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ABSTRACT 

Addition of a low molecular weight diluent to raw bitumen from Alberta’s Oil Sands 

produces diluted bitumen (dilbit), a physically and chemically distinct product from conventional 

oils. While thousands of kilometers of pipeline carry dilbit across Canada, relatively few studies 

have documented its environmental behaviour and toxicity to developing fish in the event of a 

spill to freshwater. In response, this study demonstrated exposure-response relationships between 

dilbit at a gradient of concentrations and toxicological responses of rainbow trout embryos under 

standardized laboratory conditions. Chronic toxicity was measured by exposing rainbow trout 

embryos for 25 days to two different winter dilbit blends, Access Western Blend (AWB) and Cold 

Lake Blend (CLB). Chemical dispersion of hydrocarbons from AWB and CLB dilbit into water 

(producing chemically enhanced water accommodated fractions, CEWAFs) was used to prepare 

exposure solutions. Endpoints to characterize chronic toxicity included mortality, impairment of 

growth and development, and select morphological deformities collectively called blue sac disease 

(BSD). Results indicated that cumulative mortality and the prevalence of sub-lethal defects (i.e. 

impairment of growth and development and onset of BSD) increased with increasing exposure 

concentration of dilbit CEWAF in water. Additionally, at the same volume of CEWAF, CLB had 

a higher total petroleum hydrocarbon content and higher lethal toxicity to rainbow trout embryos 

(25-d LC50 = 1200 µg/L) than AWB (25-d LC50 = 1627 µg/L). AWB and CLB were 2 and 2.7 

times more toxic respectively when compared to a light crude oil (22-d LC50 = 3281 µg/L), and 

3.4 and 2.5 times less toxic respectively when compared to a heavy fuel oil (25-d LC50 = 473 

µg/L). This research contributes to developing a dilbit-specific assessment of toxicity and 

potential impacts (i.e., recruitment failure and declining populations of fish species whose 

spawning coincides with an oil spill) if the product is spilled into a freshwater environment. 
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INTRODUCTION & LITERATURE REVIEW 
 
 In a global society with a human population growing in both number and affluence, the 

demand for oil and oil-based products is rising steadily to supply consumer needs. Among the 

most environmentally-devastating frontiers of oil extraction, operations at the oil sands in Alberta, 

Canada recover 841 million barrels of bitumen per year from a complex mixture of sands and 

clays (AER 2015). Bitumen is an unconventional petrochemical that has lost much of its low 

molecular weight content and water soluble components via biodegradation and thermal alteration 

over geologic time. In its natural state, bitumen is semi-solid and highly viscous; heating or 

addition of a diluent is required to replace the components lost by microbial activity and to induce 

flow for transport by pipeline. Diluted bitumen, or dilbit, is traditionally a mixture of 70% crude 

bitumen and 30% diluent, typically a synthetic crude oil or natural gas condensate (Dew et al. 

2015). Dilbit is transported to refineries where the diluent is removed by distillation and the raw 

bitumen may be processed into heavy or medium crude oils, as well as diesel fuel. However, mass 

transport of dilbit from the Alberta Oil Sands to refineries within and beyond Canadian borders 

poses major risks of spills to terrestrial and aquatic environments. A comprehensive understanding 

of the physical and chemical characteristics of dilbit, as well as its potential for toxicity, is critical 

for effective spill planning and response. 

Physical and Chemical Characteristics of Dilbit 

 Density and viscosity are among the most important physical determinants of the behavior 

of oil in the environment; density governs its buoyancy in water while viscosity influences its 

spreading velocity and resistance to dispersion (GOC 2013). Oil that is less dense than freshwater 

(1.0 g/mL at 15°C), such as a light fuel oil, will float on the water’s surface; conversely, oil that is 

more dense than freshwater, like a heavy fuel oil, will be neutrally or negatively buoyant in the 
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water column (Michel 2010). The combination of a highly volatile, low molecular weight diluent 

with the less volatile, heavy bitumen fraction renders dilbit a physically distinct product from 

conventional oils. In a closed vessel, dilbit condensate blends have an average density of ~0.92 

g/mL and viscosity of ~350 mPa-s at 15°C (GOC 2013), suggesting that dilbit would be positively 

buoyant in freshwater. In the environment, the density and viscosity of dilbit may increase rapidly 

due to evaporative weathering (i.e., volatilization of low molecular weight components, 

particularly the diluent), dissolution of water soluble components, uptake of solid matter (e.g. 

sediment or other granular material on land or in the water column), uptake of water, 

biodegradation, emulsification, and/or photo-oxidation (Dew et al. 2015). When these processes 

act on dilbit, a poorly-degradable, complex, heavy residue similar in density to raw bitumen 

(~1.02 g/mL) is produced (Lee et al. 2015; CAPP 2015). The behavior of dilbit released into the 

environment is thus extremely variable, with density and viscosity being compared to a light fuel 

oil (i.e. positively buoyant) in the early stages of a spill and a heavy fuel oil (i.e. neutrally or 

negatively buoyant) as weathering and biodegradation progress (ENG 2011). In addition to 

physical characteristics, the environmental behaviour of an oil is ultimately dependent on the 

nature of the spill and the environmental conditions during the spill (NRC 1999). The drastic 

fluctuation in density and viscosity, and the unique environmental conditions specific to each spill, 

render the environmental behaviour and fate (i.e., oiling of shorelines and the littoral zone versus 

oil adsorption to benthic sediments) of dilbit notoriously difficult to predict and model. 

Not only does dilbit differ from conventional oils in terms of physical characteristics and 

environmental behaviour, but in chemical composition as well. Oil chemistry focuses on four 

major components: saturates, aromatics, resins, and asphaltenes (SARA). Saturates are low 

molecular weight and highly volatile organic compounds that biodegrade easily, indicating a low 
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risk for chronic toxicity if released into the environment. Though resistant to biodegradation, high 

molecular weight aromatics, resins, and asphaltenes are also thought to be non-toxic due to their 

poor ability to cross biological membranes (Lee et al. 2015). However, resins and asphaltenes do 

play a significant role in the formation of stable oil droplets and colloids, increasing the 

persistence of oil and its toxic constituents in the environment (GOC 2013). The environmental 

behaviour and potential for toxicity of dilbit if spilled in freshwater is directly correlated to the 

proportion of SARA components. Bitumen contains proportionally fewer saturates (n-alkanes, iso-

alkanes, cyclo-alkanes, hopanoids and steroids), more resins (sulfur, oxygen, and nitrogen 

containing moieties), and more asphaltenes (complex resins) when compared to both light and 

heavy conventional oils, but a similar composition of aromatics (monoaromatics, alkylated and 

non-alkylated polycyclic aromatics, and aromatic steroids) when compared to heavy conventional 

oils (Woods et al. 2008). The proportion of the low molecular weight alkyl-naphthalene in 

bitumen increases with the addition of condensate diluents to produce dilbit (GOC 2013). The 

chronic toxicity of oils, including dilbit, has been attributed primarily to the intermediate 

molecular weight polycyclic aromatic hydrocarbons (PAHs) (Barron et al. 1999). In particular, the 

3- to 5-ringed PAHs with alkyl side chains (i.e. methyl, ethyl, and/or isopropyl groups) have been 

identified as the constituents of oil that are chronically toxic to the early life stages of fish (Khan 

2007).  

Dilbit and Embryotoxicity 

While the toxicity of PAHs in oil has been described in depth in the literature, the 

mechanism causing this toxicity remains poorly understood. PAHs are diverse in structure, 

hydrophobic, and non-polar, indicative of environmental persistence and elevated potential for 

toxicity. In oil-water mixtures, PAHs may partition from oil droplets into solution, where they are 
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bioavailable to aquatic organisms; physical contact with particulate oil is not a prerequisite for 

toxicity (Carls et al. 2008). High molecular weight PAHs are less water soluble and more readily 

adsorb to surfaces (i.e. less bioavailable) than low and intermediate molecular weight PAHs 

(Sikkema et al. 1995). In addition to solubility, the amount of PAH that will partition from an oil 

droplet into water is dependent on environmental persistence (i.e. low volatility, increased octanol-

water partition coefficient (KOW) due to presence of hydrophobic alkyl side chains, etc.), the rate 

of partitioning across the oil-water interface, and the surface area available for partitioning 

(Ramachandran et al. 2004). Their bioavailability and increased environmental persistence in part 

account for why 3- to 5-ringed alkyl PAHs are the most chronically toxic component of oils to 

developing fish (Hawkins et al. 2002; Basu et al. 2001; Billiard et al. 1999). 

PAHs partitioned from oil into water are bioavailable to aquatic organisms because their 

lipophilicity allows them to cross lipid membranes during gill-mediated respiration. In the cytosol, 

some PAHs bind to the aryl-hydrocarbon receptor, forming a ligand complex that translocates into 

the nucleus (Hankinson 1995). The complex binds to the xenobiotic response element of DNA and 

subsequently initiates transcription and translation of genes, specifically those that code for 

cytochrome P450 1A (CYP1A) enzymes (Timme-Laragy et al. 2007). In some vertebrates, 

CYP1A enzymes metabolize PAHs via a Phase I mono-oxygenation biotransformation pathway, 

with the ultimate product being water-soluble intermediates that can be readily excreted in the 

urine following Phase II metabolism (Dabestani & Ivanov 1999). The by-products of the Phase I 

metabolic pathway are highly reactive intermediates of oxygenated aromatic substrates. PAH 

metabolites are more hydrophilic and reactive than their parent compounds, and may 

spontaneously bind to cellular macromolecules (e.g. DNA, RNA, proteins) and cause cell 

membrane damage, mutagenesis, teratogenesis, and carcinogenesis (Tuvikene 1995). Induction of 
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CYP1A enzymes, increased synthesis of the aryl hydrocarbon receptor protein, and increased 

synthesis and activity of enzymes mediating oxidative stress are thus sensitive indicators of PAH 

exposure in aquatic organisms (Fragoso 1998; Madison et al. 2015).  

 The early life stages of fish are at high risk for PAH-induced toxicity mediated by the 

CYP1A biotransformation pathway. Developing fish undergo rapid cell division and 

differentiation, processes that are subject to disruption if toxicants, like PAHs, influence the 

expression and activity of regulatory genes. Furthermore, fish at the embryonic stage are more 

susceptible to PAH toxicity than mature fish due to enzymatic dissolution of the chorion (a barrier 

against physical and chemical insults to the embryo present before hatch) and saturation of anti-

oxidant defences as they sequester reactive oxygen species produced as a result of catabolism of 

yolk proteins (Binder & Stegeman 1983; Kalaimani et al. 2008). Consequently, their sensitivity to 

petrogenic PAHs, as well as their external simplicity and consumption of only their yolk, make 

fish embryos useful model organisms in studies looking to assess the isolated effects of toxicants 

(Carls et al. 2008). In fish, PAH-induced toxicity caused by exposure to oil manifests in 

impairment of growth and development and elevated prevalence of select morphological 

deformities, collectively referred to as blue sac disease (BSD). BSD is a non-infectious syndrome 

characterized by lipid membrane breakdown and accumulation of fluid in the yolk and pericardial 

sacs, body and ocular hemorrhaging, craniofacial malformations, fin erosion, and impaired growth 

(Bauder et al. 2005). In both natural and laboratory exposures to petrogenic alkyl PAHs, BSD has 

been associated with embryo mortality due to cardiovascular dysfunction, starvation caused by 

reduced capacity to hunt for prey, and/or failure to evade predators (Heintz et al. 2000). As a 

result, exposure to petrogenic alkyl PAHs during early developmental stages of fish may cause 
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recruitment failure and declining populations in those species whose spawning coincides with an 

oil spill (Carls et al. 1999).  

Expected Significance  

 A growing desire to access landlocked Canadian oil will require a growth in the volume 

and capacity of transportation infrastructure to access international markets. In terms of spill 

frequency, pipelines are generally considered the safest method to transport large quantities of oil 

and oil products. While dilbit from Alberta’s Oil Sands is currently carried by 3300 km of 

pipelines within Canada’s borders (Inter Pipeline Ltd. 2015), there remains a continuous push for 

development and expansion of pipelines across the country. This includes Enbridge’s Northern 

Gateway pipeline proposal from Bruderheim, Alberta to Kitimat, British Columbia, as well as 

extension of existing pipelines, such as Kinder Morgan’s Trans Mountain expansion plan from 

Strathcona County, Alberta to Burnaby, British Columbia. Unfortunately, with thousands of 

kilometers of pipeline comes the tangible risk for spills of dilbit into terrestrial and aquatic 

ecosystems. For instance, in 2010 the United States Environmental Protection Agency reported a 

spill of 3.2 million liters of dilbit to the Kalamazoo River, Michigan following the rupture of a 

pipeline operated by Enbridge (Dew et al. 2015). Dilbit was initially spilled on land, where 

saturated soils from heavy rainfall allowed it to travel first to a marshy area of Talmadge Creek 

before entering the fast-flowing and turbid Kalamazoo River. During travel, the spilled dilbit was 

subject to evaporative weathering and incorporation of particulate matter both on land and in the 

water column. The result was a mixture of floating, submerged, and sunken oil in the Kalamazoo 

River, a difficult, disruptive, and costly combination to clean-up and remediate. In addition, 

receptors living in multiple habitats of the river system, such as birds and insect larvae at the air-
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water interface, fish and aquatic mammals in the pelagic zone, and invertebrates and developing 

fish in the benthic sediments, were all affected by the spill.  

Although a great deal of research has been conducted on the impacts following 

conventional oil spills, a knowledge gap exists surrounding the environmental behaviour and 

toxicity of spilled dilbit, particularly in freshwater aquatic systems (GOC 2013). To date, there is 

only one report of the chronic toxicity of dilbit to freshwater fish (Madison et al. 2015), and no 

reports of dilbit toxicity to a species native to Canadian waters. Because dilbit is physically and 

chemically unique when compared to well-studied conventional oils, a likewise unique protocol 

must be developed to model its behaviour and toxicity in Canadian freshwater environments.  

Project Objectives 

 The primary objectives of this study were to measure the total petroleum hydrocarbon 

content and chronic toxicity to rainbow trout embryos of two winter dilbit blends, Access Western 

Blend (AWB) and Cold Lake Blend (CLB), under standardized laboratory conditions. AWB and 

CLB contain the highest content of condensate diluent needed to meet the viscosity requirements 

for transport by pipeline, and are also currently transported through pipelines in Canada more than 

any other bitumen product (Crude Quality Inc. 2013). The concentration of petrogenic 

hydrocarbons in exposure solutions was measured by fluorescence spectroscopy, a technique that 

measures compounds with conjugated double bonds (i.e. PAHs) that fluoresce when exposed to 

UV light (Greer et al. 2012). The chronic toxicity of dilbit to rainbow trout (Oncorhynchus 

mykiss) embryos, a fish species native to Canada’s Pacific cold-water tributaries, was evaluated by 

mortality, impairment of growth and development, and the prevalence and severity of BSD. 

Exposure solutions were prepared by partitioning hydrocarbons from oil into water using 

both mechanical mixing (producing WAF, water accommodated fraction) and a chemical 
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dispersant (producing CEWAF, chemically enhanced water accommodated fraction). Chemical 

dispersants are surfactants that decrease interfacial tension by aligning at the oil-water interface, 

increasing the surface area-to-volume ratio of oil micelles relative to the floating oil and allowing 

them to disperse in the water column (Greer et al. 2012). Because the rate of partitioning of 

petrogenic hydrocarbons (i.e. PAHs) from oil to water is restricted to the specific characteristics of 

each oil, addition of a chemical dispersant is often used to evaluate toxicity among oils that vary in 

physical properties by maximizing the opportunity for toxicants to partition from oil to water. For 

instance, with mechanical mixing alone, viscous oils generate larger oil droplets that are less 

stable in water and have a relatively lower surface area available for partitioning, resulting in a 

lower content of hydrocarbons dissolved in solution when compared to less viscous oils (Martin et 

al. 2014). In this experiment, a chemical dispersant was used to maximize the exposure of 

embryos to toxic hydrocarbons from AWB and CLB treatment solutions without changing or 

contributing to their inherent toxicity (Adams et al. 2014). A second objective was to modify 

parameters of the existing WAF and CEWAF preparation protocols to assess the amount and 

reproducibility of oil dispersed into the water.  

 The ultimate goal of this research was to provide a sound basis for comparing the relative 

toxicity of dilbit to developing fish under standardized laboratory conditions to that of 

conventional crude and residual oils. Because the toxicity and environmental behaviour of 

conventional oils have been described in detail in the literature, this comparison is an important 

step in developing a comprehensive environmental management plan for characterizing the risks 

posed by spills of dilbit in freshwater environments, increasingly critical as transport of dilbit 

across Canada continues to expand.   
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MATERIALS & METHODS 
 
Experimental Design 
 

1.0!Chronic Toxicity of Chemically-Dispersed Dilbit 
 

 The chronic toxicity of dilbit to developing fish was assessed by exposing rainbow trout 

embryos to water containing petroleum hydrocarbons partitioned from oil. Winter dilbit blends 

AWB and CLB were chemically dispersed into water to prepare stock dilutions of CEWAF. 

Rainbow trout embryos (n=40/treatment) were assigned to aerated stainless steel exposure bowls 

randomly numbered from 1 to 19. Dilbit exposures included 6 treatments each of dilutions of 

AWB and CLB CEWAF at nominal loadings of 0.032, 0.068, 0.1, 0.32, 0.68, and 1% v/v 

respectively to allow statistical analysis by regression models. Lethal and sub-lethal responses to 

dilbit were compared to a positive control exposure of 100 µg/L retene (7-isopropyl-1-methyl-

phenanthrene), a known embryotoxicant (Billiard et al. 1999). Negative controls included water, 

Nujol (non-toxic mineral oil used for mouse cell culture) WAF 1% v/v, Nujol CEWAF 0.68 and 

1% v/v, Corexit® 9500A (chemical dispersant) CEWAF 1% v/v, and 100 µg/L methanol (the 

solvent carrier for retene). Controls were not replicated.  

The exposure regime for all treatments was daily static renewal (i.e. to minimize loss of 

hydrocarbons by volatilization), with samples of water from each treatment and CEWAF stock 

taken daily for chemical analysis. Room and water temperature, dissolved oxygen, pH, 

conductivity, and mortality were monitored daily (Appendix A, Tables 1 & 3). Exposures 

continued from hatch of eggs until onset of feeding behaviour, a 25-day exposure period. The 

exposure period terminated once the onset of feeding behaviour was observed in control 

individuals. Following the exposure period, all remaining embryos were anaesthetized to overdose 

and examined for signs of oil toxicity. Chemical analysis of water samples taken daily from 
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treatment bowls and dilutions of CEWAF stocks were correlated to toxicological response to 

establish exposure-response relationships based on measured concentrations of petroleum 

hydrocarbons in exposure treatments.  

2.0!WAF & CEWAF Methods Development 

A second experiment was conducted in which initial mixing time and method of dispersant 

application of the standard WAF and CEWAF preparations for both AWB and CLB were 

modified. Chemical analyses were used to compare the impact of these variables on the 

concentrations of petroleum hydrocarbons in WAF and CEWAF stocks between parameters, 

replicates, and dilbit blends.    

Chemicals  

 Dechlorinated, charcoal filtered, and sodium bisulfite-treated Lake Ontario water from the 

City of Kingston Municipal Water Treatment Facility was used to rear test subjects and to prepare 

exposure solutions. AWB and CLB oils and chemical dispersant Corexit® 9500A were provided by 

Tom King at the Department of Fisheries and Oceans Canada (Dartmouth, NS, Canada). The 

Nujol oil was supplied by Sigma-Aldrich (CAS # 8042-47-5, St. Louis, MO, USA). Retene was 

obtained from MP Biomedical Inc. (CAS # 273819, Solon, OH, USA) and methanol was supplied 

by VWR International (CAS # 67-56-1, Mississauga, ON, Canada). Anhydrous ethanol, used for 

sample preservation and preparation of CEWAF dilutions during chemical analysis, was obtained 

from Commercial Alcohols (CAS # 64-17-5, Brampton, ON, Canada). Hexanes, acetone, and 

dichloromethane used for solvent rinsing and cleaning of oiled glassware were accessed from ACP 

Chemicals (CAS # 75-09-2, 64-67-1, 73513-42-5, Montreal, QUE, Canada). Tricaine methane 

sulfonate (MS-222) for fish anaesthesia was obtained from Sigma-Aldrich (CAS # 886-86-2, 

Oakville, ON, Canada). 



! 18 

Test Organism 

 Rainbow trout eggs at the eyed stage were obtained from Rainbow Springs Hatchery 

(Thamesford, ON, Canada) on October 21, 2015. Eggs had hatched upon arrival and were 

immediately acclimatized to laboratory conditions in their original container for two hours before 

being randomly divided among stainless steel bowls in 2 L of aerated water and covered by glass 

plates (Figure 1). Exposures were carried out in a cold room in 24-hour darkness at the Queen’s 

University Aquatic Facility beginning on October 22, 2015 and concluded when “swim-up” (i.e. 

when yolk sac absorption was complete and embryos were observed swimming to the water’s 

surface for feeding) was observed in control fish (November 16, 2015), a 25-day period. 

Throughout the exposure, room temperature (8.21 ± 0.74 °C), water temperature (9.25 ± 0.33 °C), 

dissolved oxygen (10.51 ± 0.28 mg/L), pH (7.79 ± 0.10), and conductivity (326.8 ± 2.44 μS) were 

maintained within an acceptable range for trout development (Appendix A, Table 1). Daily 

handling and maintenance of fish was conducted following the Guidelines of the Canadian 

Council on Animal Care under Queen’s University Animal Care Protocol (Hodson 2013-063).   

Figure 1: Rainbow trout embryos (A) were held in 2 L of water in stainless steel bowls, covered with a glass plate, and 
aerated using a glass Pasteur pipette (B) during acclimatization and the subsequent exposure period inside the cold 

room at Queen’s university Aquatic Facility. 
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Exposure Method: CEWAF 
 

1.0!Chronic Toxicity of Chemically-Dispersed Dilbit 
 

The CEWAF exposure method was developed following the protocol outlined by Singer et 

al. (2000) with modifications to mixing energy, mixing time following dispersant application, and 

method of dispersant application. To create AWB, CLB, and Nujol CEWAFs, oil was added to 

still water at a 1:9 oil-to-water ratio in a 50 mL beaker and covered with aluminum foil. Oil-water 

solutions were mixed on a multi-positon magnetic stir plate using a 2 cm round stir-bar at an 

energy sufficient to produce a 25% vortex, allowing for adequate dispersant/oil interactions 

consistent with the intended use of the dispersant (Singer et al. 2000). Initial mixing of oil and 

water continued for 18 hours, after which beakers were removed from the stir plate briefly for the 

addition of the chemical dispersant. The chemical dispersant Corexit® 9500A was added to the 

surface of the stagnant oil in a swirl pattern (beginning in the centre and moving outward in a 

clockwise motion) at a 1:20 dispersant-to-oil ratio. Beakers were replaced on the stir-plate for an 

additional hour of mixing of dispersant, oil, and water. Mixtures were removed from the stir-plate 

and allowed to settle for one hour to allow separation of oil and water phases. Following the 

settling period, the bottom aqueous phase (CEWAF stock solution) was decanted using a sterile 

plastic Luer-Lock syringe with 21G needle and transferred into individual sealed, amber glass 

bottles to prevent volatilization and photo-degradation of hydrocarbons.  

A similar method was used to prepare the Corexit® 9500A CEWAF and Nujol WAF 

control solutions. Although no oil was added to water for the preparation of the Corexit® 9500A 

CEWAF, the preparation method was the same as for oil-water mixtures. Corexit® 9500A was 

added using the same volume ratio and pattern as described above. Similarly, the Nujol WAF was 

prepared in tandem with the Nujol CEWAF, without the addition of the chemical dispersant 
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following the initial 18 hours of mixing; instead, the 18 hours of mixing was immediately 

followed by one hour of settling and subsequent decanting of the lower aqueous phase.  

Nominal loadings of CEWAF stock solutions (and controls: retene, Nujol WAF, Nujol 

CEWAF, Corexit® 9500A CEWAF, and methanol) were used to create exposure treatments. As 

per the daily static renewal protocol, newly-prepared CEWAF stocks (and controls) were used 

each day to create fresh exposure treatments. The required volume of CEWAF (or control) and 

water relative to a total 2 L of solution was added to create the desired nominal loading in 

exposure bowls. First, 1 L of water was added to a clean stainless steel bowl. The appropriate 

volume of dilbit CEWAF (or control) was added to the water using an air displacement pipette in a 

swirl motion, followed by the volume of water required to fill the stainless steel bowl to 2 L 

(Appendix A, Table 2). After recording and removing any dead embryos, test subjects were 

transferred from the previous day’s bowl into the freshly-prepared treatment.  

2.0!WAF & CEWAF Methods Development 

A second methods development experiment was conducted in which the existing WAF and 

CEWAF protocols were altered by changing parameters of initial mixing duration and method of 

dispersant application. The effect of initial mixing duration on partitioning of organic compounds 

from oil to water was first tested by creating AWB and CLB WAFs as described above with 

varying mixing times of 0, 1, 4, and 18 h. In a separate trial, three methods of dispersant 

application were tested by following the dilbit CEWAF protocol as described above for AWB and 

CLB but altering the delivery of chemical dispersant to the oil-water interface at the same 1:20 oil-

to-dispersant ratio. The tested application methods include the standard swirl application, a centre 

application (dispersant added to the centre of the oil layer), and a spray application (spray volume 

of 0.175 mL, applied ~3 cm above oil surface). Reproducibility of each dispersant application 
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method was assessed by performing three identical replicates of each application pattern for both 

oils. The effect of altering these variables was assessed by spectrofluorimetric comparison of TPH 

concentrations in dilutions of CEWAF stocks. 

Chemical Characterization of Solutions by Spectrofluorimetry 

 Each day of the exposure period, a 3 mL sample of water from each treatment, as well as a 

3 mL sample of AWB and CLB CEWAF stocks, were collected immediately following solution 

preparation, preserved in equal parts anhydrous ethanol in 7 mL glass scintillation vials, and 

stored in the dark at 4°C. Fluorescence spectroscopy was used to measure the concentration of 

petroleum hydrocarbons (total petroleum hydrocarbons by fluorescence, TPH-F) in exposure 

solutions and CEWAF stocks using a scanning spectrofluorimeter (Quanta-Master Fluorescence 

Spectrometer, PTI Ltd., London, ON, Canada) and FelixGX 4.1.2 software, as per the standard 

operating procedures outlined by Adams and Hodson (2015) (Appendix B, 1.0). Samples were 

scanned for fluorescent material in a quartz cuvette at emission wavelengths between 310 and 460 

nm and an excitation wavelength of ~300 nm, optimized for the wavelength range in which 3- to 

5-ringed PAHs fluoresce (Dabestani & Ivanov 1999). Parent oil standard curves (r2 > 0.98) were 

produced relating measured fluorescence area to dilutions of AWB, CLB, and retene (dissolved in 

ethanol and water at a 50:50 ratio) at known concentrations (25 µg/L to 2.5 mg/L for dilbit, 250 to 

10 µg/L for retene). The linear regressions of parent oil standard curves were used to calculate the 

concentration of TPH-F in water samples from exposure treatments and dilutions of CEWAF 

stocks.  

Samples taken daily from exposure treatments and CEWAF stocks were pooled and 

analyzed for TPH-F concentration using the spectrofluorimeter approximately four times weekly. 

Each time a series of samples was analyzed, a new parent oil standard curve was produced such 
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that the concentration of TPH-F in exposure treatments and CEWAF stock samples more 

accurately reflected changes in the chemical composition of the AWB, CLB, and retene stocks 

over time. To avoid under-or over-estimation of TPH-F concentration, measured fluorescence 

areas that deviated from the linear range of the parent oil standard curves (i.e. the range of 

fluorescence area that increases linearly with TPH-F concentration) were omitted and replaced 

with theoretical values calculated from their linear regression equations. Major outliers differing 

from mean TPH-F by two or more orders of magnitude were also omitted. The same protocol was 

used to measure TPH-F in dilutions of WAF and CEWAF stocks in the WAF & CEWAF Methods 

Development experiment. 

Spectrofluorimetric analyses of the laboratory water used to rear embryos and prepare 

exposure treatments indicated the presence of some fluorescent material, possibly due to low 

levels of petroleum hydrocarbons or dissolved organic carbon in Lake Ontario sediments 

(Bourbonniere & Meyers 1996). In response, the fluorescence area of the daily water control 

treatment (as a measure of background signal) was subtracted from the fluorescence area for water 

samples collected from exposure treatments before calculating respective concentrations of TPH-

F. Similarly, the fluorescence area of WAF and CEWAF stocks (and dilutions thereof) were 

corrected for background by subtracting the fluorescence of a 50:50 mixture of lab water and 

ethanol.  

Characterization of Chronic Toxicological Responses 

Data used to describe trends in toxicological response were obtained from Days 9 to 24 of 

the exposure. Acute mortality, impairment of growth and development, and morphological 

deformities occurring from Days 0 to 8 were excluded due to toxicity likely attributed to free 

chemical dispersant and not exposure to oil; the short time to death and signs of toxicity were 
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consistent with treatments of chemical dispersant only and not treatments of oil (Adams et al. 

2014). Chronic toxicity was assessed by cumulative mortality rates (mortality only attributed to oil 

exposure, i.e. after Day 8 of the experiment; Appendix A, Table 3), impairment of growth and 

development, and an index of morphological deformities. Mortality was recorded daily on a per 

treatment basis (Appendix A, Table 3); dead embryos were removed using a plastic transfer 

pipette and small side lamp to maintain the 24-hour dark photoperiod. Photographs were taken of 

dead embryos prior to disposal and archived at Queen’s University for future reference of signs of 

toxicity at different stages of the exposure. 

 After the exposure period, all remaining embryos were euthanized by overdose with 100 

mg/L MS-222 for sampling. Exposure bowls were re-numbered randomly such that sampling was 

blind to eliminate bias with regard to treatment and loading. Ten embryos from each of the water, 

methanol, Nujol WAF 1% v/v, AWB 0.032, 0.068, 0.1 % v/v, and CLB 0.032, 0.068, 0.1 % v/v 

treatments were taken by Marie Sereneo (Langlois Lab) for tissue analysis of molecular responses 

to oil exposure. Within each treatment, remaining fish were separated into groups of 5 on pre-

labeled petri dishes, measured for length to the nearest millimetre, scored for signs of BSD using a 

dissecting microscope, and weighed to the nearest milligram both before and after yolk sacs were 

removed by blunt dissection as per Adams (2015) (Appendix B, 2.0). An average of ratios 

comparing yolk sac weight-to-fish length provided an index for embryo growth and development 

among a gradient of dilbit exposures; a higher ratio indicated a higher degree of impaired growth 

and development. Only fish surviving until the last day of the experiment were measured for 

impairment in growth and development (Appendix A, Table 3). Photographs of all fish, including 

those taken for tissue analysis, were archived for reference and future inquiry. Following data 
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recording, each group of 5 fish was placed in a labeled cryogenic vial, flash frozen using liquid 

nitrogen, and stored at -80°C for use in future analyses.  

 BSD was used as a measure of morphological deformities noted following exposure to 

petroleum hydrocarbons. All embryos that were euthanized at the end of the exposure period, 

including those taken for tissue analysis, were scored for presence and severity of BSD using a 

dissecting microscope following Billiard et al. (1999). Body hemorrhaging (BH), ocular 

hemorrhaging (OH), fin rot (FR), and craniofacial malformations (CM) were scored based on 

presence/absence (0-1), while yolk-sac edema (YSE) and pericardial edema (PE) were scored 

based on relative severity (0-2 and 0-3, with the higher number indicating higher severity). 

Edemas were scored on a severity basis (and thus allowed greater weight than other signs of BSD) 

due to their close association with embryo mortality and a comparatively wide visual range in 

response (Wu et al. 2012). The maximum BSD score an embryo surviving the exposure could 

receive was 9. Mortality attributed to oil exposure (i.e., occurring after Day 8; Appendix A, Table 

3) was incorporated into treatment scores, with embryos that died during the exposure period 

given the maximum possible BSD score of 9 plus 0.5 (9.5). Toxicity was inferred from an average 

BSD index in which the BSD score per treatment (averaged for the number of embryos per 

treatment surviving after Day 8) was normalized to the maximum score (9.5) to give a range of 0 

to 1 [1]. Chronic toxicity among treatments was also compared using percent normal [2], in which 

an embryo was considered “normal” only if it survived the exposure period (Day 9 to 24) and did 

not display any signs of BSD on the sample day.  

[1] Average BSD Index = ∑!"!!∑!"!!∑!"!!∑!"!!∑!"#!!!∑!"!!(!"#$%&'$(!!!!.!)
!"#$%!#!!"#$%&'!!!!"#$%!#!!"#$%&'!!"#!!!"#!!!"#$%"!!"#!!  ÷ 9.5 

 
[2] Percent Normal = #!!"#$%&'!!"#$!!"#!!"#$%!!"!!

!"#$%!#!!"#$%&'!!"#$%!#!!"!!"#$%&'!!"#!!!"#!!!"#$%"!!"#!!  x 100 
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Following sampling for length, weight with and without yolk sac, and scoring for signs of 

BSD, treatments were identified with respect to bowl number so that nominal loading, and 

corresponding concentrations of TPH-F, could be used to establish cause-effect relationships 

between dilbit exposure and toxicological responses in trout embryos.    

Statistical Analysis 

 Concentrations of TPH-F were related to toxicological responses and used to make 

comparisons and establish trends between treatments at different nominal loadings. Concentrations 

of TPH-F in each treatment throughout the exposure period were analyzed for variance and error. 

TPH-F was also used to characterize the effect of altering parameters of WAF and CEWAF 

preparation in the methods development experiment. For both AWB and CLB, median lethal 

concentrations (LC50s) and median effective concentrations (EC50s) expressed as concentrations 

of TPH-F were estimated by nonlinear regression with four parameters using GraphPad Prism 

Version 4 Software (GraphPad Software Inc., San Diego, CA, USA).  
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RESULTS 
 
1.0!Chronic Toxicity of Chemically-Dispersed Dilbit 

 
Chemical Characterization of Exposure Solutions by Spectrofluorimetry 
   

The TPH-F concentration of water samples taken daily from AWB and CLB exposure 

treatments, as well as of dilutions of daily prepared AWB and CLB CEWAF stocks, were log 

transformed and plotted against time to observe variance within nominal loadings over the 

duration of the exposure period (Figure 2). Linear regressions of TPH-F concentration in water 

samples from AWB and CLB treatments at nominal loadings of 0.032 to 1%/ v/v had r2 values 

ranging from 0.000135 to 0.117 and 0.00408 to 0.734 respectively, indicating a large variation in 

TPH-F concentration measured in daily exposure solutions over time for both oils. Similarly, 

linear regressions of TPH-F concentration in AWB and CLB CEWAF stocks at dilutions of 0.032 

to 1% v/v had r2 values ranging from 0.00515 to 0.138 and 0.00138 to 0.0352 respectively, 

indicating large variation in TPH-F concentrations in CEWAF stock dilutions over time, similar to 

that of water samples from exposure treatments.  

A 25-day average of TPH-F concentration (with standard deviation) in water samples 

collected from exposure solutions and dilutions of CEWAF stocks for both oils was also 

calculated and plotted against nominal loading (Figure 3). For both AWB and CLB dilbit blends, 

concentrations of TPH-F in water samples from exposure treatments increased linearly with 

increasing nominal loading (r2 = 0.98 and 0.93 respectively)1. Analyses of fluorescence area for 

water samples from CLB treatments consistently reported higher TPH-F concentrations than water 

samples from AWB treatments at the same nominal loading. However, the mean CLB TPH-F 

concentrations were also more variable than AWB concentrations at all nominal loadings. For 

dilutions of both AWB and CLB CEWAF stocks, TPH-F increased linearly with increasing 
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nominal loading of both AWB and CLB treatments (r2 = 1.0 and 1.0 respectively)2. The 25-day 

average TPH-F concentrations for dilutions of AWB and CLB CEWAF stocks were nearly 

identical, although CLB CEWAF dilutions had a wider standard deviation from the mean. 

Comparatively, a higher concentration of TPH-F was reported in water samples from exposure 

treatments than in dilutions of the CEWAF stocks at the same nominal loading for both oils. As a 

result, the 25-day average TPH-F concentration in water samples (i.e. as opposed to that in 

dilutions of CEWAF stock at the same nominal loading) were used as a measure of average TPH-

F concentration in dilbit exposure solutions in all subsequent analyses. The 25-day average TPH-F 

concentration of retene (loading of 100 µg/L) was 75.7 µg/L.  

 

 

 

 

 

 

 

 

1 Because the average TPH-F concentration for the 1% v/v CLB water sample was outside of the linear range of the 
parent oil standard curve, the linear regression equation underestimated its 25-day average TPH-F concentration. A 
theoretical 1% v/v CLB average TPH-F concentration was calculated using the linear regression equation from the 
curve of average TPH-F concentrations for nominal loadings of 0.032 to 0.68% v/v; this value was used henceforth as 
the average TPH-F concentration for CLB water samples at 1% v/v. Standard deviations from the means were 
estimated from 0.68% v/v under the assumption that the magnitude of TPH-F increase mimicked the magnitude of 
increase between nominal loadings.  
 
2 Similarly, because the 25-day average TPH-F concentration for the 0.32, 0.68, and 1% v/v dilutions of AWB and 
CLB CEWAF stocks were outside of the linear range of the parent oil standard curve, the linear regression equation 
underestimated their average TPH-F concentrations. Average TPH-F concentrations (and standard deviations) at these 
nominal loadings were estimated from that of 0.068% v/v under the the assumption that the magnitude of TPH-F 
increase mimicked the magnitude of increase between nominal loadings. These values were used henceforth as the 
average TPH-F concentration for AWB and CLB CEWAF stocks at dilutions of 0.32, 0.68, and 1%v v/v.  
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Figure 2: The TPH-F concentrations (corrected for background signals) measured daily in AWB (A) and CLB (B) 
exposure treatments (characterized by nominal loading of CEWAF added to treatment), as well as dilutions of AWB 
(C) and CLB (D) CEWAF stocks (characterized by CEWAF dilution), over the duration of the exposure period. Note 
that samples from exposure treatments were only collected until 100% mortality occurred (Appendix A, Table 3). 
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Figure 3: The 25-day average (and standard deviation) of TPH-F concentration (corrected for background signals) for 
water samples of exposure solutions (A) and dilutions of CEWAF stocks (B) plotted against nominal loading of 
treatments. The blue “X” not connected to the linear regression (A) represents the measured average CLB 1% v/v that 
was omitted and replaced by a theoretical average CLB 1% v/v value1, connected to the linear trend from 0.032-0.68% 
v/v by the blue dashed line. The 25-day average TPH-F concentration for the positive control retene (loading of 100 
µg/L) was 75.7 µg/L. 
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Characterization of Chronic Toxicological Responses 
 

Lethal Effects 
 
 An exposure-response relationship was observed between TPH-F concentration and 

cumulative percent mortality for AWB (r2 = 0.99) and CLB (r2 = 0.99); as average TPH-F 

concentrations in dilbit exposures increased, so did mortality (from Day 9 to Day 24; Appendix A, 

Table 3) for both dilbit blends (Figure 4). Treatments with the three highest measured 

concentrations of TPH-F for both AWB and CLB caused 100% mortality before termination of the 

exposure period (Appendix A, Table 3). The 25-day LC50s (and 95% confidence intervals) for 

AWB and CLB were 1627 µg/L (1252 – 2115 µg/L) and 1200 µg/L (1189 – 1211 µg/L) 

respectively, indicating that while trends in cumulative mortality were similar between oils, an 

overall lower TPH-F concentration of CLB was needed to induce lethality in rainbow trout 

embryos. The water and retene (75.7 µg/L) controls experienced 2.8% and 52.5% mortality 

respectively, both higher than expected (i.e. 0% for water and < 14% for retene) when compared 

to similar exposure experiments (Wu et al. 2012; Martin et al. 2014).  
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Figure 4: The cumulative percent mortality (Day 9 to Day 24) of embryos observed at the 25-day average TPH-F 
concentration (corrected for background signals) in exposure treatments of AWB and CLB. The negative control 
treatment (water) caused 2.8% mortality, and the positive control treatment (retene, 75.7 µg/L) caused 52.5% 
mortality. 
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Sub-lethal Effects 
 
 The average ratio of yolk sac weight-to-fish length (averaged for the number of embryos 

remaining from treatments on the sample day; Appendix A, Table 3) increased with increasing 

concentrations of average TPH-F in exposure treatments for both AWB and CLB oils (Figure 5). 

At the three highest measured average TPH-F concentrations for AWB and CLB, there were no 

embryos available to sample for yolk sac weight and fish length as these treatments reached 100% 

mortality before the end of the exposure period. At the three lowest measured average 

concentrations of TPH-F, the average yolk sac weight-to-fish length ratio for both oils overlapped 

in standard deviation, suggesting similar potential for sub-lethal toxicity between the two blends. 

The average ratio of yolk sac weight-to-fish length was 2.92 mg/cm for the water control and 20.4 

mg/cm at 75.7 µg/L for the retene control.  

An exposure-response relationship was observed between TPH-F concentration and the 

average BSD index (averaged for the number of embryos remaining from treatments on the 

sample day; Appendix A, Table 3) for AWB (r2 = 0.99) and CLB (r2 = 1.00); as the average 

concentration of TPH-F in dilbit exposure treatments increased, as did average BSD index (Figure 

6). The exposure-response relationship of average BSD index mirrored that of cumulative percent 

mortality (Figure 4). Due to 100% mortality at the highest measured average concentrations of 

TPH-F for both oils, embryos exposed to these concentrations collectively received a BSD index 

of 1.0. Although the average BSD index was higher in CLB treatments than AWB treatments at 

the three lowest treatments, a consideration of error on average TPH-F concentration (Figure 3) 

suggests that there is no significant difference in sub-lethal toxicity between the two blends. The 

average BSD indices for the water and retene controls were 0.028 and 0.69 respectively; both 

control treatments had average BSD indices that were higher than expected (i.e. < 0.01 for water 
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and < 0.48 for retene) when compared to similar exposure experiments (Wu et al. 2012; Martin et 

al. 2014). Additionally, a gradient in morphological deformities over the range of TPH-F 

concentrations was evident; the majority of embryos from the water control treatment exhibited no 

signs of BSD, while the majority of embryos chronically-exposed to dilbit treatments were 

observed with signs of BSD (Figure 7). The most common signs of BSD observed were fin rot and 

craniofacial malformations.  

An exposure-response relationship was observed between TPH-F concentration and the 

percent normal for AWB (r2 = 0.99) and CLB (r2 = N/A, interrupted); as the average concentration 

of TPH-F in dilbit exposure treatments increased, the percentage of normal embryos decreased 

(Figure 8). Trends for percent normal were the inverse of that for cumulative percent mortality 

(Figure 4). No embryos exposed to the three highest average TPH-F concentrations for AWB and 

the four highest average TPH-F concentrations for CLB were considered normal (0%). The 25-day 

EC50 (and 95% confidence intervals) for AWB and CLB were 453.3 µg/L (346.1– 593.1 µg/L) 

and < 675.8 µg/L respectively; an exact 25-day EC50 for CLB could not be calculated because 

there was < 50% normal embryos in all exposure treatments. While embryos exposed to the lowest 

average TPH concentrations appeared to have a lower percent normal in CLB treatments than 

AWB treatments, consideration of error on average TPH-F concentrations (Figure 3) again 

suggests that there is no difference in sub-lethal toxicity between the two blends. The percent 

normal for water and retene control treatments were 97.2% and 0% respectively, congruent with 

that noted (i.e. > 86% for water and 0% for retene) in similar exposure experiments (Wu et al. 

2012; Martin et al. 2014). 
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Figure 5: The ratio of average yolk sac weight-to-fish length (with standard deviation) at the 25-day average TPH-F 
concentrations (corrected for background signals) for exposure treatments of AWB and CLB. Because the three 
highest loadings for both oils reached 100% mortality before the sample day, no data were obtained for yolk sac 
weight-to-fish length for these treatments. Embryos from the negative (water) and positive (retene, 75.7 µg/L) control 
treatments were observed at 2.92 mg/cm and 20.4 mg/cm respectively. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: The average BSD index plotted against the 25-day average TPH-F concentration (corrected for background 
signals) for exposure treatments of AWB and CLB. Embryos from the negative (water) and positive (retene, 75.7 
µg/L) controls had BSD indices of 0.028 and 0.69 respectively. 
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Figure 7: A rainbow trout embryo from the (negative) water control treatment exhibited average length (2.8 cm), body 
weight (128 mg), yolk sac weight (26 mg), and no observable signs of BSD (score 0) (A). A rainbow trout embryo 
from the 0.068% v/v CLB treatment exhibited shorter length (2 cm), lower body weight (94 mg), increased yolk sac 
weight (76 mg), and all observable BSD signs (score 9.0) (B). Photographs were taken on the sample day of the 
experiment (Day 25 of exposure, November 16, 2015). 

 
 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 8: The percentage of normal embryos observed at the 25-day average TPH-F concentration (corrected for 
background signals) for exposure treatments of AWB and CLB. The negative control treatment (water) had 97.2% of 
normal embryos, and the positive control treatment (retene, 75.7 µg/L) had 0% of normal embryos.  
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2.0 WAF & CEWAF Methods Development  
 
Mixing Duration 
 

The concentration of TPH-F estimated for 100% WAF stocks3 of AWB and CLB generally 

decreased as mixing time prior to decanting was increased (Figure 9). For both dilbit blends, zero 

hours of mixing prior to decanting (T0) produced the highest concentration of TPH-F in the 100% 

WAF stocks. For 18 hours of initial mixing, two different mixing vessels were used: the standard 

50-mL beaker covered with aluminum foil (T18 B) and a 60 mL glass jar with screw polyvinyl 

cap (T18 J). The concentration of TPH-F in the 100% WAF stock estimated from T18 B was 

below the detection limit at all nominal loadings, and therefore the lowest, for both AWB and 

CLB. The TPH-F concentration in the 100% WAF stock estimated after 18 hours of initial mixing 

was higher (i.e. above detection limit) when the jar was used as a mixing vessel as opposed to the 

beaker for both dilbit blends.  

 

 

 

 

 

 

 

 

 

3 Because the fluorescence areas of WAF stock dilutions were not consistently above the detection limit of the 
spectrofluorimeter, the TPH-F concentration of the 100% WAF stock was estimated from the 0.32% v/v dilution 
(within the linear range of the parent oil standard curve for both oils at all mixing times) under the assumption that the 
magnitude of the TPH-F increase mimicked the magnitude of increase between nominal loadings.  
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Figure 9: The TPH-F concentrations (corrected background signals) estimated for the 100% WAF stock for AWB (A) 
and CLB (B) after 0 (T0), 1 (T1), 4 (T4), and 18 (T18) hours of mixing prior to settling and decanting. At T18, two 
different mixing vessels were used: the standard 50 mL beaker covered in aluminum foil (T18 B) and a 60 mL glass 
jar with screw polyvinyl cap (T18 J). For both oils, T18 B was below detection limit at all nominal loadings; an 
estimate of the 100% WAF stock could not be obtained.   
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Dispersant Application Method 
 
 The mean (and standard deviation; N=3) TPH-F concentrations at the 0.068% v/v CEWAF 

dilution (within the linear range for both oils at all replicates) were highest for the swirl dispersant 

application for both AWB and CLB (Figure 10). Large standard deviations demonstrate variation 

among replicates in all methods of dispersant application for both oils, with the greatest variation 

observed using the swirl pattern. The dispersant application pattern with the lowest standard 

deviation was the centre application, indicating the least amount of variability among replicates. 

Therefore, for both AWB and CLB, the swirl dispersant application method generally facilitated 

the highest concentration of hydrocarbons partitioned from oil to water, though the centre 

dispersant application method produced a more consistent/reproducible outcome. For all 

dispersant application patterns for both oils (besides the centre application for CLB), the average 

TPH-F concentration in CEWAFs at the 0.068% v/v dilution was greater than that expected if the 

WAF stocks were diluted to 0.068% v/v (Figure 9). 
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Figure 10: The three-replicate mean TPH-F concentrations (corrected for background signals) and standard deviations 
at the 0.068% v/v dilution for each dispersant application pattern for AWB and CLB. Solutions were prepared in 50-
mL beakers covered with aluminum foil; mixing time prior to dispersant application was 18 hours. 
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DISCUSSION 
 

1.0 Chronic Toxicity of Chemically-Dispersed Dilbit 
 
 This research responded to the lack of knowledge surrounding the toxicity of dilbit to 

freshwater biota by describing exposure-response relationships between concentrations of AWB 

and CLB in test solutions and the toxicological responses of rainbow trout embryos under 

standardized laboratory conditions. Concentrations of total petroleum hydrocarbons at a gradient 

of nominal loadings in AWB and CLB treatments were measured by fluorescence spectroscopy, 

and toxicological responses were characterized by lethal and sub-lethal defects. While average 

TPH-F content increased linearly with nominal loadings of CEWAF for both dilbit blends, 

concentrations in CLB treatments were higher than that in AWB treatments at the same nominal 

loading. Exposure-response relationships were noted between TPH-F concentrations and defects 

in embryos: mortality, impairment of growth and development, and morphological deformities 

increased collectively as exposure to dilbit likewise increased. As with TPH-F concentrations, 

lethal toxicity was greater in treatments of CLB than AWB at the same nominal loading; sub-

lethal toxicity between the two blends was not significantly different.  

Chemical Characterization of Exposure Solutions by Spectrofluorimetry 
 
 Because dilbit CEWAF stocks were prepared fresh daily via the same protocol, it was 

expected that the TPH-F concentration in individual exposure treatments and CEWAF stocks 

would be consistent over time. However, intra-loading variability in TPH-F concentration was 

evident in both water samples from exposure treatments and dilutions of CEWAF stocks (Figure 

2). Variability in TPH-F concentration within nominal loadings may be attributed to a change in 

the chemical composition of dilbit over time: some low molecular weight hydrocarbons may have 

volatilized from both dilbit stocks (i.e. as they were sampled during the exposure period) and 



! 41 

CEWAF stocks (i.e. when exposed to air during initial mixing) due to evaporative weathering. 

TPH-F concentrations that were higher than expected may have been the result of sample 

contamination by particulate oil, which can act as a reservoir of petroleum hydrocarbons and 

increase TPH-F concentration in solution when dissolved by ethanol during sample preservation 

(Carls et al. 2008). Conversely, TPH-F concentrations that were lower than expected may have 

been due to inadequate mixing before chemical analysis, or perhaps due to a limit on partitioning 

of petroleum hydrocarbons into solution at the highest nominal loading via the CEWAF protocol 

used in this experiment. While water samples taken from exposure treatments were corrected for 

background fluorescence of the daily water control, their TPH-F concentrations were more 

variable than the CEWAF dilutions at the same nominal loading over time (Figure 2). This trend 

may have been caused by additional sources of variability associated with sampling water from 

the exposure bowls, including inadequate mixing of treatment solutions before sampling or 

residual oil adsorbing to the exposure bowl.  

While the concentration of TPH-F in water samples and dilutions of CEWAF stocks were 

not consistent within nominal loadings throughout the exposure period, average TPH-F 

concentrations did increase linearly with the gradient of nominal loadings (Figure 3). Water 

samples taken from CLB treatments contained higher TPH-F concentrations than samples from 

AWB treatments at the same nominal loading (Figure 3A). Thus, embryos in CLB treatments were 

likely exposed to a higher concentrations of hydrocarbons than those in AWB treatments exposed 

to the same volume of CEWAF (though overlap in error bars prevent this from being a definitive 

trend). However, average TPH-F concentrations in dilutions of CEWAF stocks were consistent 

among the two dilbit blends (Figure 3B). This discrepancy among TPH-F concentration in 

dilutions of CEWAF stocks may be due to underestimation of CLB TPH-F content, or an 
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overestimation of AWB TPH-F content, when the concentrations at higher nominal loadings were 

calculated theoretically. In both samples from exposure treatments and dilutions of CEWAF 

stocks, the average TPH-F concentration of retene was below that of the lowest nominal loading 

(0.032% v/v) of AWB and CLB. This outcome was expected because retene was administered to 

exposure treatments at a lower loading (100 µg/L, 0.00001% v/v when dissolved in methanol) 

than dilbit.  

The difference in TPH-F concentration among the AWB and CLB CEWAFs was likely 

attributed to proportional differences in low and high molecular weight hydrocarbons. AWB 

initially has a lower proportion of low molecular weight saturates, a similar proportion of 

intermediate molecular weight aromatics, and a higher proportion of high molecular weight resins 

and asphaltenes when compared to CLB (GOC 2013). Its lower proportion of low molecular 

weight components that are lost to evaporation may drive AWB to weather faster than CLB. 

Faster weathering of AWB is accompanied by less low molecular weight components available to 

dissolve into the aqueous phase of the CEWAF, and cause a faster increase in the viscosity of the 

oil (i.e. increased resistance to dispersion) (GOC 2013). Following weathering, the remaining 

fraction of AWB is primarily high molecular weight resins and asphaltenes, which are less soluble 

in water and thus less likely to partition from oil into solution (Ramachandran et al. 2004). 

Additionally, CLB has a higher total content of soluble, intermediate molecular weight aromatics 

that readily disperse into the aqueous phase of the CEWAF, increasing its TPH-F relative to AWB 

(GOC 2013). These disparities in chemical composition are likely responsible for the lower TPH-

F content observed in AWB CEWAFs in contrast to CLB CEWAFs. 

A comparison of TPH-F concentration of dilbit and light and heavy oils emphasizes the 

distinction between unconventional and conventional oils. Light conventional oils (e.g. Scotian 
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light crude oil, SCOT) are classified by their relatively high proportion of low molecular weight 

components, such as two-ringed naphthalenes; in contrast, heavy conventional oils (e.g. heavy fuel 

oil 6303, HFO 6303) are rich in medium and high molecular weight components, including 3- to 

5-ringed PAHs (Wang et al. 2003). Wu et al. (2012) and Martin et al. (2014) have used SCOT and 

HFO 6303 CEWAFs in exposure experiments similar in objective and duration to that of this 

study. Wu et al. (2012) exposed rainbow trout embryos from hatch to swim-up (22 days) to SCOT 

CEWAF at a gradient of concentrations; treatment water samples were analyzed for TPH-F 

concentration at an excitation wavelength of 297 nm and an emission spectrum of 305 to 480 nm. 

Martin et al. (2014) likewise exposed rainbow trout embryos from hatch to swim-up (25 days) to 

HFO 6303 at a gradient of concentrations; treatment water samples were analyzed for TPH-F at an 

excitation wavelength of 304 nm and an emission spectrum of 310 to 460 nm. As per Wu et al. 

(2012), it can be concluded that at a nominal loading of 0.32% v/v of CEWAF, AWB had a lower 

average TPH-F content (3647 µg/L) than SCOT (4840 µg/L; estimated from a linear whole oil 

standard curve); the average TPH-F content of CLB (5426 µg/L) was higher than both oils. As per 

Martin et al. (2014), it can be deduced that at nominal loading 0.32% v/v oil CEWAF, AWB and 

CLB both have a higher average TPH-F content than HFO 6303 (~2500 µg/L, estimated visually 

using the curve of average TPH-F concentration plotted against nominal loading).   

It is interesting that one dilbit blend (AWB) had a lower TPH-F content than the light 

conventional crude oil, while the other (CLB) did not. Again, this trend is likely attributed to the 

differences in chemical composition between the two dilbit blends relative to a light conventional 

oil (i.e. with a high proportion of low molecular weight components) as described above. In 

contrast, the average TPH-F content of both AWB and CLB were higher than that of the heavy 

conventional fuel oil. Because dilbit and heavy oils share a similar aromatic content (Madison et 
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al. 2015), it can be deduced that the lower average TPH-F concentration of heavy conventional 

oils is attributed to a lower fraction of soluble, low molecular weight components, a higher 

proportion of insoluble, high molecular weight components, and a higher overall viscosity (i.e. 

higher resistance to dispersion) when compared to dilbit (GOC 2013). Furthermore, TPH-F 

concentrations of conventional oils have been shown to be good predictors of PAH content. At 

TPH-F concentrations greater than 40 µg/L, Martin et al. (2014) found that TPH-F concentrations 

were strongly correlated to measured concentrations of total PAH (r2 = 0.86) measured by gas 

chromatography-mass spectrometry. Because average TPH-F concentrations were greater than 40 

µg/L at all nominal loadings, we consider TPH-F a reliable estimate of soluble PAH content in 

dilbit exposure treatments. However, chemical analysis of TPH-F does not allow for complete 

structural differentiation of PAHs, and therefore cannot necessarily be used as a direct proxy for 

differences in chronic toxicity among oils (i.e. as toxicity is linked to PAH structure).  

Characterization of Chronic Toxicological Responses 
 
 Acute toxicity during the first eight days of the exposure period (39% of total embryos; 

Appendix A, Table 3) was not included in analyses of mortality and toxicological responses as it 

was likely attributed to free chemical dispersant and not exposure to dilbit. When a chemical 

dispersant is used to disperse oil, it associates first with oil droplets, leaving little free dispersant in 

solution to be accumulated by aquatic biota despite its solubility in water (Wu et al. 2012). 

Furthermore, Adams et al. (2014) concluded that there is no synergistic toxicity of oil and oil 

dispersants to fish embryos; the approximate 100-fold increase in toxicity of CEWAFs relative to 

WAFs is caused by an increase in exposure to petroleum hydrocarbons partitioned from oil into 

water and not due to the dispersant changing or contributing to the inherent toxicity of the oil. 

However, exposure-dependent acute toxicity, including time to death and signs of toxicity, noted 
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in the highest loadings of dilbit and Nujol (i.e., those that had the highest volume of dispersant) 

were consistent with that of the Corexit® 9500A CEWAF 1% v/v control, suggesting the presence 

of free dispersant in these treatments. Hydrophobic and hydrophilic components of the free 

dispersant collectively destroy external lipid membranes at the gill epithelium and hinder 

regulation of oxygen uptake and osmosis, ultimately causing necrosis (Arthur et al. 2012). 

Necrotic toxicity in this experiment was indicated by the damaged or “fuzzy” appearance of gill 

membranes in embryos that died before Day 9 of the exposure. Observations of similar signs of 

toxicity in the chemically-dispersed Nujol CEWAF treatments (i.e. the chemically-dispersed non-

toxic mineral oil) further confirmed that this response was not a result of exposure to petrogenic 

hydrocarbons. While exposure to dispersant in dilbit, Nujol, and Corexit® 9500A CEWAF 

treatments continued after Day 8 of the experiment, it was concluded that the remaining embryos 

were resilient to the effects of dispersant toxicity, and subsequent toxicological responses were 

due to chronic toxicity from dilbit exposure and not to free chemical dispersant.  

 Lethal Effects 

After the first eight days, cumulative percent mortality increased with increasing dilbit 

exposure concentration measured as TPH-F, with the three highest measured concentrations 

causing 100% mortality before termination of the experiment (Figure 4). At the lower exposure 

concentrations of TPH-F, cumulative percent mortality was higher in CLB treatments than AWB 

treatments, consistent with the higher exposure to petroleum hydrocarbons of CLB at the same 

nominal loading of AWB (Figure 3). The 25-day LC50 of CLB (1200 µg/L) was below that of 

AWB (1627 µg/L) without overlap in 95% confidence intervals, indicating that less CLB CEWAF 

than AWB CEWAF was required to induce lethality in 50% of exposure subjects, i.e., that CLB 

was more lethally toxic to trout embryos than AWB. When compared to chemically-dispersed 
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conventional oils, AWB and CLB CEWAFs were 2 and 2.7 times more toxic respectively than 

SCOT light crude oil (22-d LC50 = 3281 µg/L, Wu et al. 2012), and 3.4 and 2.5 times less toxic 

respectively than HFO 6303 (25-d LC50 = 473 µg/L, Martin et al. 2014). The difference in 

relative chronic toxicity between dilbit and conventional oils can be attributed to differences in 

composition of the chronically toxic 3- to 5-ringed alkyl substituted PAHs (Barron et al. 1999): 

light oils have relatively fewer than dilbit whereas heavy oils have relatively more (Lee et al. 

2015). The treatments with the lowest TPH-F concentration were similar in cumulative percent 

mortality to the water control (~3%), suggesting that dilbit exposure at these concentrations was 

insufficient to cause mortality. The cumulative percent mortality of retene (average TPH-F 

measured by fluorescence 75.7 µg/L) was similar to that at the 0.1% v/v nominal loading of CLB 

CEWAF, but higher than that of the 0.1% v/v of AWB CEWAF.  

 Sub-lethal Effects 
 

Average yolk sac weight-to-fish length ratios increased with TPH-F concentrations, 

indicating elevated impairment of growth and development at higher loadings of dilbit CEWAF 

(Figure 5). High yolk sac weight is indicative of chronic toxicity because embryos stop converting 

egg yolk to tissue as development and growth are hindered due to oil exposure (Carls et al. 1999). 

Yolk sac weight may also be increased due to the presence of yolk-sac edema as a result of 

peroxidation of lipid membranes by reactive intermediates of PAH metabolism (Cantrell et al. 

1998). Shorter length is indicative of decreased trout growth and retarded development due to 

PAH-induced impairment of circulation and cardiotoxicity (Billiard et al. 1999). At the lowest 

recorded TPH-F concentrations, the ratio of yolk sac weight-to-fish length in AWB and CLB 

treatments were considered not significantly different due to overlap of standard deviations, 

suggesting no difference in the sub-lethal toxicity to trout embryos between the two blends. 
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The average BSD index increased with higher loadings of dilbit CEWAF and 

concentrations of TPH-F (Figure 6). In addition, a clear gradient in prevalence and severity of 

BSD was noted between the negative water control treatment and the dilbit exposure treatments 

(Figure 7); signs of BSD in dilbit treatments were consistent with those reported for the positive 

retene control and exposure to crude oils (Bauder et al. 2005; Martin et al. 2014). A higher 

average BSD index is indicative of more embryos within a treatment with high BSD scores 

(including deaths). The BSD score is high when embryos show many severe deformities, a 

potential result of oxidative damage of lipid membranes from reactive intermediates of PAHs 

during metabolism (Bauder et al. 2005). Although the three highest exposure concentrations of 

TPH-F for both dilbit blends caused the maximum average BSD index (Figure 3), exposure to 

AWB and CLB at the three lowest TPH-F concentrations produced BSD indices (i.e. and thus sub-

lethal toxicities) that were deemed not significantly different when error in TPH-F was considered. 

As for cumulative percent mortality, the average BSD index of retene (average TPH-F measured 

by fluorescence 75.7 µg/L) was similar to that at the 0.1% v/v nominal loading of CLB CEWAF, 

but approximately two times higher than the 0.1% v/v of AWB CEWAF. The average BSD index 

of the water control fish was below that of fish exposed to the lowest exposure concentration of 

TPH-F, suggesting that exposure to dilbit and not to other external factors increased the 

prevalence and severity of BSD.  

The percentage of normal embryos decreased as exposure concentrations of TPH-F 

increased, with no normal embryos at the three highest exposure concentrations for both AWB and 

CLB before the experiment was complete (Figure 8). Percent normal is an integrative indicator of 

chronic lethal and sub-lethal toxicity; a lower percent normal for a treatment indicates higher 

toxicity as a result of greater exposure to petroleum hydrocarbons in solution. At the lowest 
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exposure concentrations of TPH-F, percent normal for AWB and CLB treatments (i.e. and thus 

sub-lethal toxicities) were again deemed not significantly different when error in TPH-F was 

considered. The 25-day EC50 (i.e. the TPH-F concentration needed to produce lethal or sub-lethal 

effects in 50% of test subjects) of AWB was 453.3 µg/L. The 25-day EC50 of CLB could not be 

estimated because fewer than 50% of embryos were normal in all CLB exposure treatments; it is 

expected to be less than that of the treatment with the highest percentage of normal embryos (< 

675.8 µg/L).  

2.0 WAF & CEWAF Methods Development 
 
 The method of WAF and CEWAF preparation ultimately dictates the concentration and 

composition of petroleum hydrocarbons that will partition from oil to water. The goal of  WAF 

and CEWAF preparation for toxicity tests is to increase the partitioning of oil into the lower 

aqueous phase (i.e. such that it is sufficient to elicit a gradient of lethal and sub-lethal responses) 

while minimizing the volume of dispersant in the CEWAF stock. An experiment was carried out 

to observe the impacts on TPH-F concentration in WAF and CEWAF stocks of changing initial 

mixing duration and the pattern of dispersant application from standard protocols (Singer et al. 

2000). Zero hours of mixing produced the highest TPH-F concentrations in AWB and CLB WAF 

stocks, with a general trend of decreasing TPH-F concentration as initial mixing time increased. 

Using a glass jar with a polyvinyl screw-cap as opposed to an aluminum foil covered beaker 

increased TPH-F concentration in WAFs with the same duration of mixing. The TPH-F 

concentrations were consistently highest when a swirl pattern was used compared to a centre or 

spray application. However, inter-replication variability was minimized with the centre application 

pattern.  

Mixing Duration 
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The TPH-F concentration in WAF stocks was greatest after 0 hours of mixing for both 

dilbit blends (Figure 9). The higher TPH-F content of T0 is likely attributed to a higher content of 

soluble, low molecular weight PAHs in comparison to the WAFs subject to longer mixing and 

more time for volatilization of these components. The general decrease in TPH-F concentration in 

T1, T4, and T18 B is thus a likely result of lost volatile material due to evaporation, increased 

viscosity (i.e. resistance to dispersion) of oil following volatilization, and poor solubility of the 

remaining higher molecular weight hydrocarbons. Furthermore, the more drastic decrease in TPH-

F concentration between mixing times in AWB relative to CLB WAF stocks is consistent with the 

presumed faster weathering of AWB (GOC 2013). Alternatively, the TPH-F content of the WAFs 

prepared in a sealed, screw-cap glass jar (T18 J) exceeded that of T4 and T18 B for both oils 

(Figure 9). This trend may be explained by reduced loss of volatiles due to the sealed lid. It is also 

notable that the dimensions of the jars provided a higher oil-water surface area contact for 

partitioning of petroleum hydrocarbons into the WAF than the beakers, as partitioning dynamics 

change with the thickness of the oil layer (Ramachandran et al. 2004).  

Dispersant Application Method 
 
 The use of the swirl application pattern to add dispersant to oil at the oil-water interface 

resulted in higher TPH-F concentrations in both AWB and CLB CEWAFs; however, 

concentrations were also the most variable with this method (Figure 10). This trend was likely due 

to the increased surface area of oil exposed to dispersant via the swirl method. The variability in 

TPH-F concentration achieved by the swirl method, the dispersant application method used in the 

Chronic Toxicity of Chemically-Dispersed Dilbit experiment, may also account for the variation in 

TPH-F concentration in daily prepared CEWAF stocks (Figure 2). In contrast, the centre 

application pattern produced the most consistent TPH-F concentrations among replicates (Figure 
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10) because it was the most physically-reproducible method among trials. Although the spray 

application method should have produced the highest TPH-F concentration in CEWAFs because it 

distributed the dispersant evenly over the oil surface, it produced among the lowest TPH-F 

concentrations observed in the experiment and was inconsistent among trials. The spray 

application was physically difficult to reproduce in terms of spray speed, height of spray, and 

number of sprays (if more than one to achieve the desired volume of dispersant) likely due to the 

small volume applied. Overall, the swirl application method is recommended to maximize the 

concentration of TPH-F in CEWAF stocks to induce observable toxicological responses.  

Experimental Limitations & Future Work 
 
 While the Chronic Toxicity of Chemically-Dispersed Dilbit experiment generated clear 

exposure-response relationships between dilbit concentration and lethal and sub-lethal defects in 

rainbow trout embryos (with potential for contrast with that of conventional oils), there were some 

limitations in the experimental design. Firstly, because preparation of CEWAFs was not 

conducted in complete darkness, variable exposure to UV radiation from laboratory lights may 

have caused minor photolytic structural modification of hydrocarbons, including preferential 

losses of PAHs with many alkyl substituents (Short & Heintz 1997). However, photo-oxidation at 

low ambient light is a less important determinant of toxicity than evaporation and dissolution 

(Short & Heintz 1997). In addition, fluorescence spectroscopy only provided an estimate of the 

total PAH concentration in solution, and not the concentrations of individual PAH structures; 

structure is a better indicator of chronic toxicity than content as toxicity varies with PAH 

configuration (Barron et al. 1999). Though more time-intensive and costly, future studies may 

apply more sensitive analytical methods such as gas chromatography-mass spectroscopy to 

determine total PAH content and identify PAH structure in exposure solutions (Wang et al. 1994).  
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The use of wet yolk sac weight in the growth and development index may have been an 

experimental limitation in terms of overestimation when an edema was present; in future studies it 

is recommended that the dry weight of yolk sacs be used when comparing to fish length or dry 

total body weight. In addition, BSD may not be an entirely specific indicator of sub-lethal toxicity 

from oil exposure. For instance, fin rot can also be caused by interactions with other fish or the 

container, high concentrations of ammonia or urea, low dissolved oxygen, or bacterial infections 

(Wolf 1957a, 1957b). In this experiment, negative controls were used to differentiate prevalence 

of morphological deformities (i.e. fin rot) as a result of oil or non-oil exposure. In addition, to 

distinguish the signs of BSD as specifically a result of oil exposure, future experiments may look 

to associate signs of BSD with elevated synthesis and total activity of enzymes like CYP1A, a 

molecular response specific to the metabolism of PAHs in oil (Madison et al. 2015). This 

experiment could also be repeated observing chronic toxicity at a finer gradient of TPH-F 

concentrations (i.e. within the lower and upper bounds of nominal loadings used in this study) to 

better define exposure-response relationships.  

 While the WAF & CEWAF Methods Development experiment demonstrated two important 

variables that, in part, determine the content of petroleum hydrocarbons that will partition from oil 

to water, this experiment could be expanded in two ways. Firstly, more trial replicates could be 

conducted to observe long-term reproducibility of WAF/CEWAF stocks. Secondly, the effects of 

altering a wider range of variables (i.e. dispersant-to-oil ratio, settling period, scale, etc.) could be 

observed to maximize the amount of hydrocarbons partitioned from oil while minimizing the 

volume of the dispersant in the CEWAF stock. A focus on minimizing the volume of dispersant is 

critical to help avoid the confounding effects of acute dispersant toxicity as observed in the 

Chronic Toxicity of Chemically-Dispersed Dilbit experiment.  
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Conclusions & Significance  
 

The extensive ecosystem damage and high remediation costs of the spill at the Kalamazoo 

River were attributed in part to knowledge gaps detailing the environmental fate and toxic effects 

of dilbit in freshwater (Dew et al. 2015). Plans for development and expansion of pipelines 

carrying dilbit products from Alberta’s Oil Sands to refineries and ports across the country pose 

similar risks to Canadian freshwater environments. In observing TPH-F concentrations, 

cumulative percent mortality, impairment of growth and development, and onset of BSD in two 

different dilbit blends, a clear trend emerged suggesting that exposure to either AWB or CLB 

CEWAF caused lethal and sub-lethal defects in rainbow trout embryos. CLB appeared to be more 

lethally toxic than AWB at the same nominal loading of CEWAF in water, yet sub-lethal toxicity 

was not significantly different between the two blends. In altering the existing WAF and CEWAF 

protocols, it was evident that variables like initial mixing time and dispersant application pattern 

played a key role in determining the concentration of petroleum hydrocarbons in stock solutions 

used to prepare exposure treatments for toxicity tests. While this experiment did not attempt to 

replicate environmental conditions, in the event of a dilbit spill to freshwater, it is assumed that 

lethal and sub-lethal chronic toxicity as observed in the laboratory could cause defects in 

developing fish, ultimately increasing their susceptibility to predation and decreasing the 

abundance and size of fish available for reproduction and recruitment into subsequent populations 

(Lundvall et al. 1999). The use of rainbow trout as a test subject is particularly relevant as the 

chronic toxicity of dilbit to fish species native to Canada is currently little known. In conclusion, 

this study responded to continued development and expansion of dilbit transport networks across 

Canada by distinguishing dilbit from conventional oils in terms of chronic toxicity under 

standardized laboratory conditions.  
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SUMMARY 
 

1.! This study assessed the chronic toxicity of chemically-dispersed Access Western Blend 

(AWB) and Cold Lake Blend (CLB) dilbit to rainbow trout embryos under standardized 

laboratory conditions. 

2.! Rainbow trout embryos were exposed to solutions of chemically-dispersed dilbit in water 

(chemically enhanced water accommodated fraction, CEWAF) at increasing nominal 

loadings (0.032 – 1% v/v) from hatch until onset of feeding behaviour (25 days). Water 

and retene (a known embryotoxicant) served as negative and positive controls respectively. 

The exposure regime was daily static renewal. Endpoints were mortality, impairment of 

growth and development, and morphological deformities collectively referred to as blue 

sac disease (BSD). Total petroleum hydrocarbons in solution were measured by 

fluorescence intensity (total petroleum hydrocarbons by fluorescence, TPH-F).  

3.! Results indicated that increased exposure concentration of dilbit CEWAF increased lethal 

and sub-lethal defects (i.e. impairment of growth and development, and BSD) in embryos. 

CLB had a higher TPH-F content and was more lethally toxic than AWB (25-d LC50s = 

1200 µg/L and 1627 µg/L respectively).  

4.! The TPH-F content and chronic toxicity of AWB and CLB were compared to that of 

conventional oils. At similar dilutions, AWB had a lower TPH-F content than Scotian 

(SCOT) light crude oil, while CLB had a higher TPH-F content than SCOT. Both AWB 

and CLB contained more TPH-F than heavy fuel oil (HFO) 6303. Furthermore, AWB and 

CLB were 2 and 2.7 times more toxic respectively and 3.4 and 2.5 times less toxic 

respectively when compared to a light crude oil (22-d LC50 = 3281 µg/L) and a heavy fuel 

oil (25-d LC50 = 473 µg/L) respectively.  
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5.! In an additional methods development experiment, the initial mixing time and method of 

dispersant application were found to influence the concentration of TPH-F in WAF and 

CEWAF stocks; TPH-F concentration decreased with increased initial mixing time and 

increased with the swirl dispersant application method in contrast to centre and spray 

methods. Altering these parameters decreased the reproducibility between stock 

preparations. 

6.! The environmental behaviour and toxicity of dilbit pose a unique risk of lethal and sub-

lethal defects to developing fish, which may ultimately cause a decline in fish recruitment 

and reproduction if spawning coincides with an oil spill. Though conducted under 

standardized laboratory conditions not meant to mimic an environmental exposure, this 

research contributes to the development of a freshwater spill-management plan that 

accounts for the chronic toxicity of dilbit as a physically and chemically distinct product 

from conventional oils.   
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APPENDIX A – Raw Data 
 

Table 1: Water quality recorded daily during the exposure period. Note that dissolved oxygen content for Days 0- 15 
were omitted from the calculated average as values were collected incorrectly.  

 
Exposure Day Room 

Temperature (°C) 
Water 

Temperature (°C) 
Dissolved 
Oxygen 
(mg/L) 

pH Conductivity (μS) 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

 

10 
10 
9.5 
9.5 
9.5 
9 
9 
9.5 
9.5 
9.5 
9.5 
9.5 
9.5 
9 
9 

9 
9 
9 
9 
9 
9 
9 
9 
9 
9.5 

 

10 
10 
9.5 
9.5 
9.5 
9 
9 
9.5 
9.5 
9.5 

9.5 
9.5 
9.5 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9.5 

 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

10.28 
10.55 
10.53 
10.51 
10.65 
10.67 
10.14 
11.05 
10.19 

 

- 
7.58 
7.85 
7.88 
7.84 
7.53 
7.83 
7.65 
7.74 
7.71 
N/A 
N/A 
7.79 
7.8 
7.86 
7.73 
7.85 
7.87 
7.93 
7.89 
7.8 
7.84 
7.84 
7.84 
7.91 

 

- 
327.6 
330 
323.3 
331.1 
329.5 
329.9 
326.2 
326.5 
323.9 
323.8 
325.5 
330.1 
324.3 
324 
324.4 
323.7 
328.8 
328.1 
329.6 
327.8 
327.4 
326.6 
326.4 
324.8 

 

Average 8.21 9.25 10.51 7.80 326.80 

Standard 
Deviation 

0.74 0.33 0.28 0.10 2.45 
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Table 2: Summary of exposure and sample day bowl number allocations and volume of CEWAF/WAF and water 
needed to create the respective treatment. Note that treatments not allocated a sample day bowl number had 100% 

mortality before the sampling day.  
 
Exposure Bowl 
Number 

Sample Day 
Bowl Number 

Treatment  
(% v/v) 

Volume of 
CEWAF 

Volume of 
Water (L) 

3 2 AWB CEWAF 0.032% v/v 640 μL 1.99936 
6 4 AWB CEWAF 0.068% v/v 1.36 mL 1.99864 
15 13 AWB CEWAF 0.1% v/v 2 mL 1.99800 
1 - AWB CEWAF 0.32% v/v 6.4 mL 1.99360 
16 - AWB CEWAF 0.68% v/v 13.6 mL 1.98640 
8 - AWB CEWAF 1% v/v 20 mL 1.98000 
17 7 CLK CEWAF 0.032% v/v 640 μL 1.99936 
9 10 CLK CEWAF 0.068% v/v 1.36 mL 1.99864 
18 6 CLK CEWAF 0.1% v/v 2 mL 1.99800 
12 - CLK CEWAF 0.32% v/v 6.4 mL 1.99360 
4 - CLK CEWAF 0.68% v/v 13.6 mL 1.98640 
14 - CLK CEWAF 1% v/v 20 mL 1.98000 
7 1 Water  2.00000 
2 8 Nujol WAF 1% v/v 20 mL 1.98000 
13 11 Nujol CEWAF 0.68% v/v 13.6 mL 1.99864 
10 3 Nujol CEWAF 1% v/v 20 mL 1.98000 
5 5 Corexit 9500A CEWAF 1%v/v 20 mL 1.98000 
11 9 Retene (100 μg/L) 200 μL 1.99980 
19 12 Methanol (100 μg/L) 200 μL 1.99980 
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Table 3: Daily embryos mortality recorded in for each treatment bowl (B) during the exposure period. See Table 2 for 
bowl-treatment correlations. Bowls highlighted in yellow indicate 100% mortality of embryos in that treatment before 

termination of the exposure. 
 
 

Day 
B 
1 

B 
2 

B 
3 

B 
4 

B 
5 

B 
6 

B 
7 

B 
8 

B 
9 

B 
10 

B 
11 

B 
12 

B 
13 

B 
14 

B 
15 

B 
16 

B 
17 

B 
18 

B 
19 

Daily 
Total 

Fish 
Remaining 

1 3 0 2 4 1 0 0 1 0 2 2 0 6 2 0 2 0 3 3 31 711 

2 2 1 0 2 1 0 1 2 0 1 0 1 0 2 0 2 1 0 1 17 694 

3 1 1 2 3 3 0 0 12 0 2 2 0 0 14 1 8 2 0 1 52 642 

4 1 0 0 11 11 0 2 17 0 12 0 2 0 16 0 5 0 0 0 77 565 

5 2 0 2 7 11 2 0 6 0 11 1 0 12 5 0 3 1 0 0 63 502 

6 2 0 0 2 6 1 0 1 0 0 0 2 7 0 0 5 0 1 0 27 475 

7 1 0 0 0 0 0 0 0 0 1 0 1 1 0 0 3 0 0 0 7 468 

8 1 1 0 0 0 2 0 0 0 0 0 0 1 0 0 0 1 0 0 6 462 

9 0 0 0 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 3 459 

10 0 0 0 4 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 6 453 

11 0 0 0 1 1 0 0 1 0 0 1 0 0 0 0 1 0 0 0 5 448 

12 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 3 0 0 1 6 442 

13 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 441 

14 1 0 0 0 0 0 0 0 0 1 1 3 1 0 0 5 0 1 0 13 428 

15 2 0 0 0 1 0 0 0 0 0 0 6 0 0 0 2 0 0 0 11 417 

16 13 0 0 3 0 0 0 0 2 0 0 8 1 0 0 1 0 4 0 33 384 

17 1 0 0 0 1 0 0 0 0 1 1 5 0 0 3 0 0 0 0 12 372 

18 5 0 0 0 0 0 0 0 1 0 5 0 0 0 0 0 0 2 0 13 359 

19 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 2 357 

20 5 0 1 0 0 0 0 0 0 0 2 0 0 0 2 0 0 2 0 12 345 

21 0 0 0 0 0 1 0 0 0 0 3 0 0 0 0 0 1 0 0 5 340 

22 0 0 0 0 0 0 0 0 0 0 1 2 0 0 0 0 0 4 0 7 333 

23 0 0 0 0 0 0 1 0 0 0 5 0 0 0 0 0 0 6 0 12 321 

24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 321 
Sum 40 3 7 39 37 6 4 41 3 31 26 30 31 40 6 41 6 23 6 435  
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APPENDIX B - Protocols 
 

Fluorescence Spectroscopy Protocol 
 

Standard Operating Procedure – Analysis of Freshwater Samples Containing Oil by 
Fluorescence 

Updated Version of June 19th, 2011 SOP 
Prepared by Julie Adams and Peter Hodson © August 2015 

 
1.! Water Sample Collection 
a.! Collect water samples from exposure solutions and add to equal parts absolute ethanol 

in pre-labeled glass scintillation vials.  
b.! Samples can be stored up to 1 month. If ethanol has evaporated in samples with known 

initial volume, the volume of evaporated ethanol can be added to the vial prior to 
analysis.  

 
2.! Wavelength Optimization 
a.! Water samples containing different types of oil require separate wavelength 

optimization, because oils differ in chemical composition and have different optimum 
wavelengths. 

b.! Prepare a high concentration parent oil standard solution to determine the excitation 
and emission wavelengths for the emission scan. Pour the sample into a quartz UV 
cuvette. Gently wipe the sides of the cuvette with a Kimwipe. 

c.! Put the sample in the fluorescence spectrofluorometer.  
a.! Make sure that the lamp is warmed up (approximately 30 minutes) and set 

to 75 watts.  
d.! Open the FelixGX 4.2.1. There is a shortcut on the desktop. 
e.! Under ‘Setup’, open ‘Emission Scan’. Enter an excitation wavelength around 300 nm, 

this range is a good starting point for most oils as it targets the 2-3 ring PAH (Apicella 
et al, 2004). The emission wavelength range should be 150 nm with the lower 
wavelength offset from the excitation wavelength by at least 5 nm. The offset in 
excitation and emission scan wavelengths is to avoid capturing excitation light 
reflecting or scattering. For example, an emission scan with excitation wavelength at 
300 nm, could have emission wavelength range from 305 - 455 nm. 

f.! Press ‘Accept’. You will hear clicking sounds as the monochromators are set to the 
selected wavelengths.  

g.! Press ‘Start’. 
h.! After the scan is complete, record the wavelength at which the maximum peak 

occurred by placing the cursor on the peak or change the display on the left panel of 
the interface to include a table of the data points and scroll through to identify the 
emission wavelength with the highest fluorescence intensity.  

i.! Under ‘Setup’ open an ‘Excitation Scan’. The recorded peak wavelength from the 
previous step is the emission wavelength. The excitation range should be 150 nm, and 
the highest wavelength in this range must be at least 5 nm lower than the emission 
wavelength as mentioned above.  

j.! Press ‘Accept’ on the Excitation Scan dialogue box. Press ‘Start’. You will hear some 
clicking sounds as the monochromators set to the wavelengths you selected.  
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k.! After the scan is complete, record the wavelength at which the maximum peak occurs. 
If this peak excitation is different from the excitation wavelength used in the first 
emission scan, use this new peak excitation wavelength for a new emission scan. The 
resulting curve should lie higher than the initial emission scan as you are approaching 
the optimal wavelength range.  

l.! Repeat this process of using peak wavelengths to run Excitation and Emission scans in 
tandem until the peak wavelengths do not differ from previous scans. Note: The 
maximum peaks from both the optimal Excitation and Emission scans should be about 
the same height and the curves will look roughly symmetrical. See the figure below.  

 

 
1.! Oil Standard Curves 
a.! Parent Oil Standard Curve 

i.! If you have not optimized the wavelengths as described above, do so with the 
highest standard curve concentration that is within the PTI’s limit of detection (10 
ppm usually works well).  

ii.! Under ‘Setup’ open an ‘Emission Scan’.  
a.! Plug in the excitation wavelength, and the range of emission wavelengths 

produced in the wavelength optimization step. 
iii.!Before running the water samples run an ethanol control, a water control and a 

50:50 ethanol:water solution.  
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a.! These are controls for the background fluorescence – use the ELGA Pure 
Lab filtered water or wet lab water to prepare these samples depending on 
your experimental design 

ii.! Make sure that the cuvette is cleaned well with ethanol, and if necessary use a 
cotton tipped applicator to wipe the inner walls.  

iv.! Prepare standards in 20 mL glass scintillation vials with caps lined with Teflon or 
aluminum. 

v.! Remember to vortex solutions before dilutions and analysis of fluorescence.  
vi.! Standard solutions should be prepared using a serial dilution. See below: 
1.! Stock 100,000 ppm 

a.! For viscous oils that cannot be easily pipetted, weigh 100mg of parent 
oil in tared vial + 900µL hexanes (applies only for oils with a density 
of 1.0g/mL). 

b.! For lighter oils, pipette 100µL oil into tared vial, record the weight, 
and add the appropriate amount of hexane to get a 1 to 10 dilution of 
the oil (eg. 100µL oil weighs 86 mg; need 860µL total volume, so add 
760 µL hexane to make a 100 000 ppm stock).   

c.! Vortex thoroughly! 
2.! 1000ppm 

a.! 100µL of stock 100,000 ppm + 9.9mL of absolute ethanol 
3.! 10ppm (total volume 10mL) 

a.! 100µL of 1000ppm + 4.95mL of water* + 4.95mL of absolute ethanol 
* Use the ELGA Pure Lab filtered water or wet lab water depending 
on your experimental design. 

4.! 7.5 ppm (total volume 4mL) 
a.! 3mL of 10ppm, + 500µL of water + 500µL of absolute ethanol 

5.! 5ppm (total volume 4mL) 
a.! 2mL of 10ppm, + 1mL of water + 1mL of absolute ethanol 

6.! 2.5ppm (total volume 4mL) 
a.! 1mL of 10ppm, + 1.5mL of water + 1.5mL of absolute ethanol 

7.! 1ppm (total volume 10mL) 
a.! 1mL of 10ppm + 4.5mL of water + 4.5mL of absolute ethanol 

8.! 750ppb (total volume 4mL) 
a.! 3mL of 1ppm, + 500µL of water + 500µL of absolute ethanol 

9.! 500ppb (total volume 4mL) 
a.! 2mL of 1ppm + 1mL of water + 1mL of absolute ethanol 

10.!250ppb (total volume 4mL) 
a.! 1mL of 1ppm, + 1.5mL of water + 1.5mL of absolute ethanol 

11.!100ppb (total volume 10mL) 
a.! 1mL of 1ppm + 4.5mL of water + 4.5mL of absolute ethanol 

12.!75ppb (total volume 4mL) 
a.! 3mL of 100ppb, + 500µL of water + 500µL of absolute ethanol 

13.!50ppb (total volume 4mL) 
a.! 2mL of 100ppb, + 1mL of water + 1mL of absolute ethanol 

14.!25ppb (total volume 4mL) 
a.! 1mL of 100ppb, + 1.5mL of water + 1.5mL of absolute ethanol 
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15.!10ppb (total volume 10mL) 
a.! 1mL of 100ppb + 4.5mL of  water + 4.5mL of absolute ethanol 

16.!7.5ppb (total volume 4mL) 
a.! 3mL of 10ppb, + 500µL of water + 500µL of absolute ethanol 

17.!5ppb (total volume 4mL) 
a.! 2mL of 10ppb, + 1mL of water + 1mL of absolute ethanol 

18.!2.5ppb (total volume 4mL) 
a.! 1mL of 10ppb, + 1.5mL of water + 1.5mL of absolute ethanol 

19.!Start the fluorescence measurements with the 10 ppm sample and work down 
through the standards. 

 
2.! Running Water Samples 
c.! Take a water sample and vortex on the Fisher hand vortex genie for at least 3 seconds. 
d.! Sonicate for 3 minutes. Make sure that the sonicators heater option is not on. When 

water samples are not in the sonicator make sure they are in the dark and keep them in 
the fridge as much as possible.  

e.! Place the sample into a clean cuvette by pouring it in or using a glass Pasteur pipette. 
f.! Find the four or ‘UV’ on the front of the cuvette, wipe the cuvette on all sides with a 
Kimwipe, and place into the PTI with the four or ‘UV’ facing towards you. 

  
g.! Open an ‘Emission Scan’. Input the excitation wavelength, emission wavelengths, and 

slit sizes. Set the step size to 1 nm and integration to 0.3. 
h.! Press ‘Accept’.  
i.! Press ‘Start’.  
j.! Right click on the last entry and rename with information about the sample. 
k.! When the sample is done the emission scan will read ‘Start’ again. 
l.! Repeat the process with the next sample.  
m.!After running about 30 samples (about 1 hour) run a 50/50 background again. 

 
3.! Determining the Measured Concentration from Standard Curves 

a.   The standard curve is a plot of total area vs. concentration of each standard 
concentration. The relationship should be linear and can be described statistically by a 
linear regression (the r2 should be higher than 0.95). The linear regression formula is 
the total area = intercept + (slope * concentration).  
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a.! Re-arrange the formula to become concentration = (total area – intercept) / slope 
b.! In this version of FELIX (4.1.2 for Windows) you need to manually extract the data. 
c.! To find the total area of the sample – Under ‘Math’, select ‘Trace Math’, then 
‘Integrate’, type in the full range of emission wavelengths and press ‘Execute’. The 
total and peak area are reported in the dialogue box. Take the total area and subtract the 
background (this is the total area for the 50/50 ethanol/water). This is the final total 
area that should be logged and plugged into your standard curve equation.  

 
Embryo Sampling Protocol 
 

Protocol for Sampling Trout Embryos 
Updated November 9, 2015 

Prepared by Julie Adams 
 
Preparation before sample day:  

1.! Renumber treatment bowl numbers with sample day bowl numbers 
a.! Use a random number generator to renumber the treatments. 
b.! Add the sample day bowl numbers to the table listing the treatments - make sure to 

write these numbers down in your lab book and save in a file on your computer! 
c.! Make labels to renumber the bowls in the walk-in cold room. Bowls should be 

renumbered on the morning of the sample day by anyone except for the person 
scoring the embryos for BSD. 

2.! Label lab supplies 
a.! Label two stainless steel bowls with MS-222 (100 mg/1 L water) for anesthetizing 

the trout. 
b.! Label cryovials (example label below) 

 
 
 
 
 

c.! Label petri dishes (example below; bowl 1 with 7 fish) 
i.! Anesthetized fish will be placed on the petri dishes in groups of 5. The total 

number of petri dishes per treatment depends on the number of fish 
remaining in the bowl on the sample day.  
 

 
 
 
 
 
 
 
 

 
 

 

Experiment*Name!
(Embryos)without)yolk)!
Sample'Day'Bowl'#'!!Group&#!

#"–!#!
Date,&Initials!

!
1.! ! 2.!
!
!
3.! ! 4.!

!
!

!!!!!!!!!!!!!!5.!

Experiment*Name!
(Embryos)without)yolk)!

Sample'Day'Bowl'#'!!Group&# !

1!–!1!
Date,&Initials!

!

Experiment*Name!
(Embryos)without)yolk)!

Sample'Day'Bowl'#'!!Group&# !

1!–!2!
Date,&Initials!

! !
6.! ! 7.!
!
!
8.! ! 9.!

!
!

!!!!!!!!!!!!!!10.!
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3.! Prepare data collection sheets (example template sheets attached to end of document) 
a.! Length data sheets (Station 2) 
b.! BSD scoring sheets (Station 3) 
c.! Weight data sheets (Station 4) 

4.! Set up the stations in the wet lab (diagram of step up below is an aerial view of the Hodson 
lab aquatic facility below) 

a.! The lab equipment required at each station is listed below by station
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Walk!in#cold#room#!
Station'1:'Anesthetizing"!
! MS!222"bowls"(2)"!
! Small%nets%!
! Disposable*transfer*

pipettes&(with&and&without&
tips%cut%off)!

! Forceps(!
! Labeled'petri'dishes!

Table&outside&walk!in#cold#room!
Station'2:'Length'measurements!

! Length'data'sheets!
! Pen!
! Forceps!
! Disposable*transfer*

pipettes!

Side%lab%benchtop!
Station'3:'BSD'Scoring!
! BSD$scoring$sheets!

! Pen!
! Microscope!

! Camera!
!

Table&next&to&freezer!
Station'4:'Weighing'&'Preservation'of'tissue'
samples'!

! Weight'data'sheets!
! Pen!
! Balance'!
! Small%weight%boats!
! Liquid&nitrogen&(needs&to&be&purchased&in&

advance'from'the'loading'dock'in'
BioSciences)Complex;)9!3pm$weekdays)!

! Dewar&for&liquid!nitrogen!
! Spoon!
! Boxes&for&storage&of&samples!
! Lots%of%paper%towel%ripped%into%small%

pieces&(approximately&3!4"inches"in"length"

Required(Personal(Protective(Equipment((PPE):(!
1. Safety'glasses!
2. Gloves!
3. Dark%blue%laboratory%coat!
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Tasks by Station 
Station 1: Anesthetizing 

1.! Randomly transfer 5 fish per treatment into the bowl with anesthetic using a disposable 
transfer pipette with the tip cut off. Make sure to gently draw the fish head first into the 
pipette. 

2.! Once the embryos lose balance, turn onto their side, and operculum movement ceases 
transfer the embryos to the appropriate petri dish. 

a.! Orient the fish as shown in the diagram above 
b.! Remove excess MS-222 solution from the petri dish with a disposable transfer 

pipette 
 
Station 2: Length measurements 

1.! Use the ruler taped to the table to measure the fork length for each embryo (tip of jaw to 
end of caudal fin). 

Station 3: BSD Scoring 
1.! Look at the trout individually under the microscope  
2.! Score for the signs of BSD  

a.! Presence absence (0-1) scoring 
a.! Body hemorrhaging 
b.! Ocular hemorrhaging 
c.! Fin rot 
d.! Craniofacial malformations 

b.! Edema severity scoring 
a.! Yolk sac edema (0-3) 
b.! Pericardial edema (0-2) 

 
 
 
Station 4: Weighing & Preparation of Tissue for Storage 

1.! Blot sac fry with kimwipe or paper towel  
2.! Tare dry, empty small weigh dish 
3.! Transfer the first fish into the weigh dish and record weight  
4.! Remove the fish from the weight dish, place on paper towel and remove the yolk (yolk 

removal is easiest when the yolk is punctured with sharp forceps and use the curved 
forceps to separate the yolk from the body). 

5.! Continue for each fish in the group 
6.! After all fish weights before and after yolk sac removal are recorded, transfer all 5 fish to 

the appropriate cryovial  
7.! Place the cryovial into the liquid nitrogen – make sure not to splash or spill the liquid 
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nitrogen! 
8.! At the end of the sample day transfer the cryovials from the liquid nitrogen dewer with a 

spoon into a box. Place box in -80 C freezer on the 3rd floor (across from room 3320).  
 


