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Abstract 

 Spilled heavy fuel oil (HFO) sinks within the water column and accumulates in 

sediments, affecting aquatic organisms that are not typically exposed to oils that float. 

Previously, the 3-4 ring alkyl substituted polycyclic aromatic hydrocarbons (PAHs) have 

been identified as the major toxic components in crude oil. Since HFO is comprised of 

higher concentrations of 3-4 ringed alkyl PAH and an abundance of 5-6 ringed PAH 

relative to crude oil, it is predicted to be more toxic to the early life stages of fish. An 

effects-driven chemical fractionation (EDCF) of HFO 7102 was undertaken to establish 

the toxicity relative to crude oil, and to identify the compounds that are bioavailable and 

chronically toxic to the early life stages of fish. In this EDCF, the complex HFO 7102 

mixture was separated by low temperature vacuum distillation into three distinct 

fractions, 2, 3 and 4. Each fraction was assessed using a chronic bioassay to determine 

whether it contained components that caused toxicity to rainbow trout embryos similar to 

that of the whole oil. Acute bioassays with juvenile trout demonstrated the presence of 

compounds that induce cytochrome P450 enzymes, an indicator of exposure to PAH. 

Fraction 3, the fraction more toxic than the parent mixture, was further separated by cold 

acetone extraction into fraction 3-1 (PAH-rich extract) and fraction 3-2 (wax residue), 

and assessed with the same bioassays. Simultaneous chemical analysis with bioassays 

guided the fractionation, and identified compounds abundant and consistently present in 

toxic fractions.  Due to resistance to dispersion of HFO, a chemical dispersant was used 

with vigorous mixing to drive the maximum amount of oil into solution to minimize the 

potential for false negatives and the volume of test material used. The potency of HFO 

7102 and its fractions were also measured using water accommodated fractions (WAFs) 
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produced by a continuous flow system of water flowing through oil coated gravel. Both 

exposure methods traced the toxicity from whole oil into fractions containing higher 

concentrations of 3-4 ring alkyl PAH, similar to crude oil. This research is the first 

toxicological assessment of HFO 7102, which is essential for determining the risk of 

spills of HFO to fish, and whether the risk of oils can be predicted from their alkyl PAH 

composition. 
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Chapter 1 

Introduction 

1.1 Oil Production and Demand 

 The dependence on petroleum products for energy has led to the worldwide 

production and transportation of crude oil and its products. Over the past 150 years, 

extraction of light crude oil has dominated the energy market, with more than 830 million 

barrels of crude oil produced, and 500 million barrels from just 300 oil fields (Bridjanian 

and Khadem Samimi 2011). Advances in technology have aided exploration, detection 

and recovery of crude oil, resulting in an increased number and variety of crude oils and 

products. The production of crude oil in the United States of America (US) increased 

from 5.0 million barrels per day in 2008 to 5.5 million barrels per day in 2010. By 2035 it 

is estimated that US production of oil will range between 5.5 and 7.8 million barrels per 

day, but this estimate depends greatly on increased exploration, discovery of wells and 

recovery rates (EIA 2012). Energy consumption in the US has increased by 0.3% per year 

since 2010 and is projected to continue at this rate until 2035 (EIA 2012). The opposite 

trend is expected of residual oils, the refined product of crude oil distillation, for which 

consumption is projected to decrease by 0.2% per year until 2035 (EIA 2012). The 

amount and composition of crude oil feedstock, the distillation processes, and the rate of 

distillation control the production of residual oil products and their characteristics.  
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 As the demand for lighter fuels increases with the depletion of light crude 

resources, the extraction, production and refining of heavier crude oils needs to be 

modified to produce lighter petroleum products. Thus far, the conversion of heavy sulfur 

oils has been to reduce emission penalties, and to reduce viscosity by removing 

asphaltenic compounds (Bridjanian and Khadem Samimi 2011).With the current 

techniques, distillation of heavier crude oils creates two to three times more residue than 

light or middle oils. From 2011 to 2035, the amount of residual oil produced is expected 

to increase with the refining of heavier crudes (EIA 2012).  

1.2 Oil in the Environment 

 Oil can enter into marine, freshwater and terrestrial environments via many 

routes. Natural sources of raw crude oil in the environment include leaks of petroleum 

hydrocarbons from liquid springs, oil seeps, and bitumen deposits in sandstone. All other 

crude oil entering the environment is from anthropogenic sources, such as exploration 

and extraction of crude oil, transportation, storage, refining, use, and disposal of 

petroleum products.  

 Because oil and oil products are a main energy source, they are transported 

worldwide, over water by barges and tankers, and over land by trucks, trains and 

pipelines. The majority of oil spills are related to the transportation of oil to the refineries, 

and shipment of products to consumers. The frequency and volume of spills have been 

decreasing since the 1970s (ITOPF 2011; Ramseur 2012). The majority of larger spills 

are caused by tanker groundings and collisions; less common are hull failures or 
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fires/explosions (O’Brien 2002). Oil tanker spills are less frequent, but have the potential 

to release higher volumes in one incident (Ramseur 2012). One of the most publicized 

and well-studied oil spills was from the EXXON VALDEZ tanker. On March 24
th

, 1989, 

approximately 41 million liters of Alaska North Slope Crude oil (ANSC) was spilled into 

Prince William Sound, coating about 2,000 km of intertidal shorelines utilized as 

spawning shoals for Pacific herring (Clupea pallasii) and pink salmon (Oncorhynchus 

gorbuscha) (Bragg et al. 1994). The persistence of the subsurface crude oil stimulated 

many studies assessing the adverse effects of low concentration chronic exposures to the 

early life stages of fish. The EXXON VALDEZ was regarded as the largest oil spill in the 

US until the Deepwater Horizon oil rig blowout in the Gulf of Mexico on April 20
th

, 

2010. An explosion on the offshore drilling rig caused the platform to sink, and the well 

head on the ocean floor released Louisiana sweet crude oil for approximately 84 days, the 

total volume estimated to be over 500 million liters (Crone and Tolstoy 2010). While 

these larger scale marine spills are more well-known by the public, smaller volume inland 

spills are more frequent.  

1.2.1 Behavior and Environmental Fate 

 The fate of oil in water depends on the physical and chemical properties of the oil 

spilled, the volume spilled, and the environmental conditions (Fingas et al. 1979; NRC 

2003). When spilled on land or water, oil naturally undergoes compositional changes 

called weathering. These biological, physical, and chemical processes include 

dissolution, evaporation, oxidation, and microbial degradation (Fingas et al. 1979). 
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Weathering results in the loss of lower molecular weight compounds (low molecular 

weight alkanes, mono-aromatics, and to a lesser extent polycyclic aromatic hydrocarbons 

(PAHs)), and it concentrates the higher molecular weight compounds per unit mass, 

increasing the specific gravity of the oil (Neff et al. 2000). The extent of weathering is 

determined by the composition of the oil, fate of the oil, and environmental conditions. In 

general, weathering is the greatest in the first few hours after a spill, and is dominated by 

evaporation and dissolution. Over the following weeks weathering is dominated by 

photo-oxidation and biodegradation, resulting in the loss of fluorene and phenanthrene 

homologs, making chrysene and naphthobenzothiophenes the dominant PAH within the 

oil (Fingas et al. 1997; Hayes and Michel 2001). Weathered crude oils typically lose from 

10 to 35% of their hydrocarbon content by weight (Carls et al. 1999; Wang et al. 2003). 

1.2.2 Bioavailability and Toxicity of Components in Oil to Fish 

 The composition and behavior of oil in water affects the persistence and 

bioavailability of the soluble components, altering the toxicity of oil to fish. Oil is 

comprised of saturates, aromatics, resins, and asphaltenes (SARA). Low molecular 

weight alkanes, monoaromatics (BTEX: benzene, toluene, ethylbenzene and xylene), and 

2 ringed PAH (naphthalenes) may reach lethal concentrations in water in short term 

exposures (acute toxicity), but are not typically associated with chronic toxicity because 

they are rapidly diminished by dissolution, and weathering (evaporation, degradation). 

Chronic toxicity from these components could occur only if there was a continuous 

supply of fresh oil. The higher molecular weight PAH, asphaltenes and resins, with log 
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Kow (octanol-water partition coefficient) greater than 6, are thought to be non-toxic 

because they are not able to cross cellular membranes. The intermediate sized PAH (log 

Kow > 3 < 6), aromatics with two or more fused benzene rings, are believed to cause 

chronic toxicity in oil (NRC 2003). There are over 100 un-substituted PAH, not including 

the substituted PAH or derivatives (Figure 1.1). Environmental samples often have 

complex PAH mixtures from multiple sources, including petrogenic, pyrogenic and 

biogenic sources (Dabestani and Ivanov 1999; Rand et al. 1995). Petrogenic sources are 

hydrocarbons associated with petroleum, and pyrogenic sources are associated with 

combustion of petroleum, wood and coal. Natural sources of PAH include oil seeps, 

forest fires, volcanoes, and biogenic sources, i.e. PAH generated by biological processes 

or diagenesis (plants, phytoplankton, bacteria, animals, algae) (Wang and Fingas 2003). 

Anthropogenic sources include petroleum refining, petroleum spills, incomplete 

combustion of fossil fuels, production of coke and charcoal, wood burning and industrial 

effluent (Rand et al. 1995). 
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Figure 1.1: Un-substituted and substituted PAH commonly found in crude and heavy 

fuel oils. 
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  The specific PAH responsible for embryotoxicity have not been identified, but 

the medium molecular weight PAH appear to be the most toxic (Heintz et al. 1999). 

Effects-driven chemical fractionation (EDCF) of ANSC and Scotian light crude oil 

(SCOT) identified the 3-4 ring alkyl PAHs as the compounds responsible for cytochrome 

P4501A1 (CYP1A) induction in juvenile rainbow trout and chronic toxicity to early life 

stages of Japanese medaka (Oryzias latipes) (Khan 2007; Saravanabhavan 2007). Oils 

have different compositions, and therefore differ in their toxicities. The PAH content of 

oil can be up to 6% by weight, over 85% of which are the alkyl substituted PAH (Bence 

et al. 1996; Hollebone et al. 2011).  

 Exposure of fish eggs to PAH or mixtures of PAH can cause mortality, reduced 

survival and growth, premature hatch, delayed development, genetic damage, and 

deformities (Cantrell et al. 1998; Carls et al. 2008; Carls and Thedinga 2010; Heintz et 

al. 2000; Hose et al. 1996; Incardona et al. 2004; Leung and Bulkley 1979). 

Concentrations as low as 1 µg/L TPAH caused mortalities in pink salmon eggs (Heintz et 

al. 1999). The developmental delays in oil-exposed embryos extends the period when the 

yolk sac vitelline membrane (protective barrier between the yolk and water) is not 

reinforced with epidermal tissue, making oil exposed embryos sensitive to mechanical 

damage  for a prolonged period (Carls and Thedinga 2010). More weathered crude oil 

causes more toxicity than less weathered oil due to the higher concentrations of high 
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molecular weight PAH, and alkylated homologs that are slower to degrade (Black et al. 

1983; Carls and Thedinga 2010; Heintz et al. 1999).  

 The duration of exposure and life stage of the receptor changes the toxicity of oil. 

The chorion of eggs likely decreases the uptake of PAH from water, and has a protective 

role, as evidenced by increased sensitivity at hatch and by lower concentrations necessary 

to cause toxicity in dechorionated eggs (McIntosh et al. 2010, Villalobos et al. 2000). 

Walleye pollock (Theragra chalcogramma) eggs exposed to the water soluble fraction of 

Cook Inlet crude oil accumulated less toluene and naphthalene than oil-exposed larvae, 

and more mortality occurred after hatch (Carls and Rice 1988). At hatch there is exposure 

of the gills, intestine and skin (Van Leeuwen et al. 1985). Concentrations required to 

cause acute toxicity (24 h) to Atlantic herring (Clupea harengus) embryos were 40 times 

higher than chronically toxic concentrations (12 d; McIntosh et al. 2010). Greer (2011) 

also found over a ten-fold increase in toxicity of ANSC and Arabian Light crude oil 

(ALC) CEWAF to Atlantic herring embryos exposed for 14 days compared to 2.4 hour 

exposures.   

 Fish embryos exposed to crude oil (Anderson et al. 2009; Carls and Thedingo 

2010; Carls et al. 2008; Khan 2007; Sweezy 2005), and heavy oil (Boudreau et al. 2009; 

Martin 2011; Sweezy 2005) had concentration-dependant increases in deformities, 

referred to as blue sac disease (BSD). BSD is a non-infectious disease that is identified by 

the accumulation of fluid in the yolk and pericardial sac, body and craniofacial 

hemorrhaging, fin erosion, and reduced growth (Bauder et al. 2005; Wolf 1957a). Studies 
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with single PAH (Bauder et al. 2005; Billiard et al. 1999; Incardona et al. 2004; 

Kiparissis et al. 2003; Turcotte et al. 2010) found the same array of deformities in 

embryos as those exposed to whole oils. Ultimately BSD causes embryo mortality due to 

circulatory failure, to starvation from the inability to swim and capture prey, or to failure 

to evade predators (Heintz et al. 2000). BSD has been observed in many fish species 

exposed to oil or PAH, including rainbow trout (Oncorhynchus mykiss) (Martin 2012), 

Pacific and Atlantic herring (Greer 2011, McIntosh et al. 2012), Japanese medaka 

(Oryzias latipes) (Fallahtafti 2011), and mummichog (Fundulus heteroclitus) (Couillard 

2002) and is observed in wild populations and in laboratory exposures (Wolf 1957b). 

BSD can also be induced in the early life stages of fish incubated in closed systems. 

Stagnant water with high accumulations of ammonia and urea is thought to cause BSD 

(Wolf 1957a; 1957b), but can be distinguished from the BSD induced by oil due to the 

induction of CYP1A by PAH in oil.  

 The toxicity of oil to fish is often enhanced by the presence of multiple stressors. 

In the spring following a winter release of 7,400 gallons of No. 6 fuel oil in Lake 

Winona, heavy fuel oil resurfaced from a pool on the bottom of the lake, and coincided 

with a sizeable die-off of bluegill sunfish (Lepomis macrochirus). The proposed cause 

was the combination of oil exposure, stress of spring spawning, and Flexibacter 

columnaris bacteria (Fremling 1981). Oil exposures of early life stages are particularly 

sensitive because damage to a few cells in eggs can result in more damage as the 

organism develops (Carls and Rice 1988). Acute tests are commonly associated with 
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mortality after short exposures, but acute exposures can have long term effects. One hour 

exposures of newly fertilized Atlantic herring eggs caused developmental effects evident 

twelve days later at hatch (McIntosh et al. 2010). Even embryos that have no observable 

effects directly after exposure to oil can develop delayed effects. Pink salmon embryos 

chronically exposed to WAFs of weathered ANSC (18 µg/L TPAH), with no observable 

signs of toxicity at swim up, had reduced length and marine survival (Heintz et al. 2000). 

Exposure of the early life stages of fish to PAH that cause sublethal effect likely will lead 

to death of the organism by predation, disease or parasitism due to effects on fitness, 

including decreased development, decreased swimming ability, and reduction in feeding 

(Blaxter and Hallers-Tjabbes 1992; Carls 1987; Colavecchia et al. 2004; Heintz et al. 

1999). These delayed effects are difficult to measure. Significant reductions in the 

number of young that develop into adults may lead to reductions in abundance in 

subsequent generations. 

1.2.3 Mechanisms of PAH Toxicity 

 The mechanism of PAH toxicity is not fully understood, but it is thought to be 

related to reactive intermediates formed during the detoxification and elimination of PAH 

in exposed organisms. In general, the proposed mechanisms of PAH toxicity include 

narcosis, aryl hydrocarbon receptor mediated toxicity, and indirect mediated toxicity 

(Turcotte 2008). Narcosis is the non-receptor mediated reversible disruption of cell 

membranes (Campagna et al. 2003). The extent of narcotic effect is determined by the 

partitioning of chemicals into membranes, and their lipophilicity. PAH are believed to be 
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inert narcotics that do not have specific receptor interactions (Verhaar et al. 1992). For 

example, the narcotic action of short-term exposures of crude oil is thought to be 

controlled by the concentration of low molecular weight PAH (naphthalenes; Barron et 

al. 2004).  

 For some alkyl PAH, toxicity is related to the binding affinity for the aryl 

hydrocarbon receptor (AhR). Ligand binding to the aryl hydrocarbon receptor complex 

enables the translocation into the nucleus. The AhR associates with the AhR nuclear 

translocator, and the transformed complex binds to the xenobiotic response element in 

DNA, initiating transcription and translation of genes (review and references within; 

Hankinson 1995). This may cause the activation of genes downstream at inappropriate 

times in development. Examples of high affinity ligands include halogenated aryl 

hydrocarbons (HAH), aromatics and aromatic amines. AhR binding may cause the 

activation of cytochrome P450 1A1 (CYP1A) enzyme, a heme containing enzyme that is 

involved in the metabolism of some PAH, and the initiation of CYP1A protein synthesis. 

Some vertebrates are able to metabolize intermediate sized PAH through CYP1A 

mediated monooxygenation. Enzyme-mediated biotransformation produces polar 

intermediates that are water soluble and excreted in urine (Dabestani and Ivanov 1999). 

The first phase of detoxification, the induction of CYP1A enzymes in liver cells, is a 

sensitive indicator of exposure to PAH (Fragoso et al. 1998).  

 The level of CYP1A induction can be measured indirectly using ethoxyresorufin-

O-deethylase (EROD) assays. EROD measures the deethylation of 7-ethoxyresorufin to 
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resorufin by CYP1A. The second phase is the conjugation of the intermediate to sulfate, 

glutathione or glucuronic acid for excretion (Review by Anderson and Förlin 1992; Rand 

et al. 1995). In this way, retene, an alkyl phenanthrene, is rapidly metabolized and 

excreted by fish (Fragoso et al. 1999). Induction of CYP1A in fish by retene is strongly 

correlated with exposure concentration (Fragoso et al. 1999). Some PAH do not bind to 

the AhR or induce CYP1A. For example, un-substituted phenanthrene does not induce 

CYP1A and is less toxic than retene, a CYP1A inducer (Hawkins et al. 2002). In 

mixtures with CYP1A inducers, the toxicity of PAH can change. Phenanthrene 

metabolism and toxicity was increased in the presence of a CYP1A inducer, β-

naphthoflavone (BNF). 

 The production of excess reactive oxygen species (ROS) during metabolism of 

PAH can cause oxidative stress. Oxidative stress causes damage to lipid membranes, and 

the degradation of proteins and polysaccharides, and is thought to be related to 

development of edema and hemorrhaging (Turrens 2003). Exposure of rainbow trout 

embryos to retene reduced the concentration of tissue vitamin E (antioxidant) and caused 

BSD, whereas co-exposure of embryos to retene and to vitamin E reduced the prevalence 

of BSD and increased the tissue vitamin E concentration (Bauder et al. 2005).  

 There is also direct receptor mediated toxicity associated with carcinogenicity, 

cardiac development and photo-toxicity. The metabolism of PAH may produce reactive 

intermediates that can interact with DNA. Reactive intermediates can cause structural 

damage by strand breaks, altered bases, and DNA adducts (Dabestani and Ivanov 1999). 
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If mutations are not repaired, DNA alterations may become fixed (irreversible), and 

genetic damage such as chromosomal aberrations, sister chromatid exchanges, and gene 

mutations can be transmitted to daughter cells. The disturbance of growth and 

proliferation of cells by carcinogens may lead to the promotion of neoplasms, and the 

development of cancer (Rand et al. 1995).  

 Exposure of the early life stages of fish to oil or to PAH has led to disturbances in 

cardiovascular development distinct from AhR effects. Zebrafish (Danio rerio) exposed 

to phenanthrene and dibenzothiophene post fertilization experienced bradycardia, 

arrhythmia, and atrio-ventricular block, effects which are also present in embryos with 

non-active AhR (Incardona et al. 2004; 2005). Exposure of eggs and larvae to oil, and 

subsequent exposure to ultraviolet (UV) irradiance enhanced the toxicity of oil by 

photosensitization of PAH, and tissue damage caused by transfer of UV energy absorbed 

by the chemical to adjacent molecules (Barron and Ka’aihue 2001; Little et al. 2000). 

Pacific herring embryos exposed to weathered ANSC and then to sunlight were 18-450 

times more sensitive to oil toxicity than those not exposed to light (Barron et al. 2003). 

Heavy oils caused more mortality and caudal fin deterioration in zebrafish embryos than 

crude oil when exposed to oil and then sunlight (Hatlen et al. 2010). 

1.3 Heavy Fuel Oil (HFO) 

 Heavy fuel oil, also referred to as residual fuel oil, bunker C, fuel oil No. 6 and 

marine fuel oil, is an inexpensive fuel used in large industrial plants, power stations, 

tankers and cruise ships (CONCAWE, 1998). HFO, the refined product of crude oil 
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distillation, is often blended with lighter oils to attain a viscosity that is manageable for 

handling and transport. In general, the chemical composition and physical properties of 

crude oils have been better characterized than heavy oils. This is because the 

characteristics of HFOs vary widely with the composition and characteristics of the 

source oil, the refining processes of the crude stock, and the blended products added to 

the HFO to produce a viscosity manageable for transportation (Ansell et al. 2001).  

 HFOs are complex mixtures of aliphatics, aromatic, asphaltenes and tarry residues 

(Ansell et al. 2001), mainly hydrocarbons containing n-C20 to n-C50, some of which 

contain nitrogen, oxygen and sulfur, and complexed metals (vanadium, nickel, iron and 

copper) (CONCAWE 1998). The concentration of alkylated PAH in HFOs can be up to 

six times higher than in crude oils (Hollebone et al. 2011). The density of HFO ranges 

from 0.95 to 1.01 g/mL at 15˚C, the viscosity ranges from 5,000 to 30,000 mPas at 15˚C, 

and the pour point is > 30˚C, making HFOs solid or semi-solid at ambient temperatures 

(Ansell et al. 2001; CONCAWE 1998). Because HFO is a refined product of crude oil, it 

has a low concentration of the low molecular weight compounds typically lost by 

weathering, resulting in smaller compositional changes and mass loss with weathering. 

Unlike crude oils that lose 10-35% by weight by weathering, HFOs with more medium 

and high molecular weight hydrocarbons typically lose 0.1 to 2.5% by weight (NRC 

2003; Wang et al. 1998, 2003). The extent of weathering is also more variable due to the 

possible addition of lighter oils to the residue from crude oil distillation.   
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 Since most oil research has been triggered by catastrophic spill events, and crude 

oil is more likely to be spilled in large volumes, the majority of oil research has focused 

on crude oils (NRC, 1999). Because HFO is a refined product, there are no natural oil 

seeps, limiting the sources of HFO in the environment to transportation, refining, use, and 

disposal. Due to the total volume of HFO spilled being substantially less than that of 

crude oil, HFO spills are labelled as low risk and few resources are allocated to them. 

HFO is frequently shipped in relatively low volumes in marine and terrestrial 

environments, resulting in unintentional low volume releases. In a review of HFO spills 

from 2000-2009 in Canada, the average spill volume in 2000 was 2,083 L and increased 

to 12,592 L in 2009. The majority (25%) of HFO spills were released from watercraft 

other than tankers, and pipelines were responsible for 20% (Environment Canada and 

Health Canada 2012). Spill events associated with terrestrial transportation of HFO leads 

to the contamination of freshwater streams, rivers, and lakes, where there is lower 

dilution capacity of the oil, greater potential for interaction with sediments in shallow 

waters, and more shoreline contamination than offshore spills. Despite the projected 

decrease in total energy consumption of residual oils by 0.2% per year until 2035, the 

consumption of residual oil for transportation is expected to increase by 0.2% per year 

(EIA 2012). The increase in residual oil production with processing of heavier crude oils, 

and the increase in consumption of HFO for transportation from 2011 to 2035 are likely 

to increase the frequency of HFO spills (EIA 2012).   
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1.3.1 Spill Events of HFO: Behavior in Water 

 Unlike lighter oils that tend to float on the surface of the water and contaminate 

shoreline environments, HFO is neutrally buoyant, and may submerge and sink in the 

water column, affecting aquatic organisms not typically exposed to floating oils. The fate 

of oil depends on its physical characteristics, the water temperature, mixing energy, 

weather, and the amount of suspended solid material in the water column. Interaction of 

oil and particulates in the water column can enhance transport of oil in water column and 

sedimentation (Payne et al. 2003). HFO will float in seawater because HFO is less dense 

than seawater (1.025 g/mL), whereas HFO spilled in brackish (1.0-1.025 g/mL) or 

freshwater (1.0 g/mL) may sink in the water column. The risk of sinking oil is greater in 

freshwater than seawater due to the lower density of freshwater, and more suspended 

particulate matter that could interact with oil and increase the density. Even when spilled 

in salt water, HFO floats lower in the water column due to its resistance to spreading 

(O’Brien 2002). Over-washing makes the oil movement less influenced by the wind, so 

that predictions of its distribution are less accurate, decreasing the success of containment 

and recovery (O’Brien 2002).  

 After the initial spreading of oil by gravity during the first hours of a spill, the 

high pour point, surface tension, viscosity and density of HFO reduce further spreading 

(O’Brien 2002). Natural dispersion of HFO by wave action can break floating oil into 

smaller volumes, but due to the higher viscosity of HFO, the mean volume of HFO 

droplets is larger than crude oil, resulting in the formation of tarballs or tar mats 

(Delvigne and Sweeney 1988; Hollebone et al. 2011). HFO can increase its volume up to 
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five fold with accumulation of water (O’Brien 2002). HFO can also travel long distances 

after being spilled. In the ELENI V spill, oil travelled 10 km to contaminate the shoreline 

after two months, in the EVOIKOS spill oil travelled 500 km to shore over two months, 

and in the NESTUCCA spill HFO drifted 175 km over three weeks (Ansell et al. 2001).  

 The importance of environmental conditions in determining the fate and 

persistence of heavy fuel oil was highlighted by the NESTUCCA spill in December 1988. 

Approximately 230,000 gallons of Bunker C was spilled after a tow accidentally struck 

the NESTUCCA barge off the coast of Grays Harbor, Washington, US. Due to the low 

ambient air and water temperatures, and high sea state during and following the incident, 

the heavy fuel oil congealed and weathered rapidly, forming large blobs, tar mats, and 

tarballs. Reports from the monitoring program initiated after the spill indicated that of the 

oil that did reach the shorelines (samples ranged from 6 to 19 mg/g dry weight), only 

trace levels of oil remain in samples collected two years after the spill (63 to 250 µg/g dry 

weight), but there may be higher loadings of oil buried under the sand (Strand et al. 

1992). 

 The fate of materials lost and the compositional change of oil depends on the 

physico-chemical characteristics of the oil. Floating oils are primarily weathered by 

evaporation, whereas the HFOs that exhibit non-floating behavior are primarily 

weathered by dissolution, producing higher hydrocarbon concentrations in the water 

column (NRC 1999).The small volatile fraction in residual oils results in little 

compositional change with weathering. Weathered crude oils typically lose from 10 to 
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35% by weight (Carls et al. 1999; Wang et al. 2003), whereas weathered heavy oils lose 

from 0.1 to 5% (Fingas 1997; Wang et al. 1998, 2003). Depending on the composition 

and volume of the blended product added to the residual oils, there can be an increase in 

the volatile fraction, and a subsequent increase in the percent weight lost by weathering. 

Compared to crude oils, the duration of HFO weathering is longer due to the viscosity 

and highly alkylated aromatics. The abundance of higher molecular weight alkylated 

PAH also takes longer to degrade than un-substituted PAH and alkanes; for example, 

dibenzothiophene and phenanthrene are degraded at the same rate, whereas chrysenes are 

slower to degrade (Lee et al. 2003). 

1.3.2 Spill Responses to HFO  

 In terms of spill response, HFO spills are among the hardest to combat due to 

their physical characteristics, environmental fate, and persistence (Ansell et al. 2001). 

Existing response and spill recovery strategies developed to manage spills of floating oil 

are inadequate to combat spills of HFO, and often result in the accumulation and 

incorporation of HFO into sediments. The low volatile fraction in HFOs reduces the risk 

of fires, allowing for crews to respond immediately in spill events.  If spill response is 

fast and the HFO is near the surface of the water in large sheets, mechanical scoops can 

be used to collect the oil and place it directly into recovery vessels. This technique was 

used successfully during the EVOIKOS spill. Skimmers and pumps typically used in 

crude oil spill response are not tailored towards functioning with highly viscous oils. This 

method also requires that oil be pumped from skimmers into tanks, and HFO often has a 
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slow transfer rate, or requires additional heating to aid the flow. The low volatile content 

in HFO also makes in-situ burning an inappropriate spill response (Ansell et al. 2001).    

 Another common response method to oil spills is the use of dispersants to remove 

oil from the water surface to prevent shoreline oiling. The dispersant adsorbs into the oil 

droplets and moves to the oil-water interface, decreasing the interfacial tension and 

preventing the coalescence of droplets (Fingas et al. 1990; Schulman and Cockbain 

1940). Dispersants aid the natural dispersion of the oil by wind and wave action, allowing 

for the production of more, and smaller droplets that readily disperse in the water column 

for dilution and degradation by microorganisms (O’Brien 2002). The use of dispersants 

does not change the toxicity of the oil, but it increases the exposure of aquatic species by 

creating solutions with higher hydrocarbon concentrations. Laboratory testing of the 

effectiveness of dispersion of HFO in swirling flask tests has reported that 1% of heavy 

oil was removed from the surface, whereas 10%, 30% and 90% effectiveness has been 

reported for medium crudes, light crudes and very light crudes respectively (Fingas et al. 

1990). The maximum dispersion reported for a light Bunker C was 65% with large 

droplets on the surface of the water (Fingas et al. 1992). Because of the low dispersability 

of HFO, dispersants are not likely to be used as a spill response tool for HFO spills.  

1.3.3 Wabamun Lake HFO Spill  

 A recent spill that highlighted the behavior of HFO in freshwater was the 

Wabamun Lake spill in Alberta, Canada. A Canadian National Railway freight train 

derailed in Whitewood Sands on August 3
rd

 (2005) carrying HFO 7102 and a pole 
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treating oil. Because the heavy oil was heated to pump the oil into the car only a few 

hours prior to the incident, the HFO readily flowed over land and into Wabamun Lake. 

Approximately 150,000 L of HFO entered into the lake, and was observed floating, 

submerged, sinking within the water column, accumulating on the sediment, and 

resurfacing (oiled 1.4% of the lake; Evans 2008). The non-floating behavior of HFO in 

Wabamun Lake was attributed to the initial density of heavy fuel oil (0.99 g/mL), and 

changes to oil density by temperature fluctuations, photo-oxidation, and sorption of oil to 

solid material in the water column (Fingas et al. 2006; Hollebone et al. 2011). When oil 

interacts with suspended particulate matter, depending on the composition of the matter 

and its effect on the density of the aggregate, the oil can move into the water column 

(Payne et al. 2003).  

 The HFO accumulated in gravel sediments in Wabamun Lake in 2005 is expected 

to persist for years due to its low biodegradation potential. Eleven weeks after the 

Wabamun Lake spill, relatively fresh HFO samples collected from the sub-littoral 

sediment were used to determine the biodegradation. At optimum conditions with 

hydrocarbon-degrading microbes present, only 12% of HFO by weight was degraded 

(Wang et al. 2011; Zrum and Sergy 2006). This was the maximum degradation because 

the oil was relatively fresh. The degradation potential of HFO in Wabamun Lake was 

likely lower because the majority of oil was in tarball form in Wabamun Lake, which 

decreases the biodegradation potential because microbes may not be able to penetrate the 

outer crust (Zrum and Sergy 2006). Weathered HFO collected in Wabamun Lake had lost 
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PAH relative to fresh oil; the majority of PAH lost were naphthalenes (80-95%), and to a 

lesser extent the dibenzothiophenes, fluorenes, and phenanthrenes (Short 2008). 

 Heavy oil stranded or buried in low energy areas serves as a long term sink of 

persistent oil exposure. The ARROW tanker grounded in 1970 in Chedabucto Bay, Nova 

Scotia, spilling over 500,000 gallons of heavy bunker oil; only 10% was collected after 

the incident (Lee et al. 2003). After three years, 3.5% of the oil remained, and after 

twenty two years 0.5% of the oil was remaining (Owens et al. 2008). Thirty years after 

the ARROW spill, Bunker C oil in sediments and surface sheens was found at highly oiled 

sites left to recover naturally (Lee et al. 2003; Vandermeulen and Singh, 1994). HFO is 

more persistent than crude oil due to the combination of high viscosity and low 

degradation capacity. Buried HFO in sediments has a slower weathering rate than 

stranded oil, prolonging its persistence.  

1.3.4 HFO Toxicity 

 The potential for long-term contamination of sediment with HFO presents a 

unique risk for the early life stages of fish developing in spawning shoals. After the 

EXXON VALDEZ spill, the presence of fresh subsurface crude oil in streams was a 

chronic source of contamination (Murphy et al. 1999). Similarly, HFO incorporated into 

sediments and suspension of sunken oil may also be a persistent source of desorbed 

hydrocarbons (Carls et al. 2008; Short et al. 2003; Vandermeulen and Singh, 1994). The 

accumulation of HFO in Lake whitefish gravel spawning shoals and pike and minnow 

reed beds in Wabamun Lake instigated an in-situ experiment to examine the 
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embryotoxicity associated with sunken heavy oil. Lake whitefish (Coregonus 

clupeaformis) eggs incubated in cages above oiled spawning shoals for four days had a 

higher incidence and severity of skeletal and craniofacial deformities at hatch than 

embryos at control sites. It was suggested that the population decline of lake whitefish 

from overharvesting was compounded by oil contamination, causing recruitment failure 

(Debruyn et al. 2007). One negative aspect of this study was the high deformity levels in 

lake whitefish incubating in un-oiled control spawning shoals, due to multiple sources of 

PAH in the lake.  The inability to distinguish between the source of the PAH did not 

allow for an assessment of the HFO toxicity, and highlighted the lack of information 

about the toxicity of HFO. 

 There has been little chemical characterization of HFO, and a limited number of 

studies have assessed toxicity of heavy oil to fish. Residual oil was found to be more 

toxic than crude oil to six species of estuarine crustaceans and fish (Anderson et al.1974; 

Stasiūnaité 2003a; Stasiūnaité 2003b). Previous work with HFO 6303 coated gravel by 

Martin (2011) determined that residual oil was more toxic than crude oil to rainbow trout 

embryos; toxicity was correlated with the concentration of alkyl phenanthrenes in 

solution, and decreased with weathering. Weathering of HFO decreased the apparent 

toxicity of the oil on a per unit basis because there was an increase in the concentration of 

the PAH. Rainbow trout embryos exposed to WAF of HFO, at low concentrations that 

precede deformities, had reduced length, weight, heart rate and respiration frequency 

(Stasiūnaité 2003a). The author suggested that the slower embryo development 
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characterised by the reduction in yolk absorption would prevent feeding and likely result 

in death.  

1.4 Thesis Objectives 

 Existing contingency plans and spill responses for spills of HFO are often 

insufficient to collect the majority of oil and prevent the incorporation of HFO into 

sediments, which would prolong the chronic exposure of early life stages of fish. The 

Wabamun Lake spill in Alberta, Canada (2005) highlighted the sinking behavior of heavy 

fuel oil (HFO), and the accumulation of oil in sediments, affecting water column and 

benthic organisms not typically exposed to floating oils. This spill emphasized the lack of 

chemical characterization and toxicological assessment of heavy oil. Previously, the 3-4 

ringed alkyl substituted PAHs were identified as the major toxic fraction in crude oil 

(Khan 2007). Since HFO is comprised of a higher concentration of 3-4 ringed alkyl PAH 

and an abundance of 5-6 ringed PAH, it should be more toxic than crude oil to the early 

life stages of fish.  

 The purpose of this research was to identify the risks associated with spills of 

HFO. An effects-driven chemical fractionation (EDCF) using the heavy oil spilled in 

Wabamun Lake, HFO 7102, was undertaken to identify the compounds that are 

chronically toxic to the early life stages of fish, to determine whether these components 

are sufficiently bioavailable to cause toxicity, and to establish the toxicity relative to 

crude oil. The EDCF approach combines fractionation to simplify the complex mixtures, 

bio-testing to detect the presence or absence of toxic compounds in each fraction, and 
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chemical analyses to isolate and identify the compounds in each fraction and bioassay 

solution. To assess the bioavailability and chronic toxicity of HFO 7102 and its fractions, 

rainbow trout embryos were exposed from hatch to swim-up (24d) to dispersed oil (high 

energy-chemically enhanced water accommodated fraction; HE-CEWAF), and water 

accommodated fractions (WAFs) produced by water continuously flowing through oiled 

gravel. The high energy mechanical and chemical mixing in the HE-CEWAF method was 

used to overcome the high viscosity and resistance to dispersion of HFO in water (Ansell 

et al. 2001; Lessard and Demarco 2000), to mask the differences in dispersability among 

the fractions, and to minimize the risks of false negatives due to inadequate oil 

concentrations in test solutions (Payne et al. 2003). This method allowed for the 

maximum amount of oil to be driven into solution for a sensitive assay that minimizes the 

amount of each fraction required for toxicity testing. The WAFs of oils produced by 

water flowing through oiled gravel were also compared to better identify the bioavailable 

fraction without the confounding presence of particulate oil.  

 If the compounds identified in crude oil are also responsible for toxicity in heavy 

oil, then HFO is expected to be more toxic than crude oil. The toxicity would be traced 

through the fraction enriched with 3-4 ring alkyl PAH (medium sized PAH), and the non-

toxic fractions would contain the lower molecular weight alkanes and PAH 

(naphthalenes), and the higher molecular weight PAH, waxes, resins, and asphaltenes 

(Khan 2007). The combination of HFO’s physical properties that control its 

environmental fate and its high toxicity to fish embryos presents a unique risk to fish 



 

25 

 

reproduction and recruitment of fish populations. Once the toxicants are identified, and a 

concentration-response relationship is established, a guideline for acceptable levels can 

be produced for better monitoring of spills and monitoring of effects. The results of this 

research will provide insight on whether the risk potential of heavy oils can be predicted 

from the concentration and composition of alkyl PAH, and produce stronger cause-effect 

relationships for more accurate risk assessments and natural resources damage 

assessments. 
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Chapter 2 

Identification of components in HFO 7102 that are bioavailable and 

chronically toxic to the early life stages of rainbow trout                        

by effects-driven chemical fractionation 

2.1 Introduction 

A major challenge in ecotoxicology is characterizing and identifying causative 

agents in complex mixtures. Identifying all compounds in complex samples and assessing 

their toxicity individually is often unrealistic due to the amount of time, money and 

analytical methods required. An interdisciplinary approach, effects-driven chemical 

fractionation (EDCF), has been suggested to identify toxic components by simplifying 

mixtures using a combination of chemical separation and biological testing.  

One of the first attempts to reduce the complexity of a sample through 

fractionation and to identify the active compounds was conducted by Commoner et al. in 

1974. In this study rat urine was fractionated, and the fractions were assessed for 

mutagenic compounds, and analyzed chemically to identify active carcinogen 

metabolites. In 1975, the first simplification of complex environmental mixtures was 

conducted by Leach and Thakore (1975) with the fractionation of effluent from a bleach 

plant at a kraft pulpmill to identify compounds toxic to juvenile rainbow trout 

(Oncorhynchus mykiss).  
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Samolloff et al. (1983) provided a protocol for this approach, which was referred 

to as the bioassay-chemical fractionation approach.  Contaminants extracted from Tobin 

Lake (Saskatchewan, Canada) sediment samples were fractionated, and the fractions 

assessed by Salmonella typhimurium and Panagrellus redivivus tests for developmental 

effects, mutagenicity, and mortality. Examination of the chemical composition of toxic 

fraction(s) allows for identification of compounds that are responsible for biological 

effects, while analysis of fractions that did not cause effects eliminates compounds that 

are not contributing to toxicity. Although the authors used this approach to identify 

compounds in sediment samples with only one fractionation step, it was suggested that 

this technique could be applied to aqueous and gaseous systems, and should include 

multiple fractionation steps to simplify mixtures and to better identify the components 

posing the highest risk to target organisms.  

The implementation of this approach in various fields has led to inconsistencies in 

the nomenclature. There over twenty designations which include synonyms of effects-

driven chemical fractionation (EDCF), effect-directed analysis (EDA), bioassay-directed 

chemical analysis, toxicity-directed fractionation, and activity-guided fractionation 

(Weller et al. 2012). For simplicity this approach will be referred to as EDCF herein. 

Despite the similarity in concepts and common association, this approach is not 

analogous to toxicity identification and evaluation (TIE).  

 The United States Environmental Protection Agency (USEPA) in the late 1980s 

developed the TIE to identify toxic components in effluent from wastewater treatment 
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plants as part of their toxicity reduction evaluations (TREs; Mount and Anderson-

Carnahan, 1989a). This approach is comprised of three steps: toxicity characterization, 

toxicant identification, and toxicant confirmation. The identification of toxic components 

is facilitated by the manipulation of effluent chemistry to change acute toxicity and to 

reveal information about the nature of toxic components (Mount and Anderson-Carnahan 

1988). Since the development of surface water guidelines, more TIE protocols have been 

produced for aquatic sediments and air particulates (Burgess et al. 1996; Hecker and 

Hollert 2009). This approach has been successful in identifying common toxicants in 

complex mixtures, but because it was initially implemented as a regulatory tool for 

wastewater management, it is a standardized approach that is limited to in vivo acute 

toxicity tests (Brack et al. 2008).  

EDCF combines fractionation procedures, bio-testing and subsequent chemical 

analyses to identify toxic components in complex mixtures. The EDCF approach is 

similar to the TIE in its objectives, but is more flexible, allowing the testing of acute and 

chronic in vivo and in vitro exposures with lethal and sublethal endpoints (Brack et al. 

2003). EDCF has been used to identify compounds in various studies ranging from 

identification of derivatives of estrogenic compounds in fish bile, contaminants in 

sediment samples, and allergens responsible for tennis shoe dermatitis (Biselli et al. 

2005; Weller et al. 2012 and references therein). Of the thousands of studies that used the 

fractionation approach, few have implemented this method to isolate and identify the 

causative compounds in complex oil mixtures.  
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There has been a lot of research on crude oil, a complex mixture comprised of 

saturates, aromatics, resins, and asphaltenes (SARA), as it is more likely than HFO to be 

spilled in large volumes (NRC 1999).  After the EXXON VALDEZ crude oil spill in 1989 

(Prince William Sound, Alaska) that contaminated Pacific herring (Clupea pallasi) and 

pink salmon (Oncorhynchus gorbuscha) spawning grounds, research focused on the 

effects of crude oil exposure on the early life stages of fish and identification of causative 

components (e.g., Marty et al. 1997; Murphy et al. 1999). Tests of fractions of artificially 

weathered Norwegian crude oil prepared by high-performance liquid chromatography 

(HPLC) identified the more polar compounds as the fraction acutely toxic to rainbow 

trout hepatocytes. Unfortunately, toxicity could not be attributed to specific compounds 

in the unresolved complex mixture, suggesting that more chemical characterization and 

bioassays with whole fish were necessary (Melbye et al. 2009). An EDCF of Alaska 

north slope (ANSC) and Scotian light crude oils (SCOT) identified the 3-4 ring alkyl 

polycyclic aromatic hydrocarbons (PAH) as the compounds responsible for CYP1A 

induction in juvenile rainbow trout and chronic toxicity to early life stages of Japanese 

medaka (Oryzias latipes) (Khan 2007; Saravanabhavan 2007). This research suggested 

that the risk potential of crude oils can be predicted by the composition of alkyl PAH.  

On August 3
rd

, 2005 a Canadian National freight train carrying heavy fuel oil 

(HFO) and a pole treating oil derailed in Whitewood Sands, Alberta Canada. Since the oil 

was heated above ambient temperature from being loaded into the cars a few hours prior 

to the incident, the HFO readily flowed over land and about 150,000L entered into 
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Wabamun Lake. This spill highlighted HFOs sinking behavior in freshwater, and the lack 

of information about its chronic toxicity.  

Despite the Wabamun Lake spill acting as a stimulus for chemical and 

toxicological characterization of HFO, few studies have assessed the risk of HFO to 

aquatic organisms. HFO, the refined residue of crude oil distillation, is more toxic than 

crude oil to shrimp, mysids, and the early life stages of fish (Anderson et al. 1974; Martin 

2011; Stasiūnaité 2003a; Stasiūnaité 2003b). It has been suggested that the toxicity of 

HFO relative to crude oil is related to the increased concentration of 3-4 ring alkyl PAH, 

and an abundance of 5-6 ring PAH; however, the only study that attempted to isolate and 

identify the compounds within HFO responsible for fish toxicity was unsuccessful. 

Vrabie et al. (2012) fractionated two HFOs (Bunker 180 and 500) into SARA to identify 

aryl hydrocarbon receptor (AhR) agonists and bioaccumulation potential. The aromatics 

and resins were identified as the AhR-active fractions, but fractionation was incomplete 

because not all compounds in the mixture were responsible for the observed AhR 

agonism. A complete EDCF is necessary to determine whether toxicity in HFO can be 

predicted from its alkyl PAH composition.  

This project evaluated the hazards to embryonic fish caused by spills of HFO, that 

may sink when spilled and may contaminate vegetation or sediments where fish spawn. 

An EDCF of HFO 7102 was undertaken to identify the compounds that are chronically 

toxic to the early life stages of fish, to determine whether these components are 

sufficiently bioavailable to cause toxicity, and to establish the toxicity relative to crude 
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oil. This research is the first detailed toxicological assessment of HFO 7102 and provides 

insight into the risks associated with spills of HFO and whether ecological risks of oils 

can be predicted from the relative proportions of different alkyl PAH. 

In this EDCF, the toxicity of the oil mixture was assessed against simplified 

fractions of its components to identify those that are bioavailable and chronically toxic to 

rainbow trout. Rainbow trout were used in all bioassays as a standard, sensitive test 

species. This species is native to North America and cultured in large numbers for 

consumption and research. There are abundant data on the physiology, genetics, and 

handling. Chronic toxicity bioassays used in guiding the EDCF were conducted with 

rainbow trout embryos from hatch to swim up (24d). This life stage was used because it 

is the most sensitive life stage in rainbow trout (Stasiūnaité 2003b; Van Leeuwen et al. 

1985), and facilitated biotests that could detect toxic fractions and changes in toxicity at 

low concentrations as recommended by Brack (2003). The high sensitivity of rainbow 

trout embryos to PAH also meant that smaller volumes of each fraction were needed, 

which is critical when testing limited quantities. 

Due to high viscosity of HFOs, and its resistance to dispersion in water (Ansell et 

al. 2001; Lessard and Demarco 2000), a mixing technique that drives the maximum 

amount of oil into solution is essential to minimize the potential for false negatives and 

the amount of each fraction needed. HFO does not disperse naturally in water with low 

energy, and water-accommodated fractions (WAFs) of HFO 6303 created by low energy 

stirring (Singer et al. 2000) delivered insufficient hydrocarbons into solution to cause 
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toxicity to rainbow trout embryos (Martin 2011; Young 2009). The addition of dispersant 

(chemically enhanced WAF; CEWAF) increased the hydrocarbon concentration in 

solution by breaking up the oil slick into droplets, and increasing the surface area for 

dissolution of hydrocarbons (Martin 2011). Due to the low mixing energy, this method 

was not suitable to break HFO into the small droplets typical of crude oil CEWAF 

solutions, and resulted in large globules of oil at the surface (Fingas et al. 1992; Martin 

2011; Young 2009). A method with higher energy input was required to overcome the 

resistance of HFO to dispersant penetration and to increase the effectiveness of dispersion 

(Delvigne and Sweeney 1988; Fingas et al. 1992). A high energy-chemically enhanced 

water accommodated fraction (HE-CEWAF) method combining high energy mixing and 

chemical dispersion was used to prepare dosing solutions for bioassays that have more 

droplets that are smaller in size.  

The complex oil mixture was divided into fractions with a high concentration of 

similar compounds, and assessed using biological assays as an analytical technique to 

detect whether the fractions contained components that caused toxicity similar to that of 

the whole oil. Fractions that were less toxic than the parent mixture were deemed non-

toxic within the range of concentrations tested and not further fractionated, whereas 

fractions that caused the same or greater toxicity than the parent mixture were further 

fractionated and assessed through bioassays. This approach determined the risk potential 

of each fraction, and identified the most toxic fraction (Samolloff et al. 1983). Concurrent 

biological testing and chemical analysis were essential for the success of the EDCF, as 
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the combination of fraction potency and chemical analysis guided the fractionation and 

allowed for the identification of compounds abundant and consistently present in toxic 

fractions, and compounds present in non-toxic fractions. This EDCF assumes that the 

toxicity observed is due to a specific subset of compounds in the mixture, the compounds 

not measured are not toxic or contributing to toxicity, the toxicity of the compounds are 

not changed during the fractionation steps, and there are no mixture interactions that 

might change with fractionation.  

2.2 Materials and Methods 

2.2.1 Experimental Design: Effects-Driven Chemical Fractionation (EDCF) 

To define a cause-effect relationship between toxicants in fractions and biological 

effects, an interdisciplinary approach involving biologists, toxicologists and chemists is 

required. This was a collaborative project with Jason Bornstein, a Chemistry MSc 

Candidate supervised by Dr. Stephen Brown, responsible for the separation of oil for 

toxicity testing. The chemical separation of HFO 7102 was derived from an EDCF of 

ANSC and SCOT crude oils (Saravanabhavan 2007), and optimized for a heavy oil 

(Figure 2.1). 

Phase I was the assessment of HFO 7102 whole oil toxicity. In phase II HFO 

7102 was separated by low-temperature vacuum distillation into three distinct fractions: 

Fraction 2 (F2; 174°C - 287°C), the PAH-rich Fraction 3 (F3; 287°C - 481°C) and 

Fraction 4 (F4; >481°C). HFO 7102 had a low concentration of short chain alkanes and 

mono-aromatics, therefore there was no fraction 1 (F1; incipient boiling point-174˚C, n-
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C6 to n-C10) was collected. The presence and bioavailability of PAH was assessed in the 

present study with 48h CYP1A induction tests with juvenile rainbow trout exposed to 

dispersed oil, and the presence of toxic compounds was assessed with 24d exposures of 

rainbow trout embryos to dispersed oil. The most toxic fraction, F3, was further separated 

in phase III by cold acetone extraction into fraction 3-1 (F3-1), the PAH-rich extract, and 

fraction 3-2 (F3-2), the wax residue. In phase IV, F3-1 was separated into four fractions 

by column chromatography to undergo toxicity testing at a later date (Bornstein 2012).

 

Figure 2.1: Effect-driven chemical fractionation design for the separation of HFO 7102. 

The table on the right indicates which assays have been completed for each phase. 

Checkmarks ( ) mean that the assay has been completed and ’s mean that the assay will 

be completed at a later date.  
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2.2.2 Exposure System – Dispersed Oil 

To assess the bioavailability and chronic toxicity of compounds in HFO 7102 and 

fractions, rainbow trout were exposed to solutions of chemically dispersed oil with a 

static daily renewal protocol.  

Dispersed heavy oil solutions are high energy-chemically enhanced water 

accommodated fractions (HE-CEWAFs) generated by combining high energy mechanical 

and chemical dispersion to facilitate the formation of oil droplets in water. The 

preparation of HE-CEWAF is a modification of the methods outlined by Khan (2007), 

adapted from standardized methods for dispersions of crude oil outlined by Singer et al. 

(2000) (Detailed SOP in Appendix A). HE-CEWAF was prepared in glass scintillation 

vials with an oil-to-water ratio of 1:9 and a dispersant (Corexit 9500A; Ondeo Nalco 

Energy Services, Sugar Land, TX)-to-oil ratio (DOR) of 1:20. After five minutes of 

vigorous mechanical mixing and sonication, the homogenous mixture settled for ninety 

minutes. The lower phase, the HE-CEWAF, was decanted. Rainbow trout were exposed 

to dilutions of HE-CEWAF in dechlorinated municipal water in a static daily renewal 

with HE-CEWAF prepared fresh daily.  

Traditionally, dispersed oil solutions were used to mimic the dissolution of 

hydrocarbons from spilled oil dispersed by chemical dispersants and wave and wind 

action. In the present study, the HE-CEWAF method applied a higher mixing energy to 

drive the maximum amount of oil into water and to minimize the potential for false 

negatives in toxicity tests and maximize the ability to separate toxic from non-toxic 

fractions.  
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2.2.3 Oil Stocks  

 Heavy fuel oil #7102 (HFO 7102) was provided by Dr. Bruce Hollebone at the 

Emergencies Science and Technology Division, Environment Canada (Ottawa, ON, 

Canada). Fractions of HFO 7102 were provided by Jason Bornstein (Department of 

Chemistry, Queen’s University) in sufficient volume for chemical analyses and biological 

assays. The first fractionation step was the physical separation of whole oil by volatility. 

Low temperature vacuum distillation of HFO 7102 separated the oil into three fractions 

according to boiling point cut offs for soil outlined by the Canadian Council of Ministers 

of the Environment (CCME): Fraction 2 (F2; 174-287˚C, > n-C10 to n-C16), fraction 3 

(F3; 287-481˚C, >n-C16 to n-C34) and fraction 4 (F4; > 481˚C, >n-C34). Fraction 3, the 

most potent fraction based on bioassays described below, was fractionated by cold 

acetone precipitation to separate the long chain alkanes from the mixture by solubility. 

Fraction 3 was heated to 70˚C for thirty minutes, dissolved in acetone at room 

temperature (10 mL of acetone to 1 g F3), and held at -20˚C for five hours (modified 

method outlined by Burger et al. 1981). The long chain alkanes precipitated out and were 

separated from the filtrate by vacuum filtration with a 0.2 µm filter. The solvent in the 

alkane fraction 3-2 (F3-2) and the filtrate fraction 3-1 (F3-1) was removed by rotary 

evaporation and nitrogen blowdown (Bornstein, 2012). 

2.2.4 Test Species 

Rainbow trout (Oncorhynchus mykiss) juveniles (1-3 g) and eggs at the eyed stage 

were acquired from Rainbow Springs Hatchery (Thamesford, ON, Canada). The eyed 
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stage is approximately 12 days prior to hatch and characterized by melanin pigment 

visible in the developing optic cup (Marty et al. 1997a). Prior to exposures, juveniles 

were held in large covered tanks with a continuous flow of dechlorinated water from 

Lake Ontario at 10-12˚C and hardness of 131 ± 3 mg CaCO3/L (Fragoso 1998). Juvenile 

trout were fed pellet food daily, except for 48 hours prior to exposures. Rainbow trout 

eggs were acclimatized to laboratory conditions in stainless steel bowls with static daily 

renewal of water at 10˚C. After hatch, free swimming embryos were exposed to oil 

solutions in a cold room maintained at 10˚C.  Water quality was monitored during 

holding of the rainbow trout and throughout the exposures and was within acceptable 

ranges for trout development (Table 2.1). Daily handling and maintenance of live fish 

were conducted under Queen’s University Animal Care Protocol (Hodson 2007-032-R2 

and Hodson 2011-038-Or) following the Guidelines of the Canadian Council on Animal 

Care (www.ccac.ca). 

Table 2.1: Water quality in holding tanks prior to trout exposures and in exposure vessels 

throughout experiments.  

Exposure type 
Water 

Temperature 
 (˚C ±SD) 

Dissolved 
Oxygen  

(mg/L ±SD) 

Conductivity (µS 
±SD) 

pH 
 (±SD) 

Holding Tank Condition 10.46±1.44 10.73±1.48 275.44±33.47 7.88±0.25 

Daily Static  9.5±0.81 10.49±1.35 202.24±24.04 7.96±0.31 

2.2.5 CYP1A Induction Bioassays 

The bioavailability of PAH in dispersed oil treatments was measured by the 

induction of CYP1A enzymes in juvenile rainbow trout (1-3 g). Trout (n=6 per treatment; 

3 bowls, 2 fish each) were exposed by static daily renewal to dispersed oil for 48h in 

stainless steel bowls. Each bowl was covered with a glass plate and aerated with 

http://www.ccac.ca/
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compressed air. Water controls were used to establish the  basal level of CYP1A enzyme 

production, and a potent CYP1A inducer, β-naphthoflavone (BNF; 10 µg/L, CAS# 6051-

87-2, Acros Organics, Fair Lawn, NJ, USA), was used as a positive control (Billiard et al. 

2006).  

 At the end of the exposure (48 h), treatment bowls were reassigned with a random 

number generator and sampled successively to minimize bias during sampling and 

subsequent analysis. Fish were anaesthetized with an overdose of tricaine methane 

sulfonate (MS-222; CAS# 886-86-2,100 mg/L, Sigma-Aldrich, Oakville, ON, Canada), 

until there was an observable loss of equilibrium and noticeable inhibition of opercular 

movement. The total length (mm) and wet weight (mg) of each fish were recorded, their 

spinal cords were severed and livers removed. Each liver sample was weighed, placed 

into a pre-labelled centrifuge tube, and homogenized in ice cold HEPES grinding buffer 

(5.2 g/L 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid, 11.184 g/L KCl at pH 7.5, 

HEPES sodium salt CAS# 75277-39-3, Fisher Scientific, Whitby, ON, Canada). The 

homogenate was centrifuged at 9000 x g for 20 minutes at 2˚C. The supernatant including 

the microsomal layer (S9 fraction) was collected in a pre-labeled cryovial, flash frozen in 

liquid nitrogen and placed in a -80˚C freezer until CYP1A enzyme assays.   

2.2.6 Ethoxyresorufin-O-deethylase (EROD) Assay 

The induction of CYP1A was measured using an enzymatic assay (Pohl and Fouts 

1980) adapted for a microplate reader by Hodson et al. (1996), and Fragoso et al. (1999). 

The ethoxyresorufin-O-deethylase (EROD) assay measures CYP1A enzyme activity by 
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the rate of deethylation of 7-ethoxyresorufin (7-ER; Resorufin ethyl ether, CAS # 5725-

91-7, Sigma Aldrich, Oakville, ON, Canada) to resorufin. This activity was measured and 

standardized against resorufin (sodium salt, CAS# 34994-50-8, Sigma Aldrich, Oakville, 

ON, Canada) on a SpectraMax Gemini Spectrofluorometer (Molecular Devices, 

Sunnyvale, CA, USA; λ excitation = 530 nm, λ emission = 586 nm). The total protein in the S9 

samples was measured by a Bio-Rad protein assay (Bio-Rad Reagent, Bio-Rad, Hercules, 

CA, USA) standardized to bovine serum albumin (BSA; lyophilized powder, CAS# 

9048-4-8, Sigma-Aldrich, Oakville, ON, Canada) on a SpectraMax Plus 

Spectrophotometer (λ absorbance = 600 nm; Molecular Devices, Sunnyvale, CA). All hepatic 

S9 samples were analyzed in triplicate for EROD activity and total protein to estimate the 

specific EROD activity (pmol of resorufin/minute/mg protein) per treatment. EROD 

induction was calculated by dividing the treatment EROD activity by the basal activity of 

water controls. For quality assurance, positive and negative external control hepatic S9 

samples were included in every assay. The external S9 samples were prepared from 

rainbow trout injected with sunflower oil (negative control; 2 µL/g body weight), and 

BNF (positive control; 5 mg of BNF/1 mL sunflower oil injected at dose of 2 µL/g). 

2.2.7 Western Blot Assay 

Preliminary testing indicated that the EROD technique was not sensitive enough 

to reliably detect low CYP1A enzyme activity in groups of rainbow trout embryos. This 

was also observed in other studies (Martin 2011; Stahl and Kocan 1986).  
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To assess the bioavailability of PAH in embryos, CYP1A protein concentrations 

were measured by the SDS-PAGE/chemiluminescent detection system described by 

Sibani (2004) and modified by Martin and Simpson (2010). It has been successful in 

detecting graded concentrations of CYP1A protein in embryos exposed to a range of oil 

concentrations (Martin 2011; Woo 2011).  

Groups of five embryos (with the yolk sac removed) from a subset of dispersed 

oil and control treatments were homogenized with 1mL of HEPES grinding buffer in 

glass pestle tissue grinders. The homogenate was centrifuged and the S9 fraction 

collected as outlined in section 2.2.5a. Each S9 was mixed thoroughly and separated into 

multiple aliquots with a minimum volume of 100 µL, flash frozen with liquid nitrogen, 

and stored at -80˚C until analysis.   

The S9 samples, standardized by total protein, were separated by sodium dodecyl 

sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and proteins were transferred 

to nitrocellulose membrane paper (Whatman Inc., Florham Park, NJ Cat #10401197). 

The primary antibody, mouse anti- fish CYP1A (C10-1, Cat#173132, Cayman Chemical, 

Ann Arbor, MI, USA), binds to CYP1A protein sites, and the horseradish peroxidase -

goat anti-mouse IgG conjugate (Cat#10004302, Cayman Chemical, Ann Arbor, MI, US) 

secondary antibody binds to the primary antibody. An enhanced chemiluminescent (ECL) 

detection technique was used to detect antibody binding to CYP1A protein sites. X-ray 

film (Kodak, Inc. USA, Cat#8646770) exposed to luminescence inside an 

Autoradiography Cassette (Fisher Biotech, FBXC810) was processed with a Kodak M7 
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X-ray film developer (Biosciences Complex, Queen’s University, Kingston, ON Canada) 

and band density was determined by densitometry with Image J software (National 

Institute of Health, USA).  

Sub-samples of control fish S9 were run on each gel with S9s from embryos 

exposed to dispersed oil treatments. Water control S9s assessed basal levels of CYP1A 

protein. A positive control treatment known to induce CYP1A activity, 7-isopropyl-1-

methylphenanthrene (100 µg/L retene; MP Biomedicals Inc., Solon, OH, USA) (Fragoso 

et al. 1999), was used as a reference to calculate relative band intensities. A protein 

ladder (Precision Plus Protein All Blue Standards; Bio-Rad Laboratories, Cat# 1610373) 

on each gel ensured that CYP1A antibodies were binding only to CYP1A proteins.  

2.2.8 Chronic Toxicity Bioassays 

 Rainbow trout embryos at hatch were transferred to waterborne concentrations of 

oil and exposed for 24 days by static daily renewal to solutions of dispersed oil (n=25 

embryos per treatment). Retene (100 µg/L) was used as a positive control because it is 

known to cause blue sac disease (BSD) and mortality in rainbow trout embryos (Billiard 

et al. 1999).  Water and methanol (100 µg/L), the solvent carrier for retene, were negative 

controls. All controls were waterborne static daily renewals run in duplicate.  

Throughout the 24d exposure, treatments were observed daily, dead embryos 

removed, and treatment mortality recorded. Dead embryos were observed under a 

dissecting microscope for morphological abnormalities. Deaths were attributed to non-

treatment mortality if the embryo did not have observable signs consistent with oil 
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exposure or if they showed signs of fungus or toxicity from dispersant (refer to Appendix 

B).  

When all of the control fish reached swim-up approximately 24d after hatch, the 

experiment was terminated and all of the remaining embryos were anaesthetized in 100 

mg/L of MS-222. Swim up, signifying a readiness to feed, occurred when yolk sac 

absorption was complete and the embryos were first observed swimming to the surface of 

the water. The embryos were separated into groups of five on pre-labeled petri dishes, 

individual total lengths (mm) were recorded, and they were examined by dissecting 

microscope for signs of BSD. The wet weight of groups of five fish with and without 

their yolk sacs (dissected away) was used as an indicator of embryo development.  

2.2.9 Calculating Blue Sac Disease (BSD) and Severity Indices  

Treatments were randomly assigned a new number on the sample day and scored 

blind to eliminate bias. Yolk sac edema (YE) and pericardial edema (PE) were scored 

based on the severity of the response, YE from 0-3 and PE from 0-2. At the onset of 

BSD, the edematous volume is small and increases with the progression of the disease. 

Therefore the severity of edemas was based on the volume of edematous fluid 

accumulation (modified from DeBruyn et al. 2007; Wolf 1957a). A score of 0 for yolk 

sac edema indicates no fluid accumulation, and scores of 1-3 indicate accumulation of 

less than 10 percent, 10-30 percent and greater than 30% of yolk sac volume respectively. 

Scores of 0-1 had the same classification for pericardial edema, a score of 2 indicated that 

fluid accumulation was greater than 10 percent. The difference in scoring for PE was due 
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to the lower volume of edema, and the difficulty in distinguishing between smaller 

volumes of fluid accumulation.  

Ocular hemorrhaging (OH), body hemorrhaging (BH), craniofacial deformities 

(CD) and fin erosion (FE) were scored with a presence or absence scale (0-1). Each 

embryo was examined and given scores for each of the signs. The sum of all the 

individual signs per embryo gave the total BSD score per fish. A total BSD score of 0 

indicated no observable abnormalities, and a score of 9 indicated that the embryo 

exhibited all of the signs of BSD with the maximum severity.  

The BSD Severity Index (BSD SI) summarizes the sublethal toxicity of individual 

embryos in each treatment into a value ranging from 0-1. The BSD SI calculation below 

sums the individual BSD scores and BSD scores for dead embryos per treatment, and 

divides this by the maximum score for the treatment (adapted from Villalobos et al. 

2000).  
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Where Ei, Ej, Ek, El, Em and Eo were the embryo scores for the individual signs of 

BSD. The number of dead embryos, ED, was multiplied by a score of 9.5 because dead 

embryos were assigned a score 0.5 units greater than the maximum score for sublethal 

responses.  
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 Despite attempts to eliminate bias with a standardized scoring method and blind 

assessment of embryos, the BSD scoring method can be subjective. The BSD SI 

calculation also weighs the YSE and PE higher than the other BSD signs because edemas 

are scored based on severity, as opposed to presence/absence scoring. To eliminate the 

observer effects treatments were also compared by assessing percent normal. Percent 

normal for each treatment was calculated by dividing the number of normal embryos, 

embryos with no observable signs of BSD (Birge and Black 1977), by the total number of 

embryos per treatment, multiplied by 100. This signifies the percentage of exposed fish in 

the treatment that could survive to adulthood and contribute to the population.   

2.2.10 Chemical Characterization of Test Solutions by Fluorescence 

 For each treatment, each day, 3.0 mL of exposure water was sampled and mixed 

with equal parts absolute ethanol (ethyl alcohol, anhydrous, Commercial Alcohols Inc., 

Brampton, ON, Canada) in 7mL glass scintillation vials with foil-lined lids, and stored in 

the dark at 4˚C. Water samples from exposure solutions were analyzed by scanning 

spectrofluorometery (Quanta-Master Fluorescence Spectrometer, PTI Ltd., London, ON, 

Canada). Felix software version 1.4 (PTI Ltd.), was used to collect data for standard 

curves and fluorescence profiles for water samples. Standard curves were produced and 

optimized for the parent oil or oil fraction, as well as the dispersed oil stock. Emission 

scan excitation wavelengths ranged from 290 to 326 nm and the emission wave length 

was offset from the excitation wavelength by 150 nm. This range of excitation and 

emission wavelengths was used to target the two to four ringed PAH (Apicella et al. 
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2004; Dabestani and Ivanov 1999; Mahanama et al. 1994). Fluorescent hydrocarbon 

concentrations in water samples were calculated from the relationship between the 

concentration of oil and fluorescence (area under the curve) from the standard curve. See 

Appendix C for the protocol for analysis of water samples containing oil, and optimized 

emission scan wavelengths.  

 The spectroflurometer method detection limit (MDL), the lowest value that can be 

measured with 99% confidence that the value produced is greater than zero, was 

calculated according to USEPA, 40 CFR 136, Appendix B, revision 1.11. The limit of 

detection was estimated to be 50 µg/L HFO 7102 whole oil because the signal-to-noise 

ratio was within the 2.5 to 5 range, and the standard was close to the change in slope of 

the standard curve. To determine the MDL, eight aliquots of 50 µg/L HFO 7102 were 

analyzed with separate blank analyses. The measured MDL with 95% CI was 8.89 (5.87-

18.09).  

2.2.11 Chemical Characterization of Test Solutions by Gas Chromatography-

Mass Spectroscopy (GC-MS) 

Oil stocks, dispersed oil stock solutions and exposure water samples were also 

analyzed by the Centre for Offshore Oil, Gas and Energy Research at the Bedford 

Institute of Oceanography (COOGER, BIO; Dartmouth, NS, Canada). During fish 

exposures, water samples were collected in amber bottles with foil or teflon-lined caps, 

preserved with dichloromethane (10% of sample volume), 10% headspace, and 1 mL of 

deuterated surrogate standards (solution of d26-dodecane, d36-heptadecane, d50-n-
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tetracosane, d66-n-triacontane, 5 beta-cholestane, d10-phenanthrene, d10-pyrene, d12-

benzo[a] pyrene, d12-benzo[b] fluoranthene, and dibenz[a,h] anthracene provided by 

COOGER). Samples were analyzed for total PAH (TPAH; 34 individual PAH analytes, 

un-substituted and substituted homologs with 2-4 rings: naphthalene, fluorene, 

naphthobenzothiophene, dibenzothiophene, pyrene, chrysene, and phenanthrene) and 

total petroleum hydrocarbons (TPH; n-C10 to n-C35) with quantification limits for target 

analytes at 100 ng/mL of final extract. See Appendix C for chemical characterization of 

fractions, HE-CEWAF stocks and water sample dilutions.  

2.2.12 Estimation of Total Polycyclic Aromatic Hydrocarbon (TPAH) 

Concentrations 

Estimates of nominal TPAH concentrations of exposure solutions and 24d LC50 

and EC50s, were based on analyzed TPAH concentrations of oil and HE-CEWAF stocks. 

For example, using the HE-CEWAF stock TPAH concentration of 691,572 µg/L, the 

fraction 3 0.0025 %v/v treatment nominal TPAH concentration was estimated at 

approximately 17 µg/L (691,572 µg/L * 0.000025). The 24d LC50 of F3 was about 

0.0019 %v/v, therefore the LC50 calculated from nominal TPAH concentrations was 

approximately 13 µg/L (691,572 µg/L * 0.000019).  

2.2.13 Data Analysis 

Statistical analyses were conducted with Microsoft Excel 2010, LC50 DOS 2.0 

and GraphPad Prism v.5. Graphs were produced on GraphPad Prism v.5 and Sigmaplot 

v.11.0. Although treatments were not replicated, the regression design allowed the 
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estimation of median lethal concentrations (LC50s) and median effective concentrations 

(EC50s) by nonlinear regressions using LC50 DOS 2.0 and GraphPad Prism v.5 

endpoints were compared by confidence interval overlap and by ratio tests. If the ratio of 

the 95% confidence intervals for the two treatments did not overlap, a significant 

difference (p<0.05) in median concentrations between nonlinear regressions was 

assumed. Where confidence intervals overlapped (no difference between median 

concentrations), the ratio method was applied to ensure that there were no statistical 

differences between the values, as this method has more power to detect true differences 

between median concentrations (Wheeler et al. 2006). If the ratio of confidence intervals 

overlapped 1, there was no difference between median concentrations.                   

2.3 Results 

2.3.1 Identification of HFO 7102 fractions that contain AhR agonists by 

CYP1A induction assays 

Whole oil and all HFO 7102 fractions except for F3 induced CYP1A activity in a 

concentration-dependent relationship to a maximum of 50 times the baseline level 

(Figure 2.2). The positive control (BNF 10 µg/L) also had a maximum approximately 50 

times the baseline level. CYP1A induction 48h EC50s for all treatments were comparable 

because all treatments induced the same maximum response. If treatments had lower 

maximum levels, effective concentrations (EC50s) would be overestimated (Brack et al. 

2002; Brack 2003). Fraction 3 was the most potent fraction, and caused a maximal EROD 

induction at all concentrations tested (11-131 µg/L). However, without further testing of 
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F3 with lower hydrocarbon concentrations, it was impossible to determine an EC50 

value. Whole oil and F2 treatments were  the next most  potent treatments as both caused 

maximal induction at concentrations lower than 10µg/L. Fraction 4 was a more potent 

inducer than F3-1, F3-2; F3-1 was 5 times more potent than F3-2. Induction in dispersed 

oil exposures was attributed to components in the fractions and not to dispersant in the 

mixture, as preliminary studies showed that the maximum amount of Corexit 9500 in the 

dispersed oil mixtures (80µL) did not induce CYP1A activity (data not shown).  

2.3.2 Identification of HFO 7102 fractions that cause chronic toxicity to 

rainbow trout embryos 

The chronic toxicity of dispersed HFO 7102 whole oil and fractions to rainbow 

trout embryos from hatch to swim up (24d) was assessed by cumulative percent 

mortality, severity of sub-lethal abnormalities, and percentage of fish that appeared 

normal (Figure 2.3). The toxicity of F2 was not significantly different than whole oil 

toxicity, whereas F3 was three times more toxic than whole oil (Figure 2.3A). Embryos 

that died by the fifth day of exposure exhibited severe disruption of the gills, opaque yolk 

sacs, loss of epidermal pigmentation and spinal curvature, an array of morphological 

abnormalities that was inconsistent with BSD. Signs of BSD were not observed until the 

seventh day of exposure, with the majority of the mortality occurring in the second half 

the exposure period. Also, dispersant control treatments had the same signs of toxicity 

and time to death as the high loading F4 treatments, suggesting that dispersant in the F4 

exposures was responsible for the observed toxicity (See Appendix B). In F4 the 
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mortality data attributed to dispersant toxicity were removed from the data set. A 24d 

LC50 for F4 could not be calculated because mortality attributed to F4 did not exceed 

50% in any treatment.   

 

Figure 2.2: Cytochrome P450 1A1 (CYP1A) induction of juvenile rainbow trout exposed 

to dispersed heavy fuel oil #7102 (HFO 7102) whole oil and fractions normalized to 

water controls (A F2 vs HFO 7102, B F3 vs HFO 7102, C F4 vs HFO 7102, and D F3-1, 

and F3-2 vs HFO 7102; N=6/treatment). Induction is the ratio of CYP1Aactivity in oil-

exposed fish to activity in control fish, and error bars are 95% confidence limits 

calculated from the pooled variance among treatments. Exposure was expressed as the 

concentration of hydrocarbons as measured by fluorescence. The horizontal line is the 

positive control treatment, beta-naphthoflavone (BNF; 10 µg/L), with 95% confidence 

interval shaded grey (n=4 experiments with 6 fish each). The thick vertical line is the 

method detection limit (MDL) for fluorescence spectroscopy.  

 

Due to the greater toxicity of F3 relative to whole oil, this fraction was further 

divided into a PAH rich extract (F3-1) and a wax residue (F3-2). Fraction 3-1 had a 
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similar toxicity to F3, three times more toxic than whole oil. The wax extract, F3-2, 

caused no mortality over the concentrations tested.  

The pattern of fraction toxicity defined by sub-lethal signs of BSD was similar to 

that of mortality. The concentration of fluorescent hydrocarbons causing half maximal 

sub-lethal response in HFO 7102 was not significantly different from F2 and 3-fold lower 

than F4 (Figure 2.3B). The 24d EC50 for F3 was 2-fold lower than whole oil and 

approximately 2-fold higher than F3-1. The response to F3-2 was not significantly 

different from the water control (|Z|=0.34, p=0.74). Sub-lethal signs of toxicity occurred 

at lower concentrations than did mortality, making this endpoint more sensitive. 

Components in F3-1 had a significantly greater effect on developing embryos compared 

to whole oil, and all other fractions, as only 156 µg/L was required to cause a 50% 

decrease in the number of normal embryos in all treatments, 3.4-fold more toxic than F3 

(Figure 2.3C). See Appendix E for the assessment of development of embryos exposed to 

dispersed HFO 7102 whole oil and fractions relative to embryos not exposed to oil 

components.  

The order of toxicity consistent throughout all toxicity endpoints from the most to 

least toxic fraction is F3-1 > F3 > HFO7102 Whole Oil > F2 > F4 > F3-2.  
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Figure 2.3: Chronic toxicity of chemically dispersed heavy fuel oil 7102 and fuel-oil 

fractions to rainbow trout embryos from hatch to swim-up (24d; N=25/treatment) 

assessed by cumulative percent mortality (A), BSD severity index (B) and percent normal 

(C) per treatment. Retene was included as a positive control (100 µg/L), and water as a 

negative control. The summary table includes the 24d LC50 and EC50 values, and the 

total polycyclic aromatic hydrocarbon (TPAH) concentration of the parent oils.  

2.3.3 Confirmation of AhR activation in chronic exposure of rainbow trout 

embryos with western blots 

Samples of S9 fractions from methanol and water controls produced no band 

induction on western blots. Rainbow trout embryos chronically exposed to dispersed F3 

showed increased concentrations of CYP1A protein when exposed to higher hydrocarbon 

concentrations (Figure 2.4).  
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Figure 2.4: Relative band intensity (concentration of cytochrome P450 (CYP1A) 

protein) in rainbow trout S9s from embryos exposed to nominal HE-CEWAF 

concentrations (%v/v) of dispersed HFO 7102 fraction 3 (F3) (n=2 per treatment, line 

connects through mean relative band intensity).  

 

When comparing the subset of samples from all fractions, the general trend is an 

increase in the mortality and severity of signs of BSD with an increase in CYP1A protein 

concentration, except for F4 which had low CYP1A protein levels with high sub-lethal 

toxicity (Figure 2.5).  

2.3.4 Chemical characterization of oil stocks, dispersed oil stocks and water 

samples 

Detailed tables with concentrations of classes of PAH by degree of alkylation and 

summary tables combining GC-MS and toxicity endpoints are provided in Appendix D. 

For detailed analysis of fractions refer to Bornstein (2012).  
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Figure 2.5: Linear relationship between CYP1A protein in rainbow trout embryos 

exposed to dispersed HFO 7102 whole oil and fractions, and cumulative percent 

mortality (A), blue sac disease severity index (BSD SI; B) and percent normal at 

emergence (C). The linear regression slopes are significantly different from zero (A: F = 

9.756, p = 0.0049; B: F = 28.68, p < 0.0001).  

 

Separation of whole oil increased the TPAH concentrations in F2 and F3 by 2 and 

3-fold respectively, while F4 had 4-fold less (Table 2.2). Compared to the whole oil 

stock, F2 had a higher concentration and proportion of the lower molecular weight 2-3 

ring PAH (naphthalene, fluorene, dibenzothiophenes and phenanthrenes), but had a lower 

proportion of 4 ring PAH. Fraction 3 had a higher concentration of naphthalenes than 

whole oil, but they make up a lower proportion of the fraction, which is dominated by 3 

and 4 ring PAH. Of the small amounts of PAH detected in fraction 4, the majority are 4-
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ring PAH. In whole oil and in the vacuum distillation fractions, the TPAH concentrations 

were similar to the sum of n-alkane concentrations. Fraction F3 had a sum n-alkane 

concentration1.6-fold higher than F2. Separation of F3 into F3-1 decreased the sum of n-

alkanes by 3-fold, and increased the TPAH concentration; the PAH distribution was 

similar to F3 and whole oil. The saturate concentration in F3-2 was 62-fold higher than 

F3, with trace concentrations of PAH. No detectable concentration of TPAH was found 

in F3-2 HE-CEWAF stock and test solutions.  

All test solutions contained similar distributions of PAH, except for F4 which had 

a higher proportion of the 3-ring PAH than the whole oil and HE-CEWAF stocks. 

Fraction 3-1 had a similar PAH distribution as F3, but had lower concentrations of un-

substituted and monoalkylated PAH (Figure 2.6).  

Estimations of nominal TPAH concentrations derived from HE-CEWAF stocks 

were better predictors of the TPAH concentrations measured in exposure solutions than 

the stock concentrations (Table 2.3), and were used to rank the toxicity based on 

estimated nominal TPAH concentrations (Figure 2.7). The estimated 24d LC50 and EC50 

values are equivalent to the 24d LC50 and EC50 TPAH concentrations estimated from 

the nominal HE-CEWAF loadings and HE-CEWAF stocks (Appendix F). Using the 

nominal TPAH concentrations, the potency ranking of the fractions changed from the 

ranking by fluorescence. By TPAH estimation, F3-1 appears to be the least toxic fraction, 

2-fold less toxic than F3. There was no difference in whole oil and F2 toxicity, and F4 

appears to be the most toxic fraction. 
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Table 2.2: The polycyclic aromatic hydrocarbon (PAH) composition of oil stocks and 

dispersed oil solutions, high energy-water accommodated fractions (HE-CEWAF), of 

heavy fuel oil whole oil (HFO 7102), fraction 2 (F2), fraction 3 (F3), fraction 4 (F4), 

fraction 3-1 (F3-1) and fraction 3-2 (F3-2). Total PAH (TPAH) and the percent of total 

PAH are listed for the sum of 2-ring PAH (naphthalene (NAP)), 3-ring PAH (fluorene 

(FLU), dibenzothiophene (DBT), phenanthrene (PHN)), and 4-ring PAH (pyrene (PYR), 

chrysene (CHR) and naphthobenzothiophene (NBT)). The asterisk (*) indicates that data 

shown are the average of two samples. ND indicates that the concentration is below the 

limit of detection (100 ng/g). Due to different nominal loadings in GCMS analyzed 

samples, all whole oil stock concentrations were estimated for a 5,000 (mg/L) nominal 

stock concentration.  

 

Oil Type Stock Type 
Nominal Stock 
Concentration 

(mg/L) 

Sum n-
alkanes & 

TPAH 

Sum n-
alkanes 

TPAH 

% Proportion of 
Fraction 

% 2 
Ring 
PAH 

% 3 
Ring 
PAH 

% 4 
Ring 
PAH 

HFO 
7102 

Parent Oil 
(µg/g) 

5,000 47,810 23,477 24,333 14.6 35.7 49.6 

HECEWAF* 
(µg/L) 

710 24,499 8,375 16,124 17.2 39.3 43.3 

Fraction 
2 

Parent Oil 
(µg/g) 

5,000 102,684 51,207 51,477 38.1 54.4 11.3 

HECEWAF* 
(µg/L) 

710 279,931 120,344 159,587 31.4 57.2 11.1 

Fraction 
3 

Parent Oil 
(µg/g) 

5,000 163,964 83,348 80,616 6.5 47.5 45.7 

HECEWAF* 
(µg/L) 

710 1,330,339 638,767 691,572 8.1 47.6 44.2 

Fraction 
4 

Parent Oil 
(µg/g) 

5,000 14,869 8,940 5,929 1.4 5.1 93.5 

HECEWAF* 
(µg/L) 

710 830 414 416 ND 18.7 81.3 

Fraction  
3-1 

Parent Oil 
(µg/g) 

5,000 107,739 2,233 105,506 9.0 40.7 50.1 

HECEWAF 
(µg/L) 

430 1,058,167 184,780 873,387 8.6 42.2 49.1 

Fraction  
3-2 

Parent Oil 
(µg/g) 

5,000 274,809 271,303 3,325 5.9 45.1 49.0 

HECEWAF 
(µg/L) 

430 202,848 202,848 ND ND ND ND 
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Figure 2.6: Detailed polycyclic aromatic hydrocarbon (PAH) composition of water 

samples dosed with dispersed oil stock solutions, high energy-water accommodated 

fractions (HE-CEWAF), of whole heavy fuel oil (HFO 7102), fraction 3 (F3) and fraction 

3-1 (F3-1). Nominal dispersed oil loading, total PAH (TPAH) and the percent of total 

PAH are listed for individual PAH: naphthalene (NAP), fluorene (FLU), 

dibenzothiophene (DBT), phenanthrene (PHN), pyrene (PYR), chrysene (CHR) and 

naphthobenzothiophene (NBT). C0-C4 indicate the degree of alkylation. 
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Table 2.3: Exposure solution nominal total polycyclic aromatic hydrocarbon (TPAH) 

concentration estimated from the oil (5,000 mg/L) and HE-CEWAF stock TPAH 

concentrations (Table 2.2). Measured TPAH concentrations of exposure solutions are the 

grey shaded cells. Only a subset of dilutions is shown, and not all dilutions shown were 

used in toxicity tests. ND indicates that the concentration is below the limit of detection 

(100 ng/L). 

 

 

 

 
 

Oil 

Treatment 

Stock Used in TPAH 

Estimation 

Nominal Exposure HECEWAF Loadings (%v/v) 

0.32 0.1 0.032 0.025 0.01 0.0025 

HFO 7102 

Parent Oil (µg/g) 78 24 7.8 6.1 2.4 0.6 

HE-CEWAF(µg/L) 52 16 5.2 4.0 1.6 0.4 

Measured TPAH (µg/L)   18   1.2  

Fraction 2 

Parent Oil (µg/g) 165 52 16 13 5.2 1.3 

HE-CEWAF(µg/L) 512 160 51 40 16 4.0 

Measured TPAH (µg/L) 656  68    

Fraction 3 

Parent Oil (µg/g) 258 81 26 20 8.1 2.0 

HE-CEWAF(µg/L) 2,213 692 221 173 69 17 

Measured TPAH (µg/L)    256  29 

Fraction 4 

Parent Oil (µg/g) 19 5.9 1.9 1.5 0.6 0.2 

HE-CEWAF(µg/L) 1.3 0.4 0.13 0.10 0.04 0.01 

Measured TPAH (µg/L) 1.6    0.3  

Fraction 

3-1 

Parent Oil (µg/g) 338 116 34 26 11 2.6 

HE-CEWAF(µg/L) 2,795 873 279 218 87 22 

Measured TPAH (µg/L)    333  57 

Fraction 

3-2 

Parent Oil (µg/g) 11 3.3 1.1 0.8 0.3 0.08 

HE-CEWAF(µg/L) ND ND ND ND ND ND 

Measured TPAH (µg/L)  ND   ND  
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Figure 2.7: Chronic toxicity of chemically dispersed heavy fuel oil 7102 and fuel-oil 

fractions to rainbow trout embryos from hatch to swim-up (24d; N=25/treatment) 

assessed by cumulative percent mortality (A), BSD severity index (B) and percent normal 

(C) per treatment. Treatment concentrations were expressed as estimated nominal TPAH 

concentrations (µg/L) calculated from the nominal HE-CEWAF loadings and stock HE-

CEWAF TPAH concentration (µg/L).  

2.4 Discussion 

An EDCF was undertaken with HFO 7102 to identify compounds that are 

bioavailable and chronically toxic to the early life stages of rainbow trout. The separation 

of whole oil into three fractions (F2, F3 and F4) by low temperature vacuum distillation 

enriched the toxicity of whole oil into F3, while F2 and F4 were less toxic. The difference 

in toxicity between F2 and F3 was likely due to the concentration of two and three-ringed 
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alkyl PAH. Water samples of F2 were comprised of a higher concentration of 

naphthalenes which are more soluble and less toxic than the three ring PAH (Mackay and 

Shiu 1977; Milleman et al. 1984), whereas F3 had higher concentrations of the more 

toxic 3 ring PAH than F2 (Khan 2007). Chemical characterization of F3 identified that 

there was an enrichment of TPAH and n-alkanes from the whole oil. Cold acetone 

extraction of F3 and toxicity tests demonstrated that F3-1, the PAH rich extract, was 

more toxic than its parent fraction, whereas F3-2, the wax residue rich in alkanes, did not 

cause chronic toxicity to rainbow trout embryos. This indicates that the saturate fraction 

is not contributing to HFO chronic toxicity. The increase in toxicity from whole oil into 

F3 and F3-1 was mirrored by an increase in alkyl-PAH: Fraction 3 and F3-1 are three 

times more toxic than whole oil, and the parent oil TPAH and total alkyl-PAH 

concentrations in F3 and F3-1 are three and four times higher than whole oil respectively 

(Figure 2.3). 

Hydrocarbon concentrations associated with CYP1A induction were lower than 

the thresholds of toxicity, indicating that CYP1A induction was a more sensitive 

indicator of exposure than sub-lethal embryo abnormalities. The sensitivity of the EROD 

assay was also noted by Ramachandran et al. (2004b) where CYP1A induction in 

rainbow trout exposed to crude oil WAF and CEWAF occurred at TPAH concentrations 

below detection limits. CYP1A protein concentrations increased linearly with the BSD 

severity index for all treatments except for fraction 4 which caused a low level of 

induction of CYP1A proteins but was highly toxic to embryos. In F4, high CYP1A 
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induction and low toxicity may be because some compounds that induce CYP1A are not 

toxic. More analysis of F4 samples is necessary to determine whether the low CYP1A 

protein level is representative of the treatment, because all F4 samples were from the 

same group of fish.  The CYP1A induction in F4 is likely due to the resins in the sample, 

not the asphaltenes unless they have smaller molecules entrapped within their structure 

(Miller et al. 1998; Speight et al. 2004; Vrabie et al. 2012). Saturates do not induce 

CYP1A because their structures do not bind strongly to the AhR (Saravanabhavan 2007). 

The CYP1A induction in acute tests of the wax fraction (F3-2) can be explained by the 

trace amounts of PAH from the separation technique, and the high sensitivity of the 

CYP1A response.  

An EDCF of ANSC and SCOT crude oils identified that the 3-4 ring alkyl PAH 

were associated with CYP1A induction in rainbow trout and chronic toxicity in Japanese 

medaka (Khan 2007; Saravanabhavan 2007). Because HFO 7102 has up to 7-fold higher 

PAH concentrations than crude oil, it was suggested that HFO should be more toxic than 

crude oil. A comparison of HFO and MESA confirmed that HFO was more toxic than a 

medium crude oil, which was related to the concentration of alkyl phenanthrenes in 

solution (Martin 2011). Anderson et al. (1974) found that residual oil was more toxic 

than crude oil to six species of estuarine crustaceans and fish. The EDCF of HFO 7102 in 

this study traced the presence of CYP1A inducers and toxicity through the same fractions 

(F3, F3-1) as crude oil, which suggests that the same or similar components are 

responsible for toxicity in both oils.                                                                                                                                                             
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The proportion of PAH and alkanes were similar between oil and HE-CEWAF 

stocks, but the TPAH concentrations differed depending on the fraction. TPAH 

concentrations were enriched in F2, F3, and F3-1 HE-CEWAF stock solutions compared 

to the stock oil TPAH concentrations. The opposite trend was observed for the more 

viscous fractions, whole oil and F4, which suggested that the physical characteristics of 

the fractions affected the formation of oil droplets in water. Less viscous fractions more 

readily form oil droplets with chemical and mechanical mixing, causing more and smaller 

droplets in the dispersed oil solution, which increased the TPAH concentrations above 

those of the oil stock. In spite of the perception that HFO cannot be dispersed due to its 

high viscosity, the whole oil was readily dispersed with high energy mechanical and 

chemical mixing. Fraction 4 viscosity was greater than that of the whole oil, inhibiting 

the penetration of dispersant and limiting dispersion (Appendix A).  

The differences in potency among fractions were likely due to differences in their 

physico-chemical characteristics. It is suspected that the increased viscosity of F4 

decreased the penetration of dispersant, and the extent of oil dispersion. For crude oil the 

formation of large droplets of oil and the high concentration of PAH that are of low water 

solubility limited the dissolution of PAH from droplets (Carls et al. 2008). There was a 

higher proportion of 3-ring PAH in F4 water samples than the HE-CEWAF stock 

solutions, which is likely due to the different equilibrium potential of the 3 and 4-ringed 

PAH. The lower solubility of the 4-ring PAH compared to 3-ring PAH result in different 

equilibria in water. The inability to drive components into solution, combined with 
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barriers to uptake of higher molecular weight compounds that may be too large to quickly 

cross cell membranes in fish, may have caused the low toxicity in F4 despite high 

nominal loadings. 

The concentration of PAH in the water samples and the similarity of PAH profiles 

between stock oil, HE-CEWAF stocks and water samples provide evidence that there are 

droplets of oil in exposure solutions. The presence of medium molecular weight PAH 

(i.e. dibenzothiophenes, phenanthrenes and chrysenes) and long chain aliphatic 

hydrocarbons above their solubility limits indicates that particulate oil was present in 

exposure solutions (Bruya and Costales 2005; Payne and Driskell 2003; Redman et al. 

2012). The presence of oil droplets in the dispersed oil solutions and diluted dispersed oil 

exposure solutions prepared with HFO 7102 was confirmed by florescence microscopy 

(See Appendix G).  

Preparation of water samples for fluorescence and GC-MS did not remove oil 

droplets; therefore, the measured concentrations reported from these analytical methods 

represent the dissolved and droplet phases.  Since only the dissolved phase is thought to 

contribute to observed toxicity, using measured TPAH values of samples that contain 

dissolved and particulate oil for comparison of exposures creates the potential for an 

underestimation of fraction toxicity (Carls et al. 2008). The contribution of droplets 

should not be fully discarded in exposure solutions as the droplets provide a reservoir of 

PAH, and if droplets are in contact with gills, there may be direct uptake of PAH into the 

lipid phase (Couillard 2002; Girling et al. 1992). Oil droplets have been observed on 
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rainbow trout gills exposed to undispersed and dispersed crude and heavy oil (McKeown 

and Marsh 1978b; Ramachandran et al. 2004a). It has been suggested that droplets of 

heavy oils have the potential to cause more harm than crude oils because oil with higher 

viscosity could cause respiratory failure by clogging respiratory surfaces (Anderson et al. 

1974; Ansell et al. 2001).  

The difficulty with the EDCF approach is that it is difficult to reject the null 

hypothesis. For example, if separation of target compounds from a mixture removes 

toxicity, then the target compounds can be identified as the toxic constituents. If the 

fraction isolated from the mixture is toxic, and the remaining mixture fraction has similar 

toxicity, then there is the potential that there are multiple un-characterized toxic 

components with similar potencies (Mount and Anderson-Carnahan 1989a). In this study, 

it is difficult to definitively state that the PAH are responsible for toxicity because they 

are only a small fraction of the toxic fractions, making up only 2.4% of the whole oil. 

Although the majority of compounds have not been identified in these mixtures, it is 

believed that the 3-4 ringed alkyl PAH are responsible for HFO toxicity (Khan 2007).  

Multiple lines of evidence including correlation, and previous work with PAH and oil 

mixtures were used to assess whether PAH are causing the effects in HFO and PAH-rich 

fractions. Embryos exposed to dispersed heavy oil fractions had concentration-dependent 

increases in sublethal oil toxicity consistent with sublethal effects observed in studies 

with crude oil (Anderson et al. 2009; Carls et al. 2008; Carls and Thedingo 2010; Khan 

2007; Sweezy 2005), heavy oil (Boudreau et al. 2009; Martin 2011; Sweezy 2005), and 
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individual PAH (Bauder et al. 1995; Billiard et al. 1999; Incardona et al. 2004; Kiparissis 

et al. 2003; Turcotte et al. 2010). The PAH content of oils, even though PAH are a small 

portion of the complex mixture, is important due to the low doses required to cause 

toxicity. Aqueous concentrations as low as 1 μg/L TPAH cause malformations, decreased 

size, and mortality in the early life stages of fish (Carls et al. 1999; Heintz et al. 1999). 

The potency of the HFO fractions increased with the percent of fraction comprised by 

TPAH.  Lower loadings of F3-1 (10.6% TPAH) and F3 (8.1%) were necessary to cause 

mortality and sublethal signs of toxicity than for whole oil (2.4%).   The EDCF approach 

also allows for the identification of the fractions that are not toxic. The fractions with 

naphthalenes, tars, asphaltenes and waxes are not responsible for toxicity observed.  

When dealing with complex oil samples with thousands of compounds, there is 

the potential to have multiple toxic components in mixtures that complicate interpretation 

of the fraction toxicity. Because each fraction is a mixture, the test results represent the 

interactive toxicity of all components, which can be difficult to interpret as not all 

compounds in the mixture have been identified. Of those quantified in the sample, their 

simple presence does not indicate that they are responsible or contributing to toxicity 

(Brack 2003). Confirmation steps are required to definitively identify toxicants 

responsible for toxicity in mixtures (Hecker and Hollert 2009). Steps to confirm toxic 

components are critical in this EDCF due to the complexity of the samples and the use of 

only one analytical technique for characterization of fractions and exposure solutions. By 

targeting a limited number of chemical groups, there is the potential to overlook toxic 
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chemicals, or falsely attribute toxicity to compounds that are concentrated but not 

responsible for toxicity (Mount and Anderson-Carnahan 1988; 1989a). Despite the 

evidence that PAHs are responsible for HFO toxicity, it cannot be definitively stated that 

these compounds are responsible for toxicity until sufficient confirmation (Schymanski et 

al. 2009).  

Once toxicants are identified in further fractionation bioassays, a confirmation 

phase should be initiated using a tiered weight-of-evidence approach. This should 

combine analytical chemistry to confirm that the compounds separated are present in the 

complex sample, confirmation through bioassays that the chemicals cause effects in a 

dose-response manner, and hazard confirmation to determine how much of the toxicity is 

explained by compounds identified (Mount and Anderson-Carnahan 1988; Brack et al. 

2008). Other lines of evidence include the change in the syndrome of toxicity (array of 

signs of toxicity among fractions), time to onset of sublethal effects, and the response to 

mixture solutions spiked with a known toxicant. Mixing fractions together and comparing 

the toxicity to the parent mixture can also be used to determine whether all toxicants have 

been identified. If the toxicity caused by the fractions added does not equal the parent 

mixture, then there may have been losses in the fractionation procedure (Mount 1989b). 

Also, by spiking the original mixture with a known concentration of the identified 

toxicants, the decrease in effect concentration for the mixture can be estimated by mass 

balance assuming additivity of the toxic components. Differences in toxicity from the 

estimate suggest mixture interactions are occurring. PAH groups can interact with 
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different groups individually, synergistically or antagonistically. For example, mixtures 

of BaP, fluoranthrene and 2-aminoanthracene were more toxic together in a mixture than 

alone. In this case the additive toxicity underestimated the toxicity of the mixture 

(Wassenberg and Di Giulio 2004).  

Hawkins et al. (2002) found that chronic co-exposure of phenanthrene (a non-

CYP1A inducing compound) with β-naphthoflavone (BNF; a potent CYP1A inducer) to 

rainbow trout embryos increased the metabolism and toxicity of phenanthrene. Co-

exposure of retene (a CYP1A inducing alkyl phenanthrene) with BNF to rainbow trout 

embryos increased the toxicity of retene, likely due to additivity. Co-exposures of 

rainbow trout to retene and a range of α-naphthoflavone (ANF; CYP1A inhibitor) 

concentrations demonstrated that multiple exposure-dependent mechanisms of action can 

occur in exposures of fish to mixtures (Scott and Hodson 2008).  

Thus far in this EDCF, mixture effects have not been investigated. Once the toxic 

mixtures are simplified further, the mixture effects will be assessed using some of the 

confirmation steps listed above. The recommended confirmation step to determine 

whether the identified compounds are responsible for fraction toxicity involves isolating, 

synthesizing, or purchasing all components in the fraction. The fraction is compared to a 

mixture of the individual compounds to the same specifications as the fraction though 

bioassays (Landrum et al. 2011; Schymanski et al. 2009). However, this confirmation 

step is not feasible in EDCFs with complex mixtures because individual compounds in 

the mixtures are not identified yet with GC-MS. Even if all compounds were identified, 
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regardless of the cost and time required, it is currently not possible to purchase or 

synthesize all of the compounds. Even without the confirmation step, the data collected 

are useful with a weight-of-evidence approach.    

Despite the inability to distinguish between the particulate and dissolved phases in 

water sample measured concentrations, the measured concentrations were used to 

compare toxicities of fractions in this EDCF.  Due to the high viscosity of HFO and its 

resistance to dispersion, a high energy mechanical and chemical dispersion was necessary 

to break apart oil into small droplets, increasing surface area-to-volume ratios and 

promoting dissolution. This allowed for a more sensitive assay with a greater potential to 

detect differences in fraction toxicity (Barron and Ka’aihue 2003). Even though the 

measured samples do not distinguish between the dissolved and particulate phases, the 

measured concentrations are more descriptive of the exposure solutions than nominal 

loadings or comparisons of the stock oil compositions.  

The toxicity of HFO 7102 was traced through F3 and F3-1, enriched with 3-4 

ringed PAH. Fractions rich in asphaltenes, resins, naphthalenes and saturates were less 

toxic and not further fractionated. The target of this EDCF was to concentrate over 90% 

of the toxicity in less than 10% of the volume. At this stage the majority of toxicity has 

been concentrated in F3-1 which is 21% by weight of HFO 7102. From here, F3-1 sub-

fractions produced by column chromatography must be assessed by toxicity tests to 

determine whether the fraction with the highest concentration of 3-4 ringed alkyl PAH is 

the most toxic fraction of HFO.  
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 In future experiments, implementation of more accurate measures of exposure 

solutions is recommended. The particulate phase can be separated from the dissolved 

fraction in dispersed oil water samples by filtering with glass filters prior to chemical 

analysis (Bruya and Costales 2005). Caution is needed with this method as there can be 

losses in aqueous concentrations from adsorption to the filter (Anderson et al. 1974). 

Solid phase micro-extraction by semi-permeable membrane devices (SPMDs) could also 

be used to monitor the dissolved phase (Ke et al. 2007). Implementation of another 

species in toxicity tests that is a filter feeder might also distinguish between fractions, but 

would require more volume of fractions for test solutions (Payne and Driskell 2003). 

Another approach would be to change the exposure system to one that creates water 

accommodated fraction (WAF) solutions without formation of droplets. The low 

dispersability of HFO creates WAFs with low concentrations of hydrocarbons and large 

droplet sizes, which increases the likelihood of false negatives. Sensitivity might be 

improved by a system that allows the water soluble components of HFO to partition from 

oil stranded on solid substrates, with a high surface area-to-volume ratio.  

 All of these suggestions result in the better description of the water exposure, but 

do not address the actual toxic dose in embryos. Analysis of tissue dose would be ideal, 

or use of semi-permeable membrane devices to mimic uptake by passive diffusion at 

equilibrium.  

Completion of the EDCF and identification of toxic components in HFO can be 

beneficial in hazard assessments in environmental risk assessments (Hecker and Hollert 
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2009). Often the toxicity of individual components in mixtures are unknown, and being 

able to model toxicity in mixtures by concentrations of target chemicals is essential in 

risk assessments (Brack 2003). The physical characteristics of oils combined with the 

concentration and distribution of PAH can be used to better predict the risk associated 

with spills of petroleum products. This research could also lead to the development of 

clean-up techniques more appropriate for heavy fuel oils. The limited dispersion and 

propensity to sink of HFO requires strategic plans to prevent the incorporation of oil into 

sediments where chronic leaching of PAH can pose long term risks to early life stages of 

fish. 

2.5 Conclusion 

As with crude oil, the bioavailability of PAH in HFO and the toxicity of HFO was 

separated into F3-1, the PAH-rich fraction produced by solvent extraction of fraction 3 

from low temperature vacuum distillation of HFO. The isolation of toxicity in F3-1 has 

been successful, but the complex nature of F3-1 and droplets of oil present in exposure 

solutions complicates the interpretation of cause and effect relationships. Toxicity testing 

of F3-1 sub-fractions and the contribution of particulate oil to exposure solutions must be 

known to better identify the specific PAH groups responsible for fraction embryotoxicity. 

The chemical characterization of HFO 7102 can be used in fingerprinting to determine 

the source of contamination and to aid in the prediction of oil toxicity in risk assessments 

and natural resources damage assessments. Amendment of oil spill response techniques 

to include more appropriate responses tailored to HFO is critical to prevent the 
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accumulation of HFO in sediments that are a persistent source of toxic components 

posing a great risk to the early life stages of fish. 
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Chapter 3 

Bioavailability and chronic toxicity of water accommodated fractions 

(WAFs) of HFO 7102 and fractions generated by                                        

oiled gravel desorption columns to rainbow trout  

3.1 Introduction 

 In our previous study effects-driven chemical fractionation (EDCF) of heavy fuel 

oil 7102 (HFO 7102) identified that fractions containing the highest concentration of 3-4 

ring alkyl polycyclic aromatic hydrocarbons (PAHs) caused the greatest chronic toxicity 

to rainbow trout (Oncorhynchus mykiss) embryos and CYP1A induction. The EDCF 

approach was developed to identify the most potent compounds in the complex mixture 

and to define a cause-effect relationship. EDCF combines fractionation of complex 

mixtures, bioassays to trace the bioavailability and toxicity of compounds, and 

subsequent chemical analyses to identify the components in the toxic mixtures. In the 

EDCF of HFO 7102, the first phase was the separation of HFO 7102 into three fractions 

(F2, F3, and F4) by low temperature vacuum distillation, a separation by volatility. 

Chronic exposure of rainbow trout embryos to chemically dispersed HFO 7102 and its 

fractions identified that fraction 3 was the most toxic. Fraction 3 was further separated by 

cold acetone extraction into F3-1 (PAH-rich) and F3-2 (wax-rich), and chronic toxicity 

tests indicated that the most toxic fraction was 3-1. Chemical analyses guided the 

fractionation and identified that the most toxic fractions had the highest concentration of 
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3-4 ringed alkyl PAH, similar to EDCF of crude oils. These results can be used in the 

prediction of oil toxicity in risk assessments and natural resources damage assessments 

(Hecker and Hollert 2009). 

In the EDCF of HFO 7102, the bioavailability and chronic toxicity of HFO 7102 

and its fractions were assessed by chronic exposures of rainbow trout embryos to static 

daily renewal of dispersed oil generated by vigorous mixing of water, chemical 

dispersant, and oil (high energy-chemically enhanced water accommodated fraction; HE-

CEWAF). This high energy mechanical and chemical mixing was used to overcome high 

viscosity and resistance to dispersion of HFO, and to drive the maximum concentration of 

hydrocarbons into solution. The purpose was to apply a sensitive assay that minimized 

the potential for false negatives and the amount of test solution required. The HE-

CEWAF exposure method mimics the worst case exposure scenario, where petroleum 

hydrocarbons partition from suspended oil droplets to water and maintain high 

concentrations of dissolved hydrocarbons.  

Since the HE-CEWAF method produces exposure solutions with the dissolved 

phase and suspended oil droplets (presence confirmed by fluorescence microscopy), 

chemical analysis of exposure solutions for total PAH (TPAH) without sample 

preparation resulted in measured concentrations that combine the dissolved and 

particulate phases. To measure only the dissolved fraction, sample preparation before 

analysis is required to remove particulate oil. The test solutions in the EDCF of HFO 

7102 were analyzed without sample preparation because the preparation could bias the 
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measurement of TPAH. For example, filtration and centrifugation methods that remove 

particulate oil from test solutions also result in the loss of an unknown amount of 

dissolved PAH by adsorption to the materials of the filter or centrifuge tube. The 

presence of particulate oil in the solutions was apparent as the proportional distribution of 

PAH in parent oil stocks, HE-CEWAF stocks and exposure solutions were similar, and 

the measured concentrations of compounds were higher than their limits of solubility. 

The inability to quantify the dissolved hydrocarbon concentration made it difficult to 

describe the bioavailable fraction, and to establish a cause-and-effect relationship. The 

inclusion of compounds in exposure assessments that may be potentially highly toxic, but 

are not bioavailable, underestimates toxicity (increasing the concentration associated with 

effects), which can lead to an underestimation of impact (Brack et al. 2009). The HE-

CEWAF exposure method is also problematic because of the large amount of test fraction 

consumed per experiment with static daily renewal, and the decrease in water 

concentrations from the initial dose over 24h due to adsorption of chemicals to the 

exposure vessel, uptake and adsorption to fish (Sprague 1969).  

 Alternative exposure methods that produce solutions containing only the water 

soluble fraction (WAF method) can be used to overcome the weaknesses of the HE-

CEWAF method. Two methods that can be used to produce WAFs are low energy 

stirring and partition controlled delivery (PCD). Low energy stirring of oil and water are 

used to produce WAFs that mimic the natural dispersion of oil by wind and wave action, 

but this method is heavily influenced by the viscosity of the oil and the surface area for 
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partitioning. Due to the high viscosity of HFO and its low dispersability, low energy 

WAFs of HFO are unable to generate test solutions with sufficient hydrocarbon 

concentrations to cause chronic toxicity to rainbow trout embryos (Martin 2011; Young 

2009). Another disadvantage of the low energy method is that static daily renewal 

requires greater volumes of extracts for toxicity testing, making it not ideal for toxicity 

testing of HFO and its fractions.  

 PCD involves the partitioning or release of chemicals into the exposure media 

from hydrophobic films or from thin layers of oil coated on solid substrates in the 

exposure media. Two PCD methods are poly-dimethylsiloxane (PDMS) films, and oil 

spread on gravel. In the PDMS film method, the toxicant partitions from the film into 

water, and desorption compensates for the losses of toxicants to other surfaces (including 

fish) in the system. This produces exposure solutions that reach equilibrium, and maintain 

constant concentrations below the compounds’ solubility limits for extended periods 

(Bandow et al. 2009; Brack et al. 2009; Kiparissis et al. 2003; Smith et al. 2010). Films 

increase the surface area-to-volume ratio of oil, allowing for more concentrations. After 

the EXXON VALDEZ spill in 1989, which oiled shorelines with Prudhoe Bay crude oil, a 

PCD exposure method was developed where in water flows through oiled gravel. This 

exposure method was designed to mimic exposures to oil stranded on the substrate in 

spawning shoals. The early life stages of fish are chronically exposed to hydrocarbons 

partitioning from oil on gravel to water (Carls et al. 1999). The flow-through design 

removes waste from developing embryos, replenishes dissolved oxygen, and has more 
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constant waterborne hydrocarbon concentrations than static daily renewal methods. 

Similar designs have been used to compare embryotoxicity of various crude and heavy 

oils (Brannon et al. 2006; Carls et al. 2005; Carls and Thedinga 2010; Heintz et al. 1999, 

2000; Hicken et al. 2011; Martin 2011; Marty et al. 1997a, 1997b; Pearson 2005).  

 Use of a PCD exposure method to compare the potency of the WAFs of HFO 

7102 and its fractions raises some questions: Compared to the HE-CEWAF method, 

would the difference among the oils in chronic toxicity tests using a PCD method reflect 

their TPAH content? Are the differences in toxicity among fractions using PCD the same 

as those observed using the HE-CEWAF method? Can the risk of HFOs be predicted 

from their proportion of alkyl PAH? Can the loadings of oil on gravel be associated with 

measured exposure concentrations and chronic toxicity? Do the solutions of oil prepared 

by PCD contain droplets of oil? Are the LC50s and EC50s comparable between 

methods? Can the distribution of PAH in the WAF solutions be used to identify the 

compounds in HE-CEWAF water samples that are not bioavailable?  

 This experiment attempted to answer these questions by embryo toxicity tests of 

oil fractions using oiled gravel PCD systems to generate test solutions. Water flowed up 

through a polyvinyl chloride (PVC) column containing gravel coated with a thin layer of 

oil, and petroleum hydrocarbons partitioned from oil into water to equilibrium 

concentrations. Rainbow trout embryos were chronically exposed to the column outflow 

containing the water soluble components of HFO and its fractions. Since Heintz et al. 

(1999) found that pink salmon embryos developing in direct contact with oiled gravel and 
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embryos developing in the outflow from columns did not show differences in rates of 

mortality or PAH accumulation, indirect exposures of rainbow trout were used in this 

experiment to ensure that fish were not exposed directly to oil or oil droplets. Using the 

oiled gravel column method, the toxicities of the water soluble fractions of HFO 7102 

fractions were compared, which allowed for better identification of the bioavailable 

fraction, and elimination of compounds from HFO 7102 test solutions that were not 

contributing to embryotoxicity. 

3.2 Materials and Methods 

3.2.1 Experimental Design 

Desorption columns prepared with HFO 7102, fresh and artificially weathered 

HFO 6303 and Medium South American crude oil (MESA) were used to determine 

whether oil composition affects chronic toxicity of WAF to trout embryos. A second set 

of columns was prepared with HFO 7102 fractions F2, F3, F4, and F3-1 to identify 

classes of compounds associated with chronic toxicity. The toxicity of F3-2 was not 

assessed in desorption columns because there was insufficient material to test, and F3-2 

was non-toxic in tests of HE-CEWAF.  

3.2.2 Oiled Gravel Desorption Columns 

The PVC column design was adapted from Marty et al. (1997a) and detailed in 

Martin (2011) (Figure 3.1, Detailed SOP in Appendix H). Oil was applied to 1.8 kg of 

washed crushed stone gravel 5-25 mm in diameter at loadings ranging from 200-20,000 

µg oil/g gravel (See Appendix H for size distribution of gravel and images of oiled 
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gravel) and loaded into PVC columns. Water entered the bottom of the column and 

percolated up through the oiled gravel to an outflow at the top of the column. During this 

passage, petroleum hydrocarbons from oil partitioned to water to the limits of their 

solubility. Needle valves regulated the rate of water flow to 1.2 L/hour. The outflow 

water, referred to as test solutions herein, was collected in 3 L stainless steel bowls where 

newly hatched rainbow trout embryos from non-exposed eggs were exposed to the 

dissolved hydrocarbons. After the columns were loaded with oiled gravel, there was a 24 

hour period of water flow through the columns without fish exposure. This flush-through 

period allowed the removal of any oil not bound to gravel, and sand or debris created 

during oiling of the gravel. The absence of oil droplets (>5 µm in diameter) in out-

flowing water at 24h was verified by fluorescence microscopy (Appendix G, Figure G-2).  

The flow rate of 1.2 L/hour provided 3 L/g fish/day, met the oxygen demands of 

the test organisms (Alabaster and Abram 1965), and the recommended flow created 90% 

replacement of test solution within the range of 8-12 hours suggested by Sprague (1969). 

A previous study with stranded HFO demonstrated that this flow rate produced dissolved 

exposure solutions at equilibrium with stranded oil (Martin 2011).  
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Figure 3.1: Oiled gravel desorption column design.  

3.2.3 Oil Stocks  

Fresh and artificially weathered #6303 (HFO 6303 and HFO 6303 W 

respectively), and fresh heavy fuel oil #7102 (HFO 7102) were provided by Dr. Bruce 

Hollebone of the Emergencies Science and Technology Division, Environment Canada 

(Ottawa, ON, Canada). HFO 6303 was weathered by 24 hour aeration which resulted in 

2.5% weight loss. Medium South American (MESA) crude oil was provided by Ken Lee 

of the Centre for Offshore Oil and Gas and Energy Research (COOGER, Bedford 

Institute of Oceanography, Dartmouth, NS, Canada). Fractions of HFO 7102 were the 

oils used in Chapter 2 provided by Jason Bornstein, Department of Chemistry, Queen’s 

University (Bornstein 2012). The chemical characterization of HFO 6303 and MESA by 

GC-MS have been reported previously, making them ideal oils for comparison (Martin 

2011; Wang et al. 2003). 
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3.2.4 Test Species 

Rainbow trout (Oncorhynchus mykiss) juveniles (1-3 g) and embryos at the eyed 

stage were purchased from Rainbow Springs Hatchery, Thamesford, ON, Canada. All 

maintenance and handling were conducted under Queen’s University Animal Care 

Protocol (Hodson 2007-032-R2 and Hodson 2011-038-Or) following the Guidelines of 

the Canadian Council on Animal Care (www.ccac.ca) as described in Chapter 2 section 

2.2.4. Water quality was within acceptable ranges for trout development (Table 3.1). 

Table 3.1: Water quality in holding tanks and exposure vessels.  

Exposure type 
Water 

Temperature  
(˚C ±SD) 

Dissolved 
Oxygen  

(mg/L ±SD) 

Conductivity  
(µS ±SD) 

pH (±SD) 

Holding Tanks  10.06 ± 0.19 10.61 ± 1.59 210.30 ± 17.71 7.77 ± 0.33 

Continuous Flow (Whole Oils) 10.36 ± 0.18 10.03 ± 0.26 213.02 ± 9.06 7.88 ± 0.26 

Continuous Flow (Fractions) 8.98 ± 0.87 10.51 ± 1.11 208.91 ± 7.42 7.93 ± 0.12 

3.2.5 Exposures 

At hatch, rainbow trout embryos were exposed to waterborne concentrations of oil 

by continuous flow from desorption columns (whole oil comparison n=25/treatment, 

HFO 7102 fractions n=20/treatment). Retene (100 µg/L) was used as a positive control 

because it is known to cause BSD and mortality in rainbow trout embryos (Billiard et al. 

1999), and the negative controls were water and the solvent carrier for retene, methanol 

(100 µg/L). The controls were waterborne static daily renewals run in duplicate. 

Desorption columns not containing gravel, and columns containing gravel not 

contaminated with oil were additional negative controls. Column controls are necessary 

http://www.ccac.ca/
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to ensure that low rates of column outflow do not affect survival or time of emergence 

compared to development on natural spawning substrates (Baily et al. 1976).   

Treated fish were observed daily for mortality during the 24 day exposure, and 

dead embryos were examined under a dissecting microscope. When water control 

embryos were at swim-up, all embryos were sacrificed and examined under a dissecting 

microscope for signs of BSD. Sample day data collection, scoring of embryos, and 

calculation of BSD severity indices and percent normal per treatment followed the 

methods described in Chapter 2. 

The bioavailability of hydrocarbons in oiled gravel column outflow was measured 

by the induction of CYP1A enzymes in juvenile rainbow trout. Trout (n=6 per treatment) 

were exposed to desorption column outflow for 48h in aerated stainless steel bowls 

covered with glass tops. Static daily renewal of beta-napthoflavone (BNF; 10 µg/L) was 

used as a positive control because it is a potent CYP1A inducer (Billiard et al. 2006) and 

water controls were used to establish the basal level of CYP1A enzyme activity.  

After the 48h exposure, trout were anaesthetized with an overdose of tricaine 

methane sulfonate (MS-222), their total lengths and wet weights were recorded, and their 

livers were removed. Liver samples were homogenized in HEPES buffer, centrifuged, 

and the supernatant and microsomal layer (S9 fraction) were collected for CYP1A 

enzyme assays.  

The ethoxyresorufin-O-deethylase (EROD) assay, as described in Chapter 2 

section 2.2.5b, was used to measure CYP1A enzyme activity of trout livers (pmol of 
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resorufin/minute/mg protein). EROD induction, i.e. EROD activity normalized to basal 

EROD activity of water controls, was calculated for each treatment.  

Of the whole oils tested, only the outflow of columns containing gravel oiled with 

HFO 7102 was assessed for CYP1A induction. HFO 7102 desorption columns separate 

from the chronic exposures were prepared for CYP1A induction and run concurrently 

with HFO 7102 fraction exposures. Due to the limited volume of HFO 7102 fractions, the 

desorption columns were used for acute CYP1A assays directly after the chronic 

exposure. After sampling the embryos chronically exposed to the column outflow, 

juvenile rainbow trout were exposed to column outflow.  

3.2.6 Chemical Characterization of Oils and Test Solutions 

Outflow from desorption columns containing HFO 7012, HFO 6303, HFO 6303 

W and MESA contaminated gravel were collected every other day, mixed with equal 

parts absolute ethanol (3mL; ethyl alcohol, anhydrous, Commercial Alcohols Inc., 

Brampton, ON, Canada) in 7 mL glass scintillation vials and stored in the dark at 4˚C. 

Water samples from desorption columns containing gravel oiled with HFO 7102 fractions 

were collected daily and prepared in the same manner. All water samples were analyzed 

by scanning spectrofluorometery (Quanta-Master Fluorescence Spectrometer, PTI Ltd., 

London, ON, Canada) with Felix version 1.4 software (PTI Ltd.) as described in Chapter 

2 section 2.2.10.  

Additional 100 mL water samples were taken from two loadings of whole oil 

HFO 7102 test solutions on day 0, and HFO 7102 fractions desorption column test 
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solutions on day 0, 7, 15 and 23 of the embryo exposure. These samples were analyzed 

by GC-MS for TPAH (34 PAH un-substituted and substituted homologs with 2-4 rings) 

and TPH (n-C10 to n-C35) at the Centre for Offshore Oil, Gas and Energy Research at 

the Bedford Institute of Oceanography (COOGER, BIO; Dartmouth, NS, Canada). 

Measured concentrations of hydrocarbons were corrected by subtraction of the 

background concentrations for the system, a column containing cleaned gravel not 

contaminated with oil. Chemical characterization of water samples can be found in 

Appendix I.  

3.2.7 Data Analysis 

Statistical analyses were conducted with Microsoft Excel 2010, LC50 DOS 2.0 

and GraphPad Prism v.5. Graphs were produced on GraphPad Prism v.5 and Sigmaplot 

v.11.0. LC50 DOS 2.0 and GraphPad Prism v.5. Nonlinear regressions were used to 

calculate the median lethal and effective concentrations (LC50s and EC50s). Consistent 

with previous reports of toxicity tests using desorption columns (Carls et al. 1999; Heintz 

et al. 1999; Martin 2011), measured concentrations in exposure solutions were expressed 

as peak hydrocarbon concentrations. Peak concentrations occur when embryos are first 

exposed to column outflow (See Figure 3.5, 3.6). This approach generated a more 

conservative measure of toxicity than using the average concentration over time because 

the measured concentration decreased gradually over the 24 day exposure as oil was 

weathered by water washing.  
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3.3 Results 

3.3.1 Comparison of stranded whole oil toxicity 

The measured hydrocarbon concentration in exposure solutions increased linearly 

with the volumes of heavy and crude oil in desorption columns (Figure 3.2). The same 

nominal loading of crude oil produced WAFs with 2-fold higher concentrations of 

fluorescent hydrocarbons than heavy oil treatments. There were no differences in slopes 

among heavy fuel oil treatments (F=1.33, p=0.31), but there was a significant difference 

between slopes of HFO 6303 and MESA. The same increase in oil loading on gravel for 

each oil resulted in greater hydrocarbon partitioning from MESA columns (F=8.7, 

p=0.026). Artificially weathered HFO had greater partitioning of hydrocarbons than fresh 

oil. 

 

Figure 3.2: Measured concentrations of fluorescent hydrocarbons partitioning from oiled 

gravel columns containing fresh heavy fuel oil 7102 and 6303 (HFO 7102, HFO 6303), 

weathered HFO 6303 (HFO 6303 W) and medium South American crude oil (MESA). 

There were no significant differences among heavy fuel oil slopes (F=1.33, p=0.31), and 

there was a significant difference between HFO 6303 and MESA slopes (F=8.71, 

p=0.025).  
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The oils with the lowest median lethal and effective concentrations (highest 

toxicity) were the oils with the highest total PAH (TPAH) concentrations (Figure 3.3 and 

3.4). Weathering of HFO 6303 reduced naphthalene and pyrene concentrations, 

decreasing the TPAH by approximately 1%, and the LC50 by one third, while enriching 

the proportion of 3-ringed PAH (Figure 3.3). The proportion of PAH classes in HF0 7102 

was similar to HFO 6303 with the exception of C2 chrysenes and pyrenes. As expected, 

the composition of MESA differed from the heavy fuel oil samples. Concentrations of 

TPAH in MESA were 2.5-4.0 fold lower than in HFOs, and the dominant PAH were the 

2-ring PAH, with lower concentrations of 3 and 4-ring PAH.  

Stranded heavy fuel oil was more toxic than stranded crude oil to rainbow trout 

embryos exposed from hatch to swim-up (Figure 3.4). Increased hydrocarbon 

concentrations in exposure solutions for all treatments were associated with higher 

cumulative percent mortality (Figure 3.4A). The concentration-response curve for MESA 

was shifted to the right of the heavy oil treatments indicating that MESA was less toxic 

than heavy oil, as higher hydrocarbon concentrations were required to cause 50% 

mortality. MESA was 11-fold less toxic than HFO 7102, 12-fold less toxic than 

artificially weathered HFO 6303 and 17-fold less toxic than HFO 6303. The loss of lower 

molecular weight PAH by artificial weathering decreased the toxicity of HFO 6303 by 

1.4-fold.  
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Figure 3.3: Polycyclic aromatic hydrocarbon composition of stock oils. Total PAH 

(TPAH) and the percent of total PAH represented by each PAH class are listed. PAH 

classes are naphthalene (NAP), fluorene (FLU), dibenzothiophene (DBT), phenanthrene 

(PHN), pyrene (PYR), chrysene (CHR) and naphthobenzothiophene (NBT).  C0-C4 PAH 

labels indicate the degree of alkylation. Fresh and weathered 6303 (HFO 6303 and HFO 

6303 W) and medium South American crude oil (MESA) data were provided by Martin 

(2011). 
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Figure 3.4: Chronic toxicity of water accommodated fraction of stranded fresh heavy 

fuel oil (HFO 7102 and HFO 6303), weathered HFO (HFO 6303 W), and Medium South 

American crude oil (MESA) to rainbow trout embryos exposed from hatch to swim-up 

(24d; N=25 per treatment). Measured hydrocarbon concentrations (µg/L) were based on 

peak hydrocarbon concentrations (Day 0 of fish exposure).  

 

Embryos remaining at swim-up were assessed for signs of BSD and the BSD SI 

was calculated per treatment. Increases in hydrocarbon concentration for each treatment 

caused higher BSD SI scores, with the same order of sublethal toxicity (EC50s) as 

mortality (LC50s). The 24d LC50 and EC50 values for each oil treatment were similar, 

indicating that sub-lethal responses lead to lethal effects, because mortality did not 

dominate the BSD SI (See Appendix J for severity of individual signs of BSD). 
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Of the embryos that survived the chronic exposure, all that were exposed to 

hydrocarbons partitioning from heavy fuel oil contaminated gravel had abnormalities 

typical of oil exposure, suggesting that all HFO 24d EC50s were lower than the 

concentrations tested. Increased hydrocarbon concentrations in MESA exposures lead to 

a decrease in the number of normal embryos.   

After hatch, healthy rainbow trout embryos were able to swim for short periods by 

rapid tail movements, and when inactive were at the bottom of the bowl until the yolk 

was almost fully absorbed after 24 days (Tait 1960). Embryos in oil treatments had 

impaired swimming abilities as they swam in circles on the bottom of the vessel and were 

unable to maintain an upright position. These behavioral effects were recorded when 

treatments were observed daily, but were not scored. At the end of the exposure period, 

embryos exposed to hydrocarbons partitioning from stranded oil were smaller and had 

less yolk absorption than non-oil exposed embryos (See Appendix K).   

3.3.2 Partitioning of hydrocarbons from stranded oil 

 There was an increase in hydrocarbon concentrations in outflow of oiled gravel 

columns with higher nominal loadings of HFO 7102 fractions (Figure 3.5). Fraction 2 

had the highest hydrocarbon concentrations in water samples per loading, and the greatest 

increase in hydrocarbon concentrations between loadings, similar to fraction 3-1. 

Hydrocarbon concentrations and slopes for F3 and whole oil were lower than those of 

fraction 2 and 3-1. The hydrocarbon concentrations in F4 treatments did not increase 

significantly with oil loading (F4 slope not significantly different from zero; Figure 3.5A 
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F=0.53, p=0.52, Figure 3.5B F=1.005, p=0.39). F4 nominal loadings were over two times 

higher than the highest loadings of the other fractions, and had measured hydrocarbon 

concentrations over one order of magnitude lower than the other fractions.  

 
Figure 3.5: Peak (day 0 of embryo exposure; A) and average measured concentrations of 

fluorescent hydrocarbons (B, N=39-42 per treatment) partitioning from oiled gravel 

columns containing heavy fuel oil 7102 (HFO 7102) and its fractions. The horizontal 

bold lines are the method detection limit (MDL) for fluorescence spectroscopy.  

 

With the exception of F4 columns, the concentration of hydrocarbons in exposure 

solutions decreased from the beginning of water flow and reached a plateau within 10 d 
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of the exposure period (Figure 3.6). When the measured concentrations of F4 were 

expressed as the concentration of fluorescent hydrocarbons, the slope was not 

significantly different from zero (Figure 3.6B; F=3.83, p=0.058), but there was an 

increase in TPAH concentration over time that was significantly different from zero 

(Figure 3.6A; F=21.03, p=0.044). 

 

Figure 3.6: Decline of TPAH (A) and fluorescent hydrocarbons (B) in exposure 

solutions from columns containing gravel oiled with heavy fuel oil 7102 (HFO 7102) and 

its fractions over time. Time is the number of days of continuous flow of water through 

columns. The MDL is the method detection limit for fluorescence spectroscopy. 

Treatments were fitted with one phase exponential decay functions (K = rate constant), 

other than the treatments indicated with “*” which were fitted with linear regressions.  



 

90 

 

3.3.3 Toxicity of water accommodated fractions from stranded HFO 7102 

fractions  

Mortality increased in each treatment with increasing hydrocarbon concentration, 

except for F4, which showed no increase in hydrocarbon concentrations or mortality with 

loading (Figure 3.7A). The toxicity of F3-1 was not significantly different compared to 

whole oil, whereas F3 was approximately two times more toxic than whole oil. Fraction 2 

was about 6-fold less toxic than F3 and 3-fold less toxic than whole oil. All treatments 

had an exposure-response relationship, except for F4 where the maximum treatment 

mortality was ten percent.  

The potency of fractions for causing mortality in rainbow trout embryos was 

similar to the potencies for sublethal signs of toxicity. Fraction 2 was two to three times 

less toxic than whole oil, F3 or F3-1, which were not significantly different from one 

another. No 24d EC50 for F4 could be generated because all treatments had BSD SIs 

below the half maximal response.  

Fraction 3 and F3-1 had similar effects on developing embryos, as approximately 

35 µg/L was required to cause a 50% decrease in the number of normal embryos. The 

24d EC50 for whole oil was less than 49 µg/L, but could not be calculated, as all 

treatments had no embryos at swim-up without observable signs of BSD. Fraction 2 

required at least a 2-fold higher measured hydrocarbon concentration to cause a half 

maximal reduction in percent normal.  

The order of toxicity was consistent throughout all toxicity endpoints from the 

most to least toxic fraction was F3 > F3-1 > HFO7102 Whole Oil > F2 > F4.  
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Figure 3.7: Chronic toxicity of water accommodated fraction of stranded heavy fuel oil 

7102 (HFO 7102) and fuel-oil fractions (Fraction 2, 3, 4 and 3-1) to rainbow trout 

embryos from hatch to swim-up (24d; N=25/treatment) assessed by cumulative percent 

mortality (A), BSD severity index (B) and percent normal (C) per treatment. Measured 

hydrocarbon concentrations (µg/L) are based on peak hydrocarbon concentrations (Day 0 

of embryo exposure). 

3.3.4 Identification of HFO 7102 fractions that contain AhR agonists by 

CYP1A induction assays 

There was an exposure-dependent increase in CYP1A induction across all 

treatments to a maximum of 70 times the baseline level of water controls (Figure 3.8). All 

treatments caused a minimum induction 10 times the basal level, even at the lowest 

exposure concentrations. Fraction 4 appeared to be the most potent CYP1A inducer. 



 

92 

 

Whole oil was the least potent inducer, and F2, F3 and F3-1 caused similar induction 

across the concentrations tested. 

 
Figure 3.8: Cytochrome P450 1A1 (CYP1A) induction of juvenile rainbow trout exposed 

to stranded heavy fuel oil #7102 (HFO 7102) whole oil and fractions normalized to water 

controls (A: F2 and F4 vs HFO 7102, B: F3 and F3-1 vs HFO 7102; N=6/treatment). 

Induction is the ratio of CYP1A activity in oil-exposed fish to activity in control fish, and 

error bars are 95% confidence limits calculated from the pooled variance among 

treatments. Exposure was expressed as the concentration of hydrocarbons as measured by 

fluorescence. The horizontal line is the positive control treatment, beta-naphthoflavone 

(BNF; 10 µg/L), with 95% confidence interval shaded grey (n=4 experiments with 6 fish 

each). The thick vertical line is the method detection limit (MDL) for fluorescence 

spectroscopy. 

3.4 Discussion 

 The chronic exposure of rainbow trout embryos from hatch to swim up to WAFs 

of stranded heavy fuel oils and a medium crude oil indicated that WAFs from residual 

oils were more toxic than that from crude oil. The potency ranking of the oils from 

highest to lowest (HFO 6303 > HFO 6303 W > HFO 7102 > MESA) followed the same 

trend as the %TPAH in the parent oil (4.2%, 4.15%, 2.2% and 1.1% respectively). The 

ability of the oiled gravel systems to deliver hydrocarbons into solution increased with 

nominal loadings, and comparison of oil toxicities with lethal and sublethal endpoints 

makes this system appropriate for the comparison of HFO 7102 fractions. 
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 To better classify the components in heavy oils that are responsible for chronic 

toxicity to the early life stages of fish, columns containing gravel oiled with HFO 7102 

and fractions (F2, 3, 4 and 3-1) were used to produce water accommodated fractions for 

chronic toxicity testing. The toxicity of whole oil was concentrated into fractions F3 and 

F3-1, while fractions F2 and F4 were less toxic. The 24d LC50s were similar between 

HFO 7102, F3 and F3-1 columns, but the lower loading of oil on gravel associated with 

the measured hydrocarbon concentrations indicated that F3 and F3-1 were more potent 

than whole oil. The same potency relationship of HFO 7102 fractions was observed in the 

EDCF in Chapter 2, an increase in toxicity with greater TPAH concentration. The TPAH 

distribution in water samples supported the hypothesis that increased potency of F3 and 

F3-1 was attributed to the concentration of the 3-4 ring alkyl PAH in solution. 

 One of the major assumptions with the oiled gravel columns was that the 

exposure solutions contained only dissolved hydrocarbons. Droplets (0.5 to 1 mm) have 

been reported in effluent of columns containing gravel oiled with weathered ANSC. 

Evidence for the presence of droplets included sheens in test solutions, oil on the sides of 

the column above the gravel, and droplets filtered out of effluent (Brannon et al. 2006; 

Pearson 2005). Redman et al. (2012) using a model to predict the dissolved PAH 

concentration by PAH solubility, suggested that in the column experiments with 

weathered ANSC, there were 45.3, 46.7 and 71.6 µg/L of microdroplets in the Carls et al. 

(1999) and Heintz et al. (1999) highest loadings respectively that decrease over time. The 

presence of droplets in effluent can lead to misinterpretations of exposures causing 
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toxicity, specifically the underestimation of the concentrations of dissolved TPAH that 

are toxic. 

 Despite the reports that oil droplets could be present in oiled gravel effluent, it is 

unlikely that oil droplets were present in desorption column effluent in the present 

experiment: There were no oil sheens in test solutions, no evidence of oil above the oiled 

gravel in the column, no droplets in test solutions observed by fluorescence microscopy, 

and the array of PAH measured in the water samples did not resemble the array in parent 

oil (Appendix D and I), likely because the concentrations of some compounds were 

below their solubility limits. Some water samples during the 24 hour flush-through period 

before embryo exposure had oil associated with particulate matter, but no droplets of oil 

similar to the dispersed oil solutions were observed (Appendix G). It was concluded that 

column outflow contained only the dissolved fraction because by 24 hours of water 

flushing, no oil was observed in the outflow. It was possible that droplets were present 

after samples for fluorescence microscopy were taken. However, the presence of droplets 

was most likely to occur with the first flow of water through gravel and gradually decline 

over time similar to columns with crude oil (Redman et al. 2012). The highly viscous 

nature of heavy fuel oil combined with the application of oil on dry, rough gravel makes 

the likelihood of droplets in solution lower. Also, the concentration of oil on gravel 

(2,250 mg oil/g gravel) and flow rate (150 mL/min) used by Brannon et al. (2006) were 

substantially higher than those used in this study (highest loading 20 mg/g, 20 mL/min 

respectively). The high flow rate through small gravel (5-30 mm diameter) with high 



 

95 

 

nominal oil loadings in the Brannon et al. (2006) study may have resulted in the 

movement of oiled gravel in the column and the release of droplets of oil to the column 

effluent. The method of oiling dry gravel with heavy oils used in this study also 

decreased the natural dispersion of HFO. The strong sorption of oil to gravel decreases 

the likelihood of dispersion, while increasing the time required for partitioning of 

hydrocarbons (Bruya and Costales 2005; Douglas et al. 1996). The lower flow rates 

through gravel oiled with lower loadings of viscous oils, coupled with the TPAH 

distribution in water samples and the lack of droplets in the flush-through period, 

supported the idea that column effluent in these exposures contained only the dissolved 

fraction.  

 The column approach was used to compare the potency of HFO 7102 fractions 

water accommodated fractions and to determine the relative toxicities among fractions 

without contribution of droplets to EDCF exposures of Chapter 2. In a previous study, 

oiled gravel columns contaminated with HFO 6303 produced the same toxicity as 

dispersed HFO 6303 when measured concentrations were expressed as average 

concentrations over the exposure period, as measured by fluorescence microscopy 

(Martin 2011). Similarly, Young (2009) found that the same nominal loading of HFO 

6303 spread on glass and chemically dispersed HFO 6303 caused the same chronic 

toxicity to rainbow trout. The HE-CEWAF method used in Chapter 2 created 

substantially higher mixing energies than the low energy stir bar method for dispersing 

oil (Martin 2011). More energy leads to more droplets in suspension that appear smaller 
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in size, and the smaller droplets surfaced more slowly than larger oil droplets; in field 

observations, droplets below 70-150 µm in diameter are thought to be in a stable 

suspension (Lunel 1993). The difference in energy input into the dispersed oil solutions 

may account for the difference in toxicity observed between WAFs created by desorption 

of hydrocarbons from gravel (the present study) and HE-CEWAF (Chapter 2). Measured 

hydrocarbon concentrations of undispersed oil (Chapter 2, Figure 2.7) were 4 to over 20-

fold lower than 24d LC50 and EC50 values of dispersed oil (Chapter 3, Figure 3.7; 

Appendix P). There was more uncertainty in the WAF TPAH concentrations as the 

majority of PAH were below their limits of detection because of the absence of oil in 

droplets. The presence of a higher number of smaller oil droplets would increase the 

surface area for hydrocarbon partitioning to water, and the presence of droplets in 

solution was likely responsible for the increased fluorescence intensity of dispersed oil 

solutions compared to water accommodated solutions prepared by oiled gravel columns. 

Calculation of fluorescent hydrocarbon concentrations from fluorescence intensity of 

standard curves of the parent oil also overestimated the concentrations in dispersed oil 

solutions because the dissolved and particulate phase contributed to the fluorescent signal 

in these samples.  

 The increased toxicity of residual oils compared to crude oil was consistent with 

results reported by Anderson et al. (1974) and Martin (2011). Martin (2011) found that 

HFO 6303 was more toxic than HFO 7102 and MESA because lower hydrocarbon 

concentrations were necessary to cause toxic effects in 50% of the test organisms.  
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However, the reported 24d LC50 and EC50s for residual oils and values reported by 

Martin (2011) were not consistent. Hydrocarbon concentrations partitioning from HFO 

contaminated gravel were an order of magnitude lower in this study, even though the 

experimental design and reported water flow rate of 20 mL/min were consistent between 

studies. Reductions in flow or channelling of water through oiled gravel might result in a 

decrease in hydrocarbon concentration in water solutions (Martin 2011). There was the 

potential that heavy oils used in this study were more weathered than the oil in the Martin 

(2011) study, resulting in a higher viscosity and a reduced partitioning of hydrocarbons 

into water. The measured hydrocarbon concentrations in WAFs of HFO 7102 in this 

study were similar to the measured hydrocarbon concentrations in WAFs of highly 

weathered HFO 7102 collected from Wabamun Lake (Martin, 2011). This was more 

likely since the crude oil treatments between experiments had similar 24d LC50s (1055 

and 1115 µg/L) and EC50s (421 to 318 µg/L; Martin, 2011). Possible differences in 

analytical techniques and their detection limits could have also contributed to this 

difference in heavy fuel oil endpoints. 

 Sublethal effects observed in the treatments were consistent with signs of oil 

toxicity observed in previous studies with crude and residual oils. Chronic exposures to 1 

μg/L TPAH partitioned from stranded crude oil caused malformations, genetic damage, 

and mortality in the early life stages of Pacific herring and pink salmon (Carls et al. 1999; 

Heintz et al.1999). Concentrations of TPAH as low as 0.4 µg/L were associated with 

sublethal effects in Pacific herring (Carls et al. 1999). Sublethal signs of toxicity and 
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stunted development (decreased length and body weight and slower absorption of the 

yolk; Appendix K) were observed in ELS exposures to crude and residual oil column 

effluent in this study and by Carls and Thedinga (2010) and Martin (2011). In the present 

study, whole oil 7102 columns with 1.5 µg/L peak aqueous TPAH (875 µg oil/g gravel) 

caused 5% mortality, sublethal effects in 100% of surviving embryos, and CYP1A 

induction in juvenile rainbow trout. The results in this study are consistent with the oil 

toxicity values reported in the literature.  

 The change in oil composition and resulting toxicity of crude oil following 

weathering has been studied extensively (ex. Barron et al. 2003; Carls et al. 1999, 2005, 

2008; Carls and Thedinga 2010; Heintz et al. 1999, 2000; Incardona et al. 2005; Little et 

al. 2000; Marty et al. 1997b; McIntosh et al. 2010; Murphy et al. 1999; Pearson 2005; 

Ramachandran et al. 2004). Weathering results in the loss of low molecular weight 

alkanes, mono-aromatics, such as benzene, toluene, ethylene and xylene (BTEX), and to 

a lesser extent, naphthalenes (Neff et al. 2000). Due to refining processes, weathered 

HFOs have only a small portion of the low molecular weight fraction lost with 

weathering, and as a result there was less weight loss from weathering than from crude 

oils. Weathered crude oils typically lose from 10 to 35% by weight (Carls et al. 1999; 

Wang et al. 2003), whereas weathered heavy oils lose from 0.1 to 5% by weight (Fingas 

1997; Wang et al. 1998, 2003).  

 Weathering of HFO 6303 (2.5% by weight) decreased the toxicity to rainbow 

trout embryos by 1.4 fold. Few studies have assessed the chronic toxicity of fresh and 
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weathered HFO. Both Martin (2011) and González-Doncel et al. (2008) found that 

weathered HFO was less toxic than fresh HFO. In contrast, weathered crude oil was more 

toxic than fresh. Studies assessing the toxicity of weathered ANSC collected from stream 

deltas in 1989 to 1995 after the EXXON VALDEZ spill were more chronically toxic per 

unit mass than the fresh ANSC. This was due to the depletion of naphthalene content by 

weathering and the subsequent concentration of higher molecular weight 3-4 ring PAH 

(phenanthrenes and chrysenes) thought to be chronically toxic to fish embryos (Carls et 

al. 1999; Carls and Thedinga 2010; Murphy et al. 1999; Short et al. 2003). Carls et al. 

(1999) and Heintz et al. (1999) found that the EC50s of test solutions from columns 

containing gravel oiled with more weathered ANSC were lower than the EC50s for test 

solutions from columns with gravel oiled with less weathered ANSC; mortality in 

treatments occurred at TPAH concentrations as low as 1 µg/L. The difference in toxicity 

is related to the extent of weathering and compositional changes associated with 

weathering. Brannon et al. (2006) found that naturally weathered ANSC had two times 

less aqueous TPAH content (8 ppb to 16 ppb) than artificially weathered ANSC. 

 It is recommended that oiled gravel columns be used to assess the toxicity of F3-1 

sub-fractions because exposure solutions will contain only the dissolved fraction and less 

test material will be needed for the test. It is unlikely that the use of oiled gravel columns 

will affect the outcome of the tests because the same relative potency among fractions 

was observed in both the HE-CEWAF and column exposure methods with the previous 

fractions of HFO 7102. For example, acute and chronic testing of F3-1 with the dispersed 
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oil method required 40g of F3-1, while the column method required only 1.5g, a 

difference in volume of 96%. The HE-CEWAF method requires the preparation of 

dispersed oil solutions fresh daily, whereas the columns are only oiled once and the 

effluent can be used for acute and chronic exposures. The current HE-CEWAF method 

was designed to produce 10 mL of HE-CEWAF to provide sufficient volumes of test 

solution for exposures and for fluorescence analysis. To determine if smaller vials could 

be used to produce dispersed oil solutions with less test volume per day, an experiment 

with 2 mL vials was conducted (Appendix L). HE-CEWAF prepared in 2 mL crimp top 

vials (opposed to 20 mL glass scintillation vials) with the ratios of oil to water and 

dispersant to oil were consistent with the original procedure and were able to drive 

sufficient hydrocarbons into solution for dilutions in test vessels. The use of smaller vials 

with the production of F3-1 HE-CEWAF would reduce the volume required for bioassays 

to approximately 5 g, saving 87% of F3-1 by volume. While this almost matches the 

column system in terms of the amount of test solution needed, the daily production of 

HE-CEWAF solutions is still a burden and could also be stressing the fish. Experiments 

with whole oil 7102 HE-CEWAF were also conducted to assess the stability of HE-

CEWAF solutions (Appendix L). The fluorescent signal did not decrease over 32 days of 

storage, suggesting that HE-CEWAF solutions stored in the dark at 4˚C could be used for 

dilution in exposure vessels over several days. Even with reductions in total fraction 

volume required for dispersed oil assays, the oiled gravel exposure method requires 70% 
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less test volume. Due to the limited volume of column chromatography fractions for 

phase IV testing, the oiled gravel column method is recommended for bioassays.  

 The desorption column and dispersed oil test solution hydrocarbon concentrations 

change over the course of the exposure, but at different time scales. The desorption 

column concentrations decrease over 24 days (flow-through), and the dispersed oil 

concentrations decrease on a daily basis over the 24 day experiment (static daily 

renewal). During the toxicity tests with desorption column outflow, the oil is weathered 

by water washing which results in a change in hydrocarbon composition of oil on gravel 

and water samples shift from the two to three ring PAH in effluent over time (Short et al. 

2003). The measured concentration over time decays from the initial, peak aqueous 

concentration, to an equilibrium (Kiparissis et al. 2003). Because of this it has been 

suggested that column results infer toxicity but cannot be used to confirm causative 

agents (Landrum et al. 2011).  

3.5 Conclusion 

Oiled gravel desorption columns were used to create water accommodated 

fractions of viscous heavy fuel oils, to compare whole oil and fraction embryotoxicity, 

and to determine whether the differences in toxicity could be predicted from their PAH 

composition. Water accommodated fractions of residual oil were more toxic than crude 

oil, and the most potent fractions of HFO 7102 were F3 and F3-1, consistent with the 

results of earlier experiments using chemically dispersed oil, but without the potential 

confounding effects of dispersants. These results are consistent with the hypothesis that 
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HFO is more toxic than crude oils due to the higher proportion of 3-4 ringed alkyl PAH, 

the components previously identified as the toxic fraction in crude oil. Toxicological 

assessment of F3-1 sub-fractions will provide further classification of PAH responsible 

for toxicity in residual oils. The oiled gravel method increases the surface area for 

partitioning of hydrocarbons and reduces the issues of viscosity and particulate oil 

associated with comparisons among oils in the HE-CEWAF method. It is recommended 

that the oiled gravel exposure systems be used for further testing because they can 

classify the potency of fractions with water accommodated fractions, while using less test 

material than alternative exposure methods. 
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Chapter 4 

General Discussion and Summary 

4.1 Overview 

 There is the misconception that spills of heavy fuel oil (HFO) are rare and are of 

low risk, resulting in low funding for HFO research (NRC 1999). The total number and 

volume of HFO spills is smaller than those of floating oils; nevertheless, because HFO is 

frequently shipped in smaller volumes, the majority (80%) of smaller spills are of HFO. 

The general trend for crude oil is that the volume and frequency of spills has been 

decreasing, whereas the frequency of HFO spills has been increasing over time (NRC 

1999). 

 HFO, the refined product of crude oil distillation, is a viscous and dense oil that is 

often blended with lighter oils to attain a viscosity that is manageable for handling and 

transport. The physico-chemical characteristics of heavy fuel oils have not been defined 

as well as crude oils. HFOs are complex mixtures of aliphatics, aromatics, asphaltenes 

and tarry residues (Ansell et al. 2001), with alkyl PAH concentrations up to six times 

higher than in crude oils (Hollebone et al. 2011).  The characteristics of HFOs vary 

widely with the physico-chemical characteristics of the crude feedstock, the refining 

processes, and the blended products added to HFO (Ansell et al. 2001). Refined oils have 

a low concentration of compounds typically lost by weathering, resulting in smaller 

compositional changes and mass loss with weathering. HFOs typically lose 0.1 to 2.5% 

by weight, whereas crude oils lose from 10-35% by weight (NRC 2003; Wang et al. 
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1998; 2003). HFO also has a different environmental fate than crude oil. Typically when 

spilled on water, crude oils float on the surface and contaminate shorelines. HFO has 

been observed with neutral buoyancy, submerged and sinking in the water column. 

 The majority of oil research focuses on crude oil. The 3-4 ring alkyl polycyclic 

aromatic hydrocarbons (PAH) have been identified as the compounds in ANSC and 

SCOT crude oil responsible for cytochrome P4501A1 (CYP1A) induction in juvenile 

rainbow trout and chronic toxicity to early life stages of Japanese medaka (Oryzias 

latipes) (Khan 2007; Saravanabhavan 2007). This research suggested that the risk 

potential of crude and heavy oils can be predicted by their composition of alkyl PAH. 

The specific PAH have not been identified, but the high molecular weight PAHs appear 

to be the most toxic (Heintz et al. 1999). The hazard of HFO to fish is estimated to be 

greater than that of crude oil because HFO can have up to 6-fold more alkyl PAH than 

crude oil, and HFO is likely to sink in water (Hollebone et al. 2011). HFO 7102 has 7-

fold more TPAH than Scotian Light crude oil (SCOT) and 2-fold more TPAH than 

Alaska North Slope crude oil (ANSC), which suggests that HFO would be more toxic 

than crude oil assuming that the alkyl PAH are also responsible for toxicity in HFO. The 

majority of oil spills in Canada occur on land (Fingas et al. 1979), making spills of HFO 

more likely to contaminate freshwater environments and sink, and present greater risks to 

fish than crude oil due to the persistence of sunken HFO (Lee et al. 2003; NRC 1999, 

Vandermeulen and Singh, 1994).  
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 Heavy oil stranded on gravel is a chronic source of exposure, as hydrocarbons 

partition from oil to water (Martin 2011). Of the few studies that have assessed the risk of 

HFO to aquatic organisms, HFOs appear to be more toxic than crude oil to shrimp, 

mysids and the early life stages of fish (Anderson et al. 1974; Martin 2011; Stasiūnaité 

2003a; Stasiūnaité 2003b). Characterization of the hazards to embryos chronically 

exposed to heavy oil and the identification of compounds in HFO responsible for toxicity 

is critical to determine the risk of HFO spills.  

 This research attempted to assess the hazards to fish embryos caused by spills of 

HFO. A challenge when working with complex mixtures is the amount of time, money 

and chemical analyses required to identify all of the compounds in the mixture. To 

overcome this challenge, an EDCF approach was used with HFO. The objective of this 

EDCF was to establish the toxicity of HFO relative to crude oil, and to identify the 

compounds that are chronically toxic to the early life stages of fish. In the EDCF 

approach, the complex mixture was divided into fractions with a high concentration of 

similar compounds, and assessed using biological assays to detect whether the fraction 

contained components that caused toxicity similar to that of the parent mixture. The 

fraction that caused the same or greater toxicity than the parent mixture was further 

fractionated and assessed through bioassays, while the fractions that were less toxic were 

not further fractionated. Chemical analysis of the fractions identified the compounds in 

the fractions, and guided subsequent fractionations.  
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 In this EDCF, HFO 7102 was separated into three fractions, fraction 2, 3, and 4, 

by low temperature vacuum distillation, a broad separation of HFO by volatility. Acute 

juvenile trout assays (48h) measured induction of CYP1A to trace the bioavailability of 

PAH throughout the fractionation. The presence of toxic compounds was assessed with 

24d exposures of rainbow trout embryos to dispersed oil. A HE-CEWAF method 

combining high energy mixing and chemical dispersion was used to prepare test solutions 

with maximal hydrocarbons concentrations, to reduce the volume of fractions required 

for testing, and to have better potential to detect differences in fraction toxicity. Fraction 

3, the most toxic fraction, was further separated by cold acetone extraction to produce F3-

1, a PAH-rich extract, and F3-2, a wax residue.  

 Chemical analysis of HFO 7102 and its fractions identified that all fractions 

except for F4 and F3-2 had higher concentrations of TPAH than whole oil (4-fold and 7-

fold lower, respectively). Fraction 2 had 2-fold greater TPAH concentrations, and F3 had 

3-fold greater TPAH concentrations than whole oil. Fraction 2 had a higher concentration 

and proportion of the lower molecular weight 2-3 ring PAH (naphthalene, fluorene, 

dibenzothiophenes and phenanthrenes), but had a lower proportion of 4 ring PAH than 

the whole oil stock. Fraction 3 was dominated by three and four ring PAH, and of the 

small amounts of PAH detected in F4, the majority were 4-ring PAH. Fraction 3-1 had an 

increased TPAH concentration and 3-fold lower n-alkanes concentration than fraction 3. 

Fraction 3-2 had trace amounts of PAH, with a 62-fold higher n-alkane concentration.  
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 Based on the hypothesis that the 3-4 ring alkyl PAH are responsible for 

embryotoxicity, it was anticipated that fraction 3 and 3-1, with high concentrations of 3-4 

ring alkyl PAH, would be the most toxic fractions to rainbow trout embryos. Fractions 

that were mainly comprised of waxes, monoaromatics, naphthalenes, tars, and resins 

were not expected to be toxic (F2, F4 and F3-2). The difference in toxicity among HFOs 

and crude oil was expected to be related to their alkyl PAH content.  

 Fraction 3 appeared to be the most potent treatments, as both caused maximal 

CYP1A induction at concentrations lower than 11µg/L. Fraction 3-1 and F3 had the 

highest chronic toxicity to rainbow trout embryos, three times more toxic than HFO 

7102. The order of toxicity for cumulative percent mortality, BSD and percent normal, 

expressed as measured concentrations of fluorescent hydrocarbon concentrations, from 

the most to least toxic fraction was: F3-1 > F3 > HFO7102 > F2 > F4 > F3-2. The 

toxicity from HFO 7102 was concentrated into F3-1, which had a 4-fold higher TPAH 

concentration, was three times more toxic than whole oil, and comprised 21% of the 

whole oil by weight. The distribution of PAH in F3-1 was similar to that in the whole oil 

and F3, with a high concentration of 3-4 ring alkyl PAH.  

 In this EDCF, the HE-CEWAF method produced exposure solutions that included 

both the dissolved phase and suspended oil droplets, and chemical analysis of HE-

CEWAF stocks and test solutions combined these dissolved and particulate phases. 

Evidence for the presence of oil droplets in test solutions included the similarity of PAH 

distribution in oil stocks and test solutions, measured concentrations of low solubility 
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compounds that were greater than the predicted dissolved concentration, and images of 

droplets captured by fluorescence microscopy. The inability to quantify the dissolved 

hydrocarbon concentration made it difficult to describe the bioavailable fraction. This 

may lead to an underestimation of fraction toxicity due to the measurement of 

compounds that may be highly toxic, but not bioavailable. This made establishing a cause 

and effect relationship more difficult and worked against the purpose of the EDCF to 

identify the compounds that are bioavailable and chronically toxic to rainbow trout.  

 An alternative exposure method that produced WAFs by water flowing through 

oil coated gravel was used to compare toxicities among HFO and its fractions. With the 

oiled gravel columns it was unlikely that oil droplets were present, as evidenced by the 

absence of droplets by fluorescence microscopy, and measured concentrations below the 

predicted dissolved maximum concentrations. The same potency relationship between 

fractions observed with the dispersed oil method (an increase in toxicity with greater 

TPAH concentration) was found when fractions were assessed with the alternative 

method. The toxicity of HFO 7102 was concentrated into fractions F3 and F3-1, while 

fractions F2 and F4 were less toxic. One difference between these experiments was the 

toxicity of F4. TPAH concentrations in F4 desorption column test solutions did not 

increase with higher nominal loadings, slightly increased over the exposure period, and 

did not cause toxicity significantly different than the water control. This suggests that the 

compounds in F4 had low solubility in water and required much longer times to reach 

equilibrium, making the results of the fractionation dependent on the flow rate. The 
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hypothesis that residual oils with higher TPAH concentrations will be more toxic than 

crude oil was confirmed with oiled gravel columns containing fresh and weathered HFO 

6303, HFO 7102, and MESA. The toxicity ranking from highest to lowest was HFO 6303 

> HFO 6303 W > HFO 7102 > MESA, and the corresponding percent alkyl TPAH 

concentrations were 4.2%, 4.15%, 2.2% and 1.1% respectively. This method allowed for 

better identification of the bioavailable fraction, while using less test volume. One 

limitation of this method is that over the course of the exposure the concentration of 

TPAH in test solutions decline and fall below the analytical limit of detection.  

 The EDCF suggests that 3-4 ring alkyl PAHs are responsible for HFO toxicity, 

but it cannot be definitively stated because no direct cause and effect relationship has 

been established. The toxicity has been concentrated into fractions with increasing alkyl 

TPAH concentrations, but in fraction 3, the most toxic fraction, only 11% of the 

compounds in the fraction have been identified (TPH). There is the potential that the 

causative agents are present in the toxic fractions but have not been identified with the 

analytical technique used. Correlations between potency of fractions and alkyl TPAH 

concentrations, and previous work with individual PAH, PAH mixtures, and complex oil 

mixtures support the conclusion that alkyl PAH are likely the major toxic fraction of 

residual oils. This work corresponds with previous work with residual and crude oils that 

identified the 3-4 ringed alkyl PAH as the most toxic components to the early life stages 

of fish (Khan 2007; Martin 2011; Saravanabhavan 2007). The array of deformities in 

embryos exposed to HFO 7102 and its fractions were consistent with signs of sublethal 
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toxicity in fish exposed to crude oil (Anderson et al. 2009; Carls and Thedingo 2010; 

Carls et al. 2008; Khan 2007; Sweezy 2005), heavy oil (Boudreau et al. 2009; Martin 

2011; Sweezy 2005), and individual PAH (Bauder et al. 1995; Billiard et al. 1999; 

Incardona et al. 2004; Kiparissis et al. 2003; Turcotte et al. 2010). HFO was also more 

toxic than crude oil, consistent with other studies (Anderson et al. 1974; Martin 2011; 

Stasiūnaité 2003a, 2003b).  

 In summary, HFOs were more toxic than crude oil, and the EDCF of HFO 7102 

suggests that the 3-4 ring alkyl PAHs are the major toxic fraction of residual oil. 

Fractions with increasing 3-4 ring alkyl PAH had greater chronic toxicity to rainbow 

trout, whereas fractions rich in asphaltenes, resins, naphthalenes and saturates were less 

toxic than the parent oil. The potency of fractions in both exposure scenarios had a 

similar relationship from highest to lowest, F3-1 > F3 > HFO 7102 > F2 > F3-2 > F4, 

with the percent alkyl TPAH per fraction 10%, 7.6%, 2.3%, 4.7%, 0.59%, 0.33% 

respectively. Thus far, the majority of toxicity has been concentrated in F3-1, which was 

21% by weight of HFO 7102.  

4.2 Significance of Findings and Future Work  

 This is the first detailed toxicological and chemical assessment of HFO, providing 

insight into the importance of heavy oil spills relative to light oils. The causative agents 

identified can be used to predict the toxicity of oils. This EDCF has been successful in 

tracing the bioavailable and toxic components from HFO 7102 into F3-1, and chemical 

characterization of the fractions suggests that the 3-4 ring alkyl PAH are the major toxic 
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fraction of residual oil.  Future research with F3-1 sub-fractions is required to attribute 

increased toxicity to specific classes of PAH. Also, implementation of a confirmation 

phase in the EDCF is necessary to provide solid evidence of the cause-effect relationship 

and to determine whether toxicity in HFO can be predicted from its alkyl PAH 

composition. An example of a confirmation step is spiking the original mixture with a 

known concentration of the identified toxicants. If all of the most potent toxicants have 

been identified and spiked into the original mixture, then there should be a decrease in 

effect concentration consistent with mass balance estimates. Identified compounds should 

also be tested individually and in mixtures to confirm which compounds are causing 

toxicity, and to examine the interactions of PAH in mixtures. This is necessary to identify 

whether other components that have not been identified in the fractions are responsible 

for embryotoxicity. 

 The characterization of HFOs can be used in fingerprinting to identify the source 

of oil for liability, and to produce a cause-effect relationship in litigation. Identification of 

the toxic compounds in HFO could also be used for biomonitoring to target the most 

toxic class of PAH in environmental samples. Currently Natural Resource Damage 

Assessments following oil spills use alkyl PAH as targets, and the results of this project 

could be used to define the PAH of most concern. Caution needs to be taken when 

applying these results to water quality guidelines because the experiments were not 

designed to mimic realistic exposures to HFO. Knowing the concentration of the 
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compounds in the spilled material and their effects, there can be more targeted 

remediation of contaminated sites.  

 If the PAH groups are identified as the source of toxicity with more fractionation 

and confirmation steps, then the 3-4 ring alkyl PAH concentration can be used to predict 

the toxicity of other oils. This would be particularly beneficial when doing risk 

assessments of oils that lack a lot of research. For example, this could be implemented 

into risk assessments of diluted bitumen for the proposed Enbridge Northern Gateway 

Pipeline that is currently under review by a joint review panel. The Northern Gateway 

Pipeline would be a 1172 km twin pipeline running from Bruderheim, Alberta to the 

Kitimat Arm terminal at Kitimat, British Columbia. The westbound pipeline is projected 

to transport 525,000 barrels of diluted bitumen per day (Enbridge Application 2010). 

Diluted bitumen, also known as ‘Dilbit’, is raw oil sands diluted with condensate or 

synthetic oil to attain a viscosity suitable for pipeline transport. Currently, Enbridge has 

failed to fully characterize the products being shipped in the pipeline, which makes 

assessing the risks associated with spills difficult.  

 Bitumen is a highly weathered and degraded crude oil characterized by the 

absence of benzene, toluene, ethylbenzene and xylene (BTEX) and alkyl benzenes, and 

low concentrations of alkylated PAH (TPAH 2,300-2,900 μg/g) compared to crude oil 

(Wang and Fingas 1996). The majority of bitumen (70%) was asphaltenes and resins 

(Wang and Fingas 1996). Similar to heavy oils, oil sands extracts have higher 

concentrations of three to five ring polycyclic aromatic hydrocarbons (PAH), whereas 
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crude oil typically has more of the two to three ring PAH (Yang et al. 2011). Bitumen 

lacks the alkyl PAH typically found in F2, and the majority of alkyl PAH typical of F3 of 

crude and heavy oils suggests that bitumen may be as toxic as crude oils. Because of its 

high specific gravity and viscosity, bitumen exhibits non-floating behaviors similar to 

heavy oil when spilt in freshwater.  

 The Kalamazoo River spill highlighted that the behavior of bitumen in water was 

more like that of HFOs than conventional crude oils. On July 26
th

 2010, an Enbridge 

pipeline rupture released approximately 819,000 gallons of diluted bitumen near 

Marshall, Michigan (US). The oil entered into Talmadge Creek, then into the Kalamazoo 

River. The diluent volatilized quickly and the remaining bitumen sank in the water 

column (Murphy 2012). The porosity and intragravel flow of water that removes wastes, 

and provides dissolved oxygen and nutrients, makes redds ideal for development of fish, 

but also may make these areas susceptible to oil entrapment (Carls et al. 2003; Cheong et 

al. 2002). Using the toxic components identified in the EDCFs of crude and heavy oils, 

more detailed risk assessments of bitumen could be produced by analyzing the chemical 

composition. Due to the higher concentration of three to five ring alkyl PAH in bitumen 

relative to crude oil, sunken bitumen may be more toxic to fish embryos. Future research 

should be focused on hyporheic flows, the movement of water below and surrounding 

streambeds (Tonina and Buffington 2009), to better understand how oil is incorporated 

into sediments and how water flowing through oiled sediment alters the exposure of the 

early life stages of fish to oil in spawning shoals that utilize the hyporheic flow. 
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Determining the fate of the oil in redds and the subsequent exposure can be used to 

develop predictive models of risk.  

4.3 Summary  

1. HFOs with higher alkyl TPAH were more toxic to rainbow trout, and HFO 

was more toxic than crude oil. Weathering of HFO decreased the toxicity by 

1.5%. The potency from highest to smallest with corresponding percent alkyl 

TPAH content was: HFO 6303 (4.2%) > HFO 6303 W (4.15%) > HFO 7102 

(2.3%) > MESA (1%).  

2. Effects-driven chemical fractionation of HFO 7102 concentrated the toxicity 

into F3 and F3-1, fractions with a high concentration of 3-4 ring alkyl PAH. 

Fractions rich in naphthalenes, and waxes were not toxic (F2, F4, and F3-2). 

The order of toxicity for cumulative percent mortality, BSD and percent 

normal from the most to least toxic fraction with corresponding percent alkyl 

TPAH content was: F3-1 (10%) > F3 (7.6%) > HFO7102 (2.2%) > F2 (4.7%) 

> F4 (0.59%) > F3-2 (0.33%).  

3. Toxicity endpoints with concentration expressed as estimated TPAH 

concentration from the HE-CEWAF stock TPAH concentrations produced 

toxicity estimates that converged.  

4. Assessment of HFO fraction toxicity with WAFs produced with water flowing 

through oiled gravel produced the same potency relationship among fractions 

with the dispersed oil method. The results demonstrated that toxicity of oil 
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fractions is significantly affected by the efficiency with which hydrocarbon 

partition from oil to water.   
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Appendix A 

Standard Operating Procedure – Laboratory Preparation of             

High Energy-Chemically Enhanced Water Accommodated Fraction 

(HE-CEWAF) 

Version Updated from January, 2011 

Prepared by: Julie Adams and Peter Hodson  

 

1. This SOP is a modified version of high energy, chemically enhanced-water 

accommodated fraction described in Khan, 2007.  

2. Set-up  

a. Add 14 mL of filtered pure water (18.2MΩ-cm, PURELAB® Ultra water 

system, Siemens Water Technologies, Mississauga, ON Canada) to a 20 

mL glass scintillation vial.  

b. Add 1.6 mL of room temperature oil on top of the water. 

i. For oils that are liquid at room temperature, the appropriate 

volume of oil can be applied on top of the water with a pipette.  

ii. More viscous oils should be applied by weight, based on the 

density of the oil.  

1. Tare the scintillation vial containing water and add oil on 

top of the water with a syringe. Avoid oil contact with the 

walls of the vial. (On an analytical balance) 

2. The saturate fraction (F3-2) was dissolved in hexanes 

(Fisher Scientific, Whitby, ON Canada) prior to application 

on water to aid in the dispersion and dissolution of 

components in F3-2 into water.  

c. Add 80 L of Corexit 9500A Corexit 9500, dispersant to oil ratio of 1:20 

(Ondeo Nalco Energy Services, Sugar Land, TX USA).   

d. Put the teflon-lined septum cap on the vial and cover with tinfoil.  

3. High Energy Mixing  

a. Make sure that the teflon lined septum cap is on and firmly in place.  

b. Vortex by hand with a Vortex Genie on the maximum setting for 5 

minutes with 100% vortex.  

c. Sonicate for 5 minutes at room temperature.  

4. Settling  

a. Place the vial upside down and let sit without disturbance for 90 minutes. 

This allows for oil droplets, if present, to coalesce at the surface.  

5. Decant HE-CEWAF 
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a. After settling there will be two distinct phases, the top phase of oil floating 

on the surface and the bottom phase mixture. Decant the bottom phase 

only, this is the HE-CEWAF.  

b. While holding the vial upside down, puncture up through the teflon-lined 

silicone septum with a gas tight glass air syringe.  

c. Slowly draw the HE-CEWAF into the gas-tight glass syringe. Be careful 

not to disturb the top layer and avoid collecting oil droplets in the HE-

CEWAF. If this occurs, discard the solution and start the process over 

again.   

i. Since you can only puncture the septum one time to collect the 

HE-CEWAF, the volume capacity of the syringe needs to be large 

enough to collect most of the HE-CEWAF. To keep the process 

consistent, I decant the bottom 10 mL of HE-CEWAF with a 10 

mL air tight glass syringe with a multi-fit metal Leur Lock fitting. 

Sterile 23G1 needles are attached for one time use.  

d. Dispense the HE-CEWAF into a pre-labelled 20 mL glass scintillation 

vial. This is referred to as the 100% HE-CEWAF stock and is diluted to 

the desired nominal HE-CEWAF loading (% v/v) for fish exposure test 

solutions.  

6. Syringe cleaning  

a. Rinse the syringe with hexanes at least three times, followed by ethanol 

(ethyl alcohol, anhydrous, Commercial Alcohols Inc., Brampton, ON 

Canada) three times and rinse thoroughly with de-ionized water. 

 

Note the differences in mixing and separation of phases in different HFO 7102 

fractions. Dispersant effectiveness measurements were not calculated due to the 

difficulty collecting and weighing the top phase. The physico-chemical 

characteristics of the fractions are likely responsible for differences in dispersion 

of fractions in water (Fingas et al. 1990). 

 

Reference: 

 

Fingas, M.F., R. Stoodley, and N. Laroche. 1990. Effectiveness testing of spill-treating 

agents. Oil and Chemical Pollution. 7: 337-348. 
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Table A-2: Images of each oil and fraction during preparation of HE-CEWAF dispersed 

oil stocks. The before mixing image is the oil, water and dispersant before mixing, after 

mixing is after the mixing step with a hand vortex and sonicator, and after settling is after 

90 minutes of settling. The bottom aqueous phase after settling is the HE-CEWAF 

solution diluted in exposures.  

Oil Treatment Before Mixing After Mixing After Settling 

HFO 7102 

   

Fraction 2 

   

Fraction 3 

   

Fraction 4 

   

Fraction 3-1 

   

Fraction 3-2 
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Appendix B 

HE-CEWAF Method: Distinguishing between Dispersant and Oil 

Toxicity 

Preliminary experiments indicated that the high energy-chemically enhanced 

water accommodated fraction (HE-CEWAF) method using a hand vortex is able to drive 

more hydrocarbons into solution than vigorous mechanical and chemical mixing with stir 

bars (data not shown). Due to the resistance of heavy fuel oils to dispersion, the HE-

CEWAF method was implemented to drive oil into solution to have sensitive bioassays.  

When using dispersant there is a trade-off between using higher volumes of 

dispersant in order to have a higher effectiveness of dispersion (i.e. more, smaller 

droplets of oil) and the toxicity from dispersant in the mixture. An assumption of 

dispersed oil exposures is that components partitioning from oil are responsible for lethal 

and sublethal toxicity in chronic exposures of rainbow trout embryos and that the 

dispersant in solution is not contributing to toxicity. Because the HE-CEWAF method 

has not been extensively characterized like other dispersed oil methods, it is necessary to 

ensure that the toxicity observed in the dispersed oil solutions are caused by components 

of oil and not an artifact from the exposure methods used. To test this and validate the 

HE-CEWAF method, a weight of evidence approach using the signs of toxicity and time 

to onset in dispersed oil exposures containing oil and a non-toxic oil, nujol.  

Nujol Experiment 

Nujol is a non-toxic heavy paraffin oil (mineral oil) that is used for rearing of 

mouse embryos. Schulman and Cockbain (1940) found that nujol in water emulsions 

prepared with emulsifying agents is stable with droplets 3-4 microns in diameter. Mineral 

oil has been used previously in CEWAF solutions as a negative control (Ramachandran 

2006).  

 An emulsion of nujol was used in this study as a non-toxic substitute for heavy oil 

in the HE-CEWAF method (Figure B-1).  

 
Figure B-1: Nujol HE-CEWAF preparation before mixing (A), after vigorous mixing (B) 

and after 90 minutes of settling (C). 
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Comparison of 24d static daily renewal toxicity tests exposing rainbow trout 

embryos to nujol HE-CEWAF, HFO 7102 HE-CEWAF, Corexit 9500 and a nujol control 

were used to determine whether toxicity in HE-CEWAF exposures is caused by oil, 

dispersant or a combination of both. The hypothesis is that if nujol and nujol HE-

CEWAF is non-toxic, then the dispersant in solution is non-toxic.  

It is important to note that the data regarding dispersant exposure series was not 

generated for determining dispersant use guidelines or dispersant toxicity criteria. The 

dispersant exposure series was included to define the toxicity of Corexit 9500 in this 

exposure system and document the time to death and signs of toxicity. The static daily 

chronic testing of dispersants is not representative of exposures in spill events where 

typically dispersant concentrations decrease rapidly over time (George-Ares and Clark 

2000). 

There was no toxicity in the nujol control (1.6 mL; maximum loading in HE-

CEWAF preparation) and HE-CEWAF treatment; therefore, dispersant in the HE-

CEWAF method is non-toxic and the difference in toxicity between nujol HE-CEWAF 

and HFO 7102 HE-CEWAF is caused by oil. The total Corexit 9500 concentration in the 

nujol and HFO 7102 treatments was set at the maximum concentration of Corexit 9500 

added during the HE-CEWAF process (Figure B-2). Although this overestimates the 

amount of dispersant in the mixtures and does not account for dilution in exposure 

solutions, it was used as a conservative concentration to compare to the HE-CEWAFs to 

the Corexit 9500 treatments. Using this comparison it is evident that free dispersant in 

solution is more toxic than when dispersant is bound to oil in HE-CEWAF solutions. 

 
Figure B-2: Comparison of cumulative percent mortality of rainbow trout exposed to 24d 

static daily renewal of Corexit 9500, nujol HE-CEWAF and heavy fuel oil #7102 (HFO 

7102) HE-CEWAF. The x-axis is the nominal HE-CEWAF loading (%v/v) and the y-axis 

is the total Corexit 9500 per treatment (mg/L).  
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 The time to mortality and signs of toxicity also differed between treatments. 

Mortality in the dispersant treatments occurred within the first four days of the exposure, 

while the majority of toxicity in the HFO 7102 HE-CEWAF treatments was in the latter 

half of the 24 day exposure period (Figure B-3).  No mortality was observed in dispersant 

treatments after 6 days, making the 4d LC50 the same as the 24d LC50. Embryos that 

died in the dispersant treatments had severe disruption of the gills, opaque yolk sacs, loss 

of epidermal pigmentation and spinal curvature, whereas HFO 7102 HE-CEWAF 

embryos had blue sac disease which was first observed on day 8 of the exposure period 

(Figure C-4; consistent with onset of BSD previously reported by Wolf 1954).  

 
Figure B-3: Cumulative percent mortality of embryos exposed to static daily renewal 

(24) of Corexit 9500 (A) and heavy fuel oil #7102 (HFO 7102) HE-CEWAF dilutions 

(B).  

Figure B-4: Images of embryos at swim-up (24d) exposed to water (A) and 100 µg/L 

retene (B) exhibiting all signs of blue sac disease (BSD; craniofacial malformation (CM), 

ocular hemorrhaging (OH), body hemorrhaging (BH), yolk sac edema (YSE), pericardial 

edema (PE) and fin erosion (FE)). Embryos 5d post hatch exposed to water (C) and 37.9 

mg/L Corexit 9500 (D).  
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Dispersant to Oil Ratio in HE-CEWAF Preparations 

 

 Nujol HE-CEWAFs with 1:2.5, 1:5, 1:10 and 1:20 dispersant to oil ratios (DORs) 

were compared to determine which DOR is able to disperse the oil without having 

toxicity from unbound dispersant in solution, and be the HE-CEWAF method used in 

effects-driven chemical fractionation bioassays. The US EPA suggested DOR ratio for 

Corexit 9500 of 1:10 to 1:50 (US EPA, Technical product bulletin #D-4). Rainbow trout 

embryos were exposed from hatch to swim-up (24d) to static daily renewal of a range of 

dilutions of each HE-CEWAF preparation. 

 Across all nominal loadings nujol HE-CEWAFs prepared with 1:20 DOR had no 

mortality, whereas the higher DORs caused mortality with higher nominal loadings 

(Figure B-5).  

 
Figure B-5: Comparison of high energy water accommodated fraction (HE-CEWAF) 

solutions prepared with nujol, a non-toxic mineral oil, and varying dispersant to oil ratios 

(DORs: 1:2.5, 1:5, 1:10 and 1:20). Toxicity is reported as cumulative percent morality 

against nominal HE-CEWAF loading (% v/v).  

Toxicity in High Loadings of Fraction 4 Dispersed Oil  

 Time to death and signs of toxicity in fraction 4 dispersed oil treatments (0.32, 1 

and 3.2 % v/v) were likely caused by dispersant in the dispersed oil mixture, and not 

components of F4. The majority of mortality in these treatments occurred within the first 

five days of exposure, and embryos had signs of toxicity consistent with dispersant 

exposure (Figure B-6). Even though the experiments above indicated that the dispersant 

was not contributing to toxicity in HE-CEWAF solutions, this experiment did not take 

into account how increased viscosity of oil will affect dispersion and the volume of free 

dispersant in solution. HE-CEWAF solutions prepared with more viscous oils will have 

higher concentrations of unbound dispersant in solution compared to less viscous oils 

because there is less oil-water interface for dispersant interaction (Fingas et al. 1992).  
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To produce enough total volume of F4 HE-CEWAF for dosing of exposure 

solutions required the preparation of nine HE-CEWAF solutions per day. Individual HE-

CEWAFs were added together and vortexed prior to dosing. Each preparation of HE-

CEWAF contains 80 µL of dispersant, making the maximum amount of dispersant in the 

stock HE-CEWAF 7.583 g/L. Therefore the maximum loading of Corexit 9500 in the 

0.32, 1 and 3.2 % v/v are 48.5, 152, and 485 mg/L. These loadings are higher than the 

24d LC50 of Corexit 9500 (29 mg/L).  

Because of the time to onset, signs of toxicity consistent with dispersant exposure, 

and the visible lack of dispersion in F4 (Figure B-6) it was concluded that unbound 

(“free”) dispersant in the high F4 exposures was responsible for the observed toxicity, 

and removed from the data set.  

 
Figure B-6: Image of F4 HE-CEWAF preparation after the vigorous mixing phase (A) 

and image of embryo exposed to 0.32 % v/v fraction 4 HE-CEWAF for 4 days (B).   
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Appendix C 

Standard Operating Procedure – Analysis of Freshwater Samples 

Containing Oil by Fluorescence 

Updated Version of June 19
th

, 2011 SOP 

Prepared by Julie Adams, Jonathan Martin and Peter Hodson © 

 

1. Water Sample Collection 

a. Collect 3 mL water samples from exposure solutions and add to equal parts 

absolute ethanol in pre-labeled 7 mL 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 

i. Water samples containing different types of oil require separate wavelength 

optimization, because oils differ in chemical composition and have different 

optimum wavelengths. 

ii. Prepare a high concentration parent oil standard solution to determine the 

excitation and emission wavelengths for the emission scan.   

iii. Put a sample in the fluorescence spectrofluorometer. Make sure that the lamp 

is warmed up and set to 75 watts.  

iv. Under ‘Acquire’, open ‘Emission scan’. Enter an excitation wavelength 

around 300 nm, this range is a good starting point for most oils as it targets 

the 2-4 ring PAH (Apicella et al. 2004; Dabestani and Ivanov 1999; 

Mahanama et al. 1994). 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, would have emission wavelength 

range from 305-455 nm.  

v. Press ‘Acquire’. You will hear clicking sounds as the monochromators are set 

to the selected wavelengths.  

vi. Press ‘Start’. 

vii. After the scan is complete, record the wavelength at which the maximum 

peak occurred by placing the cursor on the peak (the x- and y-coordinates of 

your cursor will appear on the lower right portion of the screen; x 

corresponds to the wavelength).  

viii. Under ‘Acquire’ open an ‘Excitation Scan’. The recorded peak wavelength 

from the previous step is the emission wavelength. The excitation range 
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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. Change the step 

size to 2 nm.  

ix. Press ‘Acquire’ on the Excitation Scan dialogue box. You will hear some 

clicking sounds as the monochromators set to the wavelengths you selected. 

Press ‘Start’. 

x. 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.  

xi. 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 Figure C-1.  

 

 

Figure C-1: Example of optimization of emission scan wavelengths of a dispersed oil 

solution (HFO 7102 Fraction 3 0.032 % v/v). 
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Table C-2: Optimized emission scan wave lengths for parent oils that coated pea gravel 

in oiled gravel desorption column experiments.  

Parent Oil  Excitation wavelength (nm) Emission wavelength range (nm) 

HFO 7102 295, 306 300-450, 315-465 

F2 291 300-450 

F3 303 310-460 

F4 298 310-460 

F3-1 303 310-460 

HFO 6303 304 310-460 

HFO 6303 W 304 310-460 

MESA 294 300-450 

 

Table C-3: Optimized wave lengths for emission scans of parent oil and dispersed oil 

(HE-CEWAF) stocks.  

Oil Type 
Standard 

Curve Stock 

Excitation wavelength 

(nm) 

Emission wavelength 

range (nm) 

HFO 7102 
Parent Oil 295 300-450 

HE-CEWAF  295 300-450 

F2 
Parent Oil 290 295-445, 300-450 

HE-CEWAF 290, 291 300-450 

F3 

Parent Oil 295, 300 300-450, 305-455 

HE-CEWAF 295, 300, 302 300-450, 305-455, 307-

457 

F4 
Parent Oil 326, 328 335-485 

HE-CEWAF 303, 326 310-460, 335-485 

F3-1 
Parent Oil 303 310-460 

HE-CEWAF 303 310-460 

F3-2 
Parent Oil 302, 303 310-460 

HE-CEWAF 302, 303 310-460 

 

 Fluorescence excitation and emission maxima are within the range for light fuel 

oils (280-290 nm and 310-330 nm respectively), and residual oils with excitation maxima 

of 300-320 nm, and emission maxima of 350-400 nm (Zitco and Carson 1970; Zitco 

1971).   

 

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 (1ppm usually works well).  
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ii. Under ‘Acquire’ 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.  

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 100 mg 

of parent oil in tared vial with 900 μL hexanes (applies only 

for oils with a density of 1.0 g/mL). 

b. For lighter oils, pipette 100 μL 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. 100 μL oil weighs 86 mg; 

therefore to make 860 μL total volume, add 760 μL of 

hexanes to 86 mg of oil to make a 100,000 ppm stock).   

c. Vortex really well! 

2. 1,000 ppm 

a. 100 μL of stock 100,000 ppm + 9.9 mL of absolute ethanol 

3. 100 ppm 

a. 1 mL of 1,000 ppm + 4.5 mL of water + 4.5 mL of absolute 

ethanol 

4. 10 ppm 

a. 1 mL of 100 ppm + 4.5 mL of water + 4.5 mL of absolute 

ethanol 

5. 5 ppm  

a. 5 mL of 10 ppm, + 2.5 mL of water + 2.5 mL of absolute 

ethanol 

6. 1 ppm 

a. 1 mL of 10 ppm + 4.5 mL of water + 4.5 mL of absolute 

ethanol 

7. 500 ppb 

a. 5 mL of 1 ppm + 2.5 mL of water + 2.5 mL of absolute 

ethanol 

8. 100 ppb 

a. 1 mL of 1 ppm + 4.5 mL of water + 4.5 mL of absolute 

ethanol 
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9. 50 ppb 

a. 5 mL of 100 ppb + 2.5 mL of water + 2.5 mL of absolute 

ethanol 

10. 10 ppb 

a. 1 mL of 100 ppb + 4.5 mL of  water + 4.5 mL of absolute 

ethanol 

11. 5 ppb 

a. 5 mL of 10 ppb + 2.5 mL of water + 2.5 mL of absolute 

ethanol 

12. 1 ppb 

a. 1 mL of 10 ppb + 4.5 mL of water + 4.5 mL of absolute 

ethanol  

vii. Start the fluorescence measurements with the 10 ppm sample and work 

down through the standards. 

 

b.  High Energy-Chemically Enhanced Water Accommodated Fraction (HE-

CEWAF) Stock Standard Curve 

iii. Add equal parts of absolute ethanol to freshly prepared HE-CEWAF. If 

you are not going to run the standards right away, store the samples in 

the dark at 4˚C. 

iv. If you have not optimized the wavelengths as described above for your 

CEWAF, do so with the highest standard curve concentration that is 

within the PTI’s limit of detection. 

v. Follow the step ii. to v. above for prepping the spectrophotometer for 

analysis. 

vi. Remember to vortex each sample before doing dilutions and before 

running the samples.  

1. 500,000 ppm Stock Solution (50 % v/v) 

a. 5 mL of freshly prepared HE-CEWAF + 5 mL of absolute 

ethanol 

2. 50,000 ppm (5 % v/v)  

a. 1 mL of 500,000 ppm stock solution + 4.5 mL of  water + 4.5 

mL of absolute ethanol 

3. 16,000 ppm (1.6 % v/v) 

a. 3.2 mL of 50,000 ppm + 3.4 mL of water + 3.4 mL of 

absolute ethanol 

4. 5,000 ppm (0.5 % v/v) 

a. 1 mL of 50,000 ppm + 4.5 mL of water + 4.5 mL of absolute 

ethanol 

5. 1,600 ppm (0.16 % v/v) 

a. 3.2 mL of 5,000 ppm + 3.4 mL of water + 3.4 mL of absolute 

ethanol 
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6. 500 ppm (0.05 % v/v) 

a. 1 mL of 5,000 ppm + 4.5 mL of water + 4.5 mL of absolute 

ethanol 

7. 160 ppm (0.016 % v/v) 

a. 3.2 mL of 500 ppm + 3.4 mL of water + 3.4 mL of absolute 

ethanol 

8. 50 ppm (0.005 % v/v) 

a. 1 mL of 500 ppm + 4.5 mL of water + 4.5 mL of absolute 

ethanol 

9. 16 ppm (0.0016 % v/v) 

a. 3.2 mL of 50 ppm + 3.4 mL of water + 3.4 mL of absolute 

ethanol 

10. 5 ppm (0.0005 % v/v) 

a. 1 mL of 50 ppm + 4.5 mL of water + 4.5 mL of absolute 

ethanol 

11. 1.6 ppm (0.00016 % v/v) 

a. 3.2 mL of 5 ppm + 3.4 mL of water + 3.4 mL of absolute 

ethanol 

12. 500 ppb (0.00005 % v/v) 

a. 1 mL of 5 ppm + 4.5 mL of water + 4.5 mL of absolute 

ethanol 

13. 160 ppb (0.000016 % v/v) 

a. 3.2 mL of 500 ppb + 3.4 mL of water + 3.4 mL of absolute 

ethanol 

14. 50 ppb (0.000005 % v/v) 

a. 1 mL of 500 ppb + 4.5 mL of water + 4.5 mL of absolute 

ethanol 

15. 16 ppb (0.0000016 % v/v) 

a. 3.2 mL of 50 ppb + 3.4 mL of water + 3.4 mL of absolute 

ethanol 

16. 5 ppb (0.0000005 % v/v) 

a. 1 mL of 50 ppb + 4.5 mL of water + 4.5 mL of absolute 

ethanol 

 

2. Running Water Samples 

c. Take a sample and vortex on the Fisher hand vortex genie for at least 3 

seconds. 

d. Sonicate for 3 minutes. Make sure that the sonicator 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 use a glass Pasteur 

pipette. 
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f. Find the four on the front of the cuvette, wipe the cuvette on all sides with a 

kim wipe, and place into the PTI with the 4 facing towards you. 

  
g. Open an ‘Emission Scan’ and plug in the excitation and emission 

wavelengths. (Don’t forget to change the step size to 2 nm) 

h. Press ‘Acquire’, then ‘Start’ 

i. Double click on the last entry and rename with the bowl number, day and time 

of sample 

j. When the sample is done the emission scan will read ‘Acquire’ again. 

k. Repeat the process with the next sample.  

l. After running about 30 samples (about 1 hour) run the 50/50 background 

again. 

 

3. Determining the Measured Concentration from Standard Curves 

a.   The standard curve is a plot of log total area vs. log concentration of each 

standard concentration. The relationship should be linear and can be described 

statistically by a linear regression (the R
2
 should be higher than 0.95). The 

linear regression formula is the log area = intercept + (slope * log 

concentration).  

b. Re-arrange the formula to become log concentration = (log area – intercept) / 

slope 

c. In this version of FELIX (1.42 for Windows) you need to manually extract the 

data. 

d. To find the total area of the sample – Under ‘Math’, select ‘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.  

e. Plug the log total area into the rearranged formula above to calculate the 

measured concentration. Multiply the measured concentration from the output 

by 2 to get the final measured concentration (due to 50:50 dilution of water 

sample with ethanol). 
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Figure C-2: Standard curve of whole oil fluorescence for calculation of the concentration 

of fluorescent hydrocarbons in exposure solutions (HFO 7102 parent oil standard curve, 

emission scan; excitation 295 nm and emission 300-450 nm). 
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Appendix D 

GC-MS Raw Data: Stock oils, HE-CEWAF and Dispersed Oil Solutions 

A. Stock Oils 
Table D-1: Chemical characterization of HFO 6303, 6303 W, 7102 and MESA by GC-MS 

(5,000 mg/L). TPAH (µg/g) is the sum of the non-alkylated, alkylated PAH and thiophenes. The 

detection limit of HFO 7102 is 100 ng/g. Data for HFO 6303 and MESA provided by Martin 

(2011) and Wang et al. (2003) with a detection limit of 25 ng/g.  

PAH Class HFO 6303 HFO 6303 W HFO 7102 MESA 

C0 Naphthalenes 260 140 322 496 
C1 Naphthalenes 1,137 977 734 1,129 
C2 Naphthalenes 1,936 1,904 1,015 1,516 
C3 Naphthalenes 1,719 1,823 943 1,224 
C4 Naphthalenes 874 873 543 553 
C0 Fluorenes 117 131 88 83 
C1 Fluorenes 291 333 239 185 
C2 Fluorenes 515 536 473 253 
C3 Fluorenes 630 639 501 336 
C0 Dibenzothiophenes 139 147 101 96 
C1 Dibenzothiophenes 473 492 257 249 
C2 Dibenzothiophenes 869 892 503 368 
C3 Dibenzothiophenes 951 932 453 302 
C4 Dibenzothiophenes 712 713 283 166 
C0 Phenanthrenes 438 473 358 197 
C1 Phenanthrenes 1,335 1,392 1,199 446 
C2 Phenanthrenes 2,029 2,118 1,795 523 
C3 Phenanthrenes 2,418 2,488 1,540 409 
C4 Phenanthrenes 1,843 1,845 897 225 
C0 Pyrenes 202 244 166 7.5 
C1 Pyrenes 1,201 1,122 720 63 
C2 Pyrenes  1,913 1,750 1,385 117 
C3 Pyrenes  1,670 1,661 1,185 117 
C4 Pyrenes 1,365 1,347 1,033 138 
C0 Chrysenes 314 319 235 34 
C1 Chrysenes 1,174 1,180 869 70 
C2 Chrysenes 3,565 3,369 1,668 227 
C3 Chrysenes 1,150 1,162 904 92 
C4 Chrysenes 745 683 665 72 
C0 Naphthobenzothiophenes 171 170 119 22 
C1 Naphthobenzothiophenes 847 810 522 88 
C2 Naphthobenzothiophenes 7,806 7,696 1,893 1,000 
C3 Naphthobenzothiophenes 737 718 487 102 
C4 Naphthobenzothiophenes 411 409 234 69 

Total C0-PAH 1,642 1,624 1,389 935 
Total Alkyl-PAH 40,315 39,866 22,944 10,039 
% Alkyl-PAH 96 96 94 91 

Total PAH (g/g) 41,957 41,490 24,333 10,974 



 

149 

 

 

Table D-2: Chemical characterization of HFO 7102 fractions by low temperature vacuum 

distillation, Fraction 2,3, and 4, by GC-MS. TPAH (µg/g) is the sum of the non-alkylated, 

alkylated PAH and thiophenes. Values below detection (100 ng/g) were labelled ND for none 

detected.   

PAH Class   Fraction 2 Fraction 3 Fraction 4 

C0 Naphthalenes 2,210 24 ND 
C1 Naphthalenes 5,234 83 14 
C2 Naphthalenes 5,653 988 22 
C3 Naphthalenes 2,782 2,512 26 
C4 Naphthalenes 1,694 1,663 18 
C0 Fluorenes 212 277 ND 
C1 Fluorenes 964 1,078 11 
C2 Fluorenes 1,819 1,940 17 
C3 Fluorenes 2,087 2,130 31 
C0 Dibenzothiophenes 320 366 ND 
C1 Dibenzothiophenes 1,166 1,143 12 
C2 Dibenzothiophenes 2,237 2,248 27 
C3 Dibenzothiophenes 1,748 2,033 27 
C4 Dibenzothiophenes 884 1,237 22 
C0 Phenanthrenes 1,390 1,664 5.2 
C1 Phenanthrenes 4,345 5,490 23 
C2 Phenanthrenes 5,235 7,636 38 
C3 Phenanthrenes 3,935 6,713 40 
C4 Phenanthrenes 1,718 4,458 48 
C0 Pyrenes 331 544 12 
C1 Pyrenes 1,174 3,066 44 
C2 Pyrenes  990 4,814 115 
C3 Pyrenes  567 4,944 230 
C4 Pyrenes 398 3,319 433 
C0 Chrysenes 116 978 35 
C1 Chrysenes 317 2,956 386 
C2 Chrysenes 488 5,605 1,039 
C3 Chrysenes 141 1,433 785 
C4 Chrysenes 60 763 656 
C0 Naphthobenzothiophenes 101 457 13 
C1 Naphthobenzothiophenes 329 1,822 145 
C2 Naphthobenzothiophenes 640 4,912 1,030 
C3 Naphthobenzothiophenes 142 952 395 
C4 Naphthobenzothiophenes 51 369 229 
Total C0-PAH 4,679 4,311 65 
Total Alkyl-PAH 46,798 76,305 5,864 
% Alkyl-PAH 91 95 99 

Total PAH (g/g) 51,477 80,616 5,929 
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Table D-3: Chemical characterization of HFO 7102 fractions by cold acetone extraction, Fraction 

3-1 and 3-2, by GC-MS (5,000 mg/L). TPAH (µg/g) is the sum of the non-alkylated, alkylated 

PAH and thiophenes. Values below detection (< 100 ng/g) were labelled ND for none detected.  

PAH Class   Fraction 3-1  Fraction 3-2  

C0 Naphthalenes  37 ND 

C1 Naphthalenes 162 ND 

C2 Naphthalenes 2,156 ND 

C3 Naphthalenes 4,415 196 

C4 Naphthalenes 2,788 ND 

C0 Fluorenes 499 ND 

C1 Fluorenes 1,314 ND 

C2 Fluorenes 2,005 ND 

C3 Fluorenes 2,340 ND 

C0 Dibenzothiophenes 569 ND 

C1 Dibenzothiophenes 1,344 ND 

C2 Dibenzothiophenes 2,693 ND 

C3 Dibenzothiophenes 2,429 ND 

C4 Dibenzothiophenes 1,316 293 

C0 Phenanthrenes 1,887 ND 

C1 Phenanthrenes 6,061 299 

C2 Phenanthrenes 8,352 467 

C3 Phenanthrenes 7,352 439 

C4 Phenanthrenes 4,823 ND 

C0 Pyrenes 568 ND 

C1 Pyrenes 3,392 ND 

C2 Pyrenes  5,550 ND 

C3 Pyrenes  5,001 ND 

C4 Pyrenes 3,677 531 

C0 Chrysenes 1,301 ND 

C1 Chrysenes 3,889 ND 

C2 Chrysenes 11,287 ND 

C3 Chrysenes 1,954 ND 

C4 Chrysenes 1,192 ND 

C0 Naphthobenzothiophenes 639 ND 

C1 Naphthobenzothiophenes 2,567 ND 

C2 Naphthobenzothiophenes 9,845 1,099 

C3 Naphthobenzothiophenes 1,537 ND 

C4 Naphthobenzothiophenes 565 ND 

Total C0-PAH 5,499 ND 

Total Alkyl-PAH 100,007 3,325 

% Alkyl-PAH 95 100 

Total PAH (g/g) 105,506 3,325 
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Table D-4: Chemical characterization of HFO 7102 fractions by column chromatography, 

Fraction 3-1-1, 3-1-2, 3-1-3, and 3-1-4, by GC-MS. TPAH (µg/g) is the sum of the non-alkylated, 

alkylated PAH and thiophenes. Values below detection (< 100 ng/g) were labelled ND for none 

detected. 

PAH Class   Fraction 3-1-1 Fraction 3-1-2 Fraction 3-1-3 Fraction 3-1-4 

C0 Naphthalenes 43 ND ND ND 
C1 Naphthalenes 170 73 ND ND 
C2 Naphthalenes 1,922 2,022 ND 26 
C3 Naphthalenes 3,738 5,885 2.0 63 
C4 Naphthalenes 2,289 4,134 1.7 37 
C0 Fluorenes ND 1,975 ND ND 
C1 Fluorenes 136 5,615 11 7.1 
C2 Fluorenes 169 8,358 124 16 
C3 Fluorenes 167 7,781 435 10 
C0 Dibenzothiophenes 261 1,410 ND 9.4 
C1 Dibenzothiophenes 594 3,725 1.3 20 
C2 Dibenzothiophenes 833 8,993 4.0 29 
C3 Dibenzothiophenes 561 8,587 12 23 
C4 Dibenzothiophenes 286 4,498 15 16 
C0 Phenanthrenes 26 6,979 16 6.7 
C1 Phenanthrenes ND 23,167 57 20 
C2 Phenanthrenes ND 31,433 194 39 
C3 Phenanthrenes 32 27,372 900 45 
C4 Phenanthrenes 73 15,524 1,179 80 
C0 Pyrenes ND 2,291 ND 3.0 
C1 Pyrenes ND 9,666 870 15 
C2 Pyrenes  ND 12,356 2,271 28 
C3 Pyrenes  ND 6,427 2,548 30 
C4 Pyrenes 55 3,850 2,618 135 
C0 Chrysenes ND 159 854 6 
C1 Chrysenes ND 1,050 2,412 29 
C2 Chrysenes ND 3,679 8,843 168 
C3 Chrysenes ND 754 1,379 24 
C4 Chrysenes ND 424 849 54 
C0 Naphthobenzothiophenes ND 2,057 27 3 
C1 Naphthobenzothiophenes ND 7,004 729 35 
C2 Naphthobenzothiophenes 31 23,668 2,764 74 
C3 Naphthobenzothiophenes ND 2,898 554 16 
C4 Naphthobenzothiophenes ND 1,196 214 7 
Total C0-PAH 331 14,872 896 29 
Total Alkyl-PAH 11,057 230,140 28,985 1,047 
% Alkyl-PAH 97 94 97 97 

Total PAH (g/g) 11,387 245,011 29,881 1,076 
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B. HE-CEWAF Stocks 

 
Table D-5: Chemical characterization of HFO 7102 and low temperature vacuum distillation 

fraction HE-CEWAF stocks by GC-MS. Values are the average of two HE-CEWAF samples. 

TPAH (µg/g) is the sum of the non-alkylated, alkylated PAH and thiophenes. Values below 

detection (< 100 µg/L) were labelled ND for none detected. 

PAH Class   
HFO 7102 
HECEWAF 

Fraction 2 
HECEWAF 

Fraction 3 
HECEWAF 

Fraction 4 
HECEWAF 

C0 Naphthalenes 366 4,465 ND ND 
C1 Naphthalenes 699 12,618 565 ND 
C2 Naphthalenes 798 17,067 11,209 ND 
C3 Naphthalenes 610 9,913 26,455 ND 
C4 Naphthalenes 299 6,172 17,600 ND 
C0 Fluorenes 78 873 3,604 ND 
C1 Fluorenes 203 3,243 10,585 ND 
C2 Fluorenes 322 6,613 17,840 ND 
C3 Fluorenes 307 6,415 15,536 ND 
C0 Dibenzothiophenes 92 1,423 4,369 ND 
C1 Dibenzothiophenes 213 4,524 11,576 ND 
C2 Dibenzothiophenes 369 7,272 19,595 11 
C3 Dibenzothiophenes 307 5,437 17,135 ND 
C4 Dibenzothiophenes 167 2,680 10,273 ND 
C0 Phenanthrenes 358 5,114 16,048 ND 
C1 Phenanthrenes 995 14,538 48,170 14 
C2 Phenanthrenes 1,292 16,153 64,185 21 
C3 Phenanthrenes 1,025 11,953 55,401 17 
C4 Phenanthrenes 631 5,317 35,123 16 
C0 Pyrenes 116 1,182 4,678 ND 
C1 Pyrenes 496 3,724 26,024 14 
C2 Pyrenes  783 3,151 39,531 20 
C3 Pyrenes  697 1,769 35,327 20 
C4 Pyrenes 540 1,095 26,626 26 
C0 Chrysenes 173 357 8,393 ND 
C1 Chrysenes 591 949 25,311 44 
C2 Chrysenes 1,191 1,383 47,236 84 
C3 Chrysenes 437 344 11,615 28 
C4 Chrysenes 286 185 6,777 18 
C0 Naphthobenzothiophenes 81 311 3,912 ND 
C1 Naphthobenzothiophenes 322 864 15,988 17 
C2 Naphthobenzothiophenes 945 1,936 43,510 53 
C3 Naphthobenzothiophenes 227 400 8,216 15 
C4 Naphthobenzothiophenes 109 144 3,158 ND 
Total C0-PAH 1,264 13,726 41,005 ND 
Total Alkyl-PAH 14,860 145,861 650,567 416 
% Alkyl-PAH 92 91 94 100 

Total PAH (g/L) 16,124 159,587 691,572 416 
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Table D-5: Chemical characterization of HFO 7102 cold acetone fraction HE-CEWAF stocks by 

GC-MS. Values are the average of two HE-CEWAF samples. TPAH (µg/g) is the sum of the 

non-alkylated, alkylated PAH and thiophenes. Values below detection (< 100 µg/L) were labelled 

ND for none detected. 

PAH Class   Fraction 3-1 HE-CEWAF Fraction 3-2 HE-CEWAF 

C0 Naphthalenes 304 ND 
C1 Naphthalenes 1,104 ND 
C2 Naphthalenes 16,198 ND 
C3 Naphthalenes 33,831 ND 
C4 Naphthalenes 24,013 ND 
C0 Fluorenes 3,941 ND 
C1 Fluorenes 11,317 ND 
C2 Fluorenes 16,756 ND 
C3 Fluorenes 19,616 ND 
C0 Dibenzothiophenes 4,785 ND 
C1 Dibenzothiophenes 11,968 ND 
C2 Dibenzothiophenes 22,986 ND 
C3 Dibenzothiophenes 20,667 ND 
C4 Dibenzothiophenes 11,082 ND 
C0 Phenanthrenes 16,465 ND 
C1 Phenanthrenes 52,361 ND 
C2 Phenanthrenes 72,543 ND 
C3 Phenanthrenes 63,356 ND 
C4 Phenanthrenes 41,024 ND 
C0 Pyrenes 5,220 ND 
C1 Pyrenes 29,621 ND 
C2 Pyrenes  48,053 ND 
C3 Pyrenes  39,330 ND 
C4 Pyrenes 28,817 ND 
C0 Chrysenes 11,385 ND 
C1 Chrysenes 32,763 ND 
C2 Chrysenes 93,110 ND 
C3 Chrysenes 15,403 ND 
C4 Chrysenes 9,267 ND 
C0 Naphthobenzothiophenes 5,546 ND 
C1 Naphthobenzothiophenes 21,487 ND 
C2 Naphthobenzothiophenes 72,538 ND 
C3 Naphthobenzothiophenes 12,112 ND 
C4 Naphthobenzothiophenes 4,420 ND 
Total C0-PAH 47,644 ND 
Total Alkyl-PAH 825,742 ND 
% Alkyl-PAH 95 ND 

Total PAH (g/L) 873,387 ND 
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C. Water Samples 

 
Table D-6: Chemical characterization of dispersed HFO 7102 and Fraction 2. TPAH (µg/L) is 

the sum of the non-alkylated, alkylated PAH and thiophenes. Background was subtracted from 

reported values, and values below detection (< 100 µg/L) were labelled ND for none detected. 

PAH Class   
HFO 7102  
0.01 %  v/v 

HFO 7102  
0.1 % v/v 

Fraction 2 
0.032 % v/v 

Fraction 2  
0.32 % v/v 

C0 Naphthalenes ND 0.4 2.9 22 
C1 Naphthalenes 0.1 0.8 6.6 34 
C2 Naphthalenes ND 0.8 7.1 62 
C3 Naphthalenes ND 0.6 3.5 34 
C4 Naphthalenes ND 0.3 ND 21 
C0 Fluorenes ND ND 0.3 2.8 
C1 Fluorenes ND 0.2 1.1 12 
C2 Fluorenes ND 0.3 2.8 25 
C3 Fluorenes ND 0.2 2.5 25 
C0 Dibenzothiophenes ND 0.1 0.5 4.6 
C1 Dibenzothiophenes ND 0.2 1.5 17 
C2 Dibenzothiophenes 0.1 0.5 2.9 31 
C3 Dibenzothiophenes 0.01 0.3 2.3 23 
C4 Dibenzothiophenes 0.01 0.2 1.2 12 
C0 Phenanthrenes ND 0.4 1.8 21 
C1 Phenanthrenes 0.2 1.2 5.7 65 
C2 Phenanthrenes 0.2 1.5 7.2 75 
C3 Phenanthrenes 0.1 1.3 5.6 58 
C4 Phenanthrenes ND 0.7 2.7 26 
C0 Pyrenes ND 0.2 0.6 5.4 
C1 Pyrenes 0.1 0.6 1.8 18 
C2 Pyrenes  0.03 0.8 1.6 15 
C3 Pyrenes  0.1 0.7 1.0 8.3 
C4 Pyrenes 0.01 0.5 0.6 4.7 
C0 Chrysenes ND 0.3 0.2 1.8 
C1 Chrysenes 0.1 0.7 0.5 4.9 
C2 Chrysenes 0.1 1.3 0.9 6.9 
C3 Chrysenes 0.04 0.5 0.2 2.4 
C4 Chrysenes 0.03 0.3 0.1 0.9 
C0 Naphthobenzothiophenes ND 0.1 0.2 1.5 
C1 Naphthobenzothiophenes 0.02 0.3 0.4 4.1 
C2 Naphthobenzothiophenes 0.08 1.0 1.1 9.2 
C3 Naphthobenzothiophenes 0.003 0.2 0.2 2.0 
C4 Naphthobenzothiophenes ND 0.2 0.1 0.7 
Total C0-PAH ND 1.5 6.5 60 
Total Alkyl-PAH 1.2 16 61 596 
% Alkyl-PAH 100 92 90 91 

Total PAH (g/L) 1.2 18 68 656 
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Table D-7: Chemical characterization of dispersed Fraction3, and Fraction 4. TPAH (µg/L) is the 

sum of the non-alkylated, alkylated PAH and thiophenes. Background was subtracted from 

reported values, and values below detection (< 100 µg/L) were labelled ND for none detected. 

PAH Class   
Fraction 3 

0.0025 % v/v 
Fraction 3 
0.025 % v/v 

Fraction 4  
0.01 % v/v 

Fraction 4  
0.32 % v/v 

C0 Naphthalenes ND ND ND ND 
C1 Naphthalenes ND 0.2 ND ND 
C2 Naphthalenes 0.3 2.8 ND ND 
C3 Naphthalenes 0.6 6.1 ND ND 
C4 Naphthalenes 0.4 4.4 ND ND 
C0 Fluorenes ND 0.89 ND ND 
C1 Fluorenes 0.3 2.6 ND ND 
C2 Fluorenes 0.7 4.6 ND ND 
C3 Fluorenes 0.7 5.0 ND 0.04 
C0 Dibenzothiophenes 0.1 1.2 ND ND 
C1 Dibenzothiophenes 0.4 3.1 ND ND 
C2 Dibenzothiophenes 0.8 7.1 0.1 0.1 
C3 Dibenzothiophenes 0.7 6.3 0.01 0.03 
C4 Dibenzothiophenes 0.5 3.8 0.005 0.02 
C0 Phenanthrenes 0.5 5.1 ND ND 
C1 Phenanthrenes 1.9 17 ND 0.1 
C2 Phenanthrenes 2.6 26 0.02 0.06 
C3 Phenanthrenes 2.4 23 0.03 0.08 
C4 Phenanthrenes 1.7 14 0.00 0.01 
C0 Pyrenes 0.2 1.8 ND ND 
C1 Pyrenes 1.1 10 0.02 0.08 
C2 Pyrenes  1.7 16 ND 0.005 
C3 Pyrenes  1.9 14 0.04 0.07 
C4 Pyrenes 1.2 11 ND 0.05 
C0 Chrysenes 0.4 3.4 ND ND 
C1 Chrysenes 1.2 10 0.003 0.2 
C2 Chrysenes 2.4 19 0.05 0.3 
C3 Chrysenes 0.6 5.5 ND 0.1 
C4 Chrysenes 0.4 2.9 ND 0.03 
C0 Naphthobenzothiophenes 0.2 1.7 ND ND 
C1 Naphthobenzothiophenes 0.7 6.0 0.001 0.06 
C2 Naphthobenzothiophenes 1.9 16 0.01 0.2 
C3 Naphthobenzothiophenes 0.4 3.5 ND 0.05 
C4 Naphthobenzothiophenes 0.2 1.4 ND ND 
Total C0-PAH 1.5 14 ND ND 
Total Alkyl-PAH 28 242 0.3 1.6 
% Alkyl-PAH 95 95 100 100 

Total PAH (g/L) 29 256 0.3 1.6 
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Table D-8: Chemical characterization of dispersed Fraction3-1, and Fraction 3-2. TPAH (µg/L) 

is the sum of the non-alkylated, alkylated PAH and thiophenes. Background was subtracted from 

reported values, and values below detection (< 100 ng/mL) were labelled ND for none detected. 

PAH Class   
Fraction 3-1 
0.0025 %v/v 

Fraction 3-1 
0.025 %v/v 

Fraction 3-2  
0.01 %v/v 

Fraction 3-2  
0.1 %v/v 

C0 Naphthalenes ND ND ND ND 
C1 Naphthalenes ND ND ND ND 
C2 Naphthalenes ND ND ND ND 
C3 Naphthalenes 2.17 13 ND ND 
C4 Naphthalenes 1.33 8.7 ND ND 
C0 Fluorenes ND 1.2 ND ND 
C1 Fluorenes ND 3.5 ND ND 
C2 Fluorenes 1.00 6.0 ND ND 
C3 Fluorenes 1.15 6.2 ND ND 
C0 Dibenzothiophenes ND 1.5 ND ND 
C1 Dibenzothiophenes ND 4.2 ND ND 
C2 Dibenzothiophenes 1.46 8.4 ND ND 
C3 Dibenzothiophenes 1.43 7.7 ND ND 
C4 Dibenzothiophenes ND 4.2 ND ND 
C0 Phenanthrenes ND 6.3 ND ND 
C1 Phenanthrenes 3.64 21 ND ND 
C2 Phenanthrenes 5.36 28 ND ND 
C3 Phenanthrenes 5.07 26 ND ND 
C4 Phenanthrenes 3.39 17 ND ND 
C0 Pyrenes ND 1.9 ND ND 
C1 Pyrenes 2.08 11 ND ND 
C2 Pyrenes  3.44 18 ND ND 
C3 Pyrenes  2.87 16 ND ND 
C4 Pyrenes 2.41 12 ND ND 
C0 Chrysenes ND 4.6 ND ND 
C1 Chrysenes 2.57 13 ND ND 
C2 Chrysenes 7.28 37 ND ND 
C3 Chrysenes 1.27 6.5 ND ND 
C4 Chrysenes ND 3.4 ND ND 
C0 Naphthobenzothiophenes ND 2.4 ND ND 
C1 Naphthobenzothiophenes 1.95 8.5 ND ND 
C2 Naphthobenzothiophenes 5.72 29 ND ND 
C3 Naphthobenzothiophenes 1.20 5.1 ND ND 
C4 Naphthobenzothiophenes ND 1.7 ND ND 
Total C0-PAH ND 18 ND ND 
Total Alkyl-PAH 57 315 ND ND 
% Alkyl-PAH 100 95 ND ND 

Total PAH (g/L) 57 333 ND ND 
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Table D-9: Summary of GC-MS data for oil and HE-CEWAF stocks. All concentrations are µg/L 

except for parent oil concentrations which are µg/g. Dispersed oil solution measured 

concentrations are shown with percent mortality and percent normal endpoints at emergence. ND 

indicates concentration is lower than limit of detection (< 100 ng/g).  

Oil Type 
Nominal Oil 

Loading 
TPAH 
(µg/L) 

Sum n-
Alkanes 
(µg/L) 

TPH (µg/L) 
% Mortality at 

Emergence 
% Normal at 
Emergence 

HFO 
7102 

Parent Oil 
(µg/g) 

24,333 23,477 47,810   

HE-CEWAF 
Stock 

16,124 8,375 24,499   

0.01 % v/v 1.2 1.4 2.6 4 0 

0.1 % v/v 18 17 35 100 0 

Fraction 
2 

Parent Oil 
(µg/g) 

51,477 51,207 102,684   

HE-CEWAF 
Stock 

159,587 120,344 279,931   

0.032 % v/v 68 65 133 100 0 

0.32 % v/v 656 581 1,237 100 0 

Fraction 
3 

Parent Oil 
(µg/g) 

80,616 83,348 163,964   

HE-CEWAF 
Stock 

691,572 638,767 1,330,339   

0.0025 % v/v 29 24 53 55 0 

0.025 % v/v 256 260 516 100 0 

Fraction 
4 

Parent Oil 
(µg/g) 

5,929 8,940 14,869   

HE-CEWAF 
Stock 

416 414 830   

0.01 % v/v 0.3 0.3 0.6 0 80 

0.32 % v/v 1.6 0.7 2.3 25 0 

Fraction 
3-1 

Parent Oil 
(µg/g) 

105,506 2,233 107,739   

HE-CEWAF 
Stock 

873,387 184,780 1,058,167   

0.0025 57 20 77 9 5 

0.025 333 98 431 100 0 

Fraction 
3-2 

Parent Oil 
(µg/g) 

3,325 271,303 274,809   

HE-CEWAF 
Stock 

ND 202,848 202,848   

0.01 % v/v ND 96 96 0 100 

0.1 % v/v ND 1,106 1,106 0 100 
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Fraction 
3-1-1 

Parent Oil 
(µg/g) 

11,387 61,224 72,611   

Fraction 
3-1-2 

Parent Oil 
(µg/g) 

245,011 3,632 248,643   

Fraction 
3-1-3 

Parent Oil 
(µg/g) 

29,881 6.3 29,887   

Fraction 
3-1-4 

Parent Oil 
(µg/g) 

1,076 609 1,685   

 

References: 

 

Martin, J.D. 2011. Comparative toxicity and bioavailability of heavy fuel oils to fish 

using different exposure scenarios. MSc Thesis, Department of Biology, Queen's 

University, Kingston, ON, Canada. 

 

Wang, Z.,B.P. Hollebone, M. Fingas, B. Fieldhouse, L. Sigouin, M. Landriault, P. Smith, 

J. Noonan, and G. Thouin. 2003. Characteristics of spilled oils, fuels, and petroleum 

products: 1. Composition and properties of selected oils. EPA/600/R-03/072 Report. 

Durham, North Carolina, USA.  



 

159 

 

Appendix E 

Development of Embryos Exposed to Dispersed Oil 

Phase II Experiment  

 

 
Figure E-1: Average body length (A) and body weight (with yolk removed; B) of 

embryos at swim-up exposed to effluent of columns containing gravel oiled with heavy 

fuel oil 7102 (HFO 7102) and it’s fractions (Fraction 2; F2, Fraction 3; F3, Fraction 4; 

F4). Error bars are standard error of the mean. The blue box is the standard error of the 

water control mean, and the grey box is the standard error of the retene control mean. 

 

Phase III Experiment  

 

 
Figure E-2: Average body length (A) and body weight (with yolk removed; B) of 

embryos at swim-up exposed to effluent of columns containing gravel oiled with heavy 

fuel oil 7102 fraction 3-1 and fraction 3-2 (F3-1, F3-2). Heavy fuel oil #7102 (HFO 

7102) and fraction 3 (F3) were carried over from E-1. Error bars are standard error of the 

mean. The blue box is the standard error of the water control mean, and the grey box is 

the standard error of the retene control mean. 
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Appendix F 

Estimated TPAH Concentrations of Exposure Solutions Calculated from Oil and HE-CEWAF Stocks 

Table F-1: Exposure solution nominal total polycyclic aromatic hydrocarbon (TPAH) concentration estimated from the oil (5,000 mg/L) and HE-

CEWAF stock TPAH concentrations. Measured TPAH concentrations of exposure solutions are the grey shaded cells. Subset of dilutions shown 

are the concentrations tested in exposures, “-“ indicates that the dilution was not tested in exposures. ND indicates that the concentration is below 

the limit of detection (100 ng/mL). 

Oil 
Treatment 

Stock Used 
in 

Estimation 

Nominal HE-CEWAF Loadings (%v/v) 

1 0.32 0.1 
0.06

8 
0.03

2 
0.02

5 
.01 

0.00
8 

0.00
68 

0.00
32 

0.00
25 

0.00
1 

0.00
08 

0.00
032 

0.00
025 

0.00
01 

0.00
008 

0.00
001 

Whole Oil 

Oil - - 24 - 7.8 - 2.4 - 1.6 0.8 - 0.2 - 0.08 - - - - 

HE-CEWAF - - 16 - 5.2 - 1.6 - 1.1 0.5 - 0.2 - 0.05 - - - - 

Measured    
TPAH 
(µg/L) 

  18    1.2            

Fraction 2 

Oil 515 165 52 - 16 - 5.1 - - - - 0.5 - - - 0.05 - - 

HE-CEWAF 
159
9 

512 160 - 51 - 16 - - - - 1.6 - - - 0.2 - - 

Measured    
TPAH 
(µg/L) 

 656   68              

Fraction 3 

Oil      20  6.5   2.0  0.6  0.2  0.06 0.01 

HE-CEWAF      173  55   17  5.5  1.7  0.5 0.07 

Measured    
TPAH 
(µg/L) 

     256     29        

Fraction 4 

Oil  19 5.9    0.6     0.06    0.01   

HE-CEWAF  1.3 0.4    0.04     
0.00

4 
   

0.00
04 

  

Measured    
TPAH 

 1.6     0.3            
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Table F-2: Comparison of nominal HE-CEWAF loading (% v/v) and estimated 24d median lethal (LC50) and median effective (EC50s) nominal 

total polycyclic aromatic hydrocarbon (TPAH), 3-4 ring PAH and C0-C4 phenanthrene (PHN) concentrations. Median estimates were calculated 

using curvilinear regressions of cumulative percent mortality (24d LC50), blue sac disease severity index (BSD SI), and percent normal (24d 

EC50s) measured against estimated nominal HE-CEWAF loading (% v/v), TPAH, 3-4 ring PAH and phenanthrene concentrations calculated from 

dilutions of measured HE-CEWAF stock concentrations. ND indicates that the estimated TPAH concentration could not be calculated because the 

HE-CEWAF stock TPAH concentration was below the limit of detection (< 100 ng/mL).

(µg/L) 

Fraction 3-
1 

Oil      26  8.5   2.6  0.8  0.3  0.08 0.01 

HE-CEWAF      218  70   22  7.0  2.2  0.7 0.09 

Measured    
TPAH 
(µg/L) 

     333     57        

Fraction 3-
2 

Oil   3.3 2.2 1.1  0.3   0.1Y   0.03  0.01     

HE-CEWAF   ND ND ND  ND   ND  ND  ND     

Measured    
TPAH 
(µg/L) 

  ND    ND            

 24d LC50 24d EC50 (BSD SI) 24d EC50 (% Normal) 

Oil 

Treatment 

HE-CEWAF 

Loading 

(% v/v) 

TPAH 

(µg/L) 

3-4 ring 

PAH 

(µg/L) 

C0-C4 

PHN  

(µg/L) 

HE-CEWAF 

Loading 

(% v/v) 

TPAH 

(µg/L) 

3-4 ring 

PAH 

(µg/L) 

C0-C4 

PHN  

(µg/L) 

HE-CEWAF 

Loading 

(% v/v) 

TPAH 

(µg/L) 

3-4 ring 

PAH 

(µg/L) 

C0-C4 

PHN 

(µg/L) 

HFO 7102 0.04 6.3 5.2 1.7 0.02 3.6 3.0 1.0 0.003 0.6 0.5 0.2 

F2 0.004 6 8.9 4.3 0.002 3.1 2.1 1.0 0.0007 1.1 0.2 0.08 

F3 0.002 13 15 5.2 0.002 13 15 5.3 0.00008 0.6 0.5 0.2 

F4 > 0.3 > 1.3 1.4 0.2 0.2 1.0 1.0 0.2 0.03 0.1 0.09 0.02 

F3-1 0.004 34 38 3.7 0.003 28 26 7.9 0.001 11 9.8 3.0 

F3-2 > 0.1 ND ND ND > 0.1 ND ND ND > 0.1 ND ND ND 
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Appendix G 

Fluorescence Microscopy of HFO 7102 Whole Oil Test Solutions 

 Exposure solutions prepared with dispersed HFO 7102 and WAF from gravel oiled with 

HFO 7102 were compared with fluorescence microscopy to determine whether droplets of oil are 

present in exposure solutions. Dispersed oil solutions were prepared with the HE-CEWAF 

method. Oiled gravel columns were prepared with the highest nominal loading of HFO 7102 on 

gravel (3500 µg oil/g gravel, total of 6.3 g of HFO 7102 on 1.8 kg of gravel). The effluent from 

columns was sampled from initiation of the water flow (0h) then at 2h, 8h, and 24h when the 

embryo exposure would begin. This sampling regime was chosen because these time points in the 

column exposures had the highest fluorescence and TPAH concentrations, and would be expected 

to have the most particulate oil present in the effluent with the washing of gravel.   

 Images of water samples were taken with an epifluorescent microscope with the 

DAPI filter (excitation of 358 nm). Fluorescent material was colored green by a filter. 

 

Dispersed Oil (HE-CEWAF) 

 

 
Figure G-1: Images of HFO 7102 dispersed oil stock (A) and diluted HE-CEWAF water 

samples to 10% (B) and 1% v/v (C) at 20x magnification. Fluorescent oil droplets are 

colored with a green filter.  
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Oiled Gravel Columns  

 

 
Figure G-2: Images of oiled gravel column effluent when water flow was initiated (0 h), 

and at 2, 8 and 24 hours of water flow. Fluorescent oil is colored with a green filter.  
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Appendix H 

Standard Operating Procedure – Oiled Gravel Desorption Column 

Continuous Flow Preparation of WAF 

Updated November 22, 2010 Version on September 18, 2012 

Prepared by: Julie Adams, Jonathan Martin and Peter Hodson  

 

 Theory: Dilution water continuously flowing through oiled gravel desorption 

columns percolates up through oiled gravel, allowing sufficient contact time for 

petroleum hydrocarbons to partition from oil into water to equilibrium 

concentrations. Continuous flow through systems provide better control of 

exposure of test organisms because hydrophobic compounds adsorb to test vessels 

and to test organisms in static systems, rapidly depleting the waterborne 

concentrations.  

 

 This SOP follows methods outlined by Marty et al. (1997), and modified from 

methods described by Adams (2010) and Martin (2011).  

 

Preparation: 

1. Wash all CPVC and PVC before use.  

2. Pebble gravel (crushed stone (not rounded) with grain size ranging from 5-25 mm 

diameter) was purchased from Pike Farms, Kingston Ontario, and Earth works, 

Kingston ON. The gravel needs to be washed at least 5 times with distilled water 

to remove particulates and fine grains. Lay out on large trays to dry overnight 

prior to oiling. 

 

Distribution of Gravel Diameter (mm) and Weight (g)  

The largest dimension diameter (mm) and weight (g) of a random sample of 

gravel (N=327) were measured.  
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Figure H-2: Comparison of gravel diameter (mm) and weight (g; A: Linear regression 

slope = 0.2090±0.008671, y-intercept = -1.314±0.1161, R2 = 0.64, F = 581.2, p = 

<0.0001, N = 327), and distribution of gravel diameter (B) and weight (C). 

 

Construction of Desorption Columns  

1. Materials: PVC 4 inch diameter piping, 4 inch diameter PVC caps, ½ inch CPVC 

piping and ½ inch 90 and 45˚ elbow joints.  

2. Dimensions: 13.78 in (35 cm) height, 4.25 in (10.8 cm) diameter 

3. Construction 

a. Drill a 0.5 in diameter hole 2.5 inches from the bottom of the column for 

water inflow 

i. Use a drill press with a 5/8 inch Forstner drill bit 

b. On the side opposite the inflow hole, drill a second hole identical to the 

inflow hole 2.5 inches below the top of the column for the water outflow  

c. Insert a 2 inch length of ½ in diameter CPVC pipe into the inflow hole. 

Attach this piece of CPVC to the CPVC piping from the 3/8 inch needle 

value with a 90˚ CPVC elbow joint  

d. Insert a 2 in length of ½ inch CPVC piping into the outflow hole, and 

connect it to a 4 inch piece of ½ inch CPVC with a 45˚ CPVC elbow joint 
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e. Cut a disk of plastic egg crating (1 cm x 1cm openings, 1 cm thick) to fit 

the internal diameter of the pipe. Wear safety goggles when cutting egg 

crating with wire cutters or pliers as pieces with sharp edges tend to break 

off  

f. Cover the top of the egg crating with aluminum mesh (window screen 

material). This will prevent gravel from falling through the egg crating  

g. Install the egg crating covered with aluminum mesh directly above the 

inflow pipe and prop up with a 3 inch piece of ½ in diameter CPVC. In 

order to keep the upright and stable in the column, the CPVC should be 

forced into a center hole in the egg crating (this will require breaking one 

of the walls because the piping is slightly larger in diameter than the egg 

crating). The egg crating aids in the distribution of water flow through the 

column helps to prevent water channelling  

h. Add 1.8 kg of oiled pea gravel to the column. 

i. Add a second 4 inch diameter CPVC cap to the top of the column 

 

Application of oil to gravel  

1. Due to the highly viscous nature of heavy oils, dry pea gravel was warmed at 

50˚C for 10 minutes prior to oil application. This is to ensure the random 

distribution of oil on gravel.  

2. The extent of oil desorption of hydrocarbons into water varies according to the 

concentration of oil on the gravel substrate. A minimum of 5 log series of 

concentrations is recommended  

3. Add 1.8 kg of warmed gravel to the shaker, a 10 in long, 4 in diameter CPVC 

column with CPVC caps fitted to both ends 

4. Add the appropriate amount of oil for each treatment on top of the gravel in the 

shaker. Oil gravel from the lowest to highest loading (µg of oil/g gravel) to 

minimize the cross contamination between treatments. Do not use the same shaker 

for different oils 

5. Shake the container vigorously for two minutes 

6. Spread the oiled gravel onto a labelled tray covered with aluminum foil. Leave to 

dry for 12 hours overnight in a dark ventilated area  

7. Fill the columns with oiled gravel, and flush the column with dilution water for 24 

hours at 20 mL/min to remove particulate oil before fish exposures. 
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Table H-1: Nominal oil loadings of whole oils and HFO 7102 fractions on gravel (µg 

oil/g gravel), and the total volume of oil applied to 1.8 kg of gravel.  

Oil 

Treatment 

 

  
Scale 

 

25 mm 
Non-oiled gravel 

MESA 

     

Total 

Volume of 

Oil Added 
425; 765 µL 1,150; 2.07 mL 3,000; 5.4 mL 8,000;  14.4 mL 20,000; 36 mL 

HFO 

6303 

     

Total 

Volume of 

Oil Added 
200; 360 µL 425; 765 µL 875; 1.575 mL 1,750; 3.15 mL 3,500; 6. 3 mL 

HFO 

6303 W 

     

Total 

Volume of 

Oil Added 
200; 360 µL 425; 765 µL 875; 1.575 mL 1,750; 3.15 mL 3,500; 6.3 mL 

HFO 

7102 

     

Total 

Volume of 

Oil Added 
200; 360 µL 425; 765 µL 875; 1.575 mL 1,750; 3. 15 mL 3,500; 6.3 mL 
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Fraction 

2 

     

Total 

Volume of 

Oil Added 
50; 90 µL 100; 180 µL 200; 360 µL 425; 765 µL 875; 1.575 mL 

Fraction 

3 

     

Total 

Volume of 

Oil Added 
25; 45 µL 50; 90 µL 100; 180 µL 200; 360 µL 425; 765 µL 

Fraction 

4 

     

Total 

Volume of 

Oil Added 
200; 360 µL 425; 765 µL 1,150; 2.07 mL 3,500; 6.3 mL 8,000; 14.4 mL 

Fraction 

3-1 

     

Total 

Volume of 

Oil Added 
25; 45 µL 50; 90 µL 100; 180 µL 200; 360 µL 425; 765 µL 

 

Water Flow 

1. Water inflow at 20 mL/min is controlled with 3/8 in needle valve.  

i. This flow rate sustains oxygen concentrations removes ammonia waste 

in test chambers. For small trout consuming 0.16 mg oxygen/g 

biomass/hr, flow rates should be 2 to 3 L/g/day. This flow rate results in 

90% replacement of test solution between 8 and 9 hours, within the 

suggested range of 8-12 hours by Sprague (1969) for continuous flow 

systems. 
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2. If the inflow and outflow pipes are not snug in the drilled holes in the main 

column, use teflon tape or cement glue on the outside of the column to avoid 

leaks.  

3. Make sure column outflow is directed into the bowl for fish exposures.  
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Appendix I 

GC-MS Raw Data – Oiled Gravel Effluent Over 24d Chronic Exposure 

Table I-1: Chemical characterization of WAF created by water flowing through gravel oiled with 

HFO 7102 on Day 0 of embryo exposure.  TPAH (µg/L) is the sum of the non-alkylated, 

alkylated PAH and thiophenes. Background was subtracted from reported values, and values 

below detection (< 100 ng/mL) were labelled ND for none detected. 

PAH Class   HFO 7102 D0 875 g/g HFO 7102 D0 1750 g/g 

C0 Naphthalenes ND 4.2 
C1 Naphthalenes 1.5 5.4 
C2 Naphthalenes ND 4.5 
C3 Naphthalenes ND ND 
C4 Naphthalenes ND ND 
C0 Fluorenes ND ND 
C1 Fluorenes ND ND 
C2 Fluorenes ND ND 
C3 Fluorenes ND ND 
C0 Dibenzothiophenes ND ND 
C1 Dibenzothiophenes ND ND 
C2 Dibenzothiophenes ND ND 
C3 Dibenzothiophenes ND ND 
C4 Dibenzothiophenes ND ND 
C0 Phenanthrenes ND 1.3 
C1 Phenanthrenes ND 1.2 
C2 Phenanthrenes ND ND 
C3 Phenanthrenes ND ND 
C4 Phenanthrenes ND ND 
C0 Pyrenes ND ND 

C1 Pyrenes ND ND 
C2 Pyrenes  ND ND 

C3 Pyrenes  ND ND 
C4 Pyrenes ND ND 

C0 Chrysenes ND ND 
C1 Chrysenes ND ND 
C2 Chrysenes ND ND 
C3 Chrysenes ND ND 
C4 Chrysenes ND ND 
C0 Naphthobenzothiophenes ND ND 
C1 Naphthobenzothiophenes ND ND 
C2 Naphthobenzothiophenes ND ND 
C3 Naphthobenzothiophenes ND ND 
C4 Naphthobenzothiophenes ND ND 

Total C0-PAH ND 5.5 
Total Alkyl-PAH 1.5 11 
% Alkyl-PAH 100 67 

Total PAH (g/L) 1.5 17 
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Table I-2: Chemical characterization of WAF created by water flowing through gravel oiled with 

Fraction 2 on Day 0, 7, 15 and 23 of embryo exposure.  TPAH (µg/L) is the sum of the non-

alkylated, alkylated PAH and thiophenes. Background was subtracted from reported values, and 

values below detection (< 100 ng/mL) were labelled ND for none detected. 

PAH Class   

Fraction 2 D0 

200 g/g 

Fraction 2 D7 

200 g/g 

Fraction 2 

D15 200 g/g 

Fraction 2 

D23 200 g/g 

C0 Naphthalenes 1.4 ND ND ND 
C1 Naphthalenes 2.6 1.4 ND ND 
C2 Naphthalenes 1.7 ND ND ND 
C3 Naphthalenes ND ND ND ND 
C4 Naphthalenes ND ND ND ND 
C0 Fluorenes ND ND ND ND 
C1 Fluorenes ND ND ND ND 
C2 Fluorenes ND ND ND ND 
C3 Fluorenes ND ND ND ND 
C0 Dibenzothiophenes ND ND ND ND 
C1 Dibenzothiophenes ND ND ND ND 
C2 Dibenzothiophenes ND ND ND ND 
C3 Dibenzothiophenes ND ND ND ND 
C4 Dibenzothiophenes ND ND ND ND 
C0 Phenanthrenes ND ND ND ND 
C1 Phenanthrenes 1.7 ND ND ND 
C2 Phenanthrenes 1.4 ND ND ND 
C3 Phenanthrenes ND ND ND ND 
C4 Phenanthrenes ND ND ND ND 
C0 Pyrenes ND ND ND ND 
C1 Pyrenes ND ND ND ND 
C2 Pyrenes  ND ND ND ND 
C3 Pyrenes  ND ND ND ND 
C4 Pyrenes ND ND ND ND 
C0 Chrysenes ND ND ND ND 
C1 Chrysenes ND ND ND ND 
C2 Chrysenes ND ND ND ND 
C3 Chrysenes ND ND ND ND 
C4 Chrysenes ND ND ND ND 
C0 Naphthobenzothiophenes ND ND ND ND 
C1 Naphthobenzothiophenes ND ND ND ND 
C2 Naphthobenzothiophenes ND ND ND ND 
C3 Naphthobenzothiophenes ND ND ND ND 
C4 Naphthobenzothiophenes ND ND ND ND 
Total C0-PAH 1.4 ND ND ND 
Total Alkyl-PAH 7.4 1.4 ND ND 
% Alkyl-PAH 85 100 ND ND 

Total PAH (g/L) 8.8 1.4 ND ND 
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Table I-3: Chemical characterization of WAF created by water flowing through gravel oiled with 

Fraction 2 on Day 0, 15 and 23 of embryo exposure, and Fraction 3 D0-23. Fraction 2 D7 875 

µg/g water sample was not analyzed because the bottle had a crack, and there was a loss of 

volume from the stored sample. TPAH (µg/L) is the sum of the non-alkylated, alkylated PAH and 

thiophenes. Background was subtracted from reported values, and values below detection (< 100 

ng/mL) were labelled ND for none detected. 

PAH Class   

Fraction 2 D0 

875 g/g 

Fraction 2 
D15 

875 g/g 

Fraction 2 

D23 875 g/g 

Fraction 3  
D0-23 100 

g/g 

C0 Naphthalenes 4.1 ND ND ND 
C1 Naphthalenes 8.2 ND ND ND 
C2 Naphthalenes ND ND ND ND 
C3 Naphthalenes 2.3 1.09 ND ND 
C4 Naphthalenes ND ND ND ND 
C0 Fluorenes ND ND ND ND 
C1 Fluorenes 2.6 1.6 1.2 ND 
C2 Fluorenes ND ND ND ND 
C3 Fluorenes ND ND ND ND 
C0 Dibenzothiophenes ND ND ND ND 
C1 Dibenzothiophenes ND ND ND ND 
C2 Dibenzothiophenes ND ND ND ND 
C3 Dibenzothiophenes ND ND ND ND 
C4 Dibenzothiophenes ND ND ND ND 
C0 Phenanthrenes 1.5 ND ND ND 
C1 Phenanthrenes 3.4 1.8 ND ND 
C2 Phenanthrenes 2.7 1.8 1.0 ND 
C3 Phenanthrenes 1.4 ND ND ND 
C4 Phenanthrenes ND ND ND ND 
C0 Pyrenes ND ND ND ND 
C1 Pyrenes ND ND ND ND 
C2 Pyrenes  ND ND ND ND 
C3 Pyrenes  ND ND ND ND 
C4 Pyrenes ND ND ND ND 
C0 Chrysenes ND ND ND ND 
C1 Chrysenes ND ND ND ND 
C2 Chrysenes ND ND ND ND 
C3 Chrysenes ND ND ND ND 
C4 Chrysenes ND ND ND ND 
C0 Naphthobenzothiophenes ND ND ND ND 
C1 Naphthobenzothiophenes ND ND ND ND 
C2 Naphthobenzothiophenes ND ND ND ND 
C3 Naphthobenzothiophenes ND ND ND ND 
C4 Naphthobenzothiophenes ND ND ND ND 

Total C0-PAH 5.6 ND ND ND 
Total Alkyl-PAH 21 6.2 2.2 ND 
% Alkyl-PAH 79 100 100 ND 

Total PAH (g/L) 26 6.2 2.2 ND 
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Table I-4: Chemical characterization of WAF created by water flowing through gravel oiled with 

425 µg/g Fraction 3 on Day 0, 7, 15 and 23 of embryo exposure.  TPAH (µg/L) is the sum of the 

non-alkylated, alkylated PAH and thiophenes. Background was subtracted from reported values, 

and values below detection (< 100 ng/mL) were labelled ND for none detected. 

PAH Class   

Fraction 3 D0 

425 g/g 

Fraction 3 D7 

425 g/g 

Fraction 3 

D15 425 g/g 

Fraction 3 

D23 425 g/g 

C0 Naphthalenes ND ND ND ND 
C1 Naphthalenes ND ND ND ND 
C2 Naphthalenes ND ND ND ND 
C3 Naphthalenes ND ND ND ND 
C4 Naphthalenes ND ND ND ND 
C0 Fluorenes ND ND ND ND 
C1 Fluorenes ND 1.0 1.5 1.3 
C2 Fluorenes ND ND ND ND 
C3 Fluorenes ND ND ND ND 
C0 Dibenzothiophenes ND ND ND ND 
C1 Dibenzothiophenes ND ND ND ND 
C2 Dibenzothiophenes ND ND ND ND 
C3 Dibenzothiophenes ND ND ND ND 
C4 Dibenzothiophenes ND ND ND ND 
C0 Phenanthrenes ND ND ND ND 
C1 Phenanthrenes 1.6 ND ND ND 
C2 Phenanthrenes 1.8 ND 1.1 ND 
C3 Phenanthrenes 1.5 ND ND ND 
C4 Phenanthrenes ND ND ND ND 
C0 Pyrenes ND ND ND ND 
C1 Pyrenes ND ND ND ND 
C2 Pyrenes  1.1 ND ND ND 
C3 Pyrenes  ND ND ND ND 
C4 Pyrenes ND ND ND ND 
C0 Chrysenes ND ND ND ND 
C1 Chrysenes ND ND ND ND 
C2 Chrysenes 2.4 ND ND ND 
C3 Chrysenes ND ND ND ND 
C4 Chrysenes ND ND ND ND 
C0 Naphthobenzothiophenes ND ND ND ND 
C1 Naphthobenzothiophenes ND ND ND ND 
C2 Naphthobenzothiophenes 2.1 ND 1.4 ND 
C3 Naphthobenzothiophenes ND ND ND ND 
C4 Naphthobenzothiophenes ND ND ND ND 
Total C0-PAH ND ND ND ND 
Total Alkyl-PAH 11 1.0 4.0 1.3 
% Alkyl-PAH 100 100 100 100 

Total PAH (g/L) 11 1.0 4.0 1.3 
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Table I-5: Chemical characterization of WAF created by water flowing through gravel oiled with 

8,000 µg/g Fraction 4 on Day 0, 7, 15 and 23 of embryo exposure. The 1,150 µg/g nominal 

loadings of F4 had no detectable TPAH in D0, 7, 15 and 23 samples. TPAH (µg/L) is the sum of 

the non-alkylated, alkylated PAH and thiophenes. Background was subtracted from reported 

values, and values below detection (< 100 ng/mL) were labelled ND for none detected.  

PAH Class   

Fraction 4 D0 

8000 g/g 

Fraction 4 D7 

8000 g/g 

Fraction 4 

D15 8000 g/g 

Fraction 4 

D23 8000 g/g 

C0 Naphthalenes ND ND ND ND 
C1 Naphthalenes ND ND ND ND 
C2 Naphthalenes ND ND ND ND 
C3 Naphthalenes ND ND ND ND 
C4 Naphthalenes ND ND ND ND 
C0 Fluorenes ND ND ND ND 
C1 Fluorenes ND ND 1.1 1.6 
C2 Fluorenes ND ND ND ND 
C3 Fluorenes ND ND ND ND 
C0 Dibenzothiophenes ND ND ND ND 
C1 Dibenzothiophenes ND ND ND ND 
C2 Dibenzothiophenes ND ND ND ND 
C3 Dibenzothiophenes ND ND ND ND 
C4 Dibenzothiophenes ND ND ND ND 
C0 Phenanthrenes ND ND ND ND 
C1 Phenanthrenes ND ND ND ND 
C2 Phenanthrenes ND ND ND ND 
C3 Phenanthrenes ND ND ND ND 
C4 Phenanthrenes ND ND ND ND 
C0 Pyrenes ND ND ND ND 
C1 Pyrenes ND ND ND ND 
C2 Pyrenes  ND ND ND ND 
C3 Pyrenes  ND ND ND ND 
C4 Pyrenes ND ND ND ND 
C0 Chrysenes ND ND ND ND 
C1 Chrysenes ND ND ND ND 
C2 Chrysenes ND ND ND ND 
C3 Chrysenes ND ND ND ND 
C4 Chrysenes ND ND ND ND 
C0 Naphthobenzothiophenes ND ND ND ND 
C1 Naphthobenzothiophenes ND ND ND ND 
C2 Naphthobenzothiophenes ND ND ND ND 
C3 Naphthobenzothiophenes ND ND ND ND 
C4 Naphthobenzothiophenes ND ND ND ND 
Total C0-PAH ND ND ND ND 
Total Alkyl-PAH ND ND 1.1 1.6 
% Alkyl-PAH ND ND 100 100 

Total PAH (g/L) ND ND 1.1 1.6 
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Table I-6: Chemical characterization of WAF created by water flowing through gravel oiled with 

100 µg/g Fraction 3-1 on Day 0, 7, 15 and 23 of the embryo exposure. TPAH (µg/L) is the sum of 

the non-alkylated, alkylated PAH and thiophenes. Background was subtracted from reported 

values, and values below detection (< 100 ng/mL) were labelled ND for none detected. 

PAH Class   

Fraction 3-1 

D0 100 g/g 

Fraction 3-1 

D7 100 g/g 

Fraction 3-1 

D15 100 g/g 

Fraction 3-1 

D23 100 g/g 

C0 Naphthalenes ND ND ND ND 
C1 Naphthalenes ND ND ND ND 
C2 Naphthalenes ND ND ND ND 
C3 Naphthalenes ND ND ND ND 
C4 Naphthalenes ND ND ND ND 
C0 Fluorenes ND ND ND ND 
C1 Fluorenes ND 1.2 1.3 1.3 
C2 Fluorenes ND ND ND ND 
C3 Fluorenes ND ND ND ND 
C0 Dibenzothiophenes ND ND ND ND 
C1 Dibenzothiophenes ND ND ND ND 
C2 Dibenzothiophenes ND ND ND ND 
C3 Dibenzothiophenes ND ND ND ND 
C4 Dibenzothiophenes ND ND ND ND 
C0 Phenanthrenes ND ND ND ND 
C1 Phenanthrenes 2.0 ND ND ND 
C2 Phenanthrenes 1.6 ND ND ND 
C3 Phenanthrenes ND ND ND ND 
C4 Phenanthrenes ND ND ND ND 
C0 Pyrenes ND ND ND ND 
C1 Pyrenes ND ND ND ND 
C2 Pyrenes  ND ND ND ND 
C3 Pyrenes  ND ND ND ND 
C4 Pyrenes ND ND ND ND 
C0 Chrysenes ND ND ND ND 
C1 Chrysenes ND ND ND ND 
C2 Chrysenes 1.4 ND ND ND 
C3 Chrysenes ND ND ND ND 
C4 Chrysenes ND ND ND ND 
C0 Naphthobenzothiophenes ND ND ND ND 
C1 Naphthobenzothiophenes ND ND ND ND 
C2 Naphthobenzothiophenes 1.7 ND ND ND 
C3 Naphthobenzothiophenes ND ND ND ND 
C4 Naphthobenzothiophenes ND ND ND ND 
Total C0-PAH ND ND ND ND 
Total Alkyl-PAH 6.7 1.2 1.3 1.3 
% Alkyl-PAH 100 100 100 100 

Total PAH (g/L) 6.7 1.2 1.3 1.3 
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Table I-7: Chemical characterization of WAF created by water flowing through gravel oiled with 

425 µg/g Fraction 3-1 on Day 0, 7, 15 and 23 of the embryo exposure. TPAH (µg/L) is the sum of 

the non-alkylated, alkylated PAH and thiophenes. Background was subtracted from reported 

values, and values below detection (< 100 ng/mL) were labelled ND for none detected. 

PAH Class 

Fraction 3-1 

D0 425 g/g 

Fraction 3-1 

D7 425 g/g 

Fraction 3-1 

D15 425 g/g 

Fraction 3-1 

D23 425 g/g 

C0 Naphthalenes ND ND ND ND 
C1 Naphthalenes ND ND ND ND 
C2 Naphthalenes ND ND ND ND 
C3 Naphthalenes 1.2 ND ND ND 
C4 Naphthalenes ND ND ND ND 
C0 Fluorenes ND ND ND ND 
C1 Fluorenes ND ND ND ND 
C2 Fluorenes ND ND ND ND 
C3 Fluorenes ND ND ND ND 
C0 Dibenzothiophenes ND ND ND ND 
C1 Dibenzothiophenes ND ND ND ND 
C2 Dibenzothiophenes ND ND ND ND 
C3 Dibenzothiophenes ND ND ND ND 
C4 Dibenzothiophenes ND ND ND ND 
C0 Phenanthrenes 1.6 ND ND ND 
C1 Phenanthrenes 4.2 1.5 ND ND 
C2 Phenanthrenes 1.9 1.4 1.2 ND 
C3 Phenanthrenes ND ND ND ND 
C4 Phenanthrenes ND ND ND ND 
C0 Pyrenes ND ND ND ND 
C1 Pyrenes ND ND ND ND 
C2 Pyrenes  ND ND ND ND 
C3 Pyrenes  ND ND ND ND 
C4 Pyrenes ND ND ND ND 
C0 Chrysenes ND ND ND ND 
C1 Chrysenes ND ND ND ND 
C2 Chrysenes ND ND ND ND 
C3 Chrysenes ND ND ND ND 
C4 Chrysenes ND ND ND ND 
C0 Naphthobenzothiophenes ND ND ND ND 
C1 Naphthobenzothiophenes ND ND ND ND 
C2 Naphthobenzothiophenes ND ND ND ND 
C3 Naphthobenzothiophenes ND ND ND ND 
C4 Naphthobenzothiophenes ND ND ND ND 
Total C0-PAH 1.6 ND ND ND 
Total Alkyl-PAH 7.3 2.9 1.2 ND 
% Alkyl-PAH 82 100 100 ND 

Total PAH (g/L) 8.9 2.9 1.2 ND 
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Table I-8: Summary of GC-MS data for column effluent over time during chronic 

embryo exposures shown with percent mortality and percent normal endpoints at 

emergence. ND indicates the concentration was below the limit of detection (< 100 

ng/mL).  

Oil Type 
Nominal Oil 

Loading 
(µg/g) 

Day of 
Exposure 

TPAH 

(g/L) 

Sum n-
Alkanes 

(g/L) 

% Mortality at 
Emergence 

% Normal at 
Emergence 

HFO 7102 
875 0 1.5 28 5 0 

1750 0 17 53 100 0 

Fraction 2 

200 

0 8.8 2.7 

0 0 
7 1.4 2.1 

15 ND 1.1 

23 ND 1.1 

875 

0 26 36 

95 0 15 6.2 13 

23 2.2 15 

Fraction 3 

100 

0 ND 0.3 

0 0 
7 ND 0.5 

15 ND 0.5 

23 ND 3.3 

425 

0 11 42 

95 0 
7 1.0 23 

15 4.0 21 

23 1.3 21 

Fraction 4 

1150 

0 ND 1.6 

0 90 
7 ND 4.7 

15 ND 1.7 

23 ND 4.7 

8000 

0 ND 0.05 

10 65 
7 ND 1.2 

15 1.1 13 

23 1.6 15 

Fraction 3-
1 

100 

0 6.7 12 

40 0 
7 1.2 23 

15 1.3 16 

23 1.3 18 

425 

0 8.9 0.6 

100 0 
7 2.9 1.7 

15 1.2 5.5 

23 ND 1.9 
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Appendix J 

Individual Signs of Blue Sac Disease in Embryos Exposed to Dispersed 

Oil and Oiled Gravel Column Effluent 

 
Figure J-1: Average of individual signs of blue sac disease per treatment. Individual sign 

are yolk sac edema (A), pericardial edema (B), ocular hemorrhaging (C), body 

hemorrhaging (D), cranial malformation (E) and fin rot (F).  
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Figure J-2: Average of individual signs of blue sac disease per treatment oiled gravel. 

Individual sign are yolk sac edema (A), pericardial edema (B), ocular hemorrhaging (C), 

body hemorrhaging (D), cranial malformation (E) and fin rot (F). Treatments include 

heavy fuel oil #7102 (HFO 7102), fresh and weathered heavy fuel oil #6303 (HFO 6303, 

HFO 6303 W), and a medium South American crude oil (MESA).  
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Figure J-3: Average of individual signs of blue sac disease per treatment oiled gravel. 

Individual sign are yolk sac edema (A), pericardial edema (B), ocular hemorrhaging (C), 

body hemorrhaging (D), cranial malformation (E) and fin rot (F). Treatments include 

heavy fuel oil #7102 (HFO 7102), and its fractions (fraction 2; F2, fraction 3; F3, fraction 

4; F4, and fraction 3-1; F3-1). 
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Appendix K 

Development of Embryos Expose to Oiled Gravel Column Effluent 

 

 
Figure K-1: Average body length (A) and body weight (with yolk sac removed; B) of 

embryos at swim-up exposed to effluent of columns containing gravel oiled with heavy 

fuel oils (heavy fuel oil #7102; HFO 7102 and fresh and weathered heavy fuel oil #6303; 

HFO 6303, HFO 6303 W) and a medium crude oil (Medium South American; MESA). 

Error bars are standard error of the mean. The blue box is the standard error of the water 

control mean, and the grey box is the standard error of the retene control mean. 

 

 

 
Figure K-2: Average body length (A) and body weight (with yolk sac removed; B) of 

embryos at swim-up exposed to effluent of columns containing gravel oiled with heavy 

fuel oil 7102 (HFO 7102) and it’s fractions (Fraction 2; F2, Fraction 3; F3, Fraction 4; 

F4, Fraction 3; F3 and Fraction 3-1; F3-1). Error bars are standard error of the mean. The 

blue box is the standard error of the water control mean, and the grey box is the standard 

error of the retene control mean.  
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Appendix L 

Phase IV Preliminary Experiments: Vial Comparison and Storage of 

HE-CEWAF 

 Due to the small volume of F3-1 sub-fractions produced by column 

chromatography, the total volume of oil used for dosing over the exposure period needs 

to be reduced. Preliminary experiments changing the total volume of HE-CEWAF 

produced and the use of HE-CEWAF over multiple exposure days were conducted to 

determine whether changes to the HE-CEWAF preparation or dosing method could be 

implemented in the next phase of toxicity tests with very limited test volumes.  

 

Vial Comparison 

 As the fractions became more concentrated with PAH in the dispersed oil EDCF, 

less HE-CEWAF was required per treatment. Because the method of HE-CEWAF was 

not altered with the increase in toxicity, often there was an excess of HE-CEWAF 

produced. For example, 10 mL of F3-1 HE-CEWAF was prepared daily, but only 2 mL 

was necessary for dosing and analysis of fluorescence. To reduce the amount of fraction 

required per day and the volume of excess HE-CEWAF, a reduction in vial size for the 

preparation of HE-CEWAF was suggested.  

 To determine whether smaller vials would be suitable for production of HE-

CEWAF, four alternative total volumes (with the same ratio of components as the 

original) were produced in 2 mL glass scintillation vials with teflon lined septum caps, 

and compared to the original HE-CEWAF (Table L-1). Three sets of HFO 7102 fraction 

3 HE-CEWAF produced by each method were diluted to 0.1 % v/v and 0.032 % v/v and 

were analyzed by fluorescence spectroscopy and the average fluorescence was calculated.  

 

Table L-1: Designation of vials compared and corresponding volume of components: 

water, oil (fraction 3), and dispersant (Corexit 9500).  

Designation 
Vial Volume 

(mL) 

Component Volumes (μL) 

Water Oil (Fraction 3) Corexit 9500 

Original 20 14000 1600 80 

A 2 1400 160 8 

B 2 900 100 5 

C 2 675 75 3.75 

D 2 450 50 2.5 
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Figure L-1: Measured hydrocarbon concentration in dilutions of fraction 3 HE-CEWAF 

prepared with different total volumes (A), and the ratio of hydrocarbons  between 0.1 and 

0.032 % v/v nominal HE-CEWAF loadings (B). The horizontal line in B is the expected 

ratio of 0.32. Error bars are standard deviation of average (A; N=3).  

 

 All vials were able to drive hydrocarbons into solution, and as expected the 

fluorescence in the HE-CEWAF decreased with lower loadings of oil. Comparison of the 

ratio of fluorescence between 0.1 and 0.032 % v/v nominal HE-CEWAF loadings 

indicated that all alternative HE-CEWAF methods except for A are appropriate. Vial A 

had the highest total volume loading, and as a result it was difficult to establish and 

maintain 100% vortex during the mixing step. Because changes to the method may 

change the composition of the test solutions and this experiment was done with only one 

oil, more tests with different oils and chemical characterization of the HE-CEWAF 

produced is necessary (Barron and Ka’aihue 2006).  

 

Storage of HE-CEWAF 

 HE-CEWAF stock prepared with HFO 7102 was separated into aliquots, not 

preserved or preserved in equal parts ethanol, and stored in a refrigerator at 4˚C in the 

dark. Over 32 days, HE-CEWAF stock samples were diluted to 10, 3.2 and 1 % v/v and 

analyzed for fluorescence to determine if the fluorescence signal was degraded over time. 

Stored samples were compared to fraction 3 HE-CEWAF prepared before analysis 

(“fresh” HE-CEWAF).  
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Figure L-2: Measured hydrocarbon concentrations in fraction 3 HE-CEWAF samples 

stored over time. Stored samples (not preserved, or preserved in equal parts ethanol) were 

compared to newly prepared fraction 3 HE-CEWAF.  

 

 Fluorescence of stored samples slightly decreased over 32 days of storage. The 

10%v/v dilutions had the greatest decrease in fluorescence. HE-CEWAF samples not 

preserved had lower declines in fluorescence than samples preserved in ethanol; 10-11% 

versus 26-32% decline respectively. The only linear regressions with slopes significantly 

different than zero are the 10 and 1 % v/v dilution of fraction 3 HE-CEWAF preserved in 

ethanol (10 % v/v: slope = -0.89, y-intercept = 87.87, F = 25.92, p = 0.007; 1 % v/v: 

slope = -0.05, y-intercept = 5.73, F = 10.44, p = 0.032).  

 

Reference:  

 

Barron, M.G., and L. Ka’aihue. 2001. Potential for photoenhanced toxicity of spilled oil 

in Prince William Sound and Gulf of Alaska waters. Marine Pollution Bulletin. 43: 86-

92. 
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Appendix M 

Additional Sublethal Signs of Toxicity Observed in Embryos 

 Embryos exposed to dispersed oil and column effluent had signs of blue sac disease (BSD), but also had eye pinching, 

exophthalamus (“popeye”; Wolf 1957) and growths on the caudal fin, signs not previously observed in heavy oil exposures. These 

developmental abnormalities were observed in all treatments except for fraction 4 and fraction 3-2, and these signs were observed 

after day 10 of the exposure period.  

 

 

 

 

 

 

 

Figure M-1: Images of eye splitting and exophthalamus in embryos exposed to dispersed oil and oiled gravel column effluent. Shaded 

cells indicate that no embryos were observed with eye splitting.  

 

 

 

Day of 

Exposure 
Water 

Retene  

(100 µg/L) 

Dispersed Oil Oiled Gravel Columns 

HFO 7102 Fraction 2 Fraction 3 Fraction 3-1 HFO 7102 HFO 6303 

Day 10-15 

   

0.1 % v/v 

  

0.025 % v/v 

 

3500 µg/g 1750 µg/g 

Day 21-24 

  
0.01 % v/v 

 

0.01 % v/v 0.0025 % v/v 
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Day of 

Exposure 
Water 

Dispersed Oil Oiled Gravel Columns 

HFO 7102 Fraction 2 Fraction 3 Fraction 3-1 HFO 7102 HFO 6303 

Day 10-15 

 
0.1 % v/v 

  

0.008 % v/v 3500 µg/g 3500 µg/g 

Day 21-24 

 
0.068 % v/v 0.01 % v/v 0.0025 % v/v 

   

Figure M-2: Images of caudal fin growths in embryos exposed to dispersed oil and column effluent. Shaded cells indicate that no 

embryos were observed with caudal fin growths. 

 

 

 

 

Reference: 

Wolf, K. 1957. Experimental induction of blue-sac disease. Transactions of the American Fisheries Society. 86: 61-70. 
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Appendix N 

Curvilinear Regression Parameters 

Table N-1: Non-linear regression parameters for oiled gravel column exposures. 24d 

median lethal (LC50) and effect concentrations (EC50) are listed with 95% confidence 

intervals (CI), hillslope and the coefficient of determination.  

Figure Oil Endpoint 
24d LC50 or 
EC50 (µg/L) 

CI Hillslope CI R2 

3.4A 

HFO 6303 

Percent 
Mortality 

62 55-69    

HFO 6303 W 84 82-85    

MESA 1055 1055-1055    

HFO 7102 91 73-110    

3.7A 

F2 

Percent 
Mortality 

298 235-378 7.3 2.7-12 0.99 

F3 74 55-101 6.7 1.6-12 0.99 

F4 > 16     

F3-1 99.6 99.3-99.8 7.5 7.3-7.7 1 

3.4B 

HFO 6303 

BSD SI 
 

47 41-55 9.5 -21-40 0.94 

HFO 6303 W 79 59-84 8.6 -8.2-25 0.95 

MESA 1035 Very Wide 374 Very Wide 0.99 

HFO 7102 87 55-1367 3.9 -2.1- 9.8 0.85 

3.7B 

F2 

BSD SI 
 

184 172-197 5.8 3.6-7.9 0.99 

F3 62 41-95 5.6 -2-12 0.98 

F4 >16     

F3-1 87 79-95 6.6 1.7-12 0.99 

3.4C 

HFO 6303 

Percent 
Normal 

< 26     

HFO 6303 W < 42     

MESA 421 421-422 -11 -11 1 

HFO 7102 <49     

3.7C 

F2 

Percent 
Normal 

77 62-95 -4.5 -7.9-(-)1.2 0.99 

F3 34 34-35 -471 -540-(-)401 1 

F4 >16     

F3-1 35 35-35 -7.7 -7.7-(-)7.6 1 
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Table N-2: Non-linear regressions of dispersed oil exposures. 24d median lethal (LC50) 

and effect concentrations (EC50) are listed with 95% confidence intervals (CI), hillslope 

and the coefficient of determination. Missing data was not provided by statistical 

program.  

Figure Oil Endpoint 
24d LC50 or 
EC50 (µg/L) 

CI Hillslope CI R2 

2.3A 

HFO 7102 

Percent 
Mortality 

2237 2103-2394    

F2 2360 2336-2384    

F3 699 675-727    

F4 >7,200     

F3-1 601 436-859 2.7 2.0-3.5  

F3-2 >5,600     

2.3B 

HFO 7102 

BSD SI 

1838 1813-1864 25 16-35 0.99 

F2 2327 Very Wide 3.4 Very Wide 0.99 

F3 78 620-999 28 -88-144 0.95 

F4 6323 5925-6748 5.3 3.8-6.7 0.99 

F3-1 404 353-463 2.2 1.7-2.8 0.99 

F3-2 >5,600     

2.3C 

HFO 7102 

Percent 
Normal 

910.2 Very Wide -123 Very Wide 0.94 

F2 1625 1544-1710 -8.7 -13-(-)4.6 0.99 

F3 535 535 -535 -71 -71 1 

F4 4019 3967-4073 -58 -75-(-)41 0.99 

F3-1 156 151-160 -5.3 -5.7-(-)4.9 0.99 

F3-2 >5,600     
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Table N-3: Non-linear regressions of dispersed oil exposures with estimated TPAH 

concentrations. 24d median lethal (LC50) and effect concentrations (EC50) are listed 

with 95% confidence intervals (CI), hillslope and the coefficient of determination. 

Missing data was not provided by statistical program. 

Figure Oil Endpoint 
24d LC50 or 
EC50 (µg/L) 

CI Hillslope CI R2 

2.7A 

HFO 7102 

Percent 
Mortality 

6.3 5-8    
F2 6.0 5-7    
F3 13 9-19    
F4 > 1.3     

F3-1 34 24-47    

2.7B 

HFO 7102  3.6 3-5 1.59 0.98-2.19 0.99 
F2  3.1 2-5 1.88 0.80-2.96 0.99 
F3 BSD SI 17 Very Wide 21.03 Very Wide 0.99 
F4  1.0 1-1 2.26 1.49-4.41 0.99 

F3-1  28 24-33 3.03 1.65-4.41 0.99 

2.7C 

HFO 7102 

Percent 
Normal 

0.6 Very Wide -32 Very Wide 0.97 
F2 1.1 Very Wide -5.2 Very Wide  
F3 0.6 Very Wide -21 Very Wide 1 
F4 0.1 0.01-1.0 -2.4 -7.0-(-)2.3 0.99 

F3-1 11 11-11 -4.5 -4.5-(-)4.4 1 
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Appendix O 

Chronic Toxicity Data Expressed as Nominal Loading 

Figure O-1: Chronic toxicity of chemically dispersed heavy fuel oil 7102 and fuel-oil 

fractions to rainbow trout embryos from hatch to swim-up (24d; N=25/treatment) 

assessed by cumulative percent mortality (A), BSD severity index (B) and percent normal 

(C). Retene was included as a positive control (100µg/L), and water as a negative control. 

Concentration expressed as nominal loading (% v/v) of HE-CEWAF.  
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Figure O-2: Chronic toxicity of water accommodated fraction of stranded fresh heavy 

fuel oil (HFO 7102 and HFO 6303), weathered HFO (HFO 6303 W), and Medium South 

American crude oil (MESA) to rainbow trout embryos exposed from hatch to swim-up 

(24d; N=25 per treatment). Retene was included as a positive control (100µg/L), and 

water as a negative control. Concentration expressed as nominal loading of oil on gravel 

(µg oil/g gravel).  



 

192 

 

 

Figure O-3: Chronic toxicity of water accommodated fraction of stranded heavy fuel oil 

7102 (HFO 7102) and fuel-oil fractions (Fraction 2, 3, 4 and 3-1) to rainbow trout 

embryos from hatch to swim-up (24d; N=25/treatment) assessed by cumulative percent 

mortality (A), BSD severity index (B) and percent normal (C) per treatment. Retene was 

included as a positive control (100µg/L), and water as a negative control. Concentration 

expressed as nominal loading of oil on gravel (µg oil/g gravel). 
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Appendix P 

Ratio of 24d LC50s and 24d EC50s Expressed as Measured 

Hydrocarbon Concentrations of HE-CEWAF and WAFs Created by 

Desorption of Hydrocarbons from Gravel 

Table P-1: Ratio 24d LC50s and 24d EC50s of HE-CEWAF and WAFs created by oil 

gravel columns.  

 
24d LC50 HE-CEWAF 

24d LC50 WAF 

24d EC50 (BSD SI) HE-CEWAF 

24d EC50 (BSD SI) WAF 

24d EC50 (% Normal) HE-CEWAF 

24d EC50 (% Normal) WAF 

HFO 

7102 
24 21 >19 

Fraction 

2 
7.9 13 21 

Fraction 

3 
13 13 16 

Fraction 

4 
>450 > 394 > 313 

Fraction 

3-1 
6 4.6 4.3 
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Appendix Q 

Comparison of Parent Oil and HE-CEWAF PAH Distribution 

 

 
Figure Q-1: Distribution of PAH groups in oil, HE-CEWAF stocks (A), and dispersed 

oil water samples (B; highest concentration treatments shown) of HFO 7102 and its 

fractions. F3-2 was not included because all PAH in HE-CEWAF samples were below 

the detection limit.  
 


