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Abstract 

 

The risk of crude oil exposure to the early life stages (ELS) of fish is difficult to 

assess, given the complexity of the chemical composition of different oils. The aromatic 

portion of crude oil contains polycyclic aromatic hydrocarbons (PAH), which are known 

to be toxic. In 2004, an “effects-driven” fractionation research program was initiated in 

an attempt to better identify toxic constituents of two unique crude oils, Alaskan North 

Slope Crude (ANSC; medium-heavy crude) and Scotia Light (SCOT; light crude). The 

ANSC contained much more PAH than SCOT. These oils induced cytochrome P4501A1 

(CYP1A) enzymes in juvenile rainbow trout (Oncorhynchus mykiss) and caused blue-sac 

disease (BSD) and mortality in larval Japanese medaka (Oryzias latipes).  

Four unique fractions (F1-F4) were produced from both oils via low temperature 

vacuum distillation. The F3 contained an array of unsubstituted and alkyl-PAH, and was 

responsible for most of the CYP1A induction and chronic toxicity associated with whole 

oil. Cold acetone extraction (CAE) of F3 produced 2 new sub-fractions (F3-1 and F3-2). 

The F3-1 was rich in alkyl-PAH, was a potent CYP1A inducer, and was chronically toxic 

to ELS of fish. The F3-1 was further separated into five more sub-fractions via normal 

phase HPLC (F3-1-1 – F3-1-5). Neither F3-1-1 nor F3-1-2 induced CYP1A or produced 

BSD, but F3-1-2 was lethal. The F3-1-3, 4, and 5 were all potent CYP1A inducers and 

were all chronically toxic.  
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Induction of CYP1A proved to be an effective tool for tracing potentially toxic 

PAH throughout fractionation (Chapter 2), and sub-fractions rich in alkyl-PAH caused 

the most BSD and mortality (Chapter 3). Alkyl-homologues of phenanthrene, fluorene, 

naphthobenzothiophene (NBT), pyrene, and chrysene are perhaps the most toxic of the 

known constituents present in crude oil. The ANSC sub-fractions were more toxic than 

the SCOT ones, indicating that heavier crude oils with a higher proportion of 

intermediate-sized alkyl-PAH may be more toxic than lighter crude oils that are 

comprised of fewer of these compounds. 
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Chapter 1. 

 

General Introduction and Literature Review 

 

1.1. Crude Oil 

Crude oil is a complex mixture containing many types of compounds. Global 

demand for crude oil and associated products has increased dramatically over the last half 

of the century, and the demand is growing still. As many industries struggle to produce 

affordable, more environmentally-friendly alternatives, oil companies have maintained a 

firm hold on the developed world’s need for energy. This increased demand means more 

extraction and transport of crude oil; future oil spills and or accidents are inevitable. 

When spills occur, one of the problems for environmental assessors is to choose 

appropriate cleanup and remediation measures. Oil spills contaminate breeding and 

feeding habitat for many species; oil slicks can extend much farther around the actual 

point of the spill, and shorelines and sediment can become fouled. Exposure to crude oil 

has been associated with disease, recruitment failure, and mortality of aquatic organisms. 

This is particularly true of the early life stages (ELS) of fish. 

1.2. The Exxon Valdez Oil Spill 

On the 24th of March in 1989, the oil tanker “Exxon Valdez” ran aground on Bligh 

Reef in Prince William Sound, Alaska (Appendix 1; Pearson et al., 1999). The Sound is 

noted for its spectacular geomorphology, high biological productivity, and diversity. The 

collision led to the rupture of 8 of the 11 cargo tanks on board the ship. Within hours, 42 

million liters of Alaskan North Slope crude oil (ANSC) had emptied out of the ship 
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(Carls et al., 2002; Bue et al., 1998; McGurk and Brown, 1996). The resulting spill 

became the largest in US history. Over 1750 km of shoreline was contaminated with 

Exxon Valdez oil (Appendix 1; Pearson et al., 1999), and some of these areas were over 

750 km from the spill site (Murphy et al., 1999).  

Although the Exxon Valdez oil spill (EVOS) ranks only 34th on the list of major 

oil-spills in the world (Paine et al., 1996), no other spill has permeated the public 

conscience in quite the same manner. With constant media attention and massive cleanup 

efforts, the EVOS not only redefined environmental impact assessment, it became an 

unplanned large-scale experiment (Paine et al., 1996). A wide variety of seabirds and 

mammals experienced acute toxicity effects due to spilled oil; it is estimated that over 

250,000 sea birds perished (Irons et al., 2000). Media attention was so great that the first 

priority was to clean up oiled beaches and slicks as quickly as possible, as the public did 

not want to see more dead birds and oil-covered otters and seals.  

Natural weathering processes, such as wind and wave action, along with 

dispersant use, aided in breaking up oil slicks and removing the problem from the public 

eye. However, little attention was paid to where this dispersed oil ended up. It would not 

be long before dispersed ANSC oil affected other sensitive and important species: fish, 

especially the commercially important Pacific herring (Clupea pallasi) and pink salmon 

(Oncorhynchus gorbuscha). Over the next few years following the EVOS, limited 

spawning, ELS mortality, and disease would all contribute to recruitment failure in these 

fisheries. 

The establishment of the Exxon Valdez Trustee Council led to critical analyses 

with regards to oil effects on fish. The council initiated many chronic studies in addition 
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to acute tests, and thus provided strong evidence that chronic injury to the early life 

stages of herring and salmon were real and on-going, due to the persistence of ANSC oil, 

even more than a decade following the spill (Paine et al., 1996). 

1.2.1. Pacific Herring 

The Pacific herring is among the world's most abundant and commercially-

important fish species, and is also an important food source for a wide variety of fish, 

mammals, and birds. Pacific herring typically spawn in Prince William Sound in April 

and May (Funk, 1994). Spawning is confined to shallow, vegetated areas in the intertidal 

and sub-tidal zones (Funk, 1994). Herring eggs and larva were at an increased risk of oil 

exposure because the EVOS occurred two weeks before spawning. It is possible that the 

1989 generation of herring were physically and/or genetically damaged due to this 

exposure. Two record high biomasses of herring were harvested in 1991 and 1992, and an 

all-time record high of 134,000t was predicted for 1993; instead the fishery collapsed and 

only 30,000t were harvested (Pearson et al., 1999).  

Between March 29th and April 1st, 1989, Pacific herring were observed massing 

near spawning grounds concentrated in four major areas of the Sound: NE Tatilek 

Narrows, N Fairmont Bay, the Naked Island archipelago, and the northern end of 

Montague Island (McGurk and Brown, 1996; Norcross et al., 1996). Herring eggs are 

fixed to the substrate and are therefore subject to continuous exposure to crude oil 

following the EVOS, as evidenced by the oiling of preferred spawning areas (Appendix 

1; Pearson et al., 1999). The fact that the EVOS occurred during one of the largest Pacific 

herring spawning events ever observed in the Sound implied that this species was at a 

high risk of exposure (Kocan et al., 1996).  
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1.2.2. Pink Salmon 

Pink salmon are native to Pacific and arctic coastal waters from northern 

California to the Mackenzie River in Canada (Kingsbury, 1994). Almost 75% of the wild 

salmon that spawn within the Sound do so in nearshore marine areas between late June 

and mid-October (Kingsbury, 1994). Following hatch, salmon fry remain in natal streams 

up to a year, before migrating to the sea. Therefore, this species may have also been 

vulnerable to oil exposure from the EVOS (Bue et al., 1998). Many studies reported on 

decreased survival of ELS of salmon, as well as genetic and behavioural changes in adult 

fish following the EVOS (Heintz et al., 2000; Murphy et al., 1999; Bue et al., 1998). 

1.3. What Makes Crude Oil Toxic? 

Mechanisms of crude oil toxicity are generally separated into two categories: 

coating of organisms by heavy, viscous components, and, in the case of fish, by 

accumulation and metabolism of dissolved components (Wright and Welbourn, 2002). 

Coating of fur in mammals and feathers in birds can lead to hypothermia (Paine et al., 

1996). Oil may also coat and adsorb onto fish gills, thus limiting the rate of oxygen 

uptake. Oil can also be ingested, usually indirectly, and this can be poisonous to fish and 

wildlife. Most routes of exposure are readily observed following an oil spill, but when the 

EVOS occurred in 1989, very little attention was attributed to the effects of oil on 

developing stages of fish.  

Exposure to petroleum can potentially damage fishery resources in numerous 

ways, such as reducing the reproductive rates of fish stocks (Sol et al., 2000). The EVOS 

caused contamination of intertidal spawning areas, which led to increased embryo 

mortality, and possible long-term developmental and genetic damage in salmon, thus 

 4



increasing the risk of recruitment failure (Sol et al., 2000; Murphy et al., 1999). Another 

study evaluated delayed growth effects following oil exposure by combining controlled 

lab exposures with the release of fish into the wild; salmon exposed to 5.4 ppb of crude 

oil showed higher mortality than unexposed fish (Heintz et al., 2000). 

Some reports suggest that crude oil must be in direct contact with fish eggs in 

order for the oil to be toxic, as adherence of oil droplets on the chorion interferes with gas 

exchange (Pearson et al., 1999). However, other studies contend that eggs do not have to 

be physically coated with oil to exhibit toxic effects (Carls et al., 1999). Adult herring 

had the lowest 96 h LC50 to crude oil, 1ppm, out of 39 Alaskan marine species that were 

tested (Hose et al., 1996). It is estimated that half of the spawned biomass was exposed to 

Exxon Valdez oil (Carls et al., 1999). Although no apparent effect of oil on growth rates 

was found, embryo-larval mortality in oiled areas was more than twice that observed in 

non-oiled areas (McGurk and Brown, 1996). Spawning herring from previously oiled 

sites produced fewer normal larvae than herring from un-oiled sites (Kocan et al., 1996a). 

After the EVOS occurred, surface oil may have been deposited at the mouths of 

spawning streams during high tide. After an initial period of weathering, the heavier 

constituents of crude oil would have adsorbed onto stream sediment, thus rendering any 

developing salmon embryo and fry vulnerable to continuous oil exposure. It is estimated 

that 30 productive spawning streams were contaminated with Exxon Valdez oil in 1989 

(Brannon et al., 2001).  Embryos are nourished from a large lipid-rich yolk, which readily 

absorbs lipophilic compounds such as polycyclic aromatic hydrocarbons (PAH), a major 

component of crude oil correlated to chronic toxicity in ELS of fish (Carls et al., 1999; 

Murphy et al., 1999). Several studies have reported on the toxic effects of PAH (Bauder 
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et al., 2005; Brinkworth et al., 2003; Billiard et al., 1999). A likely mechanism of 

continuing exposure of embryos to residual oil involves leaching of PAH from weathered 

oil deposits in Prince William Sound even years after the EVOS (Murphy et al., 1999). 

The persistent effects of oil spills are also most likely observed in sessile animals with 

high lipid content, such as fish eggs or developing larvae. Increased tissue lipid allows 

greater uptake of petroleum hydrocarbons (Marty et al., 1997). 

In lab tests, salmon embryos experienced higher mortality when incubated in 

oiled gravel rather than in clean gravel (Bue et al., 1998; Marty et al., 1997). Exposure to 

heavily oiled gravels resulted in decreased survival. In field tests, significantly elevated 

embryo mortalities were detected in oiled streams four years after the spill (Bue et al., 

1998). Larvae exposed to heavier oiled gravel treatments showed more severe lesions 

than control fish, as well as higher gene, enzyme, and protein expression, as evidenced by 

staining in tissue, increased precocious hatch, and increased gonadal cell apoptosis 

(Marty et al., 1997). The majority of the studies reviewed cite PAH present in crude oil 

for most of the observed adverse effects.  

In terms of risk assessment, if researchers could positively identify the 

constituents in crude oil that are toxic, then damage assessment organizations could be 

better equipped for oil spill remediation and cleanup procedures. Each crude oil is unique 

in its chemical composition, and oils with a higher proportion of toxic components pose a 

higher risk than those with a lower proportion. To manage different oils following a spill, 

an understanding of the variation in relative risk is important. To understand the relative 

risks of different oils, it is necessary to identify which components are toxic. Knowledge 

of what specific compounds occur in particular crude oils could assist researchers in 
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better assessing the risk to ELS of fish, in that more hazardous components could be 

positively identified and evaluated for toxicity. This could lead to the implementation of 

more stringent safety measures to prevent future spills.  

Another case for fingerprinting oils is to allocate responsibility. Oil companies 

would have to pay for the cleanup and remediation of spilled sites if there was concrete 

evidence that their product was to blame for adverse effects observed in species 

following an oil spill event. The best way to hold agencies accountable following an oil 

spill is to show, beyond any doubt, that their product contains the compounds that are 

harmful to fish. Researchers would have to supplement the chemistry with biological 

assays to establish evidence that exposure to crude oil causes adverse effects to the ELS 

of fish. Another reason to characterize crude oil in terms of chemistry and biological 

effects is to differentiate between actual oil exposures and environmental stressors; 

perhaps fish are not reacting to crude oil exposure, but rather fluctuations in temperature 

(Brannon et al., 2001), or reduced oxygen as a result of sediment coating. Characterizing 

different crude oils is, however, no easy task. A closer look at the primary constituents of 

crude oil illustrates the complexity of the mixture. 

1.4. Crude Oil Constituents – Which are Toxic? 

The relative proportions of four primary classes of compounds characterize 

different crude oils. These classes are described as saturates, aromatics, resins, and 

asphaltenes (SARA). One particular sub-class of the aromatics, the PAH are the most 

likely compounds responsible for chronic toxicity to the ELS of fish (Ramachandran et 

al., 2004; Sol et al., 2000; Carls et al., 1999). Each crude oil is unique in chemical 

composition, although all contain compounds from each of these four classes. Refer to 
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Appendix 2 for the SARA numbers of both ANSC and another lighter crude oil used for 

comparison in this thesis, Scotia Light (SCOT). These compounds are all referred to as 

petroleum hydrocarbons. It is uncertain whether adverse effects on ELS of fish are due to 

exposure of specific compound groups or synergistic effects among different compounds 

in crude oil.  

1.4.1. Saturates  

This class of compounds consists mainly of straight chain normal alkanes (n-

alkanes) and branched chain iso-alkanes, both of which are composed of carbon and 

hydrogen; these compounds contain no carbon double bonds (Appendix 3; Wang and 

Fingas, 2006). The carbon atoms are surrounded by the maximum number of hydrogen 

atoms, hence the term saturates (Speight, 1991). The N-alkanes range from C5 to C40, and 

are the most common constituents in many oils. The C5 to C18 n-alkanes are referred to as 

parrafins, and n-alkanes greater than C18 are referred to as waxes (Wang and Fingas, 

2006). Cycloalkanes, or naphthenes, are alkanes that have formed into rings, and these 

also occur in the saturates portion of crude oil. Although saturates are not as water-

soluble as aromatics and are readily broken down via microbial activity, these lower 

molecular weight (LMW) compounds can be acutely toxic at high concentrations. 

However, since these compounds do not persist as long as aromatics, they are not a 

concern in terms of chronic effects in the ELS of fish.  

1.4.2. Resins and Asphaltenes 

The two other main components of crude oil are the resins, and the larger 

asphaltenes (Appendix 3). Resins are defined as the non-volatile and polar fraction of 

petroleum that is soluble in n-alkanes and aromatic solvents, and insoluble in ethyl 
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acetate (Diallo et al., 2004). Resins are largely responsible for the adhesion of crude oil 

(Wang and Fingas, 2006). Conversely, asphaltenes are defined as the non-volatile and 

polar fraction of petroleum that is insoluble in the lower molecular weight saturates, but 

soluble in aromatics such as toluene (Wang and Buckley, 2003; Diallo et al., 2004).  

Asphaltenes are large and complex compounds, and their abundance in oil can 

have significant effects on oil behavior, such as viscosity, density, cohesion, adhesion, 

solubility, dissolution, and density; all of which may dictate the rate of natural weathering 

and chemical dispersion following an oil spill (Wang and Fingas, 2006). Due to their 

polar nature, resins and asphaltenes are both heterocyclic and may contain sulphur, 

oxygen, and nitrogen (Wang and Fingas, 2006). Components of resin and asphaltene 

include heterocyclic aromatic compounds (HACs) such as aromatic mercaptans, 

thiophenes, and dibenzothiophenes (Appendix 3), as well as alkyl homologues of the 

latter two compound groups (Wang and Fingas, 2006). With molecular weights of 700-

1000 for resins and 1000-10000 for asphaltenes (Wright and Welbourne, 2002), it is 

unlikely that these components are taken up by fish due to their large size. Aromatic 

compounds such as phenanthrene and benzo(a)pyrene (BaP), have much lower molecular 

weights; 178.2 and 252.3 respectively, and as molecular weight increases, water 

solubility decreases (Neff, 1996). Shape too, determines uptake, and more linear 

arrangements of molecules tend to be less soluble than angular arrangements. Resins and 

asphaltenes are tightly compacted in structure, and they do not readily diffuse through 

cell membranes as well as the smaller, more planar aromatic compounds. 

Resins and asphaltenes are, therefore, not a direct concern when assessing chronic 

toxicity of oil to ELS of fish. However, both are extremely important in assessing oil 
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spills and bioavailability of other petroleum hydrocarbons. Lighter crude oils contain less 

resins and asphaltenes, therefore any aromatics present following a spill can weather, 

disperse, and volatilize more efficiently than from heavier crude oils. More asphaltenes 

result in much thicker oil slicks following a spill, thus limiting weathering processes. Tar-

balls can then form and transport the oil farther from the spill area; these “pockets” of oil 

may persist for years and even decades (Short et al., 2007; Wang and Fingas, 2006). 

1.4.3. Aromatics 

It is the aromatic portion of oil that is believed to contain the most toxic 

compounds to fish, the PAH. Aromatics are cyclic, planar compounds and include mono 

aromatic hydrocarbons such as BTEX (benzenes, toluenes, ethylbenzenes, and xylenes; 

Wang and Fingas, 2006). The BTEX are more stable and persist in the environment 

longer than saturates (Wang and Fingas, 2006). This is even more true of the multi-ring 

PAH which are composed of 2 or more benzene rings. Multi-ring PAH persist longer 

because they are less water-soluble than monoaromatics, and this contributes greatly to 

the toxic potential of these compounds. 

1.5. Polycyclic Aromatic Hydrocarbons (PAH) 

The PAH compounds consist of two or more benzene rings and occur naturally 

through processes of diagenesis and biogenesis, or as the by-products of anthropogenic 

activity. Natural sources include oil seeps, volcanic eruptions, and forest fires. 

Anthropogenic sources of PAH are mainly derived from the incomplete combustion of 

fossil fuels or discharges from industrial activities such as crude oil transportation, 

refining or coking (Wang and Fingas, 2006; Wright and Welbourn, 2002). All PAH are 

hydrophobic and lipophillic, which means that they readily dissolve in fatty tissue; they 
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can bioaccumulate but they are also labile, meaning that they are also readily 

metabolized.  

Many PAH occur naturally in crude oil, of which they comprise between 1% and 

20%, depending on the type of crude (Wang and Fingas, 2006; Carls et al., 1999). The 

PAH can be separated into two groups, the lower molecular weight PAH (2- and 3-ring) 

and the higher molecular weight PAH (4- to 6-ring compounds), however it is more 

realistic to consider PAH as one large array of compounds increasing in molecular 

weight, ranging from 2- to 6- or more benzene rings. There are currently 16 PAH 

recognized by the USEPA as being priority compounds of environmental concern 

(Appendix 4). None of the priority 16 PAH are alkylated, in other words, there are no 

side chains present on any of these compounds. Alkyl side-chains are usually methyl, 

ethyl, or isopropyl, or a combination thereof. As much as 90% of all the PAH found in 

crude oil are alkylated (Wang and Fingas, 2006). Several studies have found that alkyl 

side-chains on parent PAH increases their toxicity, both in terms of bioavailability and 

metabolism (Hawkins et al., 2002, Basu et al., 2001; Billiard et al., 1999). Appendix 5 

shows a 3-ring PAH, phenanthrene, and some of its alkyl derivatives. 

Exposure to some PAH has been known to cause developmental defects in the 

ELS of fish (Ramachandran et al., 2004; Brinkworth et al., 2003; Billiard et al., 1999). A 

study conducted in conjunction with Pacific herring studies reported that exposure to 

weathered oil killed pink salmon embryos at only 1ppb of oil (Heintz et al., 1999). 

Exposure to PAH has also been shown to cause craniofacial and cardiovascular 

alterations in other species, such as Menidia beryllina (Middaugh et al., 2002). The 

aromatic portion of Exxon Valdez cargo oil, Alaskan North Slope Crude (ANSC), makes 
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up 15% of the whole oil (Appendix 2; Wang, 2003), and exposure to this crude oil is 

believed to have caused the adverse effects observed in herring as well as salmon in 

Prince William Sound. No two crude oils are alike, as evidenced by the lower 8% 

proportion of aromatics in the lighter crude SCOT (Appendix 2; Jokuty et al., 1999). 

In terms of PAH content, ANSC oil contains roughly 11 200 µg/g versus the 3500 

µg/g found in SCOT (Hollebone et al., 2003). Within the aromatic portion of crude oil, 

not all PAH cause the same toxic effects, and not all share similar mechanisms of 

toxicity. For example, the lower molecular weight PAH such as 2-ring naphthalenes, are 

more associated with narcosis or lipid-partitioning mechanisms of action than are the 3- 

to 5-ring PAH, which are more closely linked to metabolic driven modes of action that 

may precede developmental defects in the ELS of fish (Carls et al., 1999).  

Only unsubstituted or parent PAH have been discussed so far, but there are 

several alterations or additions to the base structures that ultimately affect solubility, 

water-octanol partition coefficient (Kow), and metabolism of the unsubstituted 

compound. Phenanthrenes are an excellent example (Appendix 5). Unsubstituted 

phenanthrene can be toxic to fish, but only at high concentrations and during constant 

exposure (Hawkins et al., 2002). Depending on where substitutions occur on the parent 

compound, uptake and metabolism can be affected. For example, 1-methyl phenanthrene 

is similar to unsubstituted phenanthrene in terms of toxicity. However, another alkyl-

homologue, 7-isopropyl-1-methyl-phenanthrene (retene), is less soluble in water, more 

readily taken up by fish, and is more toxic and a more potent inducer of cytochrome 

P4501A1 (CYP1A) enzymes than 1-methyl or unsubstituted phenanthrene (Hawkins et 

al., 2002; Basu et al., 2001).  
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The CYP1A protein is one of the mixed function oxygenase (MFO) enzymes, 

which are part of the heme super-family of monooxygenases involved in the metabolism 

and excretion of xenobiotics (Burnison et al., 1996; Hodson et al., 1996). The induction 

of CYP1A refers to the increased synthesis of CYP1A protein in response to exposure to 

compounds such as PAH, and CYP1A enzymatic activity contributes to the oxygenation 

and excretion of PAH. Alkylated PAH may more readily interact with the 

arylhydrocarbon receptor (AhR). This interaction can lead to increased CYP1A activity 

(Whyte et al., 2000; Billiard et al., 1999; Hodson et al., 1996), increased production of 

reactive metabolites (Varanasi et al., 1989), and increased oxidative stress (Bauder et al., 

2005), all of which may contribute to adverse effects and mortality to ELS of fish. 

1.5.1 Polycyclic Aromatic Hydrocarbon (PAH) Receptor Interaction 

Many alkyl and unsubstituted PAH are good AhR ligands (Barron et al., 2004; 

Nebert et al., 2000; Billiard et al., 1999). Generally, as Kow and molecular weight 

increase, AhR binding affinity also increases (Carls et al., 1999; Heintz et al., 1999). 

Molecular shape and type of substituents also influence AhR binding affinity. In many 

cases, alkyl-PAH may be more potent CYP1A inducers because they more readily bind to 

the AhR than unsubstituted compounds (Hawkins et al., 2002; Billiard et al., 1999). 

Likewise, alkyl side-chains also increase molecular weight, effectively making two- or 

three-ring PAH more lipophilic. As molecular weight of mono-aromatics and PAH 

increase, so does their Kow (Neff, 1996).  

Appendix 6 shows a model of what may occur when a xenobiotic, in this case 

BaP, enters a liver cell. When the AhR gene battery is turned on, the cyp1a gene is 

translated to produce CYP1A proteins that can oxygenate the xenobiotic by adding a 

 13



hydroxyl group. This process of oxygenation makes the xenobiotic more reactive, and 

enables its conjugation to amino acids (Billiard et al., 1999; Di Giulio et al., 1995). Once 

conjugated, the xenobiotic is then more easily excretable in bile. In most cases, PAH are 

successfully metabolized and excreted.  

However, metabolism can lead to oxidative stress and/or the formation of 

metabolites that are even more reactive and toxic than the parent compound. The proteins 

that are produced as a result of AhR activation belong to the CYP1A family of inducible 

enzymes and proteins which are located in the endoplasmic reticulum (Whyte et al., 

2000) of hepatic tissue. The induction of CYP1A, indicated by either staining or 

measurement of catalytic activity, is a particularly sensitive biomarker of PAH exposure. 

It has been observed that CYP1A induction precedes toxicity in the early life stages of 

rainbow trout (Oncorhynchus mykiss); the proposed mechanisms of this toxicity include 

oxidative stress and the production of toxic intermediates and/or metabolites (Brinkworth 

et al., 2003; Bauder et al., 2005; Varanasi et al., 1989). The extent of toxicity depends on 

the balance between detoxification (oxygenation, conjugation, and excretion), and 

toxification (oxygenation and production of reactive metabolites). 

1.5.2. Cytochrome P4501A1 (CYP1A) Induction 

The mechanism of PAH CYP1A-mediated toxicity closely resembles that of 

exposure to dioxins, such as 2,3,7,8-tetrachloro-dibenzo-p-dioxin, commonly referred to 

as TCDD (Barron et al., 2004; Parrott et al., 2000; Billiard et al., 1999). Other 

compounds that induce CYP1A include chlorinated dibenzofurans, biphenyls, and 

aromatic compounds (Wright and Welbourn, 2002).  The concentration of CYP1A 

protein in fish can be measured as the increased activity of ethoxyresorufin-O-deethylase, 
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or EROD activity (Fragoso et al., 1998; Ronisz and Forlin, 1998). Increased EROD 

activity is synonymous with CYP1A induction; as induction increases so does catalytic 

activity of EROD (Fragoso et al., 1998). The CYP1A inducing potential of PAH 

compounds such as BaP and retene have been well documented (Basu et al., 2001; Stagg 

et al., 2000; Fragoso et al., 1998), but less work has been done concerning the induction 

potential and toxicity of complex mixtures.  

Due to the variability of PAH composition and distribution, it is unclear as to 

which constituents in crude oil are responsible for CYP1A induction. However, some 

alkylated phenanthrenes, especially retene, are known to be strong inducers (Hawkins et 

al., 2002; Basu et al., 2001; Billiard et al., 1999; Fragoso et al., 1998) and they are 

prevalent in crude oil. Alkylated PAH can comprise more than 90% of total PAH in crude 

oil (Wang, 2003), and may account for the majority of CYP1A induction observed in fish 

exposed to crude oil.  

The overall goal of this project is to identify the compounds in crude oil that are 

toxic to ELS of fish. The induction of CYP1A is, therefore, a way to trace PAH in crude 

oil, to correlate exposure with toxicity and to demonstrate bioavailability of these 

compounds to ELS of fish. Another goal is to test whether CYP1A induction predicts 

toxicity. In order to trace toxicity, chronic assays measuring blue-sac disease (BSD) can 

be used. Several studies following the EVOS were among the first to document and 

describe these hallmark signs of injury to ELS fish (Hose et al., 1996; McGurk and 

Brown, 1996; Kocan et al., 1996a/b). 

 15



1.6. Blue-Sac Disease 

Exposure to 3- to 5-ring PAH causes CYP1A induction and this may precede 

chronic toxicity to ELS fish. Physical deformities such as spinal defects, ocular 

malformations, jaw deformities, and pericardial edema were observed in herring exposed 

to PAH via oil-water dispersions (Kocan et al. 1996b; Norcross et al., 1996). These signs 

of BSD were also observed in other similar studies (Carls et al., 1999; McGurk and 

Brown, 1996). Embryo-larval BSD can be caused by many factors such as thermal and 

physical shock, which can lead to the buildup of waste metabolites within developing 

eggs (Brannon et al., 2006).  

Incidence and severity of yolk sac edema (edema is the buildup of fluid located 

around the yolk and/or pericardial sac, and is also referred to as an ascite) were directly 

related to exposure duration and dose of more weathered oil. Edemas retard hatching and 

larval development, and may result in feeding and swimming impairment, which can lead 

to increased predation (Norcross et al., 1996). The occurrence of yolk sac edema was 

significantly higher at total PAH (TPAH) concentrations ≥ 0.4 ppb (Carls et al., 1999). 

When exposed to TPAH concentrations ≥ 0.7 ppb, a reduced larval length and an 

increased severity and frequency of bent spine and yolk sac edema were also observed 

(Carls et al., 1999).  

In contrast, narcosis effects are associated with exposure to lower molecular 

weight PAH such as 2-ring naphthalenes. These compounds are acutely toxic but 

dissipate much more quickly than heavier 3 to 5-ring PAH such as phenanthrenes. Acute 

toxicity tests causing narcosis as the toxic endpoint do not explain the suite of toxic 

effects observed in fish when they are exposed to 3- to 5-ringed PAH. The proposed 
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mechanism of toxicity for these PAH involves oxidative cellular damage (Carls et al., 

2002). Precocious hatch has also been observed in lab studies and some researchers 

report that exposure of eggs to more weathered oil significantly reduces incubation time 

(Carls et al., 1999). A preliminary study by Marty et al. (1998), found that fish from oiled 

sites had hepatic necrosis and evidence of hydrocarbon exposure, but fish from reference 

sites did not show any such response. These results provide evidence that there is a real 

risk of exposure to PAH from spilled crude oil to the ELS of fish. 

1.7. Objectives and Hypotheses 

Understanding the risk to ELS of fish from spilled crude oil provides the rationale 

for this research. Evaluating risk is a function of three parameters; are all oils created 

equal? (hazard), can the toxic constituents of oil get into fish? (exposure), and do oil 

spills occur where and when larval fish are present? (receptor). Past studies have 

attempted to assess these parameters, either individually or in combination. Specifically, 

the focus of this thesis will be the assessments of hazard and exposure, which could help 

address a secondary issue associated with oil-spills: liability. The need to identify the 

constituents of oil that cause CYP1A induction and BSD is derived from the need to 

describe the unique fingerprints of oil that identify which oils are associated with 

environmental impacts of spills. Further chemical analyses and biological testing is 

necessary in order to identify toxic compounds in crude oil, and to characterize the risk of 

exposure to unique crude oils.  
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1.7.1. Effects-Driven Bioassays With Alaskan North Slope (ANSC) and Scotia Light  

(SCOT) Crude Oils 

In terms of risk, evaluations of hazard and exposure of whole crude oil to the ELS 

of fish have shown that crude oil is toxic; it is a complex mixture and each crude oil is 

unique in its composition. The aromatics portion of crude oil contains both unsubstituted 

and alkyl-PAH, and these compounds have been associated with toxicity, manifested by 

BSD in the ELS of fish. However, since there are so many components in crude oil, other 

sources of toxicity cannot yet be eliminated. For this purpose, a program of research was 

initiated in the spring of 2004 to test the following broad null hypotheses: 

Ho1: There would be no difference among crude oils in chronic toxicity. 

Ho2: There would be no difference among constituents in chronic toxicity. 

Ho2-1: Toxicity would not be associated with PAH (or alkyl-PAH). 

Ho2-2: There would be no differences among classes of PAH in toxicity. 

Ho2-3: Toxicity would not be associated with CYP1A induction, an indicator of  

PAH exposure. 

The program tested these hypotheses by using an effects-driven fractionation 

approach, combining different methods to separate constituents of two crude oils of 

widely different characteristics (ANSC and SCOT), with biological tests of CYP1A 

induction to demonstrate the distribution of PAH with fractionation and tests of BSD to 

show the distribution of constituents that were chronically toxic. The basic requirements 

of the effects-driven fractionation approach involved achieving a clean separation of 

classes of compounds, conducting sensitive tests that reflected effects of interest, 
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observing unambiguous associations of effects with fractions, and conducting sensitive 

chemical analyses. 

Chemical characterization of ANSC (medium heavy crude) and SCOT (light 

crude) via gas chromatography/mass spectrometry (GC/MS) illustrated the alkyl-PAH 

content of both oils (Appendix 7; Hollebone et al., 2003). The ANSC contained almost 

twice as much of the aromatics, and therefore PAH, as SCOT. Acute CYP1A induction 

tests were used with trout to trace PAH in the whole crude oils and their subsequent 

fractions, and chronic toxicity assays were used to identify BSD, thus tracing toxicity in 

all fractions. The EROD tests with trout exposed to oil demonstrated that both whole 

ANSC and SCOT were good CYP1A inducers (Appendix 8; Khan et al., 2004), but that 

whole ANSC was more potent than whole SCOT (Table 1). Experiments carried out with 

ELS of Japanese medaka (Oryzias latipes) showed that both crude oils also caused BSD 

and mortality (Appendix 9; Clarke et al., 2004). The SCOT was not weathered and was 

more soluble in water than ANSC, hence the similar results in terms of CYP1A induction 

and toxicity. Clearly, both oils were good candidates for fractionation, because they were 

both toxic but contained differing amounts of PAH.  

1.7.2. First Cut Fractionation - Vacuum Distillation 

For the effects-driven fractionation, the two different oils (complex mixtures) 

were separated into simpler fractions for toxicity testing and CYP1A induction tests by 

vacuum distillation, which resulted in four distinct fractions (Appendix 10; Hollebone et 

al., 2003). Whole ANSC yielded four fractions (F1, F2, F3, and F4), while SCOT, with 

more lower molecular weight distillates, also yielded two fractions of F1 (a and b). Both 

F1 and F2 contain alkylated naphthalenes. The concentration of higher molecular weight 
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PAH was highest within the 3rd fraction, which resembled the whole oil in terms of PAH 

content. The ANSC F3 made up over 30% of the whole oil aromatics versus the 16% for 

SCOT F3. The characteristic that distinguished F3 from the other fractions was the 

abundance of alkylated phenanthrenes. The PAH of ANSC F4 were comprised of mostly 

alkylated chrysenes. The SCOT F4 was almost non-existent and was not considered a 

true fraction. This residual fraction differed from the ANSC F4, in that alkylated 

phenanthrenes were also present in this fraction.  

Fish exposed to vacuum-distilled fractions of ANSC and SCOT showed strong 

EROD induction in response to increasing concentrations of hydrocarbon, with similar 

patterns of induction for both sets of fractions (Appendix 11; Khan et al., 2004). 

Fractions F1 and F2 did not induce EROD activity. Exposure to F3 and F4 readily 

induced EROD in trout, even at low concentrations of hydrocarbon. 

Among ANSC fractions, F3 caused the most BSD (Appendix 12; Clarke et al., 

2004) and was also the most lethal to the ELS of medaka (Appendix 13; Clarke et al., 

2004). Fractions F1 and F2 also caused BSD and mortality. The SCOT F1a, F1b, and F2 

appear to be comparable to F3 in terms of BSD as well as mortality; however, more 

concentrations of these fractions need to be tested before this can be determined. While 

ANSC F4 had a mild BSD effect on medaka, it was not found to be lethal; SCOT F4 was 

not tested, as insufficient material was produced during vacuum distillation.  

Although both whole oils were comparable in terms of CYP1A induction and 

chronic toxicity, following fractionation, ANSC F3 was the most potent CYP1A inducer, 

and was more chronically toxic to the ELS of fish than any SCOT fraction (Appendix 
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14). This seems to indicate that these oils provide a clear difference in toxicity, and hence 

provide a good basis for comparing and contrasting chemical content versus toxicity. 

The objective of this thesis is to expand and extend the identification of the 

components of different crude oils that cause toxicity to the ELS of fish. The only 

fraction to both induce CYP1A and cause chronic toxicity in a similar fashion to whole 

oil was F3, and it was chosen for the next phase of fractionation. This thesis reports 

experiments that compared the toxicity of ANSC and SCOT F3 sub-fractions generated 

by cold acetone extraction (CAC) and normal phase high performance liquid 

chromatography (HPLC) fractionation techniques by Saravanabhavan et al., (2007). 

Chapter 2 will deal with the CYP1A induction assays performed on the subsequent 

fractions and Chapter 3 will cover the chronic toxicity associated with these new sub-

fractions. In terms of the null hypotheses previously introduced, the overall goal of this 

current research is to show that only sub-fractions containing alkyl-PAH will continue to 

induce CYP1A and be chronically toxic to the ELS of fish.  
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Abstract 

Induction of cytochrome P4501A1 (CYP1A) in rainbow trout (Oncorhynchus 

mykiss) varied widely after exposure to unique crude oil fractions generated from 

Alaskan North Slope Crude (ANSC; medium-heavy crude) and Scotia Light crude 

(SCOT; light crude). The third fraction of each oil (F3), contained the highest 

concentration of polycyclic aromatic hydrocarbons (PAH), and accounted for most of the 

CYP1A induction caused by whole oil. Following cold acetone extraction, two new sub-

fractions of F3 were produced, referred to as F3-1 (extract rich in PAH – 35% of total 

carbon) and F3-2 (wax precipitate with trace amounts of PAH – 65% of total carbon). 

The F3-1 was a strong CYP1A inducer, while F3-2 was not. Further fractionation of F3-1 

via normal-phase HPLC divided groups of PAH into five more sub-fractions. These were 

referred to as: F3-1-1 (saturates and monoaromatics), F3-1-2 (naphthalenes and 

dibenzothiophenes), F3-1-3 (phenanthrenes, naphthobenzothiophenes, fluorenes), F3-1-4 

(pyrenes and chrysenes), and F3-1-5 (an array of PAH). The F3-1-3, 4, and 5 of both oils 

were rich in alkyl-PAH and were potent CYP1A inducers. The ANSC sub-fractions 

contained more PAH than the SCOT. The 24 h EC50s for these three sub-fractions 

ranged between 0.003 and 0.02 µg/L of nominal hydrocarbon, which was comparable to 

other EC50s of sub-lethal toxicity in the literature. Induction of CYP1A, as measured by 

the increased catalytic activity of ethoxyresorufin-O-deethylase (EROD), proved to be a 

sensitive tool for identifying potentially toxic PAH in crude oil. 

 

Keywords: CYP1A, EROD, PAH, crude oil, sub-fractions, rainbow trout, toxicity. 

 31



Chapter 2. 

 

Identification of Compounds in Crude Oil that Cause Cytochrome P4501A1 

(CYP1A) Induction in Juvenile Rainbow Trout 

 

2.1. Introduction 

Crude oils are complex mixtures; each is unique in its chemical composition, and 

oils with a higher proportion of toxic components pose a higher risk to the early life 

stages (ELS) of fish. Research conducted in the wake of the Exxon Valdez oil spill in 

March of 1989, found that exposure to petroleum damaged fishery resources in numerous 

ways, including a higher incidence of embryo mortality, and possible long-term 

developmental and genetic damage such as mutation, thus increasing the risk of 

recruitment failure (Sol et al., 2000; Carls et al., 1999; Murphy et al., 1999). If 

researchers could positively identify the constituents in crude oil that are toxic, then 

damage assessment organizations could be better equipped for oil spill remediation and 

cleanup procedures. To manage different oils (following a spill), an understanding of the 

variation in relative risk is important. To understand the relative risks of different oils, it 

is necessary to identify which components are toxic. This could lead to the 

implementation of more stringent safety measures or the improvement of existing 

cleanup/recovery programs. 

2.1.1. Crude Oil Constituents 

The relative proportions of four primary classes of compounds characterize 

different crude oils, and they are described as saturates, aromatics, resins, and asphaltenes 
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(SARA; Appendix 2). Each crude oil is unique in its chemical composition, although all 

contain compounds from each of these four classes. Saturates consist of alkanes (straight 

and branched), and cycloalkanes (Appendix 3). Lighter saturates are referred to as 

parrafins, heavier ones are described as waxes. Although saturates can be toxic at high 

concentrations, they do not persist as long as other crude oil constituents and are readily 

broken down by microbial activity. 

Relative to saturates and aromatics, the asphaltenes and resins consist of higher 

molecular weight (HMW) compounds, which although more polar, are not easily taken 

up by fish due to their large size. This leaves the aromatic portion of crude oil, which also 

contains relatively polar compounds. Many aromatic compounds are characterized by 

structures and molecular weights that promote uptake by fish. Specifically, components 

that have a molecular weight of between 170 and 300 seem to be taken up readily by fish 

(Wright and Welbourn, 2002). Many of the aromatic compounds are planar in structure, 

as opposed to the more linear or bulky composition of resins and asphaltenes (Appendix 

3). This also promotes uptake, as planar compounds more readily pass through cell 

membranes. Consequently, several of the aromatic components are important in terms of 

toxicity to fish. The components include mono-aromatics such as BTEX (benzenes, 

toluenes, ethylbenzenes, and xylenes; Wang and Fingas, 2006), heterocyclic aromatic 

compounds (HACs) such as aromatic mercaptans, thiophenes, and dibenzothiophenes 

(Appendix 3), and perhaps the most important sub-class of the aromatics as far as toxicity 

in ELS of fish is concerned, the PAH. 
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2.1.2. Polycyclic Aromatic Hydrocarbons (PAH)  

Aquatic organisms readily take up PAH. These compounds are hydrophobic, 

lipophilic, and occur naturally in crude oil, of which they comprise between 1% and 20% 

by weight, depending on the type of crude oil (Wang and Fingas, 2006; Carls et al., 

1999). The PAH can be considered as one large array of compounds increasing in 

molecular weight, ranging from 2- to 6- or more benzene rings.  Unsubstituted PAH are 

pollutants of concern, as evidenced by the inclusion of 16 of these compounds on the 

USEPA priority list (Appendix 4). However, this list does not include alkyl-PAH, which 

predominate in crude oil, and are potentially more toxic than unsubstituted PAH.  

Alkyl-PAH are characterized by different alkyl side-chains on the PAH 

compound, usually as an ethyl, methyl, or isopropyl group (Appendix 5). Alkylations 

make lighter molecular weight PAH heavier and, more importantly, alter their structure 

(Sundberg et al., 2005). Alkylations usually make PAH less water-soluble and more 

lipophilic, and several studies have found that alkyl side-chains on PAH increases their 

toxicity, both in terms of bioavailability and metabolism (Hawkins et al., 2002, Basu et 

al., 2001; Billiard et al., 1999).  

As an example, 1-methyl phenanthrene is similar to unsubstituted phenanthrene in 

terms of toxicity. However, a different alkyl-homologue, 7-isopropyl-1-methyl-

phenanthrene (retene), is less soluble in water, more readily taken up by fish, and is more 

toxic. Retene is also a more potent inducer of detoxification enzymes, such as 

cytochrome P4501A1 (CYP1A) than 1-methyl or unsubstituted phenanthrene (Hawkins 

et al., 2002; Basu et al., 2001). Alkylated PAH may interact more readily with the 

arylhydrocarbon receptor (AhR), and this interaction can lead to increased CYP1A 
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activity (Whyte et al., 2000; Billiard et al., 1999; Hodson et al., 1996), increased 

production of reactive metabolites (Varanasi et al., 1989), and increased oxidative stress 

(Bauder et al., 2005). All of these factors may contribute to adverse effects and mortality 

to ELS of fish. 

2.1.3. Polycyclic Aromatic Hydrocarbon (PAH) Receptor Interaction and 

Cytochrome P4501A1 (CYP1A) Induction  

 When PAH enter cells, such as hepatic oocytes, they bind to the aryl-

hydrocarbon receptor (AhR; Appendix 6), a protein (also referred to as a transcription 

factor) located in the endoplasmic reticulum (Whyte et al., 2000). As this occurs, a heat-

shock protein is released and the PAH/AhR complex enters the cell nucleus where it 

combines with the aryl-hydrocarbon translocator protein (ARNT). This new complex 

activates the dioxin or xenobiotic reactive element (DRE or XRE), leading to the 

transcription of the cyp1a gene to produce cyp1a mRNA. The cyp1a mRNA then leaves 

the nucleus and translates into CYP1A proteins. Once cyp1a genes have been activated 

and CYP1A proteins are produced, enzyme activity increases and catalyzes oxygenation 

reactions (Billiard et al., 1999; Di Giulio et al., 1995).  

The CYP1A protein is one of the mixed function oxygenase (MFO) enzymes, 

which are part of the heme super-family of monooxygenases involved in the metabolism 

and excretion of xenobiotics (Burnison et al., 1996; Hodson et al., 1996). The induction 

of CYP1A refers to the increased synthesis of CYP1A protein in response to exposure to 

compounds such as PAH, and CYP1A enzymatic activity contributes to the oxygenation 

and excretion of PAH. The induction of CYP1A, indicated by either 

immunohistochemical staining or measurement of catalytic activity, is a particularly 

 35



sensitive biomarker of PAH exposure. It has been observed that CYP1A induction 

precedes toxicity to the ELS of fish (Brinkworth et al., 2003). The extent of toxicity 

depends on the balance between detoxification (oxygenation, conjugation, and excretion), 

and toxification (oxygenation and production of reactive metabolites). 

The concentration of CYP1A protein in fish can be indicated as the increased 

activity of ethoxyresorufin-O-deethylase, or EROD activity (Ronisz and Forlin, 1997). 

As CYP1A induction increases, so does the catalytic activity of EROD (Fragoso et al., 

1998). The CYP1A-inducing potential of PAH compounds such as BaP and retene (Basu 

et al., 2001; Stagg et al., 2000; Fragoso et al., 1998) have been well documented, but less 

work has been done concerning the induction potential and toxicity of complex mixtures. 

Recent studies have shown that whole crude oil induces CYP1A in fish (Ramachandran 

et al., 2003; Hodson et al., 2002; Gagnon and Holdway, 1999). Past research conducted 

with masked greenling (Hexagrammos octogrammus) and crescent gunnel (Pholis laeta) 

showed that CYP1A immunohistochemical staining was higher in fish sampled closer to 

the Exxon Valdez oil spill (EVOS) than fish sampled in clean reference sites (Jewett et 

al., 2001). This trend was the same in different generations of both species 7-10 years 

after the EVOS (Jewett et al., 2001).  

Lighter crude oils, such as SCOT, generally contain less unsubstituted and alkyl-

PAH than medium-heavy crude oils such as ANSC (Appendix 7). Due to the variability 

of PAH composition and distribution, it is unclear as to which PAH in crude oil are 

responsible for CYP1A induction. However, given that alkylated PAH comprise more 

than 90% of total PAH in some crude oil (Wang, 2003), they should account for the 

majority of CYP1A induction observed in fish exposed to crude oil. 
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2.1.4. Effects-Driven Bioassays With Alaskan North Slope (ANSC) and Scotia Light 

(SCOT) Crude Oils 

Intermediate-sized PAH potentially induce CYP1A, therefore, assays designed to 

detect this induction are sensitive tools for isolating PAH from complex mixtures, and 

provide a rapid indication that exposed fish have actually taken up PAH. A program of 

research was initiated in the spring of 2004 using an effects-drive fractionation approach 

to isolate and identify CYP1A-inducing constituents. The program combined different 

methods to separate constituents of two crude oils of widely different characteristics 

(ANSC and SCOT) with biological tests of CYP1A induction to demonstrate the 

distribution of PAH with fractionation and tests of BSD to show the distribution of 

constituents that were chronically toxic. The basic requirements of the effects-driven 

fractionation approach were to cleanly separate of classes of compounds, conduct 

sensitive tests that reflected effects of interest, observe unambiguous associations of 

effects with fractions, and perform sensitive chemical analyses.  

Previous work showed that whole ANSC and SCOT crude oils were both good 

CYP1A inducers (Appendix 8). Based on these findings, the effects-driven fractionation 

approach was initiated to separate and isolate CYP1A-inducing PAH in these crude oils. 

It was hypothesized that if the whole oils could be separated into different fractions, only 

the fractions containing alkylated phenanthrenes would cause CYP1A induction. 

Vacuum-distilled fractions were obtained for both ANSC and SCOT, using a modified 

American Society for Testing and Materials (ASTM D 1160) method (Wang, 2003). Four 

fractions were produced (F1, F2, F3, and F4; Appendix 10). The F3 of whole oil was 

responsible for most of the observed CYP1A induction in juvenile rainbow trout 
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(Oncorhynchus mykiss) for both ANSC and SCOT, thereby indicating the presence of 

potentially toxic PAH (Appendix 11). Clearly, F3 was the best candidate for further 

fractionation.  

2.1.5. Current Objectives 

The objective of this research was to identify the classes of hydrocarbon in sub-

fractions of crude oil that were associated with CYP1A induction in fish. Hence, by using 

CYP1A induction assays to trace potentially toxic PAH in CAE and HPLC sub-fractions 

of F3, the following specific null hypotheses were addressed:  

Ho1: Sub-fractions of F3 that were rich in 3-ring or higher alkyl-PAH 

would not cause CYP1A induction in fish. 

Ho2: Sub-fractions rich in saturates, monoaromatics, HACs, and/or 2-ring 

PAH would cause CYP1A induction in fish. 

Ho3: The ANSC F3 sub-fractions would not be more potent than the SCOT 

F3 sub-fractions. 

Ho4: Sub-fractions rich in waxes would be responsible for CYP1A 

induction. 

These hypotheses were tested by measuring the EROD activity of juvenile 

rainbow trout exposed to sub-fractions of ANSC and SCOT crude oils that were 

characterized chemically by gas chromatography/mass spectrometry (GC/MS). 

2.2. Materials and Methods 

2.2.1. Cold Acetone Extraction (CAE) of F3 

Waxes were separated from PAH by cooling acetone solutions of ANSC F3 

(Saravanabhavan et al., 2007). The mixture was cooled to -80ºC using a dry ice/solvent 
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cold bath for 5hr. After cooling, the solution was filtered to remove any waxes that were 

present. The wax precipitate was dissolved in hexane (Fisher Scientific, Ottawa, ON) and 

dichloromethane (DCM; Fisher Scientific). This filtration process was repeated three 

times. The filtrate and waxes were dried, weighed, and stored at 4°C until  dosing. In this 

manner, two new sub-fractions were produced: F3-1, an extract rich in PAH (35% of total 

carbon); and F3-2, a wax precipitate with trace amounts of PAH (65% of total carbon). 

This method was also used to produce SCOT F3-1 and SCOT F3-2.  

Both the ANSC F3-1 and SCOT F3-1 contained a wide variety of unsubstituted 

and alkyl-PAH (Appendix 15 and 16). The F3-2 contained only trace amounts of PAH, 

and consisted mainly of waxes and resins. Recovery estimates for PAH indicated that 

ANSC F3-1 and ANSC F3-2 contained about 80% and 15% of the original PAH, 

respectively (Saravanabhavan et al., 2007). For SCOT F3, about 94% of the PAH were 

concentrated in the SCOT F3-1 while only 6% ended up in the SCOT F3-2. Once this 

fractionation of F3 was achieved, CYP1A induction tests were conducted, and the results 

provided the rationale for further fractionation of F3-1 by means of normal phase high 

performance liquid chromatography (HPLC). 

2.2.2. Normal Phase HPLC of F3-1 

Aliquots of ANSC F3-1 and SCOT F3-1 extracts were run on a normal phase 

HPLC to separate PAH based on the number of aromatic rings (Saravanabhavan et al., 

2007). Small PAH eluted at earlier retention times and after about 80 minutes, most of 

the larger PAH had also eluted. This process yielded five new ANSC sub-fractions: F3-1-

1 (saturates – 47% of total carbon), F3-1-2 (alkyl naphthalenes and dibenzothiophenes – 

25%), F3-1-3 (alkyl phenanthrenes, fluorenes, and naphthobenzothiophenes or NBT – 
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15%), F3-1-4 (alkyl chrysenes – 4%), and F3-1-5 (a wide array of PAH at low 

concentrations - 13%). Similar sub-fractions were produced from SCOT F3-1. 

Following the collection of the first four HPLC sub-fractions, a back-flush was 

performed on the collector column to recover all recalcitrant compounds and to maintain 

the mass balance of original F3-1 used. This last HPLC fraction (F3-1-5) consisted of an 

array of PAH and resins. For SCOT, two back-flushes were performed and both of these 

fractions were tested; F3-1-5a – tested only at 0.32 mg HC/L and F3-1-5b – tested at a 

range of concentrations. Saturates, monoaromatics, and 2-ring PAH and their alkylated 

homologues in F3-1-1 and F3-1-2 represented about 72% of the total hydrocarbon in 

ANSC F3-1. Combined, F3-1-3, 4, and 5 represented about 32% of the original ANSC 

F3-1, which was fairly similar to the weight percentages of the HPLC sub-fractions 

collected from SCOT F3-1.  

2.2.3. Exposure Solutions 

A known amount of each ANSC and SCOT sub-fraction was used daily to make 

up the dosing solutions, which were chemically-enhanced water accommodated fractions 

(CEWAF). A commercial dispersant, Corexit 9500 (Ondeo Nalco Energy Services, Sugar 

Land, TX) was used to drive the maximum amount of hydrocarbon from each sub-

fraction into solution. The oil-to-water ratio and oil-to-dispersant ratio was 1 to 9 and 1 to 

20 respectively. Dispersant was added immediately to the oil-water suspensions and 

thoroughly mixed for 2 minutes, using a Vortex Genie (Fisher Scientific). Following this, 

the solutions were sonicated at room temperature for a further 3 minutes. This method 

ensured excellent exposure to PAH in crude oil by providing continuous partioning of 

PAH from droplets to solution to maintain exposure concentrations, thus reducing the 
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likelihood of false negatives. The resulting emulsions were pale and opaque. No phase 

separations were observed, indicating stable CEWAF dosing solutions. 

2.2.4. Absolute Versus Nominal Exposure Concentrations 

Each experiment was characterized by the nominal concentration of hydrocarbon 

(mg/L) diluted in tank exposure water. To properly characterize exposure, 1.5 mL water 

samples were taken at 1 and 24 h from treatments and stored at 4°C for fluorescence 

analysis (emission and excitation scans). Pure F3-1 standards were mixed in 50/50 

solutions of water and HPLC-grade ethanol (Fisher Scientific). Concentrations ranged 

between 1 µg/L and 1 mg/L. Wavelengths for each sub-fraction were refined to track 

fluorescence of different PAH. However, the exposure concentrations were below the 

detection limit of the fluorometer (Photon Technology International, Birmingham, NJ).   

In December of 2006, a separate water test was performed using GC/MS analyses. 

This test successfully characterized exposure, expressed as TPAH (µg/g) in serial log 

concentrations of ANSC F3 in water. There were insufficient quantities of the CAE and 

HPLC sub-fraction for the test, but F3 was an acceptable substitute for characterizing the 

uptake, metabolism, loss, and/or adsorption to treatment containers by CYP1A inducing 

compounds present in the CAE and HPLC sub-fractions. Water samples (1 L) were taken 

at 1 h, 12 h, and 24 h and spiked with 500 µL of deuterated surrogate standards. This 

solution was extracted with HPLC-grade dichloromethane (DCM; Fisher Scientific), and 

stored at -20°C until ready for analysis. Results of the test indicated a > 90% loss of 

TPAH from 1h to 24 h of the CYP1A bioassay (Fig. 2.1). Hence, all descriptions of 

results herein are nominal concentrations of mg hydrocarbon (HC)/L. 
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2.2.5. Ethoxyresorufin-O-deethylase (EROD) Bioassay 

Juvenile trout (Rainbow Springs Trout Farm, Thamesford, ON) were exposed for 

24 h to a range of concentrations of the CAE and HPLC sub-fractions at equal intervals 

on a log scale. The exposure period (24 h) was shorter than in previous experiments (48 

h), because trout EROD activity after 24 h was statistically the same as activity observed 

at 48 h in tests done previously in the lab (unpublished). Five trout were used in each 

treatment, and the mean fish weight was about 2 g. The trout were placed in black 

buckets lined with food grade polyethylene bags (Apache Plastics, Burlington, ON) 

containing 10 L of dechlorinated municipal water. The municipal supply was also treated 

with sodium bisulphite (Fisher Scientific) to remove any residual chlorine before 

bioassay use. A corresponding dose of hydrocarbon was added to each treatment bucket. 

Clean water was used as a negative control, and β−naphthoflavone (BNF; Sigma-Aldrich, 

Oakville, ON), a model CYP1A inducer, was used as a positive control, at a 

concentration of 10 µg/L. Each CAE sub-fraction was carried with hexane, and each 

HPLC sub-fraction was carried with DCM. Hence, each test also included a respective 

0.01% v/v solvent negative control, which is an acceptable volume for a carrier solvent 

(Hutchinson et al., 2003). Following each 24 h exposure, the trout were anaesthetized 

using 3-aminobenzoic acid ethyl ester (MS-222; Sigma-Aldrich) at a concentration of 

100 mg/L (Fragoso et al., 1998) and killed by cranial compression. Livers were removed, 

weighed, and vortexed with an aliquot of stabilizing buffer. Samples were centrifuged at 

9000 x G for 20 min at 2ºC, and the supernatant/microsomal layers (S9 fractions) were 

collected. The S9 fractions were snap frozen in liquid nitrogen and stored at –80ºC until 

required for the enzyme assay. 
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2.2.6. Water Quality 

Water quality was assessed daily. All tests were run at 15ºC +/- 1ºC, using a 

photoperiod of 16 h light, 8 h dark. Temperature and dissolved oxygen (DO) were 

measured using a YSI 55 DO meter (YSI Inc., Yellow Springs, OH). The DO ranged 

from 80% to 100% saturation. Assessments of pH were made using an Accumet AP63 

pH/mV/ion meter (Fisher Scientific), and readings were between 7.8 and 8.0. 

Conductivity ranged between 250 and 320 µS/cm, and was measured using a YSI 30 

meter. Total unionized ammonia was calculated by first measuring total ammonia (mol/L; 

assessed using an Accumet 25 pH/ion meter (Fisher Scientific) and converting to parts 

per billion (µg/L) by obtaining the gravimetric concentration. This value was multiplied 

against the percent of unionized ammonia present, which was dependent on pH and 

temperature (Emmerson et al., 1975). Total unionized ammonia was between 2 and 14.8 

µg/L. 

2.2.7. Ethoxyresorufin-O-deethylase (EROD) Enzyme Assay 

A standard protocol was followed (Hodson et al., 1996). For each thawed S9 

fraction, 50 µL was added in triplicate to wells of a clear 96-well microplate (Corning 

Incorporated, NY). The samples were standardized against a concentration series of 

resorufin (Sigma-Aldrich) in dimethyl sulfoxide solution (DMSO; Fisher Scientific). The 

substrate, 7-ethoxy-resorufin (7ER; Sigma-Aldrich), was diluted in assay buffer and 

dispensed into each sample well at a volume of 50 µL. The samples were incubated in the 

dark at room temperature for ten minutes. A 1mg/mL solution of reduced nicotinamide 

adenine dinucleotide phosphate (NADPH; MP Biomedicals, Solon, OH) was prepared 

with double-distilled water, and 10 µL of this was added to each well to start the reaction, 
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after which fluorescence was read once per minute for 12 minutes using a Spectramax 

Gemini spectrofluorometer (Molecular Devices, Sunnyvale, CA) with the excitation set at 

λ530 and emission set at λ586.  

During the assay, the amount of fluorescent material (resorufin) produced within 

each sample was calculated and expressed as crude activity (pmol/min/mL). Crude 

activity was normalized to protein by assaying 50 µL of a 21-fold dilution of each S9 

sample using Bio-Rad reagent (Bio-Rad Laboratories, Mississauga, ON), standardized 

against bovine serum albumin (BSA; Sigma-Aldrich). Protein concentrations (mg/mL) 

were measured with a Spectramax Plus microplate spectrophotometer (Molecular 

Devices) set at 600nm. The EROD activity values were divided by protein concentrations 

values to give specific activity (pmol/mg protein/min). Relative EROD activity 

(induction) for all treatments was calculated by dividing the treatment means by the water 

control mean values; induction is defined by the fold increase in activity relative to 

controls (no units). 

2.2.8. Statistical Analysis 

All analyses were conducted with both Microsoft Excel and SigmaStat (SPSS 

Incorporated, Chicago, IL) software. One-way analyses of variation (ANOVA) were 

calculated using log-transformed EROD values. The log EROD values used for both 

CAE and HPLC sub-fractions failed normality tests (likely due to small sample size per 

treatment), but passed the equal variance test. For each ANOVA run, a post hoc multiple 

comparison test (the Bonferroni t-test) was applied to identify treatment concentrations 

that were significantly different from one another (p = <0.05). The 24 h EC50s were 

calculated by using the log-transformed concentration series and relative EROD 
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induction values, as well as the number of fish per treatment, and standard deviation. 

Lower and upper constraints (0 and 100) were used to compensate for incomplete data 

series. All 24 h EC50s were calculated using GraphPad Prism v. 4.02 (GraphPad 

Software, El Camino Real, San Diego, CA). The 95% confidence limits (CL) are listed in 

parentheses where applicable. 

2.2.9. Total Polycyclic Aromatic Hydrocarbons (TPAH) Estimates 

Based on analyzed TPAH concentrations (Appendix 14 and 15; Saravanabhavan 

et al., 2007), and the log hydrocarbon (mg HC/L) exposure concentrations, estimates 

were made for nominal TPAH concentrations with relation to the 24 h EC50s. For 

example, 1 g of ANSC F3-1 contained roughly 45 000 μg TPAH and the 24 h EC50 for 

this sub-fraction was about 0.05 mg/L. Hence, the 24 h EC50 for ANSC F3-1 was also 

reported as 2 µg/L TPAH. This approach was used to estimate TPAH from the whole oil 

and sub-fraction EC50s. 

2.3. Results 

2.3.1. Ethoxyresorufin-O-deethylase (EROD) Induction – Cold Acetone (CAE) 

Extracts and Residue 

The ANSC F3-1 was a strong CYP1A inducer (Fig. 2.2), as indicated by the 24 h 

EC50 of 0.05 mg HC/L (0.03, 0.05). This was also true of the SCOT F3-1, which had a 

24 h EC50 of 4 mg HC/L (3, 5). Although the ANSC F3-2 fractions had a projected 

calculated 24 h EC50 of 40 mg HC/L (based on the upper and lower constraints), the 

SCOT F3-2 did not cause EROD induction at the concentrations tested (0.56 to 5.6 mg 

HC/L; Fig. 2.2). The EROD induction for the higher concentrations of ANSC F3-1 were 

all significantly higher than induction by the positive BNF control, ANSC F3, or whole 
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oil, which were previously run and included as positive controls for perspective (p = 

<0.05, n=5). The ANSC F3-1 was more potent than SCOT F3-1; induction peaked at 0.1 

mg HC/L for ANSC F3-1, but maximum induction by SCOT F3-1 occurred at 3.2 mg 

HC/L, a 30-fold difference. For both oils, the F3-1 fractions were more potent than the 

whole oil, but only the ANSC F3-1 was significantly more potent than its parent F3 

vacuum distillation fraction (p = <0.05, n=5; Table 2.1).  

2.3.2. Ethoxyresorufin-O-deethylase (EROD) Induction – HPLC Fractions 

All five fractions were tested for CYP1A-inducing potential, with concentrations 

ranging from 3.70E-6 to 4.36E-2 mg HC/L. Fractions F3-1-1 and F3-1-2 did not show 

exposure-dependent induction of EROD activity within the ranges of the concentrations 

tested. The F3-1-3, 3-1-4 and 3-1-5 of both oils were strong CYP1A inducers (Fig. 2.3), 

with F3-1-4 being the most potent ANSC sub-fraction with a 24 h EC50 of 0.003 mg 

HC/L (0.003, 0.004). The trend was similar for the SCOT HPLC fractions, but F3-1-5 

was the most potent sub-fraction with a 24 h EC50 of 0.06 mg HC/L (0.05, 0.07). The 

BNF positive controls run for both experiments elicited the expected CYP1A induction, 

and were similar to the higher concentrations of the F3-1-3, 4 and 5 of both oils. The last 

three fractions from ANSC were more potent than the same fractions from SCOT (Table 

2.1), indicating higher concentrations of PAH in the parent ANSC oil, and a greater 

proportion of measured high molecular weight PAH among all sub-fractions (Table 2.2).  

2.4. Discussion 

The induction of CYP1A is a precursor to sub-lethal and toxic effects observed in 

fish (Brinkworth et al., 2003), and this research has illustrated the high inducing potential 

of sub-fractions of crude oil that are rich in alkyl-PAH. Results indicated that exposure to 
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CYP1A inducers did vary with the chemical composition of oil and oil fractions. A clear 

correlation was evident between EROD induction and exposure to hydrocarbons 

prevalent in crude oil. The ANSC sub-fractions contained much more PAH than the 

SCOT sub-fractions (Table 2.2). It seemed that both CAE and HPLC sub-fractions from 

the two different crude oils all shared the same pattern of exposure response, in that F3-2, 

F3-1-1, and F3-1-2 did not induce but F3-1, F3-1-3, F3-1-4, and F3-1-5 did.  

Calculated 24 h EC50s showed that for ANSC, fraction F3 was almost 100 times 

more potent than the whole oil, and F3-1 was about 10 times more potent than F3 (Table 

2.1). The first two HPLC sub-fractions were not potent inducers, but ANSC F3-1-3 was 

almost twice as potent as F3-1. The fourth and fifth HPLC sub-fractions were even more 

potent inducers; F3-1-4 was 12 times more potent than F3-1, whereas F3-1-5 was about 4 

times as potent as the CAE extract. One reason for the lower induction potency of ANSC 

F3-1-3 could be that more of the C3 and higher alkyl-homologues of phenanthrenes were 

collected during the back-flush of the HPLC column, thus resulting in an F3-1-5 fraction 

containing a variety of potentially more potent inducers. The ANSC results showed 

progressive enrichment of CYP1A-inducing compounds from F3 to F3-1-3, 4, and 5.  

This trend was similar with SCOT, but not as dramatic. The SCOT F3 was about 

15 times more potent than whole SCOT, and F3-1 was about twice as potent as F3. 

Unlike ANSC, the F3-1-5 was the most potent SCOT sub-fraction, with an induction 

potency almost 72 times that of SCOT F3-1 (Table 2.1). Once again, this could be due to 

the collection of higher alkyl-substitutions on phenanthrenes and/or chrysenes. Overall, 

the ANSC F3-1-4 was the most potent sub-fraction between either crude oil, with a 24 h 

EC50 of 0.003 mg HC/L, roughly 20 times more potent than the SCOT F3-1-5 (0.06 mg 
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HC/L). The EROD results corresponded to the chemical analyses in demonstrating that 

the more potent CYP1A-inducing PAH were selectively removed into the CAE extracts, 

and were further sequestered following the HPLC fractionation. 

The ANSC extract was a much more potent inducer than the SCOT extract, 

probably due to the greater proportion of alkyl-PAH in the ANSC (Table 2.2). This 

pattern followed for the HPLC sub-fractions, in that the ANSC was consistently more 

potent than the SCOT sub-fractions. The F3-1-3 contained the highest concentration of 

PAH, and alkylated phenanthrenes were prevalent, as were fluorene, NBT, and their alkyl 

homologs. The ANSC F3-1-4 contained only small amounts of phenanthrenes and NBT, 

but much larger amounts of pyrenes and chrysenes than F3-1-3. The ANSC F3-1-5 

contained small amounts of a wide array of 2- to 5-ringed PAH, with the most abundant 

being alkyl pyrenes and alkyl chrysenes. There was insufficient SCOT F3-1-4 and 5 to 

characterize PAH concentrations and distribution within these fractions.  

It is assumed that SCOT F3-1-4 and 5 contained less 3- to 5-ring PAH than the 

same ANSC sub-fractions, but it is also probable that the distribution of the different C1 

to C4 homologues was similar. The phenanthrenes, NBT, and chrysenes, which were 

abundant in F3-1-3, 4, and 5, seem to be the most responsible for the observed EROD 

induction. Fluorenes and pyrenes were also present, but perhaps contributed to a lesser 

extent. The F3-1-1 (saturates) and F3-1-2 (naphthalenes and dibenzothiophenes) did not 

induce EROD. 

Although there are many different PAH in F3-1-3, the results suggest that the 

induction associated with this sub-fraction is due primarily to the alkyl-phenanthrenes. 

The other fractions do not contain nearly as much of these compounds; however, ANSC 
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F3-1-4 was more potent than F3-1-3, and this could be attributed to the prevalence of 

chrysenes. Unexpectedly, ANSC F3-1-5 was also slightly more potent than F3-1-3, and 

this could be due to interactions between alkyl-phenanthrenes, pyrenes, and chrysenes 

found in this fraction, or the by the presence of PAH with unique alkyl substitutions that 

could not be detected on the HPLC column. The sum of a partial list of alkyl PAH in 

whole ANSC oil was about 10 232 µg/g, or 1.06% of the total weight of carbon (Table 

2.2), suggesting that our effects-driven fractionation was reasonably efficient in 

separating and retaining the PAH in toxic fractions.  

The CYP1A induction 24 h EC50s reported here (between 3 and 20 µg/L nominal 

hydrocarbon for ANSC sub-fractions and between 5 and 228 µg/L for SCOT sub-

fractions) were comparable to whole oil EC50s observed in different species for different 

signs of toxicity (5.4 to 18 µg/L resulting in delayed growth of larval pink salmon 

(Heintz et al., 2000) or significant biological effects and delayed growth observed in pink 

salmon exposed between 4.4 and 55.2 µg/L oiled gravel (Marty et al., 1997). Trout 

exposed to concentrations of between 60 and 266 µg/L showed EROD induction in 

studies conducted with dispersed whole ANSC (Ramachandran et al., 2004), and the 

hydrocarbon EC50s reported here are much lower, indicating that CYP1A inducing 

compounds were successfully enriched following fractionation.  

When the nominal hydrocarbon EC50s were expressed as TPAH EC50s (Table 

2.3), the estimated values are not much higher than previously reported. For example, the 

calculated ANSC F3-1-3 24 h EC50 contained about 4 µg/L TPAH, and 2 µg/L of this 

was phenanthrenes. Carls et al., (1999) found that total aqueous doses of PAH (measured 

concentrations) of between 0.4 and 0.7 µg/L caused sub-lethal toxicity in herring, and 
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Billiard et al., (1999) found that sub-lethal toxicity occurred at alkyl-phenanthrene 

concentrations between 32 and 320 µg/L (single compound nominal concentration) in 

exposed zebrafish (Danio rerio).  

A limitation here is that it is uncertain as to whether or not specific PAH isomers 

were inducing individually, synergistically, or antagonistically with other compounds. 

This is true within PAH groups as well as among different groups. Although it appeared 

that alkylated phenanthrenes in F3-1-3 or chrysenes in F3-1-4 were responsible for the 

observed CYP1A induction, it is unknown which particular isomers of these PAH were 

the strong inducers. It is possible that the reason for the more potent induction with 

exposure to the ANSC sub-fractions was due to the greater interactions between more 

compounds rather than just the greater amount of inducers present in the oil.  

Past research has reported that when weak inducers were combined with strong 

ones, CYP1A induction increased dramatically, as much as 800% (Basu et al., 2001). 

Perhaps chrysenes, which are known to enhance toxicity of other PAH in mixtures 

(Hermann et al., 1981), were acting in a synergistic or antagonistic manner with 

phenanthrenes, hence the more potent induction observed in trout exposed to ANSC F3-

1-4 over fish exposed to ANSC F3-1-3. This could also be true between SCOT F3-1-5 

and the other SCOT HPLC sub-fractions. The greater proportion of NBT in the ANSC 

sub-fractions may have also acted synergistically or antagonistically with phenanthrenes 

and chrysenes. This might explain the higher induction associated with the ANSC sub-

fractions, as there was almost no NBT present in the SCOT sub-fractions (Table 2.2). 

Only nominal concentrations were reported for the induction data here. 

Characterization of actual hydrocarbon concentrations was attempted using a 
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fluorometric analysis, but the sample fluorescence values were below detection limits. 

More expensive TPAH analysis was achieved with GC/MS, but the values reported were 

for ANSC F3 exposures (Fig. 2.1), as not enough material was available for CAE or 

HPLC tests. This illustrates how sensitive and useful EROD was as a biomarker of PAH 

exposure. Precise chemical analyses to detect extremely low concentrations of PAH, 

coupled with the response of the fish can tell researchers whether or not potentially toxic 

PAH are present, and this is a valuable tool for predicting chronic toxicity. 

2.5. Conclusions 

The research program initiated in 2004 has now reached the limit of fractionation 

capabilities for the study. Specific PAH were not pinpointed, but it is likely that most of 

the CYP1A induction associated with exposure to crude oil was due to alkylated 

phenanthrenes, fluorenes, NBT, and chrysenes. Fractions rich in saturates, 

monoaromatics, HACs, 2-ring PAH, and waxes did not induce CYP1A. Previous studies 

have reported on the CYP1A inducing potential of alkyl-PAH such as phenanthrenes 

(Brinkworth et al., 2003; Fragoso et al., 1998) and chrysenes (Barron et al., 2004), but 

there are very few publications concerning NBT. More work needs to be done on this, as 

well as more extensive CYP1A testing on the various different homologues of 

phenanthrene and chrysene, as it is uncertain as to which specific homologues are 

responsible for the observed CYP1A induction. 

This notwithstanding, the induction of CYP1A may contribute to chronic ELS 

toxicity in fish. It is evident that crude oil contains potentially toxic PAH, such as 

phenanthrenes and chrysenes (Short et al., 2007; Carls et al., 1999). The results reported 

here support the findings of these previous studies, in that sub-fractions of crude oil rich 
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in 3-ring or higher alkyl-PAH, specifically alkylated phenanthrenes and chrysenes (and 

NBT) were potent CYP1A inducers. The ANSC sub-fractions were more potent than the 

SCOT sub-fractions in term of CYP1A induction, however it is not clear whether these 

same sub-fractions of crude oil will cause disease and mortality to the ELS of fish; it is 

also unclear whether non-inducing sub-fractions of crude oil will be chronically toxic to 

ELS of fish. 
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Table 2.1. Nominal 24 h EC50s for juvenile trout exposed to Alaskan North Slope Crude 

(ANSC) and Scotia Light (SCOT) whole oils and sub-fractions. The 95% confidence 

limits appear in parentheses, where applicable. n=5, n/a= not applicable. Units in mg/L. 
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Table 2.2. Measured concentrations (mg/L) of polycyclic aromatic hydrocarbons (PAH) 

found in different fractions of Alaskan North Slope (ANSC) and Scotia Light (SCOT) 

whole oils and sub-fractions. Summarized from Appendices 15 and 16 (Saravanabhavan 

et al., 2007). n/a = not available.  
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Table 2.3. Estimated nominal 24 h EC50s for polycyclic aromatic hydrocarbons (PAH) 

and TPAH in Alaskan North Slope Crude (ANSC) and Scotia Light (SCOT) oils and 

their sub-fractions. Estimates were based on data in Tables 2.1 and 2.2. All values are in 

µg/L. 
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Figure 2.1. Nominal hydrocarbon content versus measured total polycyclic aromatic 

hydrocarbons (TPAH) in Alaskan North Slope Crude (ANSC) F3 exposure water. Data 

courtesy of Jeff Short; National Oceanic and Atmospheric Administration (NOAA), 

Juneau, Alaska.
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Figure 2.2. Induction of ethoxyresorufin-O-deethylase (EROD) activity in juvenile 

rainbow trout by 24 h exposure to whole Alaskan North Slope Crude (ANSC) and Scotia 

Light Crude (SCOT) F3-1 and F3-2. Whole oil and F3 (Khan et al., 2004) are shown for 

perspective. Error bars are 95% confidence limits, shown only for cold acetone extraction 

(CAE) fractions, and the dashed box outline represents the 95% confidence limits about 

the ß-naphthoflavone (BNF; 10µg/L) positive control. n=5/treatment. 
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Figure 2.3. Induction of ethoxyresorufin-O-deethylase (EROD) activity in juvenile 

rainbow trout by 24 h exposure to normal phase HPLC sub-fractions of Alaskan North 

Slope Crude (ANSC) and Scotia Light (SCOT) F3-1. Whole oil and F3 (Khan et al., 

2004) and F3-1 are included for perspective. Error bars are 95% confidence limits, shown 

on select data for perspective. The dashed box outline represents the 95% confidence 

limits about the ß-naphthoflavone (BNF; 10µg/L) positive control.  DCM is 

dichloromethane solvent control. n=5/treatment. 
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Abstract 

Past research found that induction of cytochrome P4501A1 (CYP1A) and chronic 

toxicity in rainbow trout (Oncorhynchus mykiss) varied widely after exposure to four 

unique crude oil fractions generated from Alaskan North Slope Crude (ANSC; medium-

heavy crude) and Scotia Light (SCOT; light crude). The third fraction of each oil (F3), 

contained the highest concentration of polycyclic aromatic hydrocarbons (PAH), and 

accounted for most of the CYP1A induction and toxicity caused by whole oil. Following 

cold acetone extraction, two new sub-fractions of F3 were produced, referred to as F3-1 

(extract rich in PAH – 65% of total carbon) and F3-2 (wax precipitate with trace amounts 

of PAH – 35% of total carbon). The F3-1 was a strong CYP1A inducer and was 

chronically toxic to the ELS of Japanese medaka (Oryzias latipes), while F3-2 was not. 

Further fractionation of F3-1 via normal-phase HPLC isolated particular groups of PAH 

into five more sub-fractions, referred to as: F3-1-1 (saturates and monoaromatics), F3-1-2 

(naphthalenes and dibenzothiophenes), F3-1-3 (phenanthrenes, fluorenes, and 

naphthobenzothiophenes; NBT), F3-1-4 (chrysenes and pyrenes), and F3-1-5 (an array of 

PAH). The F3-1-3, 4, and 5 of both oils were rich in alkyl-PAH, were potent CYP1A 

inducers, produced signs of blue-sac disease (BSD) and were lethal to ELS of medaka. 

The ANSC sub-fractions contained more PAH and were more toxic than the SCOT. The 

8d EC50s and 12d or 14d LC50s for these three sub-fractions were comparable to 

previously reported values in the literature. The most toxic components of crude oil 

appear to be alkylated phenanthrenes, fluorenes, NBT, chrysenes, and pyrenes. 

 

Keywords: chronic toxicity, PAH, crude oil, sub-fractions, ELS, Japanese medaka 
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Chapter 3. 

 

Identification of Compounds in Crude Oil that are Chronically Toxic to the Early 

Life Stages of Fish 

 

3.1. Introduction 

When the sensitive early life stages (ELS) of fish are exposed to crude oil, they 

experience a higher incidence of embryo mortality, developmental defects, and genetic 

damage, all of which may contribute to recruitment failure (Sol et al., 2000; Carls et al., 

1999; Murphy et al., 1999). There are many types of crude oil, and each contains unique 

chemical constituents. Proper management of different oils following a spill requires an 

understanding of this variation and the corresponding relative risks. If specific 

compounds in particular crude oils could be identified, isolated, and tested for toxicity, 

researchers could better assess the risks to ELS of fish of exposure to these oils. The 

establishment of more stringent preventative measures, or improvements to existing spill 

remediation strategies could be possible if risk assessors had better knowledge of the 

toxic components in different crude oils. Thus, the overall goal of this project is to 

identify the compounds in crude oil that are toxic to ELS of fish. 

3.1.1. Crude Oil Toxicity 

Fish embryos are nourished from a large lipid-rich yolk, which readily absorbs 

lipophillic compounds such as polycyclic aromatic hydrocarbons (PAH), a major 

component of crude oil associated with chronic toxicity of ELS fish (Brinkworth et al., 

2002; Basu et al., 2001; Carls et al., 1999; Murphy et al., 1999). Effects of oil spills can 
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persist for long periods of time (Short et al., 2007) and are most likely observed in sessile 

animals with high lipid content, such as fish eggs or developing larvae (Murphy et al., 

1999). Several studies have reported on the adverse effects observed in ELS of fish 

exposed to crude oil (Bue et al., 1998; Marty et al., 1997).   

3.1.2. Crude Oil Constituents 

Crude oils are characterized by four classes of compounds; saturates, aromatics, 

resins, and asphaltenes (SARA; Appendix 2). Saturates consist of alkanes and 

cycloalkanes (Appendix 3), with lighter compounds referred to as parrafins, and larger 

ones described as waxes (Wang and Fingas, 2006). Saturates can be toxic at high 

concentrations, but they are readily broken down by microbial activity and do not persist 

as long as other SARA constituents. Asphaltenes and resins are bulky, linear-shaped, 

more polar, and heavier in molecular weight than saturates or aromatics, but are not 

easily taken up by fish due to their large size (Appendix 3). Aromatics are planar in 

structure, and their molecular weights (170 to 300) promote uptake by fish (Wright and 

Welbourn, 2002). This class includes mono-aromatics such as BTEX (benzenes, toluenes, 

ethylbenzenes, and xylenes), and heterocyclic aromatic compounds (HACs) such as 

dibenzothiophenes (Appendix 3; Wang and Fingas, 2006). The aromatics also contain 

PAH. 

3.1.3. Polycyclic Aromatic Hydrocarbons (PAH) 

Aquatic organisms readily take up PAH because of their shape, molecular size, 

and physical properties. Alkylated or alkyl-PAH, which predominate in crude oil, are 

potentially more toxic than unsubstituted PAH. Various side-chains on the parent 

compound characterize alkylation. The most common alkyl side-chains are ethyl, methyl, 
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or isopropyl (Appendix 5). Alkyl side-chains increase molecular weight, reduce 

volatility, and alter PAH structure (Sundberg et al., 2005). Alkylations also make PAH 

less water-soluble and more lipophilic, thus increasing their uptake and toxicity (Hawkins 

et al., 2002, Basu et al., 2001; Billiard et al., 1999). Alkylated PAH comprise more than 

90% of TPAH in some crude oils (Wang, 2003). 

3.1.4. Blue Sac Disease (BSD) 

Prolonged PAH exposure from lingering crude oil (Short et al., 2007; Short et al., 

2004) can lead to signs of toxic effects to ELS of fish (Ramachandran et al., 2003; Carls 

et al., 1999). Several studies following the EVOS, were among the first to document and 

describe these hallmark signs of injury to fish, collectively referred to as blue sac disease 

(BSD). Signs of BSD include physical deformities such as spinal defects, ocular 

malformations, jaw deformities, and pericardial edema (Carls et al., 1999; Kocan et al. 

1996b; McGurk and Brown, 1996; Norcross et al., 1996). Environmental factors such as 

thermal and physical shock can lead to accumulation of waste metabolites within 

developing eggs, and this too can cause BSD (Brannon et al., 2006). In contrast, narcosis 

effects are associated with exposure to lower molecular weight PAH such as 2-ring 

naphthalenes. These compounds are acutely toxic but dissipate much faster than heavier 

intermediate-size PAH such as phenanthrenes. Acute toxicity tests causing narcosis as the 

toxic endpoint do not explain the suite of toxic effects observed in fish exposed to 3- to 5-

ring PAH.  

3.1.5. Polycyclic Aromatic Hydrocarbons (PAH) in Crude Oil 

Pinpointing PAH in crude oil that are responsible for toxicity is a difficult task; 

one useful approach for identifying toxic components of complex mixtures is by 

 68



employing an “effects-driven” fractionation approach. Recent studies have successfully 

used similar approaches to describe toxic effects observed in fish exposed to mixtures of 

hazardous compounds, including PAH (Sundberg et al., 2005).  

3.1.6. Effects-Driven Bioassays With Alaskan North Slope (ANSC) and Scotia Light 

(SCOT) Crude Oils 

Past research found that whole Alaskan North Slope Crude (ANSC; medium-

heavy) and Scotia Light (SCOT; light) crude oils induced CYP1A in rainbow trout 

(Oncorhynchus mykiss; Khan et al., 2004), and were also chronically toxic to the ELS of 

Japanese medaka (Oryzias latipes; Clarke et al., 2004). As previously described in 

Chapter 2, four unique fractions (F1, F2, F3, and F4) were obtained for both oils. 

Biological tests of CYP1A induction established the distribution of PAH with 

fractionation, and tests of BSD illustrated the distribution of constituents that were 

chronically toxic. The F3 was responsible for most of the observed CYP1A induction 

(Appendix 11; Khan et al., 2004), and only F3 caused chronic toxicity, associated with 

BSD, lethality, and hatching success (Appendix 12 and 13; Clarke et al., 2004). The 

ANSC F3 contained more than twice as many aromatic constituents as SCOT F3 and was 

the most potent inducer, as well as the most toxic fraction.  

3.1.7. Current Objectives 

Previous results suggest that F3 was most toxic due to the prevalence of 

intermediate-sized alkylated PAH in this fraction. The other vacuum distilled fractions 

did not contain nearly as much of these compounds. It is likely therefore, that sub-

fractions of F3 that contain more 3- to 5-ring alkyl-PAH should cause the most toxicity to 
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the ELS of fish. In order to test for this expectation, the following null hypotheses were 

proposed: 

Ho1: Sub-fractions of F3 rich in 3-ring or higher alkyl-PAH would not 

cause BSD in medaka. 

Ho2: Any CYP1A inducing sub-fractions (Chapter 2) would not be 

chronically toxic to the ELS of medaka. 

Ho3: Sub-fractions rich in monoaromatics and 2-ring PAH would not be 

chronically toxic to medaka. 

Ho4: Sub-fractions of ANSC F3 would not be more toxic than SCOT F3 

sub-fractions. 

To address the above hypotheses, chronic embryo larval tests were used to assess 

the toxicity of cold acetone (CAE) and high performance liquid chromatography (HPLC) 

sub-fractions of ANSC and SCOT F3.  

3.2. Materials and Methods 

3.2.1. Cold Acetone Extraction (CAE) of Alaskan North Slope (ANSC) and Scotia 

Light (SCOT) F3 

Saravanabhavan et al., (2007) successfully extracted PAH from ANSC and SCOT 

F3 using liquid-liquid extraction. The fractions produced were the same as those 

described in Chapter 2, section 2.2.1; the F3-1 extract was rich in PAH, and the F3-2 

residue was comprised of mostly waxes and resins with trace amounts of PAH. 

3.2.2.  Normal Phase HPLC Separation of F3-1 

Using an approach previously described in Chapter 2, section 2.2.2; five unique 

HPLC sub-fractions were created (Saravanabhavan et al., 2007); referred to as: F3-1-1 
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(saturated monoaromatics), F3-1-2 (naphthalenes and dibenzothiophenes), F3-1-3 

(phenanthrenes, fluorenes, and naphthobenzothiophenes; NBT), and F3-1-4 (chrysenes 

and pyrenes), and F3-1-5 (array of alkyl-PAH and resins). Two SCOT F3-1-5 sub-

fractions were produced (F3-1-5a and F3-1-5b). These were pooled and tested as a single 

fraction at one concentration (32 mg HC/L). 

3.2.3. Chronic Toxicity Assay 

Adult Japanese medaka were obtained from Isaac Technologies (Georgetown, 

ON). Fifteen medaka eggs (averaging between 0.1 and 0.18 mg each) were used per 

treatment concentration. Eggs were placed in glass jars (500 mL) that contained either 50 

or 100 mL of dechlorinated municipal water (depending on the amount of each sub-

fraction available). The municipal supply was dechlorinated with charcoal filtration and 

sodium bisulphite (Fisher Scientific, Ottawa, ON) to remove residual chlorine. All sub-

fractions were dissolved in tetrahydrofuran (THF; Fisher Scientific), and driven into 

solution with dispersant as previously described in Chapter 2; section 2.3.3.  

Eggs were examined to ensure that only viable, fertilized ones would be used for 

exposure assays. Fifteen viable eggs were placed in each jar with an appropriate amount 

of CEWAF of each CAE or HPLC sub-fraction to give the desired concentration of 

hydrocarbon. Jars were covered to limit volatilization and cross-contamination. To limit 

photo-degradation or photo-modification of any PAH present, the jars were placed in 

boxes and covered to ensure a 24 hr dark photoperiod in an incubator at 26ºC. 

Positive and negative controls were included for each bioassay to verify the 

proper functioning of each assay. A negative water control was included during the 

ANSC CAE test, but for all other tests, two additional negative controls were included: 
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Corexit 9500 dispersant (Ondeo Nalco Energy Services, Sugar Land, TX; 0.06% v/v), 

and THF. Only one volume of THF was required to dissolve the ANSC sub-fractions 

before CEWAF mixing (0.06% v/v). The first four SCOT HPLC sub-fractions were 

carried between 0.04% v/v and 0.15% v/v THF. However, the SCOT F3-1-5 was more 

concentrated than the other sub-fractions, and was delivered in 0.2% v/v THF, twenty 

times the recommended dosage for most solvents used as a carrier (Hutchinson et al., 

2006). An F3 positive control (320 mg HC/L) was included during the SCOT CAE test. 

For HPLC tests, ANSC F3-1 (32 mg HC/L) and SCOT F3-1 (320 mg HC/L) were used as 

positive controls. 

3.2.4. Exposure Solutions 

Aliquots of all sub-fractions were used to produce daily dosing solutions of 

chemically enhanced water accommodated fractions (CEWAF), as outlined in Chapter 2; 

section 2.2.4.  

3.2.5. Exposure Concentrations 

Medaka eggs were exposed to a range of concentrations of the CAE (12d) and 

HPLC (14d) sub-fractions at equal intervals on a log scale. All exposure concentrations 

reported were nominal, expressed as mg hydrocarbon (HC) per litre (L). To characterize 

ANSC exposures, water samples were taken at 1 and 24 h after dosing and mixed at a 

50:50 ratio with HPLC-grade ethanol (Fisher Scientific) and stored at 4°C until analyzed 

by synchronous fluorometric scanning. Standards were mixed from pure CAE and HPLC 

sub-fraction stocks (1 µg/L to 1 mg/L hydrocarbon in water). Wavelengths for each sub-

fraction were selected by excitation and emission scans of different PAH, using a 
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spectrofluorometer (Photon Technology International, Birmingham, NJ; Fig. 3.1). The 

SCOT sub-fractions were not analyzed. 

3.2.6. Water Quality 

All tests were run at 26ºC (+/- 0.5ºC), and with no photoperiod (24 h dark). Water 

quality was assessed daily (Appendix 17). Temperature was recorded alternately with a 

standard thermometer or a YSI 55 dissolved oxygen (DO) probe (YSI Incorporated, 

Yellow Springs, OH). Measured DO ranged between 70.2% to 92.6% saturation. 

Measurements of pH were made with an Accumet AP63 pH//mV/ion meter (Fisher 

Scientific) and values were between 7.82 and 8.20. Total un-ionized ammonia was 

calculated by first measuring total ammonia (mol/L; assessed using an Accumet 25 

pH/ion meter (Fisher Scientific) and converting to parts per billion (µg/L) by multiplying 

the gravimetric concentration against the percent of un-ionized ammonia present 

(Emmerson et al., 1975).  

3.2.7. Scoring for Chronic Toxicity 

 Medaka eggs were observed daily for signs of BSD, mortality and hatch. Dead 

eggs were removed from treatments and did not receive a BSD score to eliminate the 

chance of false positives; not all eggs that died showed signs of BSD. Percent mortality 

was expressed as total number of dead larvae per treatment divided by the total number 

of larvae per treatment at the start of each test. Percent hatch was similarly determined. 

The BSD severity index consisted of eight parameters. Six of these (tube heart, ocular 

hemorrhage, body/fin hemorrhage, craniofacial malformations, spinal defects, and fin rot) 

were scored as either being absent (0) or present (1). Pericardial edemas and yolk-sac 

edemas (YSE) were scored as either 0 (absent), 1 (mild), 2 (moderate) or 3 (severe). 
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Edemas were weighted differently because they varied more than the other parameters. 

Scores of BSD ranged between 0 (normal) to a maximum of 12 (severe BSD). Edemas 

were observed more frequently and with more varying severity than hemorrhaging or 

other defects. This scoring approach has been used in several other studies 

(Ramachandran et al., 2003; Brinkworth et al., 2002). Raw BSD data were divided by 12 

to normalize each score on a scale of zero to one. Data were pooled to obtain treatment 

means, and graphed to show mean BSD severity per treatment. 

 Heart rate was measured as mean heartbeat per minute, and was recorded for a 

sub-set of five larvae, taken at random, from each treatment. Larvae were allowed to 

“rest” for roughly one minute before being measured. A hand-held counter was used to 

record heartbeats for 15 seconds. Data were expressed as heartbeats per minute and 

pooled to obtain treatment means. 

Heart rate and BSD were scored on day eight for each test, prior to hatch. All 

treatments were masked to ensure unbiased and random scoring. The ANSC CAE data 

showed a much smoother exposure-response relationship for percent mortality on day 12 

as opposed to day 14, possibly due to high mortality in some of the lower treatments on 

the last two days of the test. An incubator failure led to the premature termination of the 

SCOT CAE test; hence a 12-day re-run was conducted. 

3.2.8. Statistical Analyses 

All graphing and simple statistical analyses were conducted with Microsoft Excel 

and SigmaStat v. 3.00 (SPSS Incorporated, Chicago, IL). One-way analyses of variation 

(ANOVA) were performed for BSD and mean heart rate, to calculate 95% confidence 

limits (CL). When ANSC and SCOT sub-fractions were compared against each other, 
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ANOVAs failed normality and equal variance tests, all other ANOVAs passed both tests. 

For each ANOVA, a post hoc multiple comparison test (the Bonferroni t-test) was 

applied to identify significant pair-wise differences among treatments (p = <0.05). The 

EC50s for BSD and hatch were calculated using Graphpad Prism v. 4.02 (GraphPad 

Software, El Camino Real, San Diego, CA). All LC50s were calculated with MS-DOS 

Probit (Stephan, 1977). The 95% CL are listed in parentheses where applicable. 

3.2.9. Total Polycyclic Aromatic Hydrocarbons (TPAH) Estimates 

Based on analyzed TPAH concentrations (Appendix 14 and 15; Saravanabhavan 

et al., 2007) and the log hydrocarbon (mg HC/L) exposure concentrations, all nominal 

BSD 8d EC50s and 12 or 14d LC50s were expressed in terms of nominal TPAH, as 

described in Chapter 2; section 2.2.9. 

3.3. Results 

3.3.1. Chronic Toxicity – Cold Acetone (CAE) Sub-fractions 

The ANSC F3-1 caused severe sub-lethal toxicity (BSD) with a clear exposure-

response relationship similar to the effects observed with ANSC F3 (Fig. 3.2); SCOT F3-

1 also showed a positive exposure-response relationship. The ANSC F3-2 and SCOT F3-

2 fractions did not produce signs of BSD. Larvae exposed to the THF and dispersant 

controls showed a low frequency of BSD, similar to that of water controls, which were 

considered to be background. Very few, if any, signs of BSD were observed in the water 

controls. Exposure to ANSC F3-1 caused more BSD than SCOT F3-1 (p = <0.05, n=15). 

The 8d EC50 for ANSC F3-1 of 45 mg HC/L (38, 55; Table 3.1) was more than five 

times lower than that of SCOT F3-1 (236 mg HC/L; 202, 275). 
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  Cumulative mortality results showed a clear exposure-response curve for ANSC 

F3-1 and SCOT F3-1 (Fig. 3.3). At the highest concentrations tested, ANSC F3-2 (12d 

LC50 of 788 mg HC/L; 9, 32 700; Table 3.2) caused more mortality than water controls, 

but was still less toxic than ANSC F3-1 (2 mg HC/L; 1.8, 3). The SCOT F3-2 barely 

caused lethality. All negative controls caused little or no mortality. The ANSC F3-1 was 

12 times more lethal than SCOT F3-1 (29 mg HC/L; 19, 52). 

Both ANSC and SCOT F3-1 impeded hatching success (Fig. 3.4). The results for 

SCOT F3-1 were more variable than ANSC F3-1, and SCOT F3-2 appeared to be slightly 

more effective at reducing hatch than ANSC F3-2. Just over half of the eggs exposed to 

THF successfully hatched, and only about 30% of the eggs exposed to the dispersant 

control hatched. Exposure to the SCOT F3 positive control resulted in about 15% 

hatching success. The 12d EC50 for ANSC F3-1 hatching success was calculated at about 

3 mg HC/L (2, 4; Table 3.3) which was 6 times lower than the SCOT F3-1 12d EC50 of 

18 mg HC/L (8, 45).  

Increasing exposure to ANSC F3-1 and F3-2 caused decreased heart rate in larval 

medaka, and F3-1 was significantly more potent than F3-2 (p = <0.05, n=5; Fig. 3.5). 

Medaka exposed to both SCOT F3-1 and F3-2 showed slightly faster heartbeat than the 

ANSC exposed larvae and did not show much of a change in heart rate as exposure 

concentrations increased. Larvae exposed to THF and dispersant controls were not 

significantly different than those exposed to the CAE treatments. However, the larvae 

observed in the 100 mg HC/L ANSC F3-1 treatment showed significantly lower heart 

rates than the controls (as evidenced by the 95% CL), and they were also significantly 

lower than any of the ANSC F3-2 exposed larvae. 
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3.3.2. Chronic Toxicity – Normal Phase HPLC F3-1 Sub-fractions 

  A positive exposure-response relationship was observed for F3-1-3 and 4 of both 

oils, with F3-1-3 being the most effective fraction in terms of eliciting BSD (Fig. 3.6), 

although the difference between SCOT F3-1-3 (8d EC50 of 27 mg HC/L; 21, 35) and 

SCOT F3-1-4 (8d EC50 of 28 mg HC/L; 22, 35) was not significant. The ANSC F3-1-5 

also caused BSD (8d EC50 of 70 mg HC/L; 13, 372) but the slope was not as pronounced 

as the ANSC F3-1-3, which had an 8d EC50 of 10 mg HC/L (6, 17). Only one 

concentration could be tested for the SCOT F3-1-5 (32 mg HC/L), but this treatment 

caused BSD similar to SCOT F3-1-3 and 4. The SCOT F3-1-4 also showed a better 

exposure-response than the ANSC F3-1-4, but a wider range of concentrations was tested 

for this sub-fraction. The F3-1-1 and F3-1-2 of both oils did not cause BSD, and were 

equivalent to signs observed for the negative controls.  

  The 8d EC50s showed that for both oils, F3-1-3 was the most potent fraction for 

causing BSD (Table 3.1); the ANSC F3-1-3 was 2.5 times more potent than the SCOT 

F3-1-3. The ANSC F3-1-3, 4, and 5 were all significantly more toxic than the ANSC F3-

1 positive control (p = <0.05, n=15). Although not as toxic as the ANSC, the same sub-

fractions for SCOT were also much more toxic than the SCOT F3-1 positive control (p = 

<0.05, n=15). 

Cumulative mortality among four of the five HPLC fractions for both oils 

increased steadily over the duration of the test; with the sole exception of ANSC F3-1-1, 

which caused little mortality (Fig. 3.7). The SCOT F3-1-1 caused slightly higher 

mortality, but the result for the 56 mg HC/L treatment may be erroneous, because the 

next highest concentration caused less mortality. A similar result was observed for the 1.8 
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mg HC/L treatment of SCOT F3-1-4. The F3-1-2 of both oils caused significant 

mortality, despite the absence of BSD. The toxicities of ANSC F3-1-3 and F3-1-4 were 

similar, with 14d LC50s of 1 mg HC/L (estimated CL of 0.7, 1.4) and 1 mg HC/L (0.7, 

1.5) respectively (Table 3.2). This trend was similar with SCOT, although the SCOT F3-

1-3 14d LC50 of 2 mg HC/L (1, 2) was slightly more toxic than the SCOT F3-1-4 (2 mg 

HC/L; 0.5, 10). The ANSC F3-1 positive control caused roughly 85% mortality by day 

14, and the SCOT F3-1 control killed all the larvae by day 14. The higher volumes of 

THF used in the SCOT HPLC tests were quite lethal. Specifically, the 0.2% v/v THF 

(used to carry the SCOT F3-1-5) and the 0.6% v/v THF caused 100% mortality. The 

SCOT F3-1-5 results may be confounded by the solvent effect. Other concentrations of 

THF used to carry the remaining SCOT sub-fractions (0.05% v/v, 0.1% v/v, and 0.15% 

v/v) caused little mortality, similar to the water and dispersant controls. 

The ANSC F3-1-1 caused an exposure-dependent decrease in hatch rate at 18 mg 

HC/L or above, while the thresholds for F3-1-4 and 5 were between 0.32 mg HC/L and 

1.8 mg HC/L (Fig. 3.8). Corresponding trends were observed for the SCOT HPLC sub-

fractions. None of the eggs in the SCOT F3-1-5 (32 mg HC/L) treatment hatched. 

Exposure to the 0.6% v/v THF control also resulted in no hatch, but eggs exposed to 

lower THF controls showed between 80% and 100% hatching success, similar to the 

water controls. Oddly, eggs exposed to the 0.06% v/v dispersant control showed a lower-

than-expected hatching success of about 45%, similar to the lowest concentration of 

SCOT F3-1-1, which appeared erroneous in the context of higher hatch rates observed at 

higher exposure concentrations. The 14d EC50 for the ANSC F3-1-1 was about half that 

of the SCOT F3-1-1 (38 mg HC/L; CL not calculated; Table 3.3) and 69 mg HC/L (48, 
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134) respectively. The ANSC F3-1-3 produced the lowest 14d EC50 for hatch of 1 mg 

HC/L (0.8, 1.6), versus the 14d EC50 for SCOT F3-1-3 (3 mg HC/L; 2, 4). The ANSC 

F3-1-4 (1 mg HC/L; 1, 3) was also 6 times more potent than SCOT F3-1-4 (6 mg HC/L; 

4, 9). None of the larva exposed to the ANSC and SCOT positive controls hatched. 

The ANSC F3-1-1 and F3-1-2 larvae had strong heartbeats (~ 75 beats per 

minute; bpm), as did larva in the same treatments for SCOT (~ 175 bpm; Fig. 3.9). The 

SCOT-exposed larvae showed much higher heart rates than the ANSC larva for all tests. 

Overall, exposure to F3-1-3, 4, and 5 slowed heartbeats more than F3-1-1, 2 and CAE 

sub-fractions. Larva exposed to ANSC F3-1-3 showed significantly lower heart rates 

(41.5 bpm) than the other sub-fractions (p = <0.05, n=5), and the SCOT F3-1-3 and 4 

larval responses were also lower than the other sub-fractions. The ANSC positive control 

larvae exhibited faster heart rates (179 bpm) than larva exposed to the previous 

concentration of ANSC F3-1 (97 bpm), during the CAE test. The dispersant and THF 

exposed larva showed heart rates similar to water controls. The SCOT positive control 

heart rates were lower than the ANSC positive control. The ANSC F3-1-3 was the most 

effective sub-fraction at reducing heart rate in larval medaka. 

3.4. Discussion 

This study has shown that the toxicity of sub-fractions of ANSC and SCOT oils 

was associated with high concentrations of 3- to 5-ring alkyl-PAH. The F3-1 extract was 

chronically toxic to the ELS of fish, whereas the F3-2 residue was not toxic at the 

concentrations tested. The ANSC F3-1 was much more toxic for both BSD and lethality 

than the SCOT extract, which was not surprising considering that ANSC sub-fractions 

contained more PAH than SCOT (Table 3.4). The HPLC sub-fractions derived from F3-1 
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also successfully separated toxic components from non-toxic ones. The F3-1-1 of both 

oils contained little PAH and did not cause chronic toxicity; the saturated monoaromatics 

and naphthalenes in this fraction pose little risk to the ELS of fish at the concentrations 

tested. The F3-1-2 of both oils did not induce CYP1A (Chapter 2) or produce BSD, but it 

did cause chronic mortality. The prevalent PAH in this fraction was naphthalene and 

dibenzothiophene and their alkyl homologues. The ANSC F3-1-2 contained almost twice 

as much naphthalenes and more than 38 times more dibenzothiophenes than SCOT F3-1-

2. Naphthalenes are associated with the narcosis mechanism of toxicity (Barron et al., 

2004), and other studies have reported on the toxic effects of HACs such as 

dibenzothiophene (Sundberg et al., 2005). Exposure to these compounds reportedly 

causes cardiovascular impairment (Sundberg et al., 2005), but the results here did not 

support this, in that larva exposed to F3-1-2 had faster heart rates than the F3-1-3, 4, and 

5 exposed larva. The components of F3-1-2 were toxic by a mechanism other than 

CYP1A or BSD mediated toxicity, most likely narcosis.  

The F3-1-3, 4, and 5, which were rich in intermediate-sized alkyl-PAH, contain 

perhaps the most toxic components. Phenanthrenes, fluorenes, NBT, pyrenes and 

chrysenes in these sub-fractions likely accounted for most of the toxicity; the ANSC F3-

1-3 contained more than 3 times as much phenanthrene by weight as SCOT F3-1-3 and 

there was more than 5 times as much chrysene in the ANSC F3-1-3 as well (Table 3.4). 

The prevalence of NBT (about 51 mg/g in ANSC F3-1-3), along with fluorenes, and 

pyrenes may have accounted for some of the toxicity as well. The NBT (and its alkyl-

homologues) was barely present in SCOT F3-1, and was not detected in any of the SCOT 

HPLC sub-fractions. The greater proportion of alkyl-PAH in the ANSC sub-fractions 
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(roughly 3 times as much as the SCOT), along with the presence of NBT, could explain 

the greater effects observed in ANSC-exposed larvae.  

The phenanthrene content estimated for the nominal 8d BSD EC50s for F3-1-3 

was 960 µg/L for ANSC and 763 µg/L for SCOT (Table 3.5). Previous tests with 

zebrafish (Danio rerio) reported that 320 µg/L (nominal concentration) of only one PAH, 

retene (an alkyl-phenanthrene), caused decreased growth, YSE, and mortality (Billiard et 

al., 1999). However, solubility could have been a limiting factor in the zebrafish study. 

Although higher, the nominal 8d BSD phenanthrene EC50 estimates are within the range 

of phenanthrene exposure, despite species differences.  

In a study conducted with pink salmon (Oncorhynchus gorbuscha) signs of BSD 

were observed at concentrations as low as 4.4 µg/L (measured concentration) of total 

aqueous PAH, following exposure to Prudhoe Bay crude oil (Marty et al., 1997), and 

even lower values were reported for Pacific herring (Clupea pallasi) exposed to actual 

TPAH concentrations ≥ 0.7 µg/L (Carls et al., 1999). The nominal TPAH 8d EC50 

estimates for BSD (Table 3.5) here ranged between 1 and 3 mg/L, well above the 

previously reported values. However, it is likely that if actual concentrations of both 

TPAH and specific PAH classes were measured, the EC50 values reported here would 

have been lower and more consistent with other values reported throughout the literature. 

Nominal hydrocarbon LC50s of HPLC sub-fractions for both oils were between 1 

and 2.5 mg/L (Table 3.2). This was less than the 14.1 mg/L (nominal concentration) 

reported for CEWAF-exposed Australian bass (Macquaria novemaculeata; Gulec and 

Holdway, 1999) or CEWAF-exposed mummichog (Fundulus heteroclitus), which 

showed high rates of mortality when exposed to 500 mg/L (measured concentration) of a 
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dispersed light crude oil (Couillard et al., 2005). When the nominal 14d LC50s for ANSC 

F3-1-3 (230 µg/L) and SCOT F3-1-3 (100 µg/L) were expressed as nominal TPAH 

(Table 6), they were lower than the measured 96hr LC50 of 1.5 mg/L for herring exposed 

to total aromatics (Hose et al., 1996). Recent studies with fathead minnows (Pimephales 

promelas) and white sucker (Catostomus commersoni) reported actual TPAH LC50s 

between 50 and 300 µg/L for the minnows and between 200 and 850 µg/L for the suckers 

(Colavechia et al., 2007), the estimated nominal LC50s here were in the same range as 

these values.  

The nominal 8d BSD EC50s and 14d LC50s were further analyzed to provide a 

more accurate rate of toxicity (Bailey et al., 1997; Sprague, 1969). The inverse of the 

measured BSD or lethality was taken, thus giving the volume of water required for the 

test material to contaminate to a lethal concentration. These values were normalized to 

whole oil, providing a clearer picture of the successful enrichment of toxic components in 

correspondence with each successive fractionation. The BSD enrichment factor showed 

that as fractionation progressed, so did the rate of toxicity (Table 3.7); ANSC F3 and F3-

1 were both about 7 times more toxic than the whole ANSC. By the 3rd stage of 

fractionation, the ANSC F3-1-3 was more than 30 times as toxic as the parent oil in terms 

of BSD. 

The SCOT F3-1-3 was not nearly as toxic as ANSC, relative to the whole oil, 

with a rate of toxicity only about 3 times as toxic as whole SCOT. Similar trends 

occurred with F3-1-4 and 5; BSD was not enriched with the F3-1-1 and 2 sub-fractions. 

The ANSC F3-1-4 was the most lethal sub-fraction relative to whole ANSC, with a rate 

of toxicity 140 times greater than that of the whole oil. This sub-fraction was only 
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marginally more toxic than ANSC F3-1-3 and 5. The SCOT F3-1-3 was over 55 times 

more toxic than whole SCOT, and the F3-1-4 was also relatively toxic, about 41 times 

more so than whole SCOT. Unlike the BSD rates of toxicity, both ANSC and SCOT F3-

1-2 were also more toxic than the parent oils, 51 times and about 9 times more 

respectively.  

Although SCOT F3-1-5 appeared toxic, the 0.2% v/v THF required to dissolve 

this sub-fraction caused 100% mortality on its own; hence the SCOT F3-1-5 result is 

confounded by the effect of the solvent. Theoretically, the SCOT 14d LC50 should have 

been much less toxic than the ANSC, but the THF likely contributed to the increased 

lethality of the SCOT HPLC sub-fractions, especially SCOT F3-1-5.  

The moderate BSD and lethality observed in fish exposed to ANSC F3-1-5 might 

be the result of interactive toxicity between residual phenanthrenes, fluorenes, and 

chrysenes in this sub-fraction. However, a more likely explanation for the F3-1-5 toxicity 

could be that more of the heavier and more toxic homologues of C3 and C4 phenanthrenes 

eluted out with this fraction than F3-1-3. 

 The positive and negative controls verified the proper functioning of each test and 

the negative controls did not produce toxic effects, with a couple of exceptions, both 

incurred during the SCOT HPLC test. The 0.2% and 0.6% v/v concentrations of THF, 

which were well above the accepted guidelines for carrier solvent use (Hutchinson et al., 

2006), caused both BSD and mortality. Perhaps the 0.15% v/v of THF used to carry the 

SCOT F3-1-3 promoted enhanced toxicity, despite the fewer PAH present in this oil. This 

may be even more true of the SCOT F3-1-5, which used even more THF as a carrier. 
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Another discrepancy among negative controls for the SCOT HPLC test was the 

high rate of mortality and reduced rate of hatch associated with the 0.06% v/v dispersant 

control. The dispersant controls for the SCOT CAE or the ANSC HPLC tests did not 

show similar results. It is assumed that the treatment jar was either contaminated or the 

eggs used were not as robust. The positive controls for both tests produced toxicity as 

expected, but there was some variation. For example, the SCOT F3 positive control used 

for the CAE test showed lower BSD and mortality than previously-run concentrations of 

F3 (Clarke et al., 2004). This may have been due to egg batch differences. During the 

SCOT CAE test, the 0.06% v/v dispersant and THF treatments did not produce 100% 

hatching success.  

  Bio-effects directed sediment fractionation studies with rainbow trout showed that 

sediment fractions high in PAH were responsible for most of the observed CYP1A 

induction and chronic toxicity (Sundberg et al., 2005). The CYP1A 24h EC50s reported 

in Chapter 2 were much lower than the 8d EC50s for BSD. For example, the ANSC F3-

1-3 CYP1A 24h EC50 was roughly 500 times less than the BSD value (0.02 mg HC/L 

versus 10 mg HC/L). This trend was similar for all sub-fractions, indicating that CYP1A 

induction is far more sensitive in predicting toxicity than scoring for signs of BSD.  

  Although the current results show that fractions of crude oil rich in alkyl-PAH 

induced CYP1A and were chronically toxic, alkyl-PAH only comprised about a fifth of 

each sub-fraction by weight (Saravanabhavan et al., 2007). Roughly 80% of the 

components (by weight) in each HPLC sub-fraction were unknown. The PAH identified 

by Saravanabhavan et al., (2007) are routinely analyzed in crude oil. Based on results 

found here and in past research (Heintz et al., 2000; Carls et al., 1999; Marty et al., 1997) 
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it is likely that intermediate-sized alkyl-PAH were responsible for the observed effects. 

The ANSC HPLC sub-fractions contained roughly five times the amount of alkyl-PAH as 

SCOT, but the 14d LC50s for the F3-1-3 and 4 sub-fractions of both were very close.  

  It is uncertain as to whether or not specific PAH compounds induced individually, 

antagonistically, or synergistically with other compounds. This is true within PAH groups 

as well as between different groups. Although it appeared that alkylated phenanthrenes in 

F3-1-3 and chrysenes in F3-1-4 caused CYP1A induction and chronic toxicity, it is 

unknown which homologues of these PAH are responsible. It is possible that the greater 

toxicity associated with ANSC sub-fractions was due to more interactions among 

compounds, rather than just the proportion of compounds present in the oil. Chrysenes 

are strong CYP1A inducers (Carls et al., 1999), chronically toxic (Incardona et al., 2006), 

and are known to enhance the toxicity of other PAH in mixtures (Hermann et al., 1981). 

Perhaps chrysenes were acting in a synergistic manner with phenanthrenes in F3-1-5 of 

both oils. The greater proportion of NBT in the ANSC sub-fractions may have also acted 

synergistically (or antagonistically) with phenanthrenes and chrysenes. 

3.5. Conclusions 

  The medium-heavy ANSC crude oil poses more risk to the ELS of fish than the 

lighter SCOT. The ANSC CAE and HPLC sub-fractions contained more PAH than the 

SCOT sub-fractions and caused higher CYP1A induction, BSD, and mortality. Although 

the 14d LC50s for the SCOT F3-1-3 and 3-1-4 were comparable to the ANSC F3-1-3 and 

3-1-4, further testing of the lighter SCOT sub-fractions needs to be done. The SCOT F3-

1-5 needs to be repeated using lower volumes of solvent (perhaps something other than 
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THF). This may better ensure that the effects observed with exposure to this sub-fraction 

were not due to the carrier solvent. 

  In addition to the unknown components, another problem for risk assessors to 

consider is that crude oil contain hundreds of PAH homologues. The ANSC F3-1-5 

contained much lower amounts of phenanthrenes, fluorenes, and NBT than F3-1-3, and 

lower amounts of pyrenes and chrysenes than F3-1-4, but still induced CYP1A enzymes 

and caused BSD and lethality to larval medaka. It is probable that the F3-1-5 contained 

potentially toxic derivatives of each PAH, as the compounds that took the longest to elute 

may have been comprised of more highly reactive alkyl-substituted PAH. Perhaps the 

heavier alkyl homologues of phenanthrenes and chrysenes sequestered in F3-1-5 were 

more toxic or reactive than the ones in F3-1-3 and 4.  

  Overall, the effects-driven fractionation approach was successful at sequestering 

toxic components, whether they were PAH or some other compounds, into very small 

percentages of hydrocarbon, amounting to roughly 1% of the entire amount of 

hydrocarbon in crude oil. Although characterization of individual PAH was not achieved, 

specific groups such as phenanthrenes and NPT in F3-1-3, and chrysenes in F3-1-4 were 

most likely responsible for CYP1A induction and chronic toxicity. The F3-1-2 (rich in 

dibenzothiophenes) was also chronically toxic, although independent of CYP1A 

induction, and by a non-BSD mode of action.  

3.6. Acknowledgements 

  The authors wish to thank the following for technical support: Jay Scott, Julian 

Morey, Stephanie Ko, Kevin Woo, Vanessa Kuhn, Cassie Catton, and Sarah Adams. 

Special thanks to Zhendi Wang and Bruce Hollebone at the Environmental Technology 

 86



Center in Ottawa, Jeff Short at the National Oceanic and Atmospheric Administration 

(NOAA), and Jennifer Dixon and Tom King at the Bedford Institute of Oceanography, 

Center for Offshore Oil and Gas Environmental Research in Halifax for providing critical 

information on crude oil chemistry. This research was accomplished with funding 

assistance from NOAA, Petroleum Research Atlantic Canada, Environment Canada, and 

the Department of Fisheries and Oceans.  

3.7. References 

Bailey, H.C., Miller, J.L., Miller, M.J., Wiborg, L.C., Deanovic, L. & Shed, T. (1997)  

Joint acute toxicity of diazinon and chlorpyrifos to (Ceriodaphnia dubia). 

Environmental Toxicology and Chemistry, 16, 2304-2308. 

Barron, M.G., Carls, M.G., Heintz, R. & Rice, S.D. (2004) Evaluation of fish early life- 

stage toxicity models of chronic embryonic exposures to complex polycyclic 

aromatic hydrocarbon mixtures. Toxicological Sciences, 78, 60-67. 

Basu, N., Billiard, S., Fragoso, N., Omoike, A., Tabash, S., Brown, S. & Hodson, P.  

(2001) Ethoxyresorufin-O-deethylase induction in trout exposed to mixtures of 

polycyclic aromatic hydrocarbons. Environmental Toxicology and Chemistry, 20, 

1244-1251. 

Billiard, S.M., Querbach, K. & Hodson, P.V. (1999) Toxicity of retene to early life stages  

of two freshwater fish species. Environmental Toxicology and Chemistry, 18, 

2070-2077. 

Brannon, E.L., Collins, K.C.M., Moulton, L.L. & Parker, K.R. (2001) Resolving  

allegations of oil damage to incubating pink salmon eggs in Prince William 

Sound. Canadian Journal of Fisheries and Aquatic Sciences, 58, 1070-1076. 

 87



Brinkworth, L.C., Hodson, P.V., Tabash, S. & Lee, P. (2003) CYP1A induction and blue  

sac disease in early developmental stages of rainbow trout (Oncorhynchus mykiss) 

exposed to retene. Journal of Toxicology and Environmental Health-Part A, 66, 

627-646. 

Carls, M.G., Marty, G.D. & Hose, J.E. (2002) Synthesis of the toxicological impacts of  

the Exxon Valdez oil spill on Pacific herring (Clupea pallasi) in Prince William  

Sound, Alaska, USA. Canadian Journal of Fisheries and Aquatic Sciences, 59,  

153-172. 

Carls, M.G., Rice, S.D. & Hose, J.E. (1999) Sensitivity of fish embryos to weathered  

crude oil: Part I. Low-level exposure during incubation causes malformations,  

genetic damage, and mortality in larval Pacific herring (Clupea pallasi).  

Environmental Toxicology and Chemistry, 18, 481-493. 

Clarke, L.M.J., C.W. Khan, P. Akhtar, P.V. Hodson, K. Lee, Z. Wang, J.W. Short.  

(2004) Comparative toxicity of four crude oils to the early life stages of rainbow 

trout (Oncorhynchus mykiss).  Proceedings of the 27th Arctic and Marine Oilspill 

Program (AMOP) Technical Seminar, June 8-10, Edmonton, AL, Environmental 

Science and Technology Division, Environment Canada, Ottawa. 785-792. 

Colavecchia, M.V., Hodson, P.V. & Parrott, J.L. (2007) The relationships among  

  CYP1A induction, toxicity, and eye pathology in early life stages of fish exposed  

  to oil sands. Journal of Toxicology and Environmental Health, Part A, 70, 1542 –  

  1555. 

 88



Couillard, C.M., Lee, K., Legare, B., and King, T.L. (2005) Effect of dispersant on the  

composition of the water-accommodated fraction of crude oil and its toxicity to 

larval marine fish. Environmental Toxicology and Chemistry, 24, 1496-1504. 

Emerson, K. (1975) Aqueous ammonia equilibrium calculations: effects of pH and  

temperature. Canadian journal of fisheries and aquatic sciences, 32, 2379-2383. 

Gulec, I. & Holdway, D.A. (2000) Toxicity of crude oil and dispersed crude oil to ghost  

shrimp (Palaemon serenus) and larvae of Australian bass (Macquaria 

novemaculeata). Environmental Toxicology, 15, 91-98. 

Hawkins, S.A., Billiard, S.M., Tabash, S.P., Brown, R.S. & Hodson, P.V. (2002)  

Altering cytochrome P4501A activity affects polycyclic aromatic hydrocarbon 

metabolism and toxicity in rainbow trout (Oncorhynchus mykiss). Environmental 

Toxicology and Chemistry, 21, 1845-1853. 

Heintz, R.A., Rice, S.D., Wertheimer, A.C., Bradshaw, R.F., Thrower, F.P., Joyce, J.E. &  

Short, J.W. (2000) Delayed effects on growth and marine survival of pink salmon 

(Oncorhynchus gorbuscha) after exposure to crude oil during embryonic 

development. Marine Ecology-Progress Series, 208, 205-216. 

Hermann, M. (1981) Synergistic effects of individual polycyclic aromatic hydrocarbons  

on the mutagenicity of their mixtures. Mutation research, 90(4), 399-409. 

Hutchinson, T.H., Shillabeer, N., Winter, M.J. & Pickford, D.B. (2006) Acute and  

chronic effects of carrier solvents in aquatic organisms: A critical review. Aquatic 

Toxicology, 76, 69-92. 

Incardona, J.P., Carls, M.G., Teraoka, H., Sloan, C.A., Collier, T.K. & Scholz, N.L.  

(2005) Aryl hydrocarbon receptor-independent toxicity of weathered crude oil  

 89



during fish development. Environmental Health Perspectives, 113, 1755-1762. 

Kocan, R.M., Hose, J.E., Brown, E.D. & Baker, T.T. (1996) Pacific herring (Clupea  

pallasi) embryo sensitivity to Prudhoe Bay petroleum hydrocarbons: Laboratory 

evaluation and in situ exposure at oiled and unoiled sites in Prince William 

Sound. Canadian Journal of Fisheries and Aquatic Sciences, 53, 2366-2375. 

Marty, G.D., Short, J.W., Dambach, D.M., Willits, N.H., Heintz, R.A., Rice, S.D.,  

Stegeman, J.J. & Hinton, D.E. (1997) Ascites, premature emergence, increased 

gonadal cell apoptosis, and cytochrome P4501A induction in pink salmon larvae 

continuously exposed to oil-contaminated gravel during development. Canadian 

Journal of Zoology-Revue Canadienne De Zoologie, 75, 989-1007. 

Mcgurk, M.D. & Brown, E.D. (1996) Egg-larval mortality of Pacific herring in Prince  

William Sound, Alaska, after the Exxon Valdez oil spill. Canadian Journal of 

Fisheries and Aquatic Sciences, 53, 2343-2354. 

Murphy, M.L., Heintz, R.A., Short, J.W., Larsen, M.L. & Rice, S.D. (1999) Recovery of  

pink salmon spawning areas after the Exxon Valdez oil spill. Transactions of the 

American Fisheries Society, 128, 909-918. 

Ramachandran, S.D., Hodson, P.V., Khan, C.W. & Lee, K. (2004) Oil dispersant  

increases PAH uptake by fish exposed to crude oil. Ecotoxicology and 

Environmental Safety, 59, 300-308. 

Short, J.W., Irvine, G.V., Mann, D.H., Maselko, J.M., Pella, J.J., Lindeberg, M.R., Payne,  

J.R., Driskell, W.B. & Rice, S.D. (2007) Slightly weathered Exxon Valdez oil 

persists in Gulf of Alaska beach sediments after 16 Years. Environ. Sci. Technol., 

41, 1245-1250. 

 90



Short, J.W., Lindeberg, M.R., Harris, P.M., Maselko, J.M., Pella, J.J. & Rice, S.D. (2004)  

Estimate of oil persisting on the beaches of Prince William Sound 12 years after 

the Exxon Valdez oil spill. Environmental Science & Technology, 38, 19-25. 

Sol, S.Y., Johnson, L.L., Horness, B.H. & Collier, T.K. (2000) Relationship between oil  

exposure and reproductive parameters in fish collected following the Exxon 

Valdez oil spill. Marine Pollution Bulletin, 40, 1139-1147. 

Sprague J.B. (1969) Measurement of pollutant toxicity to fish. I Bioassay methods for  

acute toxicity. Water Res. 3, 793-821. 

Stephan C.E. (1977) Methods for calculating an LC50. In Aquatic Toxicology and  

Hazard Evaluation (edited by Mayer F.I. and Hamelink J.L.). ASTM STP 634, pp 

65-84, American Society for Testing and Materials. 

Sundberg, H., Ishaq, R., Tjãrnlund, U., Ãkerman, G., Grunder, K., Bandh, C.,  

Broman, D. & Balk, L. (2006) Contribution of commonly analyzed polycyclic 

aromatic hydrocarbons (PAHs) to potential toxicity in early life stages of rainbow 

trout (Oncorhynchus mykiss). Canadian Journal of Fisheries & Aquatic Sciences, 

63, 1320-1333. 

Wang, J. & Buckley, J.S. (2003) Asphaltene stability in crude oil and aromatic  

solvents-The influence of oil composition. Energy Fuels, 17, 1445-1451. 

Wang, Z., Stout, S.A. & Fingas, M. (2006) Forensic fingerprinting of biomarkers for oil  

spill characterization and source identification. Environmental Forensics, 7, 105 - 

146. 

 91



Table 3.1. Nominal 8d EC50s (mg HC/L) for blue-sac disease (BSD) observed in larval 

medaka exposed to Alaskan North Slope Crude (ANSC) and Scotia Light (SCOT) whole 

oils and sub-fractions. The 95% confidence limits appear in parentheses, where 

applicable. n=15. n/a= not data available. 
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Table 3.2. Nominal LC50s (mg HC/L) for larval medaka exposed to Alaskan North Slope 

Crude (ANSC) and Scotia Light (SCOT) whole oils and sub-fractions. The 95% 

confidence limits appear in parentheses, where applicable. n=15. n/a= no data available. 
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Table 3.3. Nominal EC50s (mg HC/L) for percent hatch of larval medaka exposed to 

Alaskan North Slope Crude (ANSC) and Scotia Light (SCOT) whole oils and sub-

fractions. The 95% confidence limits appear in parentheses, where applicable. n=15. n/a= 

no data available. 
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Table 3.4. Measured concentrations (mg/L) of polycyclic aromatic hydrocarbons (PAH) 

in Alaskan North Slope (ANSC) and Scotia Light (SCOT) whole oils and sub-fractions. 

Summarized from Saravanabhavan et al., (2007). n/a = no data available. 
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Table 3.5. Estimated nominal 8d BSD EC50s for polycyclic aromatic hydrocarbons 

(PAH) and TPAH in Alaskan North Slope Crude (ANSC) and Scotia Light (SCOT) oils 

and their sub-fractions. Shown for selected PAH only. Units in mg/L. 
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Table 3.6. Estimated nominal LC50s for polycyclic aromatic hydrocarbons (PAH) and 

TPAH in Alaskan North Slope Crude (ANSC) and Scotia Light (SCOT) oils and their 

sub-fractions. Shown for selected PAH only. Units in mg/L. 
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Table 3.7. Toxicity enrichment factors (1/EC50 or 1/LC50) for Alaskan North Slope 

Crude (ANSC) and Scotia Light (SCOT) whole oils and sub-fractions. Enrichment 

factors for vacuum distilled fractions were based on data in Tables 1 and 2.
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Figure 3.1. Measured versus nominal hydrocarbon concentrations for selected Alaskan 

North Slope Crude (ANSC) F3-1 sub-fraction exposures. Synchronous fluorometric scans 

were performed to determine measured values. The 1:1 ratios are shown for perspective. 
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Figure 3.2. Blue sac disease (BSD) of medaka larvae exposed to cold acetone (CAE) sub-

fractions of Alaskan North Slope Crude (ANSC) and Scotia Light (SCOT) F3. Dashed 

boxes indicate negative controls about the 95% CL. Whole oil and F3 are shown for 

perspective (Clarke et al., 2004). Error bars are 95% CL, shown on selected curves for 

perspective. THF is tetrahydrofuran solvent control. n=15/treatment. 
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Figure 3.3. Percent mortality of medaka larvae exposed to cold acetone (CAE) sub-

fractions of Alaskan North Slope Crude (ANSC) and Scotia Light (SCOT) F3. Dashed 

lines indicate negative controls. Whole oil and F3 are shown for perspective (Clarke et 

al., 2004). THF is tetrahydrofuran solvent control. n=15/treatment. 
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Figure 3.4. Percent hatch of medaka eggs exposed to cold acetone (CAE) sub-fractions of 

Alaskan North Slope Crude (ANSC) and Scotia Light (SCOT) F3. Dashed lines indicate 

negative controls. THF is tetrahydrofuran solvent control. n=15/treatment. 
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Figure 3.5. Mean heart rate of medaka larva exposed to cold acetone (CAE) sub-fractions 

of Alaskan North Slope Crude (ANSC) and Scotia Light (SCOT) F3. Dashed boxes 

represent the negative controls about the 95% CL. Error bars are 95% CL, shown on 

selected curves for perspective. THF is tetrahydrofuran solvent control. n=5/treatment. 
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Figure 3.6. Blue sac disease (BSD) of medaka larvae exposed to HPLC sub-fractions of 

Alaskan North Slope Crude (ANSC) and Scotia Light (SCOT) F3-1. Dashed boxes 

indicate negative controls about the 95% CL. Whole oil and F3 (Clarke et al., 2004), and 

F3-1 are shown for perspective. Error bars are 95% CL, shown on selected curves for 

perspective. THF is tetrahydrofuran solvent control. n=15/treatment. 
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Figure 3.7. Percent mortality of medaka larvae exposed to HPLC sub-fractions of 

Alaskan North Slope Crude (ANSC) and Scotia Light (SCOT) F3-1. Dashed lines 

indicate negative controls. Whole oil and F3 (Clarke et al., 2004), and F3-1 are shown for 

perspective. THF is tetrahydrofuran solvent control.  n=15/treatment.
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Figure 3.8. Percent hatch of medaka eggs exposed to HPLC sub-fractions of Alaskan 

North Slope Crude (ANSC) and Scotia Light (SCOT) F3-1. Dashed lines indicate 

negative controls. THF is tetrahydrofuran solvent control.  n=15/treatment.
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Figure 3.9. Mean heart rate of medaka larva exposed to HPLC sub-fractions of Alaskan 

North Slope Crude (ANSC) and Scotia Light (SCOT) F3-1. Dashed boxes represent the 

negative controls about the 95% CL. Error bars are 95% CL, shown on selected curves 

for perspective. THF is tetrahydrofuran solvent control. n=5/treatment. 
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Chapter 4. 

 

4.1. General Discussion 

This research illustrated the CYP1A inducing potential of sub-fractions of crude 

oil that were rich in alkyl-PAHs, and showed a clear link between these inducers and 

chronic toxicity to the ELS of fish. There was a clear difference between the toxicities of 

two unique crude oils, Alaskan North Slope Crude (ANSC) and Scotia Light (SCOT). 

Sub-fractions of ANSC were more potent inducers of CYP1A enzymes and were more 

toxic in terms of blue-sac disease (BSD), mortality, percent hatch, and impeded heart 

rate. Generally, F3-1-3 of both ANSC and SCOT was the most toxic fraction in terms of 

BSD and lethality, but it was a slightly less potent inducer of CYP1A than F3-1-4 and 5. 

Both the CAC and HPLC sub-fractions from each oil shared the same pattern of exposure 

response, in that F3-2, F3-1-1, and F3-1-2 did not induce but F3-1, F3-1-3, F3-1-4, and 

F3-1-5 did. 

There was a difference in toxicity among the constituents of crude oil, and 

CYP1A induction appeared to predict the toxicity observed with exposure to sub-

fractions rich in 3- to 5-ring alkyl-PAH. It appeared that chronic toxicity was due 

primarily to these alkyl-PAH, more specifically; alkylated phenanthrenes and NBT (F3-

1-3), and chrysenes (F3-1-4). Alkylated fluorenes and pyrenes may also be contributing 

to toxicity. All of these intermediate-sized PAH caused CYP1A induction as well as signs 

of BSD, and mortality. The F3-1-2 (rich in naphthalenes and dibenzothiophenes) was also 

lethal to the ELS of fish, but not in a CYP1A or BSD related mode of action, most likely 

narcosis. Although exposure to monoaromatics and naphthalenes (prevalent in F1, F2, 
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and F3-1-2) can be acutely toxic at high concentrations, chronic toxicity was not 

correlated with exposure to sub-fractions rich in these compounds. Saturates, alkanes, 

resins, and waxes also did not appear to be chronically toxic to the ELS of fish, but more 

research needs to be done concerning the higher molecular weight resins and waxes. The 

reason for this is that PAH comprised a maximum of 20% of the known components in 

each sub-fraction of ANSC and SCOT (Saravanabhavan et al., 2007). This left 80% of 

the constituents unaccounted for. Although the BSD, mortality and percent hatch results 

suggest that it was the alkyl-PAH responsible for the toxicity, perhaps some of the other 

unknown components contributed as well. 

It was evident that sub-fractions derived from the medium-heavy ANSC were 

more toxic than the same sub-fractions derived from SCOT. A solvent effect may have 

confounded the SCOT HPLC test results, therefore a proper comparison may not be 

possible here. This notwithstanding, crude oils of different chemical composition should 

have different toxicities, perhaps most dependant on the TPAH content. Oils rich in 3- to 

5-ring alkyl-PAH should be more toxic than oils that contain less of these compounds. 

Refined petroleum products such as gasoline, white gas, and kerosene are distilled from 

crude oils and contain much less 3- to 5-ring alkyl-PAH; the aromatic portion of these 

fuels are rich in monoaromatics and naphthalenes. They should, therefore not be as 

chronically toxic as diesel or fuel oils that may contain more intermediate-sized alkyl-

PAH. 

The fractionation methods worked well, but the cold acetone extraction method 

could be further optimized to remove even more wax by reducing the temperature lower 

than -80°C, however if the temperature is too low there is the risk that PAH might also 
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precipitate. Biologically, there were some improvements that could be made if re-testing 

these sub-fractions. A repeat of all exposures would ensure the reliability of the results 

presented here. This could further reduce the chance of false positives (or negatives) and 

make the present results statistically more reliable. If time had allowed, a multi-species 

comparison would have been useful in providing a better idea of sensitivity to crude oil 

fraction exposure. 

Although dispersant was non-toxic at the concentrations tested, this control 

should have been included for the chronic ANSC CAC test. Perhaps the most important 

change if doing this over again, would be to reduce the amount of THF required to carry 

some of the sub-fraction extracts, specifically the SCOT F3-1-5. Use of THF was 

dependent on how concentrated the extracts were, and changing this may not be easily 

accomplished given the volumes of oil required for fractionation. Perhaps different 

solvents could be used. 

Testing as many different alkyl-homologues of PAH such as phenanthrene, 

fluorene, NBT, pyrene, and chrysene is a logical next step in identifying the most toxic 

compounds in crude oil. Producing a crude oil from the bottom up, using compounds to 

recreate ELS toxicity would indicate whether the alkyl-PAH were truly the toxic 

components. Realistically, until the remaining 80% of crude oil fractions are 

characterized, this will not be possible. However, if alkyl homologues were tested 

individually or combined in synthetic mixtures, and the results for BSD and mortality 

corresponded to the results found in this study, then this would provide strong evidence 

that crude oil toxicity is due primarily to alkyl-PAH. 
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This project provided the basis for more accurate fingerprinting of crude oils, and 

demonstrated the effectiveness of CYP1A induction as a risk assessment tool for tracing 

potentially toxic PAH in fractionated complex mixtures. Exposure to fractions of a 

medium-heavy crude oil (ANSC) were more effective at causing BSD to ELS of fish than 

exposure to fractions generated from a lighter crude oil (SCOT). However, more research 

is needed to identify components in crude oil, other than PAH, which may be responsible 

for toxicity. Because of this, distinguishing the hazard of exposure to different crude oils 

may not be as simple as identifying for alkyl-PAH alone, although it appears that oils 

with higher proportions of these compounds are more likely to cause CYP1A induction 

and chronic toxicity to the ELS of fish. 

 111



 

 

 

 

 

 

 

 

Appendices 

 112



Appendix 1. Map of Prince William Sound and areas impacted by the Exxon Valdez oil 

spill (Pearson et al., 1999). 
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Appendix 2. Saturates, aromatics, resins, and asphaltenes (SARA) composition of 

Alaskan North Slope (ANSC) and Scotia Light (SCOT) crude oils. 

 

 
Crude Oil Composition Percentage 

    
Saturates 75 

 Aromatics 15 
Resins 6.1 

ANSC 
 

(Wang, 2003)  
Asphaltenes 3.9 

   
 

 
  

   
Saturates 92 
Aromatics 8 

 
SCOT 

  
(Jokuty et al., 

1999)  Resins 1 
 Asphaltenes 0 
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Appendix 3. Chemical structures of some saturates (alkanes), and typical asphaltene and 

resin compounds found in crude oil. A heterocyclic aromatic compound (HAC), 

dibenzothiophene is also depicted. 

 

Iso-alkanes 

N-alkanes 
Cyclo-alkanes 

Dibenzothiophene  
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Appendix 4: United States Environmental Protection Agency (USEPA) 16 Priority 

Polycyclic Aromatic Hydrocarbons (PAHs) 
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Appendix 5. Phenanthrene and some of its alkyl substitutions 
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Appendix 6. Proposed model of polycyclic aromatic hydrocarbon (PAH) binding affinity 

to the arylhydrocarbon receptor (AhR) and cytochrome P4501A1 (CYP1A) enzyme 

activity. Acronyms: Heat shock protein (HSP-90), arylhydrocarbon translocator protein 

(ARNT), xenobiotic reactive element (XRE), nicotinamide adenine dinuleotide phosphate 

(NADPH), cyp1a = gene, CYP1A = protein. 

 

 

 

 

 

 

 

 

 

 

 

HSP-90

XRE

cyp1a

HSP-90HSP-90

AhR
TranscriptioTranscription 

CYP1ATranslation CYP1A

Benzo (a) pyrene (a) 

cyp1a mRNAcyp1a mRNA

+ O2

ARNT

+ NADPH

O - 

 118



Appendix 7. Concentrations (µg/g) of polycyclic aromatic hydrocarbons (PAHs) in 

Alaskan North Slope Crude (ANSC) and Scotia Light (SCOT) Crude Oils: “C0" to “C4" 

refer to the numbers of carbons in alkyl substituents, and blank spaces indicate that no 

data were available.  The percent of total PAHs that are alkyl PAHs is also indicated. All 

analyses were by Z. Wang and B. Hollebone, Env. Canada, Ottawa. 

 

Oil Samples ANSC SCOT  
Naphthalene (N)      
C0-N 331 30  
C1-N 1210 230  
C2-N 1895 734  
C3-N 1680 1077  
C4-N 959 621  
Sum (C1 to C4) 5744 2661  
Phenanthrene (P)      
C0-P 204 36  
C1-P 610 77  
C2-P 759 107  
C3-P 647 87  
C4-P 331 43  
Sum (C1 to C4) 2347 314  
Dibenzothiophene (D)      
C0-D 106 1.6  
C1-D 250 2.6  
C2-D 378 9.3  
C3-D 332 2.8  
Sum (C1 to C3) 959 15  
Fluorene (F)      
C0-F 83 29  
C1-F 210 86  
C2-F 342 123  
C3-F 373 120  
Sum (C1 to C3) 925 329  
Chrysene (C )      
C0-C 41 2.9  
C1-C 76 6.9  
C2-C 102 6.2  
C3-C 79 1.9  
Sum (C1 to C3) 257 15  
Total alkylated PAH (no C0) 10232 (91.0%) 3333 (95.1%)  
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Other Priority PAH      
Biphenyl 141 26  
Acenaphthylene 9.8 3.9  
Acenaphthene 44 24  
Anthracene 4.1 1.6  
Fluoranthene 17 2.9  
Pyrene 3.7 2.6  
Benz(a)anthracene 2.1 1.4  
Benzo(b)fluoranthene 4.7 1.3  
Benzo(k)fluoranthene 0.7 0.3  
Benzo(e)pyrene 10 1.3  
Benzo(a)pyrene 1.4 0.7  
Perylene 1.9 1.1  
Indeno(1,2,3-cd)pyrene 0.6 0.4  
Dibenzo(ah)anthracene 1.3 0.3  
Benzo(ghi)perylene 3.7 1.3  
Total EPA priority PAH (µg/g) 
(including C0 alkylPAH, above) 1011 (9.0%) 169 (4.9%)  

Total aromatic compounds (µg/g) 11242 3502  
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Appendix 8. Induction of ethoxyresorufin-O-deethylase (EROD) activity in juvenile 

rainbow trout by 24 h exposure to whole Alaskan North Slope (ANSC) and Scotia Light 

(SCOT) crude oils (Khan et al., 2004). Error bars are 95% confidence limits, shown only 

for ANSC. The dashed box outline represents the 95% confidence limits about the 

activity of trout exposed to ß-naphthoflavone (BNF), the positive control. Error bars 

calculated using one-way ANOVA (p = < 0.05). n=5/treatment. 
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Appendix 9. Blue-sac disease (BSD) and mortality of medaka exposed to whole Alaskan 

North Slope (ANSC) and Scotia Light (SCOT) crude oils (Adapted from Clarke et al., 

2004). Top panel (BSD), bottom panel (mortality). Dashed lines represent negative water 

and dispersant controls (dashed box on BSD panel indicates 95% confidence limits about 

the mean score. Retene was run as a positive control. Error bars are 95% confidence 

limits, shown only for ANSC. All error bars and confidence limits calculated using one-

way ANOVA (p = < 0.05). n=15/treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 122



Appendix 10. Weight percentages of vacuum distilled fractions relative to whole Alaskan 

North Slope (ANSC) and Scotia Light (SCOT) crude oils. Also includes total alkyl and 

unsubstituted polycyclic aromatic hydrocarbon content of each fraction, as well as 

alkanes content. Data provided by Bruce Hollebone (ETC, Ottawa, Ontario). 

 

  

Boiling 
range 

Initial oil 
mass (%) 

Sum of 
alkyl PAH 

(mg/L) 

Sum of USEPA 
priority PAH 

(mg/L) 

Sum of 
alkanes 
(mg/L) 

      
ANSC 10232  1011 61 
F1 – colourless IBP-180 20.6 382 9.68 62 
F2 – pale yellow 180-287 15.5 26403 1062 142 
F3 – dark brown 287-481 31.3 22725 255 84 
F4 – black 481+ 29.5 68 20 6.83 
      
SCOT  3333 169 172 
F1a – colourless (IBP-118) 26.4 15 0.71 35 
F1b- colourless (118-173) 22.2 125 3.49 180 
F2 – pale yellow (174-287) 32.5 5366 145 264 
F3 – dark brown (287-461) 16.2 8829 107 251 
F4 – black (461+) 0.4 1668 942 46 
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Appendix 11. Induction of ethoxyresorufin-O-deethylase (EROD) in juvenile rainbow 

trout by 24 h exposure to vacuum distilled fractions of Alaskan North Slope (ANSC) and 

Scotia Light (SCOT) crude oils (Khan et al., 2004). Error bars are 95% confidence limits, 

shown on selected curves for perspective. Dashed box outline represents 95% confidence 

limits about the ß-naphthoflavone (BNF) positive control. Error bars calculated using 

one-way ANOVA (p = < 0.05). Whole oil shown for perspective. n=5/treatment. 
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Appendix 12. Blue-sac disease (BSD) of medaka exposed to vacuum distilled fractions of 

Alaskan North Slope (ANSC) and Scotia Light (SCOT) crude oils. Whole oil included 

for perspective. Error bars are 95% confidence limits, shown on selected curves for 

perspective. Error bars and confidence limits calculated using one-way ANOVA (p = < 

0.05). n=15/treatment. 
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Appendix 13. Mortality of medaka exposed to vacuum distilled fractions of Alaskan 

North Slope (ANSC) and Scotia Light (SCOT) crude oils. n=15/treatment. 
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Appendix 14. Effective and lethal concentrations (EC50s and LC50s) for whole oil and 

vacuum distilled fractions (mg HC/L); lower and upper confidence limits in parentheses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

171 
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>320 9.8 
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F3 
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(93, 116)

175 > 148 F1b 
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(186, 226) 

> 180 > 148 SCOT F1a 
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(32, 45)

45 0.4  
(0.3, 0.6)
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(139, 185) 
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(94, 119) 

> 100 > 41 ANSC F1 
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(17d LC50) 

BSD 
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CYP1A 
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Appendix 15. Concentrations of polycyclic aromatic hydrocarbons (PAH; µg/g) in sub-

fractions of Alaskan North Slope Crude (ANSC) as determined by gas 

chromatography/mass spectrometry (GC/MS). Courtesy of Saravanabhavan et al., (2007). 

 

Compound F31 F32 F311 F312 F313 F314 F315 
ALKYL-SUBSTITUTED PAH 
NAPHTHALENES (N)        
C0-N        
C1-N    898    
C2-N 2370 39  12958   202 
C3-N 4524 134 304 25499   538 
C4-N 2045 68 635 12283 157  369 
SUM 8939 241 939 51637 157 0 1109 
FLUORENES (F)        
C0-F 347    3037   
C1-F 1042 36  411 9434  121 
C2-F 2045 81 134 558 14515  195 
C3-F 65    435   
SUM 3498 117 134 969 27421 0 316 
DIBENZOTHIOPHENE (D)       
C0-D 864   4013    
C1-D 1680 44  8058 749  193 
C2-D 2223 66  11428 1248  298 
C3-D 1907 71  7476 5835  275 
C4-D 1115 55  4203 4090  170 
SUM 7789 236 0 35179 11922 0 936 
PHENANTHRENES (P)        
C0-P 1256 25  4631 3043  143 
C1-P 3566 77  1105 30793  451 
C2-P 2977 70  546 28593  419 
C3-P 2253 78  773 21336 1328 689 
C4-P 1332 55  913 11022 3133 770 
SUM 11384 305 0 7968 94787 4461 2473 
PYRENES (PY)        
C0-PY 66    578   
C1-PY 397    2837 3600 207 
C2-PY 657 22   3043 13778 376 
C3-PY 755    2624 11710 1346 
C4-PY 863 42   2956 7998 4113 
SUM 2737 64 0 0 12039 37086 6042 
NAPHTHOBENZOTHIOPHENES (NBT)      
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C0-NBT 231    2207   
C1-NBT 847 28  132 8138 1514 342 
C2-NBT 4415 131  113 43150 1628 778 
C3-NBT 675 30     149 
C4-NBT 452 34      
SUM 6619 223 0 245 53495 3142 1268 
CHRYSENES (C)        
C0-C 261    1623 4013  
C1-C 462    376 16521 536 
C2-C 2086 47   1904 48944 4418 
C3-C 508    582 6715 1978 
C4-C 335    492 3406 1217 
SUM 3651 47 0 0 4977 79598 8149 
Total alkyl PAH (excluding C0) 41593 1208 1072 87354 19431

0 
12027

4 
20150

UN-SUBSTITUTED PAH 
Acenaphthene 25   106    
Acenaphthalene        
Anthracene     326   
fFuoranthene 26    248   
Benz[a]anthracene 42    173   
Benzo[b]fluoranthene 67     1229 108 
Benzo[k]fluoranthene        
Benzo[e]pyrene 67     2315  
Benzo[a]pyrene 21       
Perylene        
Indeno[1,2,3-cd]pyrene        
Dibenz[a,h]anthracene        
Benzo[ghi]perylene 21       
Total un-substituted PAH 3294 25 0 8750 11234 7556 251 
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Appendix 16. Concentrations of polycyclic aromatic hydrocarbons (PAH; µg/g) in sub-

fractions of Scotia Light (SCOT) as determined by gas chromatography/mass 

spectrometry (GC/MS). Courtesy of Saravanabhavan et al., (2007). 

 

Compound F3 F31 F32 F311 F312 F313 
ALKYL-SUBSTITUTED 
PAH 

      

NAPHTHALENES (N)       
C0-N         
C1-N 359 521 41  1415  
C2-N 764 1131 84  3236 692 
C3-N 2741 4048 351  12919 2129 
C4-N 1909 2903 354 156 10553 4541 
SUM 5773 8604 830 156 28123 7362 
FLUORENES (F)       
C0-F 40 104 0   766 
C1-F 238 597 63  359 4758 
C2-F 447 1143 110 110 343 8134 
C3-F 63 104 48 117  735 
SUM 789 1947 222 227 703 14393
DIBENZOTHIOPHENES 
(D) 

      

C0-D   0    
C1-D 80 291 0  296 1911 
C2-D 56 167 20  197 612 
C3-D 32 68 0  125 336 
C4-D 21  22  187  
SUM 189 526 42 0 805 2859 
PHENANTHRENES (P)       
C0-P 117 312 0   2967 
C1-P 288 807 28   8267 
C2-P 273 708 21   7715 
C3-P 254 640 36   6787 
C4-P 184 521 23   4982 
SUM 1116 2989 107 0 0 30718
PYRENES (PY)       
C0-PY  34    411 
C1-PY 104 262    1504 
C2-PY 83 232    895 
C3-PY 60 152    449 
C4-PY 67 210    457 
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SUM 314 891 0 0 0 3715 
NAPHTHOBENZOTHIOPHENES (NBT)     
C0-NBT       
C1-NBT  29     
C2-NBT  46     
C3-NBT       
C4-NBT       
SUM 0 75 0 0 0 0 
CHRYSENES ( C)       
C0-C  39     
C1-C 36 90    226 
C2-C 103 456    428 
C3-C 22 61     
C4-C  33     
SUM 162 679 0 0 0 654 
Total alkyl PAH (excluding 
C0) 

8105 14931 1202 383 29335 53646

UN-SUBSTITUTED PAH 
Acenaphthene       
Acenaphthalene       
Anthracene      216 
Fluoranthene  43    453 
Benz[a]anthracene  33     
Benzo[b]fluoranthene 23 35     
Benzo[k]fluoranthene       
Benzo[e]pyrene  24     
Benzo[a]pyrene       
Perylene       
Indeno[1,2,3-cd]pyrene       
Dibenz[a,h]anthracene       
Benzo[ghi]perylene  23     
Total un-substituted PAH 23 158 0 0 0 669 
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Appendix 17. Mean water quality measurements assessed during cold acetone (CAE) and 

HPLC sub-fraction chronic toxicity tests. In some cases, tests were repeated, hence the 

second set of data listed for some sub-fractions.  
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