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ABSTRACT 
 

The growing global need for oil and oil products results in an increasing reliance on land-

based transportation near sensitive freshwater systems. Of particular concern in Canada is the 

transport of diluted bitumen (dilbit), a mixture typically of 30% diluent and 70% bitumen. The 

varying proportions of hydrocarbons in dilbit cause challenges with determining how it will 

behave in freshwater environments. The hyporheic zone is the portion of sediments surrounding 

the river that is permeated with river water, and water flow through that zone may transport 

contaminants from trapped oil into the river. There are several influencing factors related to 

hyporheic flow, two of which are path length and flow rate. The goal of this project was to assess 

the extent to which polycyclic aromatic compounds (PAC) partition from trapped oil to 

interstitial waters under varying flow rates and path lengths. To test path length columns were 

cut to lengths of 15, 30, and 60 cm and were filled with gravel and loaded with a fixed amount of 

oil. The water flow rate through the columns was set to 20 mL/min and 40 mL/min. Water 

effluent samples were taken daily and the amount of PAC in the water was analyzed using 

fluorescence spectroscopy. The main findings of the experiment were that desorption columns 

were effective at trapping oil, the longer path length (60 cm) had lower total oil concentrations in 

the effluent, and the impact of flow rate had varying results on droplet compared to dissolved oil 

concentrations. These findings provide valuable information on the effect of a hyporheic flows 

path length and flow rate on spilled oil. This increased understanding can then be extended into 

real world scenarios and help improve risk assessments and spill clean-up strategies.  
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1.0 INTRODUCTION 
 
1.1 Canadian Oil Industry  
 

The oil and natural gas sector is one of Canada’s most important, and controversial, 

industries (Sharpe & Waslander 2014). Canada has the 3rd largest oil reserve in the world and is a 

large producer of crude oil and natural gas resources, developing these resources today provides 

hundreds of thousands of jobs for Canadians and significantly contributes to our national wealth 

and trade balance (Sadorsky 2001). Alberta, Canada is the fourth largest producer of crude oil in 

the world with a rate of 4.287 million barrels per day, with in situ production of Athabasca, Cold 

Lake Blend, and Peace River each having a positive net growth in 2017 (US - EIA 2019). The 

main modes of transportation of oil throughout Canada and its coastline are: pipeline, cargo ship, 

and rail. It is important that Canada’s transport of oil keeps up with the increasing rate of 

production because the export of extracted oil is key to ensure Canada’s prosperity for the future 

(Natural Resources Canada 2018). Additionally, without access to new and emerging markets via 

advanced transport methods Canada risks losing capital investment, job supply and other economic 

benefits that the oil industry provides (CAPP 2018). With the increasing export and corresponding 

heightened need for transportation the risk of oil spills across Canada will continually increase.  

 
1.2 Chemical Properties of Oil  
 

Crude oils are highly complex, varying mixtures of chemicals that occur naturally and are 

comprised primarily of hydrocarbons and lesser proportions of compounds containing heteroatoms 

(Lee et al. 2015). The majority of petroleum components come from the decomposition of organic 

matter of ancient plants, animals and microbes. Each oil has a unique composition or ‘chemical 

fingerprint’ that most commonly consists of four major classes of chemicals: Saturates, Aromatics, 

Resins and Asphaltenes (SARA), and sometimes minor constituents (Lee et al. 2015). These 

chemicals are defined as solubility fractions and together they contribute to the bulk properties of 

petroleum such as viscosity and susceptibility to biodegradation. The least toxic fraction of the 

four is considered to be the saturates and is also the most readily biodegradable (Speight 2014). 

Monoaromatics are the most water-soluble and thus the most mobile in the water via diffusion 

(Wang et al. 1998). As mentioned in the Royal Society of Canada (RSC) report (2015) 

monoaromatics are known to cause acute toxicity due to their ability to partition into biological 
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membranes. Resins are not hydrocarbons due to the fact their chemical structures include elements 

other than carbon and hydrogen, instead they contain sulfur, nitrogen and/or oxygen (Melbye et 

al. 2009). Lastly, asphaltenes are the most complex and diverse components of petroleum and are 

the least susceptible to biodegradation (Boek et al. 2010). They comprise a small proportion of 

light crude oils and greater proportions of heavier oils and bitumen, conferring increased viscosity 

and density (Yang et al. 2011).  

 Dilbit blends contain between 20% to over 30% alkanes, the most common being pentanes 

and hexanes (POLARIS 2013). POLARIS Applied Sciences, Inc (2013) also mentions that crude 

oils contain lower percentages of aromatics than refined oils due to different refining techniques. 

As noted by Environment Canada in a Federal Government Technical Report (2013), information 

on the chemical compositions and physical properties of oil sands bitumen and the blended 

bitumen products is essential to determine their fate and behaviour when spilled into the 

environment. 

 
1.3 Bulk Properties of Oil   

 

1.3.1 Density, Specific Gravity and API Gravity  
 
 Two measures of density, the amount of a substance relative to its volume, are commonly 

applied to petroleum: specific gravity and American Petroleum Institute (API) gravity (RSC 2015). 

Specific gravity is the density of a substance compared to that of water.  Most oils are less dense 

than water and would therefore float. Dilbit blends, for the purpose of meeting pipeline viscosity 

and density specifications, have a density less than 800 kg/m3 compared to water’s density of 1000 

kg/m3 (CAPP 2008). However, as temperature increases, the density and specific gravity of oil 

decreases (Nmegbu 2014). Consequently, bitumen and some heavy fuel oils may have densities 

greater than water at certain temperatures and thus will sink posing a risk to a rivers bed sediment.  

 There is also API gravity which is an inverse measure of density used to compare various 

types of petroleum. API gravity can also be used as an indicator of quality of crude oils where any 

oil with an API gravity of 45° or over contains alkanes with shorter molecular chains, which is 

less desirable to refineries. Freshwater has an API gravity of 10° at a temperature of 15 °C so oils 

with an API > 10° will float on fresh water. It should be noted that whether or not oil will sink is 

also affected by additional factors such as salinity. For example, sea water has a density of 1029 
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kg/m3 versus the density of freshwater of 1000 kg/m3 (RSC 2015). Therefore, depending on the 

salinity of the water that the oil enters, the same oil could float in one environment and sink in 

another.  

 
1.3.2 Viscosity and Pour Point 

 
 Viscosity is the resistance of a liquid to deformation by shear or flow (WSP 2014), 

informally referred to as the “thickness” of a fluid.  Higher proportions of ‘light’ components, such 

as low molecular weight (LMW) alkanes and aromatics, add to lower viscosity; heavier 

components, such as resins and asphaltenes, increase petroleum viscosity (Speight 2014). 

Increased viscosity decreases the spreading of oil on the surface of water. There are two recognized 

types of viscosity: kinematic viscosity and dynamic viscosity. Kinematic viscosity declines 

exponentially as temperature increases and is the most used in oil analysis laboratories (Nmegbu 

2014). The associations between viscosity and temperature become particularly important when 

considering the release of heavy oil or diluted bitumen from a heated pipeline or flow from oil 

spilled on ice or in cold water, both commonly found within Canadian landscapes.  

 
1.3.3 Water Solubility  

 
 In general, most petroleum hydrocarbons have a very low water solubility. The RSC report 

(2015) notes that only the LMW aromatics along with very small saturates and small polar 

compounds have appreciable solubility in water. The ability to dissolve in water makes these 

compounds potentially more toxic because they are more ‘bioavailable’ to aquatic life due to their 

ability to partition into biological membranes (Madison et al. 2015). High molecular weight 

components of bitumen are not toxic because they have very low solubility in water and do not 

readily cross biological membranes as they are not able to pass through the membrane’s aqueous 

pores. However, when diluents are added to bitumen they contain LMW compounds which are 

more soluble in water and contribute to acute aqueous toxicity. A measure which is significantly 

relevant to the biological effects of petroleum is the octanol-water partition coefficient. This 

measure describes the concentration of a chemical in the solvent n-octanol, used because of its 

resemblance to the lipid bilayer membranes, compared to its concentration dissolved in water. The 

octanol/water partition coefficient (Kow) is defined as the ratio of a chemical’s concentration in the 

octanol phase to its concentration in the aqueous phase and is a unitless value (Dunn & Hansch, 
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1974).  Knowing the Kow helps to predict the likelihood of a petroleum constituent to dissolve in 

water and consequently partition into a biological lipid membrane, and therefore its potential 

toxicity risk to organisms (Sikkema et al. 1995).   

 
1.3.4 Surface tension, Interfacial Tension, and Adhesion 

 
 At liquid-air interfaces, surface tension is the measure of attraction between the surface 

molecules of a liquid (RSC 2015). Conversely, in the example of two immiscible liquids such as 

oil and water, the force between their surfaces is referred to as interfacial tension. Where the higher 

the tension, the less the oil will disperse on water. Interfacial tension is reduced at higher 

temperatures and thus oil is more likely to spread on warm water compared to cold water (RSC 

2015). 

 Oil adhesion is the property of oil sticking to a surface regardless of the substrate. It is not 

commonly addressed in the standard set for oil properties reported by petroleum producers but can 

be used as a predictor of oil spill cleanup needs with further measuring and analysis (Jokuty et al. 

1995). For example, oil adhesion onto the eggs of pelagic fish species may enhance transfer of oil 

components via the surface of the egg causing toxicity during development (Hansen et al. 2018).  

  
1.3.5 Weathering of Oil Spilled in Aquatic Systems 
 

Weathering is a general term that encompasses the changes in petroleum properties brought 

about by physical, chemical and biological processes when oil is exposed to environmental 

conditions present in aquatic systems. These processes occur at different rates and with different 

onset times resulting in gradual changes of the composition and behaviour of the oil over time 

(RSC 2015). The fate and behaviour of spilled oil is also influenced by environmental conditions 

such as salinity, temperature and turbidity, and the extent of weathering varies with the density, 

viscosity, chemical composition and adhesiveness of the spilled oil (Lee et al. 2015). Evaporation 

is usually the most immediate and rapid weathering process. Evaporative losses from dilbits are 

significantly less than from light crude oils but have a greater effect on physical properties. 

Evaporation and dissolution are interrelated and competing processes that reduce the potential 

acute toxicity of the residual oil but simultaneously increase the chronic toxicity (Lee et al. 2015). 

Dissolution is important because many of the most water-soluble components of petroleum are 
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also the most volatile. Additionally, turbulent flow likely leads to oil dispersion in rivers with steep 

gradients, high-velocity flows and large substrates. 

 
1.4 Types of Oil  
 

The following types of oils that are discussed were selected due to their relevance to petroleum 

transport in Canada. 

 
1.4.1 Natural Condensates and Refined Products  

 
 The natural condensates and refined products used as diluents differ from province to 

province. For instance, Alberta uses three main condensates: Fort Saskatchewan condensate blend, 

Cold Lake Diluent and Naphtha, whereas Nova Scotia uses a Sable Island condensate blend (RSC 

2015). A conventional oil, the combination of crude oil and raw natural gas extracted from the 

ground by conventional means and methods is an example of a naturally occurring conventional 

ultra-light crude oil (Kumar et al. 2017).  

 
1.4.2 Light and Medium Crude Oil  

 
Light crude oils are conventional oils found around the world with API gravity > 31.1° 

(Speight 2014). An example is Alberta Sweet Mixed Blend (ASMB) which has been used as a 

reference oil by Environment Canada for chemical composition, biodegradability and 

emulsification studies (RSC 2015). Medium crude oils are conventional crudes and include many 

of the Alaska North Slope (ANS) oils that have an API between 22-31°. An infamous example of 

an ANS oil spill was the grounding of the Exxon Valdez in Prince William Sound. It was found 

that 25% of spilled oil mass was lost by weathering and another approximately 30% was estimated 

to have biodegraded a few weeks after the spill (Atlas and Hazen 2011).  

 
1.4.3 Shale Oils  

 
 Unconventional oil consists of a variety of liquid sources including extra heavy oils. Shale 

oils are an example of an unconventional liquid crude that recently entered the North American 

oil markets in significant volumes (Lee et al. 2015). Although the introduction into today’s market 

was relatively recent, the discovery of shale oil is not. The abundant shale reservoirs were well 

known but inaccessible until technological advances enabled the extraction of this unconventional 
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crude. The shale oil from the Bakken reserve that spreads across North Dakota, Montana as well 

as parts of Saskatchewan and Manitoba was the flammable product in the Lac Megantic, Quebec 

rail disaster in 2013 (de Santiago-Martín et al. 2016).  

 
1.4.4 Waxy and Sour Crude Oils  

 
 Waxy crude oils contain significant proportions of waxes and large naphthenes in 

combination with the usual mixture of petroleum fractions. When waxy oils are present in high 

concentration’s the wax may crystallize (aka freeze) depending on temperature and pressure. Waxy 

oils persist longer in the environment compared to non-waxy oils but the wax residues have low 

chemical toxicity to aquatic life (Lee et al. 2015). Examples of this type of oil in Canada come 

from the Hibernia and Terra Nova fields off the coast of Newfoundland. Sour crude oils are 

considered ‘sour’ if it has a sulfur level higher than 0.5%. Both conventional and unconventional 

crude oils can be ‘sour’ regardless of the concentration of hydrogen sulfide with unconventional 

oils more likely to contain organic S compounds that may resist biodegradation (Hess 2012).  The 

Access Western Blend (AWB) dilbit, a component of the dilbit spill in Kalamazoo, Michigan, is 

an example of a conventional sour crude.  

 
1.4.5 Heavy Oils, Bitumen and Diluted Bitumen Products 

 
Arguably the most relevant type of oil in relation to Canadian production are the heavy oils 

and diluted bitumen products. These oils are at the end of a continuum of increasingly heavy, 

viscous oils with increasing proportions of high molecular weight resins and asphaltenes and 

decreasing proportions of light molecules. The distinction between heavy oil and bitumen is 

blurred by their similar chemical and physical properties. According to Yang et al. (2011) bitumen 

products have unique chemical markers that differentiate them from conventional crude oils and 

heavy oils. It is generally accepted that both heavy oil and bitumen represent former conventional 

crude oils that have been extensively biodegraded and thermally altered over geological time 

(Fustic et al. 2012). Canada and Venezuela have the world’s largest deposits of these highly 

viscous extra-heavy oils. Whether natural or refined, extra-heavy oils contain much less 

biodegradable material compared to lighter crude oils (Lee et al. 2015).  

The variances in condensates added to crude oil for transport contribute to the challenging 

task of determining the fate and behaviour of oil spilled in freshwater systems because each diluent 
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has differing chemical properties. As mentioned by the Royal Society of Canada report (2015) 

condensates are rich in low molecular weight saturates and, if spilled, would rapidly evaporate and 

would lose a high proportion of the spilled mass of oil. This phenomenon was seen after the 

grounding of the Exxon Valdez in Prince William Sound, Alaska.  

Some types of heavy oil may be suitable for shipping without alteration; however, bitumen 

does not flow unless it is heated and/or diluted. Consequently, bitumen is diluted with various light 

petroleum products to make it less viscous depending on the desired type of transport. Transport 

by pipeline often has a ratio of 30% diluent to 70% bitumen compared to transport by rail tanker 

which is diluted half as much (Crosby et al. 2013). Due to differing provincial standards, the 

composition of the diluents may vary in blends transported within the province compared to 

outside its borders (Lee et al. 2015). Dilbit blends may exhibit ‘bimodal’ properties that are non-

linear with conventional crudes and this behaviour can be difficult to predict based on chemistry 

alone (Lee et al. 2015). The compositional variability of dilbits gives the blends new properties 

and adds further challenges to predicting their behaviour in the environment.  

 
1.5 River and Stream Hydrology  
 

A river is a natural stream of water that flows in one direction in a channel with defined 

banks. Rivers are integrators of many geological and ecological processes occurring in watersheds 

and are disproportionately important, relative to their water fluxes and surface area (Fernald et al. 

2006). All rivers share the same basic anatomy with each containing a tributary, riverbank, 

channel, source and a mouth or delta. All rivers flow downslope and their channels move over 

different substrates. Flow refers to the water running in a river or stream. There are two important 

aspects to a river’s natural flow: (1) the amount of water that flows; and, (2) how the water moves 

through a river’s channels. The second aspect is of particular importance because water can move 

into the river channel from the ground on either side of it. Hyporheic flow is known as the area 

underground where the water flows from surface water and through side channels. 

 

1.5.1 Hyporheic Flow  
 
 There has recently been an increasing interest in hyporheic flow because of the unique 

behaviour of water that interacts with both the stream and the ground water. The hyporheic zone 

is commonly identified as the region of ground water flow with water that has originated in an 
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adjacent stream (Stanford & Ward 1993). Hyporheic flow is generally distinguished from 

groundwater flowing near rivers by its bidirectional nature, i.e. hyporheic flow is exchanged back 

and forth across the streambed interface at relatively small scales.  

 The exchange of water and materials across the bed of a stream is regulated by potential 

and kinetic energy gradients near the streambed interface. Other important mechanisms causing 

hyporheic flow that are less studied in streams and rivers include turbulence, wave pumping and 

biological processes. The variety of different mechanisms that trigger hyporheic flow is indicative 

of the broad range of processes involved and the result is hyporheic flow paths of many scales 

(Stonedahl et al. 2012). The hyporheic zone is transitional in its physical and biological 

characteristics and distinct in its ecological function from the stream and groundwater ecosystems 

that it connects. These ecosystems are regularly referred to as ecotones and are widely 

acknowledged to have importance far beyond their small spatial extent (Naiman & Decamps 

1997). The discharge of contaminants to rivers and the relationship between contaminants and 

stream sediments is one of the original motivations for studying hyporheic exchange 

(Schwarzenbach et al. 2002). Many important environmental and engineering problems are 

influenced by hyporheic exchange including water quality, river restoration and denaturalization.  

 It has been suggested by previous literature that hyporheic flow should be an important 

variable for spawning site selection because salmon embryos depend on the streambed 

environment (Baxter and Hauer 2000). Hyporheic flows are the main process to remove wastes 

caused by biological processes and to deliver stream water constituents including heat, nutrients, 

solutes and particulates to the bed sediment environment (Edwards 1998). This is confirmed by 

Sawyer and Cardenas (2016) when they concluded that hyporheic flow allows for oxygenation of 

egg nests. Salmonids prefer transitional areas between pools which are characterized by changes 

in water surface elevations over short distances, a potential driver for hyporheic flow (Benjankar 

et al. 2016). The preference of salmonids to habituate these areas demonstrates the relatedness of 

hyporheic flow to fish species.  

 
1.7 Effect of Environment on the Fate and Behaviour of Oil in Water 
 

1.7.1 Temperature 
 
 Temperature plays a crucial role in the behaviour of oil because it exerts substantial effects 

on its physical properties such as viscosity, surface tension and density. The effect of temperature 
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on the physical properties of oil influences its transport in the environment and its persistence. At 

low temperatures the viscosity of oil increases which delays the onset of biodegradation (Atlas 

1981).  This may be advantageous when a spill occurs in cold regions as it gives response teams 

more time to distribute treating equipment. Temperature also affects the solubility of oils.  For 

example, some LMW aromatics are more soluble at higher temperatures (Polak and Lu 1973) 

whereas other hydrocarbons are more soluble at lower temperatures. Heavier oils can sink and 

form tar balls at low temperatures or may interact with rocks or sediments on the bottom of the 

water body and increase resistance to hyporheic flow, further complicating the prediction of the 

fate and behaviour of spilled oil (Hollebone 2015).  

 

1.7.2 Nutrient supply 
 
 Freshwater systems can range from nutrient-poor to nutrient-rich.  The incursion of oil into 

an environment represents a large influx of carbon that is normally nutrient-poor. Rivers are a 

special case because they may be nutrient-poor at the source but generally become nutrient-rich 

downstream after receiving runoff from agriculture and industry.  This is known as the theory of 

river continuum (Cooney 1984). Although oil is rich in hydrogen (H), carbon (C) and energy, all 

of which are needed for microbial growth, it is poor in essential nutrients such as nitrogen (N) and 

phosphorus (P). This imbalance of nutrients negatively effects the productivity of the microbes 

and the only way to restore the C:N:P balance and accelerate biodegradation is to add the elements 

that are limiting. This process is known as biostimulation.  An example of its use was to aid in the 

cleanup of the major oil spill in Prince William Sound during the 1989 Exxon Valdez incident 

(Atlas and Hazen 2011).   

 

1.7.3 Dissolved Oxygen 
  

 For microbes to biodegrade petroleum they require a sufficient supply of oxygen.  Oxygen 

has a finite solubility in water and, if depleted by microbial activity, it must be replenished to 

maintain aerobic metabolism. Aerobic conditions are typically required for extensive degradation 

of oil hydrocarbons in the environment due to the fact that the major degradative pathways for 

both saturates and aromatics involve oxygenases (Atlas 1981). As mentioned by Wang et al. (1998) 

all biodegradation of crude oil, whether anaerobic or aerobic, is selective in that some components 
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are only partially degraded because of their size or complexity, or simply not modified at all. 

Microbial degradation can lead to the phenomenon of oxygen dead zones, a significant depletion 

in oxygen to the extent that the environment becomes anoxic (Bartha and Atlas 1977). If oil is 

entrained within the bed sediment there is less movement of the droplets caused by currents, wind, 

and wave action. This creates a persistent source of hydrocarbons for microbial degradation 

making the potential for oxygen depletion greater (Bartha and Atlas 1977). The phenomenon of 

oxygen ‘dead zones’ was experienced following the Deepwater Horizon oil spill in the Gulf of 

Mexico. This particular spill substantially altered the biomass, age structure, and food web of fish 

guilds within the Gulf (Ainsworth et al. 2018). Dissolved oxygen is integral for fish growth and as 

demonstrated oil spills can significantly reduce the amount of dissolved oxygen within an aquatic 

system thereby threatening the growth and development of fish embryos.  

 
1.7.4 Presence of microbial species in oil-impacted water 

 
Recent research on hydrocarbon-degrading microbial communities has identified a group 

of aerobic microorganisms called obligate hydocarbonoclastic bacteria (OHCB) (RSC 2015). In 

addition to the OHCB, some bacterial species are specialists at degrading aromatics and others 

saturated hydrocarbons (Foght et al. 1990). Consequently, a community of microbes is needed to 

achieve maximum oil biodegradation. The ability of the communities of microbes to degrade the 

petroleum constituents is affected by temperature, salinity, oxidation-reduction potential and other 

physical/chemical factors. Biodegradation of spilled oil is a critical process in weathering and the 

eventual removal of petroleum form the environment. Fortunately, the microorganisms capable of 

degrading petroleum hydrocarbons and related compounds are ubiquitous in marine, freshwater 

and soil habitats (Atlas and Hazen 2011). 

 Ecosystems that have experienced recent or chronic oil contamination will have a higher 

percentage of hydrocarbon degrading bacteria. The biodegradation of oil can occur over a range 

of temperatures but rates generally increase with increasing temperature to an optimum for each 

environment (RSC 2015).  Studies involving hydrocarbon-degrading communities have provided 

helpful insight into the role of oil biodegradation in nature; however, laboratory studies can be 

misleading in gaining a complete understanding of the fate and behaviour of spilled oil (Prosser et 

al. 2007).  
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The highest degradation rates of oil typically occur in the range of 20-30 °C in some 

freshwater environments and 15-20 °C in marine environments (Cooney 1984). The variation 

among media is representative of the preferred growing temperatures of the various 

microorganisms that have adapted to their environment. Increased temperatures can reduce a 

liquid’s surface tension making oil more likely to spread in warmer water and consequently 

affecting the surface area of oil available for interaction with microbes. Due to the fact that 

microbial communities and the properties of oil are affected in complex ways by temperature, the 

rate and extent of biodegradation does not have a simple relationship with temperature.  

 
1.7.5 Effect of Hyporheic Flow  

 
 When oil is spilled into a river, turbulence can mechanically disperse an oil slick into 

droplets and entrain these droplets into the water column. The droplets may then be transported by 

hyporheic flow and can get trapped in the porous media near sensitive regions where fish species 

often deposit eggs (Hodson et al. 2011). In a study conducted  by Hodson et al. (2011), it is noted 

that if these droplets are trapped and dissolve into the interstitial water, chronically toxic exposure 

to fish in the downstream river sediment can be created by hyporheic flow flushing through the 

zone of retained droplets with the residual providing a continuous source for dissolution. Despite 

the risks associated with oil spills into riverine systems, studies concerning sediment 

contamination in these environments have not investigated oil transport by hyporheic flow (RSC 

2015) and there is a lack of information about the fate and behaviour of dilbit compared to other 

oils.  

 
1.8 Toxicity of Oil  
 
 The toxicity of oil to aquatic species depends on the extent of exposure to the toxic 

components of oil. In general, light oils abundant in LMWs are more acutely lethal compared to 

medium and heavy oils. Heavy oils with large amounts of 3- and 5-ringed alkyl PAHs are 

chronically toxic to fish embryos. The difference in toxicity between light and heavy oils is due to 

the disruption of embryonic development by alkyl PAHs (Dupuis & Ucan-Marin, 2015). The 

Royal Society of Canada report (2015) states that spills of diluted bitumen have raised concerns 

about toxicity because it is often described as dirty oil; however, only minor fish kills have been 

resulted from this type of spill.  
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1.8.1 Effects of Oil on Aquatic Organisms  

 
 The effects of oil on aquatic species begins with exposure (i.e. inhalation, ingestion and 

dermal) to either oil or its components. Exposure can be in the form of external coatings of oil, 

inhaled aerosols of particulate oil, oil ingested by aquatic birds and mammals, as well as dissolved 

components of oil that partition from water to lipids across respiratory membranes. The toxicity 

experienced by species varies with exposure which is a function of oil type, environmental 

conditions and the physiology of each species. 

 
1.8.2 Toxicity of Oil to Fish embryos 

 
 Acute toxicity occurs within the 24- to 48-hour period following a discrete spill to large 

marine or freshwater ecosystems. However, fish kills are generally brief and localized because of 

the rapid loss of the acutely lethal LMW components of oil from dilution and weathering. Acute 

lethality is most commonly associated with LMW components and their ability to partition into 

lipid membranes and cause mortality by narcosis, a term used to describe a range of effects on 

lipid membrane receptors and their functions (Campagna et al. 2003).  

 The fate of heavy fuel oils in aquatic environments is unlike that of lighter crude oils - it 

tends to sink and become stranded either by adhering to substrates as freshly spilled oil or by 

sinking in globs or patches as weathered oil (Martin et al. 2014). Fish embryos are particularly at 

risk of oil spills as they cannot actively avoid exposure to waterborne hydrocarbons and some 

species may be at a greater risk of direct absorption of PAHs from microdroplets that can adhere 

to the egg (Sørhus et al. 2015).  Low-level chronic exposures of salmonid embryos to 3- to 4-

ringed alkyl PAHs from artificially stranded crude oil are sufficient to cause genetic damage, 

mortality, reduced growth, fin erosion, edema and craniofacial abnormalities (Brannon et al. 2006). 

The polycyclic aromatic compounds (PACs) within crude oil are the main component that cause 

developmental toxicity in fish embryos (Incardona et al. 2017). Despite the variation and chemical 

complexity of crude oils, the effects of different crude oils on developing fish embryos is relatively 

consistent. Exposure to heavy oils during the production of organs within the fish leads to an 

accumulation of fluid around the heart and in the yolk sac as well as other defects in craniofacial 

structures and the body axis in more severe cases (Adeyemo et al. 2015). Several studies conducted 

over the past years have come to the general conclusion that the heart is the primary target organ 
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for toxicity (Incardona et al. 2004).  In developing fish embryos, the heart becomes functional at a 

very early stage in its formation. Any disruption of cardiac function during organogenesis can lead 

to changes in morphological function followed by steadily declining function. Crude oil primarily 

acts directly on proteins that regulate action potentials and EC coupling (Incardona 2017).  

Lab studies have concluded that dispersants further increase the toxicity of crude oil to fish 

by increasing the aquatic concentration of PAHs (Philibert et al. 2018). Diluent effects include 

increased lethality, decreased heart rate, increased incidence of cardiac malformations, increased 

incidence of blue sac disease and various effects on gene expression. However, it was also found 

by Philibert et al. (2018) that weathering decreases the PAH content entering the water column 

and decreases the toxicity. In lab tests, exposure of early life stages of fish to un-weathered dilbit 

causes similar molecular, physiological and phenotypic signs of toxicity to conventional crude 

oils. It should be noted that dilbit toxicity appears lower than that of conventional crude oil, but 

comparisons are limited by differences in species tested, the effect of dilbit weathering during 

solution preparation, and PAC concentrations in test solutions (Alsaadi et al. 2017). Alsaadi et al. 

(2017) also mentioned that the higher proportions of resins and asphaltenes in bitumen compared 

to conventional crude oils may also affect the partitioning of hydrocarbons from dilbit to water 

and the overall exposure of fish. Given the increasing transport of dilbit and related oil-based 

products by pipelines and rail, it is imperative to further investigate the fate and behaviour of 

spilled oil to better understand the potential effects on aquatic species. 

 
1.9 Thesis Goals and Objectives 
 
 Currently there is a large knowledge and data gap regarding the fate and behaviour of 

spilled oil in riverine systems. This lack of understanding is in part due to the complexity of rivers 

and the extensive number of factors that influence oil spilled into these systems. Of key interest is 

hyporheic flow and how it affects the fate and behaviour of oil. As a component of rivers, 

hyporheic flow is a complex mechanism which experiences changing flow rates, path lengths and 

water volumes. The purpose of this research was to identify the effect of a hyporheic zone’s flow 

rate and path length on the fate of spilled oil. For example, how hyporheic flow interacts with 

spilled oil to cause contamination of gravel, or how hyporheic flow might contaminate water 

flowing through spawning beds as it passes through contaminated gravel. The answers to the above 

questions can help clarify how hyporheic flow influences potential toxicity of spilled oil to fish. 
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Specifically, the goal of this project was to assess the extent to which PACs are trapped in gravel 

as well as partition from trapped oil to interstitial waters under different flow rates and path lengths. 

Columns of various heights were constructed, filled with gravel, and then loaded with a fixed 

amount of oil. 

 Assessing the differences in total PAC that partitions into water amongst the varying 

column lengths and flow rates will help further our understanding of the potential effects of 

hyporheic flow on spilled oil. Understanding how spilled oil is influenced by these parameters of 

hyporheic flow allows for more accurate toxicity approximations to be calculated and will provide 

insight into the risks to riverine organisms. With the above in mind the following are the objectives 

of the experiment:  

Objective 1: Examine oil concentration trends over time for columns with lengths 

15, 30, and 60 cm with water flow rates of 20 and 40 mL/min.  

Objective 2: Examine effect of path length on hydrocarbon content in water passing 

through the gravel of each column. 

Objective 3: Examine effect of flow rate on hydrocarbon content in water passing 

through the gravel of each column. 

Objective 4: Use fluorescence spectra to comment on composition of hydrocarbons 

in water passing through each column  

 
1.10 Expected Outcomes  
 
 The first expected outcome from this particular experiment is that there will be a decline 

in oil concentration over time. This is an expected outcome because of the phenomenon of water 

washing, when a constant water flow continuously removes the dissolved and oil droplets from 

within the column. Second, it is anticipated that the longer columns will have lower concentrations 

of particulate oil in effluent due to increased contact with more gravel. The larger amount of gravel 

in the longer column will allow for more filtration of the oil and therefore less particulate oil will 

be released. Lastly, it is expected that oil concentrations in effluent will be higher at the slower 

flow rate. This predicted trend is based on concept of equilibrium partitioning and the fact that the 

slower flow rate will have a longer contact time and allow for more dissolution of oil into the 

water.  
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2.0 MATERIALS AND METHODS  
 

Desorption columns filled with gravel were loaded with 50 mL of Cold Lake Blend (CLB) oil 

and exposed to continuously flowing water to assess the effect of flow rate and path length on the 

partitioning of PACs from trapped oil into water.  

 

2.1 Column Design  
 

Incubator gravel columns were constructed from polyvinyl chloride (PVC) pipe according to a 

design adapted from Adams et al. (2014) (Figure 1). The desorption columns were constructed 

from 15 cm, 30 cm and 60 cm long (10.16 cm diameter) segments of PVC piping sealed with a 

PVC cap on both ends. In the centre of both end-caps an adapter was fitted to allow water to flow 

through the bottom via tubing. The top cap was adapted to attach to a 20 cm long piece of clear 

polyvinyl tubing. Each column was loaded with pea gravel (sterilization of gravel described in 

next section), where the 15 cm column contained approximately 2 kg, the 30 cm column contained 

approximately 4 kg, and the 60 cm column contained approximately 8 kg. The 30 cm columns 

were secured using an apparatus constructed from wood (Figure 2), and the 60 cm columns were 

secured to the sink basin using clamps.   

 

 
Figure 1. Incubator gravel column set-up (not pictured: 30 cm desorption columns; See Figure 2)  
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Figure 2. Wood apparatus used to support 30 cm incubator gravel columns  
 
2.2 Application of oil to gravel  
 

Prior to application of oil, pea gravel was washed 5 times with distilled water to remove 

particulate matter and sterilized in an oven at ~ 125 °C for 30 minutes. Each column was loaded 

with 50 mL of Cold Lake Blend (CLB) oil using a syringe pump, pumping at a rate of 0.5 mL/min. 

The oil was added in combination with water flowing at a rate of 200 mL/min. The water-oil 

mixture was pumped through the column at a rate of 200 mL/min and the effluent was emptied 

into a stainless-steel bowl through tubing attached to the top of each column.  

 
2.3 Water Flow  
 

Dechlorinated municipal water from Lake Ontario entered the desorption columns from 

the bottom and flowed through the gravel where organic compounds from the oil could partition 

into the water. The use of a flow through system was ideal in this experiment as hydrophobic 

compounds may adsorb to test vessels in static systems (Adams 2010, Rand et al. 1995). The 

inflowing water was gravity fed from glass pipes into columns at two different rates, 20 mL/min 

and 40 mL/min.  
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2.4 Chemical Analysis  
 

The following the chemical analysis methods were modified from Adams et al. (2014).  

Water samples were collected from the effluent from each column in a 7 mL vial on days 0 to 14 

at hours 0, 3, 6, 18, and 24. From days 14 to 17 water samples were taken at hours 18 and 24, then 

from day 17 onwards water samples were taken once daily at hour 18. Each sample was preserved 

with equal parts anhydrous ethanol and stored in refrigeration. All samples were vortexed for a 

minimum of 15 seconds and loaded into a 3.5 mL quartz cuvette. A fluorescence 

spectrofluorometer combined with FeliX fluorescence analysis software from Photon Technology 

International (PTI) were used to determine the fluorescence of oil in water samples using standard 

curve graphs, also known as a calibration curve. Calibration curves are used as a method of 

determining the concentration of a substance in an unknown substance by comparing it to a set of 

standard samples with known concentrations. The water samples were prepared using a 50% 

dilution with anhydrous ethanol and analyzed with emission scans with parameters optimized for 

CLB at emission wavelengths between 310- 460 nm and excitation of 300 nm. Fluorescent 

hydrocarbon concentrations in water samples were calculated from the relationship between the 

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

 
2.5 Statistical Analysis  
 
 Fluorescence hydrocarbon concentrations were checked for normality using excel because 

raw data showed non-normal statistical relationships. The normality check demonstrated a log 

normality and therefore the concentrations were log transformed and means were calculated from 

the log transformed data.  Additionally, standard deviation error bars using log means and their 

standard deviations were given for days that had 5 samples collected and calculated using the 

standard deviation and the log (mean) of each day (Appendix, table 11). For days 18 and 23, no 

error bars were calculated because fewer than 3 samples were taken on each day. Further, 

coefficients of variation were calculated using the ratio of the standard deviation to the log mean 

and were used to demonstrate the variation of daily oil concentration in effluent.  

 
2.6 Column Disassembly  
 
 The four frozen 60 cm columns (2 oil and 2 non-oil) were disassembled using a Dremel 

multi-tool saw to cut the PVC pipe. The columns were divided into 12, 5 cm annular rings and 
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cut accordingly. Each section of the column was labeled with section 1 representing the bottom 

of the column and section 12 indicating the top of the column. Once the PVC pipe had been cut 

into the designated lengths the frozen water and gravel mixture within each 5 cm section was 

melted into a beaker using a hair dryer (Appendix, figures 8-10). Once each section was melted 

and the water-gravel mixture collected in the beakers a 3.5 mL sample of the water melt was 

preserved in a 7 mL vial with 50% anhydrous ethanol. The remaining water melt was put into a 

waste container and the gravel was washed with hexanes. The subsequent solvent wash was 

poured into a beaker with known weight and left to evaporate over a 24-48 hr period depending 

on the volume of hexanes used. Once the hexanes had evaporated, the extracted oil left in the 

beaker was weighed to calculate the amount of oil collected from each section. The gravel was 

washed with hexanes and dried in weigh boats then each section was weighed to determine the 

mass of oil (in mg) per gram of gravel. Once weighed, the gravel was disposed of and the oil-

containing beakers were washed with a series of acetone and dichloromethane.   

3.0 RESULTS  
 
3.1 Day 4 Water Analysis Raw Data   
 

The raw data from day 4 of the experiment demonstrate the daily variation in oil 

concentration for the 15 cm, 30 cm, and 60 cm column lengths with a water flow rate of 20 

mL/min (Figure 1.) The oil concentrations in effluent for the 5 sample times for the 15 cm 

column ranged from 729 to 12, 262 ppb TPH-F (Panel A). Additionally, the 15 cm column with 

20 mL/min water flow rate had oil concentrations close to 250 times the background signal from 

the non-oiled column (Panel A). The 30 cm column had a smaller range of oil concentrations in 

effluent over the 5 sample times from 257 to 465 ppb TPH-F (Panel B). The oil concentrations 

on day 4 for the 30 cm column with a water flow rate of 20 mL/min were approximately 14 

times the background signal from the 30 cm non-oiled column (Panel B).  Finally, the 60 cm 

column had the smallest range in oil concentration in effluents with the lowest value of 274 and 

the highest value of 449 ppb TPH-F (Panel C). Further, the oil concentrations on day 4 for the 60 

cm column with a water flow rate of 20 mL/min were 12 times the background signal from the 

60 cm non-oiled (Panel C).  
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Figure 1. Emission scan spectra of water samples collected on day 4 of water flow from columns 
with path lengths 15 (A), 30 (B), and 60 cm (C) with a water flow rate of 20 mL/min. Also 
included in figure is a complementary emission scan spectrum from the corresponding non-oiled 
column for each path length as well as a 50:50 (EtOH: H20) control. 
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3.2 Effect of Path Length on Oil Concentration in Effluent 
 
 The measured oil concentration for column lengths 15, 30 and 60 cm with a water flow 

rate of 20 mL/min demonstrated an overall trend of a progressively consistent decline in oil 

concentration over time and as path length increased (Figure 2). Oil concentration did not decline 

over time in effluents from the 15 cm columns at a water flow rate of 20 mL/min. Further, there 

was a high degree of variation in oil concentration in effluents from the 15 cm columns at a water 

flow rate of 20 mL/min. The 60 cm column with a water flow rate of 40 mL/min demonstrated an 

overall trend of decreasing oil concentration in effluents over time (Figure 3). There was no clear 

decline in oil concentrations in effluents over time from the 15 and 30 cm columns with a water 

flow rate of 40 mL/min. 

 

3.3 The Effect of Flow Rate on Oil Concentration 
 
 Flow rate had varying effects on oil concentration in effluents over time for all column 

lengths (Figures 2 and 3). The 15 and 60 cm columns had higher oil concentrations in effluents at 

a water flow rate of 20 mL/min. In contrast, the 30 cm column had higher oil concentrations in 

effluents at a water flow rate of 40 mL/min. The oil concentration in effluents from the 15 cm 

column had a higher variance over time at a water flow rate of 20 mL/min (Figure 2). Conversely, 

the 30 cm column had a larger variance in oil concentrations in effluents over time at a water flow 

rate of 40 mL/min (Figure 2). The 60 cm column had no obvious difference in variance of oil 

concentrations in effluents over time between the two flow rates.   
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Figure 2. Anti-log average daily oil concentrations (µg/L) in effluent water for columns with path 
lengths of 15, 30, and 60 cm at a water flow rate of 20 mL/min. Where n=5 for days 1-8, and 11, 
and n=2 for days 18 and 23 
 

Figure 3. Anti-log average daily oil concentrations (ppb) in effluent water for columns with path 
lengths of 15, 30, and 60 cm at a water flow rate of 40 mL/min. Where n=5 for days 1-8, and 11, 
and n=2 for days 18 and 23.  
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had the highest average CoV of 22.2%. The 60 cm column with a water flow rate of 40 mL/min 

had the lowest average CoV of 3.6%. The nature of the variance was wide-ranging, the long-term 

trend demonstrated both increases in variance as well as decreases depending on the column length 

and flow rate. For example, the 15 cm column at both water flow rates had an increase in variance 

from day 1 to day 8. In contrast, the 30 cm column at both water flow rates had a decrease in 

variance from day 1 to day 8. The results demonstrated that there was a clear decline in amount of 

variation amongst path lengths but a wide-range in variation on a daily scale. This variance in daily 

oil concentrations in effluent can also be seen above in figure 1.  

 
Table 1. Coefficient of variation for the standard deviation of log values of oil concentrations in 
effluent for path lengths 15, 30, and 60 cm at water flow rates of 20 and 40 mL/min.  
 

 Coefficient of Variation (%) 

Column Length (cm) 15  30  60  
Water Flow Rate 

(mL/min) 20  40  20  40  20  40  

Day 

1 

      

3.7  2.1  8.5  6.3  9.8  2.0  

2 2.5  2.2  8.4  3.8  3.0  3.1  

3 16.9  13.3  1.1  10.8  3.5  3.7  

4 14.2  5.8  4.1  4.4  3.8  2.9  

5 18.5  15.4  14.3  17.4  2.3  2.2  

6 64.0 21.5  4.9  7.6  2.8 2.0  

7 29.0  8.7  23.8  12.1  2.8  3.2  

8 28.5  31.5  0.7  6.1  34.9  10.0  

Average 22.2 12.6 8.2 8.6 7.9 3.6 
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3.5 Disassembly of 60 cm Columns   
 
 The 60 cm column disassembly showed that the 60 cm column with a water flow rate of 

20 mL/min had a decline in oil concentration (mg/g of gravel) from sections 1 to 12 (Figure 4), 

with section 2 having the highest oil concentration (13.03 mg/g of gravel). The 60 cm column 

with a water flow rate of 40 mL/min also had a decline in oil concentration (mg/g of gravel) from 

section 1 to 11. However, section 12 had a peak in oil concentration (5.48 mg/g of gravel). The 

two non-oil columns had no comparable detection of fluorescing material characteristic of oil.  

 
 

 
Figure 4. Concentration of oil (mg) per gram of gravel observed from the disassembly of 60 cm 
columns. Section 1 represents the bottom of the column and section 12 represents the top of the 
column.  
 
 
 
 
 
 

0

2

4

6

8

10

12

14

1 2 3 4 5 6 7 8 9 10 11 12

C
on

ce
nt

ra
tio

n 
of

 O
il 

(m
g/

g 
of

 g
ra

ve
l)

Column Section

Concentration of Oil (mg/g of gravel)

Oil column - 60 cm @ 20 mL/min 
Oil column - 60 cm @ 40 mL/min

Non-oil column - 60 cm @ 40 mL/min
Non-oil column - 60 cm @ 20 mL/min 



 29 

4.0 DISCUSSION  
 

Overall, this experiment demonstrated that the desorption column apparatus was efficient 

at trapping oil, that path length had a noticeable effect on the concentration of oil in effluents and 

flow rate had varying effects on the concentration of oil in effluents. 

  
4.1 Effect of Path Length on Oil Concentration in Effluent 
 

The observed trends of decreasing concentration of oil in effluents as path length increased 

can possibly be explained by increased filtration associated with the greater amount of gravel 

found with the longer path lengths. The 15 cm column had the least amount of gravel and the 

highest observed oil concentration as well as the most variation in oil concentration in effluents. 

The seemingly random trend of peaks in average oil concentrations and the large degree of 

variance over time was observed for both flow rates. There is a lower amount of gravel associated 

with the shorter path length which could be one explanation for the observed trends as less filtration 

occurred and therefore more oil was dislodged from the gravel. The emission scan spectra from 

the 15 cm column confirm that the fluctuating oil concentrations over time represented both 

dissolved and droplet oil. The high oil concentrations illustrated by the t24 spectra in figure 1-A 

represented source oil spectra and indicated droplet oil. In contrast, at lower oil concentration’s 

the emission scan spectra looked like that of t6 illustrated in figure 1-A with shorter emission 

wavelengths indicating dissolved oil. The occurrence of both forms of oil may be explained by 

this lack of filtration and the increased ability for the oil to be eluted from the 15 cm path.  

The results from the 60 cm path length were the most consistent with the expected trend of 

steadily decreasing dissolved oil concentration over time and spectra that indicate mostly dissolved 

oil. The longer path length exhibited lower concentrations of oil for both flow rates as well as a 

stable decline in oil concentration’s over time, as confirmed by the results of coefficient of 

variation. This observed trend for the 60 cm path length may be explained by the fact that there 

was four times the amount of gravel compared to the 15 cm column. The difference in quantity of 

gravel allowed for an appreciable increase in amount of filtration occurring, i.e. the longer path 

length had more gravel and therefore more filtration. For instance, with the 60 cm path length if 

oil were to be dislodged near the bottom of the column there was still enough time and gravel to 
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trap the oil further up. The difference in amount of gravel per column is one plausible reason for 

the observed trends in oil concentrations.  

Another potential explanation for the observed outcomes of path length on oil 

concentration is that the longer path length heightened the ability for the oil particles to coalesce. 

The longer 60 cm path length allowed more time and opportunity for the oil particles to combine. 

If the oil particles coalesced and developed into larger masses, it is possible the larger masses 

inhibited the movement of oil up through the column. The inability for the coalesced droplets to 

move throughout the column was caused by the fact that the oil globs were now larger than the 

pores between the gravel and therefore the oil could not readily move through them. This 

phenomenon could explain the observation that the 60 cm path length had both lower 

concentrations of oil and a progressive decline in oil concentration over time. The likelihood of oil 

droplets merging was much less likely in the 15 cm column and could explain why the results in 

the shorter path length show both dissolved and droplet oil. The heightened chance of oil droplets 

amalgamating within the longer path length allowed for the extra gravel to trap the oil. It should 

be noted that this is not caused by the fact that the longer path length allows more time for the oil 

to coalesce. If this were the case than it would be expected that the CV’s for the slower flow rate 

would be lower. This is because the slower water flow rate has a longer contact time allowing the 

oil sufficient time to coalesce and thus decreases the variance in oil concentrations. However, this 

potential trend was not observed and leads to the assumption that path length has a greater impact 

on oil droplets coalescing when compared to contact time. 

 It is evident from the results that path length has a considerable effect on oil concentration; 

however, what is not clear is the cause of this trend. Regardless, two highly plausible explanations 

are that the longer path length has more gravel and thereby provides enhanced filtration; and, that 

a longer path length provides more opportunity for the oil particles to coalesce and consequently 

reduces the ability of oil particulates to move through the spaces between the packed gravel. The 

differences in oil concentrations in effluent can further be explained by the fact that there is excess 

droplet oil in the shorter columns. Therefore, the oil concentrations from the 60 cm column 

represent dissolved oil with little particulate oil, whereas the effluents from the two shorter 

columns represent progressively higher proportions of particulate oil. Ultimately, the two factors 

that affect the concentration of each subset of oil, particulate vs. dissolved, are the effectiveness of 
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filtration from the gravel and the volume of excess oil both of which are associated with path 

length.   

 

4.2 Effect of Flow Rate on Oil Concentration in Effluent 
 

The results of the effect of flow rate on oil concentration are mixed and demonstrate the 

variation of contact time and oil dislodgment. In general, both the 15 and 60 cm path lengths 

demonstrated the expected outcome of the slower flow rate (20 mL/min) having the higher oil 

concentration. This outcome was expected as the slower flow rate allows for more contact time 

between the interstitial water and the trapped oil, offering greater opportunity for the oil to 

partition. A noteworthy outcome of the experiment was the effect of flow rate on oil concentration 

observed within the 30 cm column at the faster flow rate (40 mL/min). The 30 cm column had 

higher oil concentrations over time compared to the slower flow rate (20 mL/min).  This result was 

the inverse of what was anticipated and could be explained by the fact that the faster flow rate was 

able to dislodge the oil and generate more particles within the 30 cm column. The difference in oil 

concentration between the two water flow rates for the 30 cm column demonstrated that at the 

slower water flow rate the effect of path length was present. By contrast, at the faster water flow 

rate in the 30 cm column the oil was getting dislodged but not trapped as it did in the longer 60 cm 

column. For the 30 cm column it can be reasoned that the effect of oil dislodgment caused by flow 

rate had a greater effect than the trapping ability of the gravel.   

Overall, the findings from the disassembly of the 60 cm oil columns were inconclusive with 

regards to the effect of flow rate on oil concentrations. The main reason for the lack of conclusive 

evidence is likely because the N for the column sections is small so the trends observed for the two 

flow rates could be coincidental. For example, the difference in oil concentrations between column 

sections as well as between water flow rates includes random variations that do not allow for a 

linking to treatment effects and obscure the treatment effects.  

It is clear from the results that flow rate has varying effect on oil concentrations in water 

effluent. It is suggested this fluctuation may not be caused by experimental error but rather by the 

opposing influences of contact time versus oil droplet dislodgement. These results demonstrate 

that under different conditions, such as path length and amount of gravel, the overall oil 

concentration is influenced by different processes like contact time versus oil dislodgment.   

 



 32 

4.3 Strengths and Weaknesses of Methods 
 

The conclusions reached above are strengthened by the overall integrity of the experiment. 

The procedures used in the experiment replicated the procedures used by Julie Adams (Queen’s 

University PhD Candidate, personal communication). The duplication of Adams’ approach is an 

advantage in this research as these methods have been previously tested and some errors and issues 

have already been taken into account. Furthermore, throughout the duration of the experiment 

there was minimal disturbance of the apparatus and water collection did not involve unnecessary 

jostling of the columns. Therefore, the approach to sample collection did not cause droplets of oil 

to be released into the effluent by touching or moving of the columns. The avoidance of excessive 

interaction with the columns throughout the experiment strengthens the weight of the results as 

there was no human-induced release of droplet oil. Measures were also taken to ensure the 

interpreted results were an accurate representation of what was actually occurring within the 

columns. These procedures include sterilization of the gravel prior to loading which ensured that 

extraneous organic matter did not significantly skew the samples analyzed with fluorescence 

spectroscopy. Comparing fluorescence spectra from the control columns and the oiled columns 

confirmed that the oiled-column effluent contained oil and not simply other particulate matter. The 

scale of the experiment, such as sample size, range of treatment, and duration of the experiment 

provided both strengths and weaknesses. The experiment consisted of only 14 columns which was 

a manageable number and allowed for superior monitoring. However, when relating the results to 

a real environment the scale of the experiment might be considered unrepresentative. Additionally, 

when water flow was initiated at time 0 the two flow rates of 20 mL/min and 40 mL/min were 

achieved; however, during the 23-day trial period the water flow rates may have varied. Constant 

management of flow rates was unachievable and the lack of complete control on water flow rate 

throughout the duration of the experiment may have created minor inconsistencies within the 

results regarding the effect of flow rate on oil concentration.  

 

4.4 Effectiveness of Experimental Design 
  

In addition to providing insight on the effects of path length and flow rate on oil 

concentration, this experiment also demonstrated the ability of desorption columns to isolate one 

factor at a time to understand its effects on natural processes. Furthermore, the 60 cm column 
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disassembly made it clear that desorption columns are also exceedingly proficient at trapping oil 

(Appendix, figures 8-10). However, one weakness to the experiment’s design was the inability to 

see oil movement throughout the desorption column during the experiment. In subsequent research 

it may be beneficial to use transparent piping to facilitate additional visual verifications regarding 

the movement of oil through the column.  

Elliot and Brooks (1997) describe hyporheic zones with a spatial scale ranging from 

millimeters to centimeters, matching the columns in this work. In future, experiments should cover 

the complete range of distances possible, extending from meters to kilometers. This particular 

experimental design has the potential to be a close representation for the effects of path length and 

flow rate on these smaller scale hyporheic zones; however, the same cannot be said for the many 

other size ranges of hyporheic flow. The experimental design was not expected to perfectly 

replicate hyporheic flows. Hyporheic flow, and more generally rivers, are influenced by a 

tremendous number of factors and it would be extremely difficult to design an experiment that 

accurately mimics this real-world situation. Nevertheless, the design of this experiment was 

sufficient at isolating the two parameters of path length and flow rate and illustrating their effects 

on the fate and behaviour of oil.  

 

4.5 Relevance to Real-world 
  

The results from this experiment – that longer path lengths result in more trapped oil - can 

contribute to oil spill impact and risk assessments of fish spawning by adding to the previous 

research on the behaviour of oil spilled into river systems. When performing a risk assessment on 

a river it is important to measure the spatial scale of the hyporheic flow. If it is found that a 

particular river has a hyporheic zone with a comparatively long path length, it can be inferred that 

if oil is spilled into the river the likelihood of oil getting trapped within the bed sediment is high. 

Alternatively, if oil is spilled into a river with a relatively short path length it can be assumed that 

there will be less entrapment of oil. This understanding of the differentiating effects of path length 

helps to create more accurate risk assessments. For instance, if oil is spilled into a river with a 

longer hyporheic flow this could pose a greater risk of toxicity to fish due to amplified exposure 

to the trapped oil of fish spawning near the hyporheic outflow. Conversely, if oil was spilled into 

a river with a shorter hyporheic zone, there may be more risk due to exposure to particulate oil as 

there is less filtration and therefore greater probability of release of particulate oil from the gravel.  
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 In addition to aiding in risk assessments, the results from this experiment can be used to 

improve the effectiveness of oil spill clean-up. Knowing that longer path lengths result in more 

trapped oil will aid in remediation of rivers with long hyporheic flows. Clean-up efforts can be 

concentrated to the bed sediment as it can be expected this is where the majority of oil might 

remain. On the other hand, if oil is spilled into a river with a shorter path length then there may be 

less focus on the bed sediment because it is now understood that there may be less oil trapped 

within the gravel.  

 The results from the comparison of the effect of flow rate on the fate and behaviour of oil 

should also be taken into account when performing risk assessments. Unfortunately, unlike the 

somewhat straightforward conclusions on path length, the conclusions with respect to flow rate 

are less clear. The notion that under different conditions the overall oil concentration is governed 

by distinct processes means that additional measurements and research on the parameters of a 

hyporheic flow in various rivers is needed.  

 Ultimately, when extending what has been learned from this experiment into real-world 

situations where there is spilled oil and following the contamination of hyporheic water all of the 

previously mentioned scenarios need to be considered.  

 
4.6 Future Research Needs  
 

From the findings of this experiment it is clear that there is still a lot to be learned about the 

effect of hyporheic flow on the fate and behaviour of spilled oil. The path lengths and water flow 

rates that were tested are a small portion of real-world happenings. Additionally, path length and 

water flow rate are merely two out of the countless parameters associated with hyporheic 

exchange. Future research should elaborate on the effects of path length and water flow rate as 

well as test the various other parameters that influence hyporheic zones. Such parameters include, 

but are not limited to, river flooding, gravel size, river shape, stream morphometry and flow.  

It would also be valuable to look into the use of desorption columns and whether or not they 

have an added influence on the movement of oil. For instance, it would be helpful to know if a 

process such as core flow is occurring within the column and whether or not it has an effect on the 

results (Ghosh et al. 2009). An evaluation on the effect of column diameter would also be 

beneficial because with this particular experiment we are assuming the column is large enough 

that edge effects are not significant and therefore the oil has to travel through the gravel in order 
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to reach the outlet. Additionally, future experiments should expand on the size of gravel used 

within the column as well as test mixed gravel sizes rather than a single size range. Generally, 

there is a gap in research when it comes to oil spilled into rivers and this experiment creates more 

questions than it answers.  

5.0 CONCLUSION  
 
 The main conclusions from the research approach used in this experiment are that 

desorption columns are efficient at trapping oil; the 60 cm column was comparatively better than 

the other columns at trapping oil; and, the effect of flow rate on oil concentration in effluent was 

varied. Some proposed explanations for these observed trends include the notions of the filtration 

effect of gravel, oil droplet coalescence, and the impact of contact time versus oil droplet 

dislodgment.  

 In the end it is made clear from this experiment that when examining oil spills in rivers the 

release of particulate oil versus dissolved oil is influenced by multiple factors and varies based on 

the pre-existing conditions. Although several questions have been answered as a result of this 

research, it is clear there are more questions regarding the effect of hyporheic flow on the fate and 

behaviour of oil that need to be answered. Nonetheless, the conclusions from this experiment 

provide valuable insight into the impact of hyporheic flow and demonstrate that under certain 

conditions the concentration of oil is dominated by different processes. This ambiguous conclusion 

seemingly complicates risk assessments and spill clean-up strategies, but it is a step in the right 

direction towards truly understanding the risks, and potential remediation, for oil spills in rivers.  
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APPENDIX  
 
1.0 Treatment Tables 
 
Table 1. Each treatment is first identified based on whether it is an oil-loaded or water column, 
next is the path length, then the water flow rate, and lastly the type of gravel used. Old gravel 
represents the pea gravel used in Julie Adam’s experiments and the new gravel represents pea 
gravel from a different supplier used for this experiment. It should be noted that the source and 
particle size of gravel is a variable that was not discussed but which could affect the trapping and 
release of oil into effluent in water for the 15 cm column with a water flow rate of 20 mL/min.  
 

COLUMN 
LOADING 

TYPE 

COLUMN 
LENGTH (cm) 

WATER 
FLOW RATE 

(mL/min) 

TYPE OF 
GRAVEL 

TREATMENT 
NUMBERS 

Oil 

15 
20 

New gravel 1 
Old gravel 5 

40 New gravel 6 

30 
20 

New gravel 13 
40 10 

60 
20 

New gravel 9 
40 14 

Non - Oil 

15 
20 

New gravel 4 
Old gravel 3 

40 New gravel 2 

30 
20 

New gravel 12 
40 7 

60 
20 

New gravel 8 
40 11 
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2.0 Calibration Curve  

 
Figure 1. The calibration curve emission scan spectra used to calculate the oil concentrations in 
effluent for all samples.  
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3.0 Raw Day 1 Data from Emission Scan Spectra  

 
Figure 2. The emission scan spectra for samples taken on day 1 for the oiled 15 cm column with 
a water flow rate of 20 mL/min. 
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Figure 3. The emission scan spectra for samples taken on day 1 for the non-oiled 15 cm column 
with a water flow rate of 20 mL/min. 
 
 
 
 

10000

1000000

310 330 350 370 390 410 430 450

Fl
uo

re
sc

en
ce

 A
re

a 
(c

ou
nt

s/s
ec

)

Wavelength (nm)

Day 1 emission scan spectra for the non-oiled 15 cm column @ 20 
mL/min



 46 

 

Figure 4. The emission scan spectra for samples taken on day 1 for the oiled 30 cm column with 
a water flow rate of 20 mL/min. 
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Figure 5. The emission scan spectra for samples taken on day 1 for the non-oiled 30 cm column 
with a water flow rate of 20 mL/min. 
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Figure 6. The emission scan spectra for samples taken on day 1 for the oiled 60 cm column with 
a water flow rate of 20 mL/min. 
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 Figure 7. The emission scan spectra for samples taken on day 1 for the non-oiled 60 cm column 
with a water flow rate of 20 mL/min. 
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4.0 Statistical analysis of only the oil-loaded columns data from day 1 to day 8  
 

4.1 15 cm column with a water flow rate of 20 mL/min 
 

Table 2. Statistical analysis of the 15 cm, oil-loaded column with a water flow rate of 20 mL/min 
using the log transformed sample data collected over a time period of day 1- 8 (n=5).   
 
  DAY 1 DAY 2 DAY 3 DAY 4 DAY 5 DAY 6 DAY 7  DAY 8  

         

MEAN 2.810 2.553 2.565 3.558 3.417 2.459 2.678 2.725 

STANDARD 
ERROR 0.046 0.029 0.194 0.226 0.283 0.703 0.347 0.347 

MEDIAN 2.786 2.542 2.539 3.721 3.672 2.844 2.350 2.225 

MODE #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A 

STANDARD 
DEVIATION 0.104 0.064 0.434 0.506 0.633 1.573 0.777 0.776 

SAMPLE 
VARIANCE 0.011 0.004 0.189 0.256 0.401 2.473 0.603 0.602 

KURTOSIS 3.165 -0.461 1.211 -2.088 0.021 1.598 4.965 0.301 

SKEWNESS 1.715 -0.079 -0.251 -0.477 -0.857 -0.953 2.226 1.252 

RANGE 0.259 0.166 1.200 1.191 1.620 4.247 1.791 1.769 

MINIMUM 2.727 2.467 1.940 2.897 2.470 0.000 2.276 2.170 

MAXIMUM 2.986 2.634 3.140 4.089 4.090 4.247 4.067 3.939 

SUM 14.049 12.764 12.824 17.789 17.084 12.296 13.392 13.627 

COUNT 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 

CONFIDENCE 
LEVEL 
(95.0%) 

0.129 0.079 0.539 0.628 0.786 1.953 0.965 0.963 
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4.2 15 cm column with a water flow of 40 mL/min 
 
Table 3. Statistical analysis of the 15 cm, oil-loaded column with a water flow rate of 40 mL/min 
using the log transformed sample data collected over a time period of day 1- 8 (n=5).   
 
  DAY 1 DAY 2 DAY 3 DAY 4 DAY 5 DAY 6 DAY 7 DAY 8          

MEAN 2.90 2.54 2.93 2.39 2.76 2.88 2.52 2.81 

STANDARD 
ERROR 0.03 0.03 0.17 0.06 0.19 0.28 0.10 0.40 

MEDIAN 2.90 2.55 2.90 2.43 2.70 2.65 2.63 2.20 

MODE #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A 

STANDARD 
DEVIATION 0.06 0.06 0.39 0.14 0.42 0.62 0.22 0.89 

SAMPLE 
VARIANCE 0.00 0.00 0.15 0.02 0.18 0.38 0.05 0.78 

KURTOSIS 1.58 2.93 -1.27 -0.95 1.66 -3.05 -2.53 -3.32 

SKEWNESS 0.72 -1.31 0.48 0.12 1.29 0.44 -0.67 0.61 

RANGE 0.16 0.15 0.95 0.35 1.06 1.29 0.48 1.67 

MINIMUM 2.83 2.45 2.53 2.22 2.38 2.31 2.23 2.13 

MAXIMUM 2.99 2.60 3.48 2.57 3.45 3.59 2.71 3.79 

SUM 14.50 12.69 14.67 11.94 13.80 14.39 12.58 14.04 

COUNT 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 

CONFIDENCE 
LEVEL 
(95.0%) 

0.07 0.07 0.49 0.17 0.53 0.77 0.27 1.10 
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4.3 30 cm column with a water flow rate of 20 mL/min 
 
Table 4. Statistical analysis of the 30 cm, oil-loaded column with a water flow rate of 20 mL/min 
using the log transformed sample data collected over a time period of day 1- 8 (n=5).   
 
 
  DAY 1 DAY 2 DAY 3 DAY 4 DAY 5 DAY 6 DAY 7 DAY 8 

         

MEAN 2.802 2.723 2.583 2.488 2.560 2.368 2.715 2.293 

STANDARD 
ERROR 0.107 0.103 0.012 0.046 0.163 0.052 0.289 0.007 

MEDIAN 2.886 2.652 2.593 2.456 2.385 2.402 2.463 2.290 

MODE #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A 

STANDARD 
DEVIATION 0.238 0.230 0.027 0.103 0.365 0.116 0.647 0.015 

SAMPLE 
VARIANCE 0.057 0.053 0.001 0.011 0.133 0.013 0.418 0.000 

KURTOSIS 3.647 3.075 -1.752 3.924 4.766 -2.902 4.661 -0.163 

SKEWNESS -1.878 1.703 -0.201 1.925 2.175 -0.290 2.134 0.450 

RANGE 0.582 0.578 0.067 0.257 0.845 0.249 1.572 0.040 

MINIMUM 2.390 2.535 2.549 2.410 2.364 2.242 2.289 2.274 

MAXIMUM 2.972 3.113 2.616 2.667 3.209 2.491 3.861 2.314 

SUM 14.008 13.617 12.913 12.440 12.800 11.842 13.573 11.463 

COUNT 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 

CONFIDENCE 
LEVEL 
(95.0%) 

0.296 0.285 0.034 0.128 0.453 0.144 0.803 0.019 
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4.4 30 cm column with a water flow rate of 40 mL/min 
 
Table 5. Statistical analysis of the 30 cm, oil-loaded column with a water flow rate of 40 mL/min 
using the log transformed sample data collected over a time period of day 1- 8 (n=5).   
 
  DAY 1 DAY 2 DAY 3 DAY 4 DAY 5 DAY 6 DAY 7 DAY 8          

MEAN 2.827 2.674 3.206 3.117 3.316 2.954 2.912 2.516 

STANDARD 
ERROR 0.080 0.046 0.155 0.062 0.258 0.100 0.158 0.068 

MEDIAN 2.890 2.622 3.127 3.086 3.088 2.917 2.916 2.552 

MODE #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A 

STANDARD 
DEVIATION 0.178 0.102 0.346 0.138 0.578 0.224 0.353 0.153 

SAMPLE 
VARIANCE 0.032 0.010 0.120 0.019 0.334 0.050 0.124 0.023 

KURTOSIS 0.108 3.679 3.290 -3.051 -2.409 -2.829 -1.752 -1.958 

SKEWNESS -0.711 1.922 1.656 0.267 0.291 0.167 -0.328 0.050 

RANGE 0.464 0.240 0.906 0.280 1.344 0.489 0.815 0.357 

MINIMUM 2.565 2.610 2.887 2.983 2.657 2.711 2.443 2.353 

MAXIMUM 3.029 2.850 3.793 3.263 4.001 3.199 3.257 2.710 

SUM 14.136 13.369 16.030 15.583 16.580 14.770 14.560 12.579 

COUNT 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 

CONFIDENCE 
LEVEL 
(95.0%) 

0.221 0.126 0.430 0.172 0.717 0.278 0.438 0.190 
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4.5 60 cm column with a water flow rate of 20 mL/min 

 
Table 6. Statistical analysis of the 60 cm, oil-loaded column with a water flow rate of 20 mL/min 
using the log transformed sample data collected over a time period of day 1- 8 (n=5).  .  
 
  DAY 1 DAY 2 DAY 3 DAY 4 DAY 5 DAY 6 DAY 7 DAY 8          

MEAN 3.295 2.681 2.666 2.545 2.437 2.419 2.400 2.119 

STANDARD 
ERROR 0.144 0.037 0.041 0.044 0.025 0.030 0.031 0.331 

MEDIAN 3.233 2.700 2.639 2.496 2.425 2.449 2.380 2.409 

MODE #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A 

STANDARD 
DEVIATION 0.322 0.082 0.092 0.098 0.055 0.067 0.068 0.739 

SAMPLE 
VARIANCE 0.104 0.007 0.009 0.010 0.003 0.004 0.005 0.547 

KURTOSIS -1.329 0.274 3.898 -2.774 -0.674 4.311 1.151 4.264 

SKEWNESS 0.118 -0.806 1.861 0.333 0.503 -2.059 0.781 -2.011 

RANGE 0.810 0.212 0.238 0.215 0.142 0.160 0.184 1.849 

MINIMUM 2.893 2.558 2.588 2.437 2.373 2.301 2.320 0.823 

MAXIMUM 3.702 2.770 2.826 2.653 2.515 2.461 2.504 2.672 

SUM 16.474 13.403 13.332 12.726 12.186 12.093 12.001 10.597 

COUNT 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 

CONFIDENCE 
LEVEL 
(95.0%) 

0.400 0.101 0.115 0.122 0.069 0.083 0.085 0.918 
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4.6 60 cm column with a water flow rate of 40 mL/min 

 
Table 10. Statistical analysis of the 60 cm, oil-loaded column with a water flow rate of 40 
mL/min using the log transformed sample data collected over a time period of day 1- 8 (n=5).  
 

  DAY 1 DAY 2 DAY 3 DAY 4 DAY 5 DAY 6 DAY 7 DAY 8          

MEAN 2.870 2.680 2.668 2.564 2.497 2.506 2.447 2.478 

STANDARD 
ERROR 0.026 0.037 0.044 0.033 0.024 0.023 0.035 0.111 

MEDIAN 2.848 2.663 2.647 2.550 2.475 2.522 2.401 2.385 

MODE #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A 

STANDARD 
DEVIATION 0.057 0.084 0.099 0.075 0.054 0.051 0.078 0.249 

SAMPLE 
VARIANCE 0.003 0.007 0.010 0.006 0.003 0.003 0.006 0.062 

KURTOSIS -2.005 0.912 1.738 1.335 2.041 -1.026 2.435 4.584 

SKEWNESS 0.645 0.081 1.361 1.188 1.404 -0.588 1.666 2.113 

RANGE 0.132 0.230 0.242 0.190 0.139 0.128 0.181 0.607 

MINIMUM 2.816 2.566 2.587 2.493 2.446 2.435 2.396 2.312 

MAXIMUM 2.948 2.796 2.829 2.683 2.585 2.562 2.577 2.919 

SUM 14.351 13.398 13.341 12.822 12.483 12.530 12.233 12.392 

COUNT 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 

CONFIDENCE 
LEVEL 
(95.0%) 

0.071 0.104 0.123 0.093 0.067 0.063 0.097 0.309 
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5.0 Calculation of Error Bars  
 
Table 11. Log transformed data used to calculate the standard deviation error bars for days 1-8, 
and day 11 for path lengths 15, 30, and 60 cm with a water flow rate of 20 mL/min.  
 
15 cm @ 20mL/min 

   

DAYS  Back Transformed Low Error Bar High Error Bar 
1 645 508 819 
2 357 308 414 
3 367 135 998 
4 3613 1127 11579 
5 2611 608 11219 
6 288 8 10759 
7 477 80 2853 
8 531 89 3171 
11 137 99 189 
18 73 

  

23 79 
  

30 cm @ 20 mL/min Back Transformed Low Error Bar High Error Bar 
1 633 366 1097 
2 529 312 898 
3 383 359 408 
4 308 243 390 
5 363 157 841 
6 234 179 305 
7 518 117 2298 
8 196 189 203 
11 282 134 592 
18 207 

  

23 138 
  

60 cm @ 20 mL/min  
   

 
Back Transformed Low Error Bar High Error Bar 

1 1972 939 4140 
2 479 397 578 
3 464 375 574 
4 351 280 440 
5 274 241 311 
6 262 225 306 
7 251 215 294 
8 132 24 722 
11 364 93 1422 
18 158 

  

23 198 
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Table 12. Log transformed data used to calculate the standard deviation error bars for days 1-8, 
and day 11 for path lengths 15, 30, and 60 cm with a water flow rate of 40 mL/min. 
 

15 cm @ 40 mL/min Back transformed Low error bars High error bars 
DAYS    

1 796 694 914 
2 346 304 394 
3 860 349 2117 
4 245 178 337 
5 575 216 1528 
6 754 181 3133 
7 329 198 546 
8 643 84 4944 
11 871 112 6796 
18 103 

  

23 149 
  

30 cm @ 40 mL/min  
Back Transformed Low Error Bars High Error Bars 

1 672 446 1012 
2 472 373 597 
3 1607 724 3566 
4 1308 951 1799 
5 2070 547 7831 
6 900 537 1508 
7 817 363 1840 
8 328 231 466 
11 1683 347 8165 
18 429 

  

23 383 
  

60 cm @ 40 mL/min     
Back Transformed Low Error Bars High Error Bars 

1 742 650 846 
2 478 394 580 
3 466 371 585 
4 367 309 435 
5 314 277 355 
6 321 285 361 
7 280 234 334 
8 301 170 534 
11 274 148 507 
18 272 

  

23 187 
  



 58 

6.0 Disassembly of 60 cm column  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Image of the bottom section (section 1) of the column with path length 60 cm and 
water flow rate of 20 mL/min. In the beaker is the water melt from the section along with the 
corresponding gravel.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Image of a middle section (section 6) of the column with path length 60 cm and water 
flow rate of 20 mL/min. In the beaker is the water melt from the section along with the 
corresponding gravel.  
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Figure 10. Image of the top section (section 12) of the column with path length 60 cm and water 
flow rate of 20 mL/min. In the beaker is the water melt from the section along with the 
corresponding gravel.  
 


