

2. Dilbit that came out of the pore spaces made a pool on top of the gravel pack (like the 

condition before starting the drainage). Imbibition could not remove all the dilbit from the 

pores, rather there was some residual dilbit which was trapped as discontinuous blobs.  

3. Extra water was imbibed so that a pool of water was created between the dilbit pool and 

gravel pack. This was to help remove the oil easily from the top. 

*In air-water Pc-Sw experiments this step was modified by putting an angular end cap, rather than 

an extra mid-section, on top of the gravel pack. The hole through this cap allowed air to enter or 

exit.  

(ii) Dissolution Experiments: 

Setup for Dissolution after Imbibition 

1. The pooled dilbit was removed carefully from the upper mid-section using a spoon. 

Imbibition of water was continued so that dilbit was pushed near the top of the upper 
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section and could be easily scooped out. At the very end, the remaining oil sheen was 

removed by putting a paper towel into the pooled water. 

2. Next the pooled water was removed slowly with the help of a syringe. The upper stainless 

steel section was then removed. The lower section had the gravel pack with trapped dilbit. 

3. An angular lid equipped with a three-way valve was connected to the top of the remaining 

(lower) mid-section. A perforated steel plate was placed on top of the pack to keep gravels 

in place, then the lid was fixed on top and closed with a clamp. 

4. Water was slowly imbibed through the membranes of the bottom lid to remove the air 

entrapped between the top lid and gravel pack. 

5. The cell was inverted. 

6. The lid with two holes was replaced with an angular lid, another perforated steel plate was 

placed in between the gravel and the lid.  

7. Water was again imbibed (by gravity) through the bottom three-way valve into the cell to 

push all the air trapped inside the upper angular lid.  

8. A clean water reservoir was connected to the cell through the bottom end cap. A pump was 

used to push water through the gravel pack. The tubing through the top angular lid was 

connected to a wastewater container. A needle was connected at the end of that pipe to 

make sample collection easier. 

9. The setup was ready for dissolution experiments. 

Dissolution 

1. Water was pumped through the gravel pack at designated velocities by setting the pump 

at specific speeds (rpm). 

2. Samples were collected through the needle at the end of the effluent tube, at different time 

intervals.  
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Freezing Test to Quantify Residual Dilbit in Gravel 

1. A glass jar (1 L) was partially filled with water (approximately 400 g) and hexane (approximately 

50 g) and the masses were recorded separately (Figure C.1a). The contents of the cell (i.e., gravel, 

water and dilbit), after imbibition or dissolution, were transferred into the jar. Water was initially 

poured in the jar so that the total amount of water was sufficient to keep the gravel submerged. 

Hexane was used to dilute the dilbit. 

2. Water and oil (dilbit and hexane) phases were gravity separated. Gravel stayed at the bottom of 

the jar. A stirring rod was used to stir the gravel to liberate any trapped dilbit blobs. Stirring also 

helped mixing the dilbit well with hexane. (Figure C.1b). 

3. The jar was kept in the freezer for 24 hours. Water turned into ice but hexane and dilbit mixture 

remained liquid (Figure C.1c). Then the liquid oil phase was removed from the top. The remaining 

content of the jar was weighed and recorded.  

4. Some oil remained embedded into the ice. So the jar was left at room temperature to thaw. When 

the ice melted and the remaining oil again became mobile (Figure C.1d), step 3 was repeated. 

5. Performing step 3 and step 4 for a total of 2-3 times (please see Note) was able remove almost 

all the oil (Figure C.1e). The final mass of the jar with water and gravel was recorded.  

6. The mass of the water inside the pore spaces were calculated by subtracting the mass of jar, 

gravel and initially poured water from the final mass. Volume of water was then calculated using 

density. The difference between the pore volume and the volume of water was recorded as the 

volume of residual dilbit.  
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Figure C.1: Steps of freezing test to quantify residual dilbit in gravel. 

Note: To understand if 2-3 trials are sufficient to separate the oil, three tests were run with known 

masses of gravel, water, dilbit and hexane. At the end of each trial, the mass of water was calculated 

(step 6), and matched with the known value. It was found that there was more than 99.9% recovery 

at the end of 2 (Test 2) and 3 (Test 1 and 3) trials (Figure C.2). 

 

 

Figure C.2: Repetition of step 3 and step 4 for total 2-3 times recovered more than 99.9% water 

from the oil-water mixture. 
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Pc-Sw Curve (Drainage) for air-water in 20-30 and 12-20 Sand 

The custom-made stainless steel cell used to obtain capillary pressure-saturation (Pc-Sw) curves in 

this study was initially tested for air-water with commercially available 20/30 and 12/20 silica sand 

(Accusand) (Schroth et al., 1996). These experiments are named as A and B, respectively (Table 

D.1). Table D.1 also includes the bulk density and the porosity of the sand packs used in the 

experiments. The height-averaged curves were later corrected following Liu and Dane (1995) 

(Section 2.2.2). The resulting plots are presented in Figure D.1 and Figure D.2 for Experiment A 

and Experiment B, respectively. Table D.2 shows residual water saturation (𝑺𝒓), and Brooks-Corey 

parameters (𝑷𝒅 and 𝝀) and root mean square difference (RMSD) between the experimental data 

and fitted data from current study, as well as from previous works on same porous media, for 

comparison purposes. 

Table D.1: Summary of Experimental Parameters 

Experiment Accusand Grade Bulk Density (g/cm3) Porosity 

A 20/30 (d50 = 0.7 mm) 1.78 0.33 

B 12/20 (d50 = 1.1 mm) 1.76 0.34 
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Figure D.1: Measured (height-averaged) and corrected (local) capillary pressure and wetting 

saturation for air-water drainage in 20-30 sand. 

 

 

 

Figure D.2: Measured (height-averaged) and corrected (local) capillary pressure and wetting 

saturation for air-water drainage in 12-20 sand. 
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Table D.2: Residual Saturation and Brooks-Corey fitting parameters for Pc-Sw curves from this 

study and previous literatures  

Accusand 

Grade 

This study Schroth et al. (1996) Hegele (2014) 

𝑺𝒓 𝑷𝒅 (cm) 𝝀 RMSD 𝑺𝒓 𝑷𝒅 (cm) 𝝀 𝑷𝒅 (cm) 𝝀 

12/20 0.08 12.9 8.26 0.019 0.03 5.42 3.94   

20/30 0.10 7.6 5.74 0.022 0.05 8.66 5.57 9.7-10.5 5.13-6.31 

 

References: 

Hegele, P. R. (2014). Gas Dynamics during Bench-Scale Electrical Resistance Heating of Water, 

TCE and Dissolved CO2 (Master’s Thesis). Retrieved from 

http://qspace.library.queensu.ca/handle/1974/791/browse?type=author&order=ASC&rpp

=20&value=Hegele%2C+Paul. 

Liu, H. H., & Dane, J. H. (1995). Improved computational procedure for retention relations of 

immiscible fluids using pressure cells. Soil Science Society of America Journal, 59(6), 

1520-1524. 

Schroth, M. H., Istok, J. D., Ahearn, S. J., & Selker, J. S. (1996). Characterization of Miller-similar 

silica sands for laboratory hydrologic studies. Soil Science Society of America 

Journal, 60(5), 1331-1339. 
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Modified Liu and Dane (1995) Method using the van Genuchten 

Relationship 

It has been seen in Chapter 2 regarding the capillary pressure-saturation (Pc-Sw) relationships for 

dilbit-water, that the measured values differed only slightly from the corrected curve, and the 

difference was predominantly near the displacement pressure (drainage curves) and terminal 

pressure (imbibition curves). This is likely due to the use of the Brooks-Corey function in the 

method presented by Liu and Dane (1995). Although Liu and Dane (1995) presented their 

correction procedure using the Brooks-Corey function, they suggested that it can be extended to 

using other models. Therefore, attempts have been made here to incorporate the van Genuchten 

function in the Liu and Dane (1995) correction procedure and to correct the dilbit-water drainage 

data (experiment bw1) using the new approach. 

E.1 Equations 

The van Genuchten function for local wetting fluid saturation is given by: 

𝑆𝑤 = 𝑆𝑟 + (1 − 𝑆𝑟){1 + (𝛼𝑃𝑐)𝑛}−𝑚             (E.1) 

where 𝑆𝑟 is the residual wetting fluid saturation, 𝑃𝑐 is the local capillary pressure expressed as 

equivalent height of water [L], and 𝑚, 𝑛 and 𝛼 [L-1] are curve shape parameters. Often 𝑚 is 

constrained by 

𝑚 = 1 −
1

𝑛
. 

Now the local capillary pressure (𝑃𝑐) is related to height-averaged capillary pressure (𝑃�̅�) by: 

𝑃𝑐 = 𝐴 + 𝐵𝑧 + 𝑃�̅�         (E.2) 

where, 𝐴 = 𝑧𝑛
𝜌𝑛

𝜌𝑤
− 𝑧𝑤          (E.2a) 

𝐵 = 1 −
𝜌𝑛

𝜌𝑤
          (E.2b) 
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where 𝜌𝑤 is the density of the wetting fluid [ML-3], 𝜌𝑛is the density of the non-wetting fluid  

[ML-3], zn is the elevation at which non-wetting fluid pressure was measured [L] and zw is the 

elevation at which wetting fluid pressure was measured [L].  

For 1-D column experiments, the relationship between the local saturation (𝑆𝑤) and height-

averaged saturation (𝑆𝑤
̅̅̅̅ ) can be described as: 

𝑆𝑤
̅̅̅̅ =

1

𝑧𝑐
∫ 𝑆𝑤

𝑧𝑐

0
𝑑𝑧         (E.3) 

E.2 Application of the new correction procedure to experiment bw1 

Height-averaged dilbit-water drainage (bw1) was corrected using the modified Liu and Dane 

(1995) method (Equation E.1 to E.3) and the curves are presented in Figure E.1. The best fit to the 

measured values of 𝑃�̅� and 𝑆𝑤
̅̅̅̅  was obtained by optimizing the van Genuchten parameters (𝑚, 𝑛 and 

𝛼) using Equation E.3 in combination with Equations E.1 and E.2. The integration was solved 

numerically using the trapezoid method, dividing the column height into 500 sections. Using the 

best-fit values of the van Genuchten parameters in Equation E.1 yielded the local 𝑃𝑐-𝑆𝑤 

relationship. The value of 𝑆𝑟 was obtained directly from the experimental measurements. Figure 

E.1 also includes the best-fit curve and the local (corrected) curve using the equations described in 

Chapter 2.  

As seen in Figure E.1, the corrected Brooks-Corey curve shows a distinct dilbit-water entry 

pressure. However, the smoothing of measured values near the entry pressure is well captured by 

the corrected van Genuchten curve. In the case of dilbit-water, this smoothing may be due to the 

pore-size distribution of the gravel in addition to the non-uniform saturation distribution within the 

height of the sample. Substantial correction of the measured dilbit-water Pc-Sw data may not be 

required. Summary of the Brooks-Corey and van Genuchten parameters are presented in Table E.1. 
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Figure E.1: Measured (height-averaged) and corrected (local) capillary pressure-saturation for 

experiment bw1 drainage.  

 

Table E.1: Summary of Fitting Parameters 

Experiment 𝑺𝒓 Brooks-Corey parameters van Genuchten parameters 

𝑷𝒅 (cm) 𝝀 RMSD 𝜶 (cm-1) 𝒎 𝒏 RMSD 

bw1 (drainage) 0.21 0.5 4.6 0.025 1.8 0.86 7 0.026 

 

References: 

Liu, H. H., & Dane, J. H. (1995). Improved computational procedure for retention relations of 

immiscible fluids using pressure cells. Soil Science Society of America Journal, 59(6), 

1520-1524. 
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Example Error bar Calculations for Unknown Concentrations in GC 

Analysis 

Error bars for the F1 concentrations vs pore volumes plots in Chapter 3 were calculated using the 

calibration standards used for the sample analyses. The calculation of error bars was performed 

following Miller and Miller (1988). An example of the calculation is presented here for the first 

data point of Experiment A.  

A series of samples of known concentrations (usually three or four) were prepared along with the 

samples for which concentrations needed to be determined. The known samples (i.e., calibration 

standards) and the test samples were analyzed by gas chromatography (GC) under the same 

conditions as described in Chapter 3. The signal generated (area obtained from the chromatogram) 

by the analyte (Toluene for F1 analysis) were then plotted (Y-axis) against the known concentration 

values (X-axis). This calibration graph was then used to determine the concentrations of the test 

samples by interpolation.  

The calibration relationship was linear (e.g., Figure F.1). The equation for the line of regression of 

y on x (𝑦 = 𝑎 + 𝑏𝑥) was obtained by the following equations: 

𝑏 =
∑ {(𝑥𝑖−�̅�)(𝑦𝑖−�̅�)}𝑖

∑ (𝑥𝑖−�̅�)2
𝑖

         (F.1) 

𝑎 = �̅� − 𝑏�̅�          (F.2) 

where, 𝑦𝑖 is the analytical signal generated by the sample of known concentration 𝑥𝑖, �̅� and �̅� are 

the coordinates of the centroid (average) of the points. 

The calibration graph for Experiment A is presented in Figure F.1. The calibration equation was:  

𝑦 = 17.561 + 971.39𝑥.         (F.3) 
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Figure F.1: Calibration graph used in sample analysis for Experiment A. 

Equation F.3 was then utilized to find y-residuals, 𝑦�̂� (i.e., the y values on the regression line for x 

values). For example for 𝑥 = 2.5 𝑚𝑔/𝐿, �̂� was 2446.04.  

Standard error of the estimate was calculated using the following equation: 

𝑠𝑦/𝑥 = {
∑ (𝑦𝑖−𝑦�̂�)2

𝑖

𝑛−2
}         (F.4) 

where, 𝑛 was the number of known samples. 

The calculated value for 𝑠𝑦/𝑥 was 23.4. 

Now, the first sample generated an area of 2197.9 (𝑦0) in the chromatogram.  

The equation for estimated standard deviation for the test sample concentrations was: 

𝑠𝑥0
=  

𝑠𝑦/𝑥

𝑏
{

1

𝑚
+

1

𝑛
+

(𝑦0−�̅�)2

𝑏2 ∑ (𝑥𝑖−�̅�)2
𝑖

}

1

2
       (F.5) 

where, 𝑚 is the number of replicates collected for the sample. 

For the first sample 𝑠𝑥0
 was 0.03. Therefore, the length of error bar for the first sample was 

±0.03 𝑚𝑔/𝐿. 
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Working out the error bar calculation for all the unknown samples for Experiment A through D, 

led to the following observations: 

(i) The higher the number of calibration samples (𝑛), the smaller was the value of 
1

𝑛
. Therefore, 𝑠𝑥0

 

was small and length of error bars were small. 

(ii) Where duplicate measurements were available (𝑚 = 2), the errors bars were smaller compared 

to the single measurements. 

(iii) When the difference between 𝑦𝑖 and 𝑦�̂� was small (i.e., there was a good agreement between 

the data points and the regression line in Figure F.1 plot), the value of 𝑠𝑦/𝑥 and so the value of 

𝑠𝑥0
was small.  

Therefore, one may consider decreasing the size of the error bars by increasing the number of 

calibration standards and/or analyzing replicates for the test samples. 

 

References: 

Miller, J. N., & Miller, J. C. (1988). Statistics for analytical chemistry, 2nd edition. Ellis Horwood 

Limited. 
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Experimental Capillary Pressure- Saturation (Pc-Sw) Data 

 

Table G.1: Data from triplicate air-water experiments  

 

 

 

aw1 aw2 aw3 

Drainage Imbibition Drainage Imbibition Drainage Imbibition 

Pc 

(cm of 

water) 

Sw Pc 

(cm of 

water) 

Sw Pc 

(cm of 

water) 

Sw Pc 

(cm of 

water) 

Sw Pc 

(cm of 

water) 

Sw Pc 

(cm of 

water) 

Sw 

-2.64 1.00 6.88 0.15 -2.64 1.00 6.88 0.13 -2.64 1.00 7.86 0.18 

-2.00 1.00 6.25 0.15 -2.01 1.00 6.25 0.13 -2.14 1.00 6.86 0.18 

-1.41 0.97 5.62 0.15 -1.42 0.96 5.62 0.13 -1.64 1.00 5.86 0.18 

-0.85 0.89 4.98 0.15 -0.80 0.91 4.98 0.13 -0.68 0.97 4.86 0.18 

-0.21 0.81 4.35 0.15 -0.48 0.87 3.71 0.13 -0.17 0.95 4.36 0.18 

0.14 0.75 3.72 0.15 -0.19 0.81 3.08 0.13 0.32 0.92 3.86 0.18 

0.49 0.72 3.10 0.17 0.15 0.76 2.44 0.13 0.59 0.71 3.36 0.18 

0.81 0.69 2.61 0.29 0.48 0.71 2.02 0.29 1.33 0.69 2.86 0.18 

1.14 0.67 1.98 0.41 1.07 0.64 1.40 0.46 1.64 0.52 2.36 0.18 

1.77 0.64 1.31 0.51 1.66 0.53 0.67 0.56 2.25 0.44 1.86 0.18 

2.17 0.45 0.69 0.62 2.23 0.38 0.01 0.64 2.81 0.41 1.36 0.18 

2.85 0.29 0.04 0.73 2.91 0.26 -0.59 0.75 3.20 0.29 1.24 0.47 

3.56 0.18 -0.57 0.84 3.57 0.15 -1.20 0.88 3.78 0.23 0.53 0.60 

4.30 0.15 -1.25 0.93 4.32 0.14 -1.92 0.94 4.35 0.22 -0.49 0.72 

4.98 0.15 -1.92 0.99 4.98 0.13 -2.57 0.99 4.84 0.20 -1.45 0.87 

5.61 0.15   5.61 0.13   5.34 0.19 -2.32 1.11 

6.25 0.15   6.25 0.13   5.86 0.19   

6.88 0.15   6.88 0.13   6.35 0.18   

        7.36 0.18   
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Table G.2: Data from triplicate dilbit-water experiments 

 

  

bw1 bw2 bw3 

Drainage Imbibition Drainage Imbibition Drainage Imbibition 

Pc 

(cm of 

water) 

Sw Pc 

(cm of 

water) 

Sw Pc 

(cm of 

water) 

Sw Pc 

(cm of 

water) 

Sw Pc 

(cm of 

water) 

Sw Pc 

(cm of 

water) 

Sw 

0.09 
1.00 4.72 0.21 0.09 1.00 4.72 0.19 0.05 0.99 4.72 0.17 

0.35 
0.93 3.22 0.21 0.33 0.92 3.22 0.19 0.30 0.90 3.22 0.17 

0.52 
0.75 2.72 0.21 0.50 0.73 2.72 0.19 0.74 0.78 2.72 0.17 

0.65 
0.45 2.22 0.21 0.54 0.39 2.22 0.19 0.64 0.48 2.22 0.17 

1.53 
0.25 1.72 0.21 1.63 0.22 1.72 0.19 1.21 0.18 1.72 0.17 

2.57 
0.21 1.22 0.21 2.61 0.19 1.22 0.19 2.71 0.17 1.22 0.17 

3.22 
0.21 0.72 0.21 3.22 0.19 0.73 0.19 3.72 0.17 0.74 0.18 

4.72 
0.21 0.51 0.30 4.22 0.19 0.53 0.29 4.72 0.17 0.50 0.27 

5.22 
0.21 0.32 0.46 5.22 0.19 0.39 0.50 5.22 0.17 0.41 0.48 

  
0.11 0.71 

  
0.04 0.80 

  
0.26 0.82 

  
0.00 0.86 

  
0.00 0.86 

  
0.00 0.86 

            



 

109 

 

 

Experimental Dissolution Analysis Data 

 

Table H.1: Data from Dissolution Experiments 

 

Experiment A Experiment B Experiment C Experiment D 

Pore 

Volumes 

Conc. 

(mg/L) 

Pore 

Volumes 

Conc. 

(mg/L) 

Pore 

Volumes 

Conc. 

(mg/L) 

Pore 

Volumes 

Conc. 

(mg/L) 

8 2.21 17 1.99 9 5.08 14 4.74 

13 2.11 22 1.96 84 4.37 112 3.74 

17 2.03 26 2.02 90 4.37 137 3.38 

21 1.94 31 1.96 280 3.00 210 2.45 

25 1.93 36 2.47 285 2.97 263 2.09 

27 2.31 40 2.40 305 2.25 384 1.50 

30 2.30 44 2.39 401 1.58 411 1.34 

34 2.33 47 2.45 418 1.68 429 1.32 

37 2.39 51 2.43 472 1.56 502 1.12 

41 2.35 52 3.02 578 1.30 610 0.94 

42 2.88 55 2.93 
  

717 0.87 

45 2.80 138 2.35 
  

815 0.80 

121 2.22 145 2.24 
  

845 0.71 

125 2.19 148 2.22 
  

927 0.57 

125 1.89 151 1.59 
  

950 0.50 

129 1.87 154 1.58 
    

132 1.81 158 1.61 
    

136 1.84 162 1.56 
    

139 1.84 165 1.58 
    

142 1.27 168 1.13 
    

146 1.29 173 1.08 
    

151 1.30 177 1.06 
    

155 1.27 181 1.09 
    

159 1.28 185 1.05 
    


