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Abstract 

As global warming progresses, the Arctic sea-ice extent has decreased rapidly over the past 

decades, leading to an increase in oil and gas exploration and marine transportation in the Arctic. 

It is thus important to develop and evaluate oil spill remediation strategies to deal with the 

increasing risk of crude oil spilled in the Arctic marine environment. Integral to this is 

understanding the potential for photochemical and microbial transformation processes to degrade 

the oil in an Arctic marine environment and in the presence of sea ice. This thesis reports a 

mesocosm-scale oil-in-sea-ice experiment involving a light crude oil conducted at the University 

of Manitoba’s Sea-ice Environmental Research Facility (SERF) in January–April 2018. The 

degradation of the oil and production of polar, oxygen-containing compounds were studied by 

direct infusion electrospray ionization ion mobility time-of-flight high-resolution mass 

spectrometry (ESI-IM-TOF-HRMS). The data suggests that degradation takes place even when 

spilled oil is encapsulated in sea ice, as supported by an increase in the occurrence of polar 

oxygen-containing compounds over time, and a growth of microbial degraders of hydrocarbons 

as the oil-brine contact increases. Interestingly, ion mobility drift time data shows a decline in 

cross sectional area of oxidized by-products, despite the fact that the addition of oxygen typically 

increases molecule size of intermediate by-products. Challenges encountered in non-targeted 

analysis of oil-in-ice samples are also documented and discussed. This study furthers our 

understanding of the weathering processes that affect crude oil in a sea ice-covered marine 

environment and gives detailed information regarding efficient analysis of the relevant oxidized 

by-products.  
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1 Introduction 

1.1 Thesis Organization 

This thesis contains an introduction (this chapter), one manuscript pending submission 

(Chapter 2), a summary of obstacles and challenges experienced during the experiment and 

analysis (Chapter 3), and a summary of key findings (Chapter 4). 

1.2 Climate change – Ice coverage and Arctic oil transportation 

The effects of climate change have been at the forefront of environmental science for 

decades. Changes in the global climate have occurred in cycles throughout Earth’s history (Jones 

& Henderson-Sellers, 1990; Solomon et al., 2007) but the consequences of the current climate 

change lie in the rate at which we are confronted by them. Greenhouse gases (e.g., water vapor, 

CO2, CH4, N2O, O3) that trap outgoing radiation from the Earth, especially CO2, have received 

most of the blame for the ongoing increase in global mean air temperatures. This is because the 

most abundant greenhouse gas, water vapor, is also the most difficult to artificially curb (Jones & 

Henderson-Sellers, 1990). Anthropogenic CO2, on the other hand, has increased drastically in the 

atmosphere since the industrial era began (Lindsey, 2020). An increase in the concentration of 

CO2 and other greenhouse gasses will indirectly increase the amount of water vapor in the 

atmosphere (Jones & Henderson-Sellers, 1990). Therefore, drastic increases in anthropogenic 

CO2 over the last century is held as the primary cause for the unusually high rate of global 

climate change.  

Among observable changes in the Earth’s climate since the industrial revolution, annual 

temperatures in the Arctic have risen faster than in other parts of the globe (Hassol & Corell, 

2006; Lashof, 1989). Climate change in the Arctic is characterized environmentally by declining 

coverage and volume of multi-year ice (MYI), reduced overall ice thickness, melting glaciers 
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and permafrost, and lengthening of the ice-free season (Barber et al., 2008; Polyakov et al., 2010; 

Schuur et al., 2008). As a result, by the end of this century, the Arctic may accommodate only 

First Year Ice (FYI), experience ice-free summers (Barber, 2017) and, according to the 

Intergovernmental Panel on Climate Change (IPCC) (Pachauri & Mayer, 2014), continued 

increases in global mean air temperatures. Already, summer Arctic sea ice extent has decreased 

by 10.5 % over the past 50 years, and average duration of continuous melt season has increased 

by 6.4 days/decade between 1979 and 2007 (NSIDC). In the summer of 2020, the minimum sea-

ice extent has declined to one of the lowest in recorded history, second only to the 2012 summer 

minimum (NSIDC). Moreover, as sea ice thins and air temperatures rise, the sea-ice albedo 

decreases, air-sea exchange is enhanced, and more of the Sun’s energy is absorbed by the Arctic 

Ocean. This creates a feedback loop, as more water vapor enters the atmosphere through 

evaporation, increasing the greenhouse effect even further and accelerating sea ice decline 

(Barber et al., 2008; Lashof, 1989).  

In recent years, it has been predicted that continued ice melt in the Arctic will increase 

marine shipping traffic (AMAP, 2017; Smith & Stephenson, 2013), and the likelihood of 

pollution from a marine oil spill. In fact, there are significant links between decreasing ice 

coverage and increased ship traffic in the Arctic (Dawson et al., 2018; Pizzolato et al., 2014). At 

the same time, interest in Arctic oil resources has created new opportunities for further 

socioeconomic development in the region. While continued socioeconomic growth will likely 

increase pollution as a whole, past catastrophic marine oil spills that release millions of liters of 

oil into the ocean, such as the Exxon Valdez spill and Deepwater Horizon (DWH) blowout, have 

brought significant attention to marine oil spills in particular. Many countries have come to 

understand the negative effects of anthropogenic contaminants, and policy makers have turned to 
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climate related fields of study to affect change. However, prevention is only half the battle, as 

increased industrial activities also require increased storage capacity. Permafrost melt and aging 

infrastructure recently led to the largest Arctic oil spill in history where 24 million liters of diesel 

fuel spilled into the Pyasina River in Norlisk, Russia (Polovtseva, 2020).  

According to the Canadian Environmental Protection Act (CEPA, 1999), an environmental 

contaminant is any substance in the environment that has the potential to harm people, plants, or 

animals. This includes naturally occurring substances that reach elevated levels above normal 

baseline values, detectable anthropogenic compounds, and spilled oil. Even small amounts of 

crude oil can have severe effects on the terrestrial and marine environments (Fritt-Rasmussen et 

al., 2015). Furthermore, crude oil is often supplied as a precursor to gasoline and other distillates, 

and is valued highly, meaning a proportion of increased ship traffic will relate to crude oil 

transportation. Many interested parties, most notably Russia and China, will likely take 

advantage of the greater accessibility, and cost-efficiency of crude oil transportation routes 

through the Arctic.  

1.3 Oil spill remediation 

The Arctic Marine Shipping Assessment (AMSA, 2009) concluded that the greatest threat 

from Arctic marine shipping is the accidental or illegal release of oil into the Arctic marine 

environment. The assessment recommends improvements on relevant infrastructure, safety, and 

environmental protection. Currently, oil spills are subject to routine remediation strategies such 

as skimming, in-situ burning, and the use of dispersants, but all have their limitations (NOAA, 

2019). The extremely cold, remote, and ice laden Arctic marine environment exasperates these 

limitations (Lee, 2003; Lewis & Prince, 2018; Ribicic et al., 2018) and the logistics of clean-up 

efforts in general. These difficulties necessitate the pursuit of natural remediation strategies in 
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the case of an Arctic crude oil spill. Natural attenuation of oil can occur in sea-ice and water 

where oil-degrading bacteria are present and through chemical processes such as 

photodegradation. These are the presumed mechanisms by which the majority of reductions in 

environmental impact due to oil spills are likely to be made in the Arctic, especially during ice-

covered seasons. Several studies have shown that degradation rates vary based on temperature, 

salinity, light, nutrient availability, and oil properties (Mille et al., 1991; Röling et al., 2002; 

Swannell et al., 1996). Operational guidelines for the stimulation or augmentation of this natural 

degradation have been proposed for near-shore environments (Swannell et al., 1996), and 

guidelines for application during Arctic marine oil spills will likely follow once the potential for 

microbial degradation is established. The natural processes of evaporation, dissolution, and 

microbial and photo-degradation have shown to be capable of weathering oil in sub-zero 

temperatures and in the presence of sea ice (Gerdes et al., 2005; McFarlin et al., 2014; Vergeynst 

et al., 2019). These weathering processes vary during periods of ice formation and ice melt, 

which also change as the Arctic climate changes (Barber et al., 2008). Regardless of seasonal 

conditions, an efficient oil spill clean-up relies on an understanding of the sea ice that may 

encapsulate, preserve, and transport the oil. 

Along with any spill remediation strategy, the use of remote sensing is an essential 

resource, as undetected and unchecked oil spills can have devastating impacts on the 

environment. Unfortunately, various natural factors interfere with remote sensing technologies 

such as optical sensors, microwave sensors, acoustic systems, and satellite remote sensing (Stout 

& Wang, 2016; Wang et al., 2006), limiting their effectiveness and reliability. Many of these 

challenges have been addressed (Firoozy et al., 2018; Mansoori et al., 2020), yet natural 

weathering processes remain an important part of oil spill remediation. 
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1.4 Oil behavior in sea ice  

Much of the literature detailing the physical and chemical interactions between spilled oil 

and the Arctic marine environment has been summarized by Fingas and Hollebone (2003) and 

Lee et al. (2011). Broadly, crude oil spilled in a sea ice environment contacts the ice in a density 

driven process, moving upwards through the water column, and spreading underneath the ice at 

various rates. Due to characteristically important under-ice roughness, and the depressions that 

accumulate oil in real sea ice structures, many theoretical calculations generated decades ago, 

based on force-balance equations, fail to accurately predict practical oil behavior (Fingas & 

Hollebone, 2003). Encapsulation and movement through the ice, for example, rely on variations 

in sea ice permeability and brine, air, and oil volume fractions (Desmond et al., accepted pending 

revisions).  

To understand sea ice permeability, values of three sea ice properties are used: brine 

volume, sea ice temperature, and bulk salinity. As their values approach 5 %, –5 ˚C, and 5 

respectively, pockets within the sea ice become more prevalent eventually connecting to form 

brine channels. This phenomenon was first coined the “law of fives” (Golden et al., 1998) and 

has since been used to predict sea ice permeability. The rate of encapsulation and the residence 

time of oil within sea ice are therefore, at least in part, dependent on seasonal temperatures and 

ice state. In the Beaufort Sea for example, NORCOR Engineering (1975) released oil in the 

winter under FYI, and it was completely encapsulated within days (Fingas & Hollebone, 2003). 

As summarized by Fingas and Hollebone (2003), By March, only 20 cm of vertical movement of 

the oil up through the brine channels was observed. The fastest rate of vertical movement 

occurred in April, where oil under 150 cm of sea ice reached the surface in less than one hour. 

Subsequent studies conducted in the same region by Dome Petroleum Ltd. (1981) involved the 
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release of a mixture of oil and air (to simulate gas) in December and again in April-May. Each 

release was under FYI and demonstrated slow virtical migration regardless of the season (Fingas 

& Hollebone, 2003). It is the nature of MYI to retain some of its contaminants throughout the 

full year, while FYI loses all of its contaminant load during spring and summer melt (Fingas & 

Helloebone, 2003). Following changes in the Arctic sea ice environment, we are likely to see a 

change in the capacity of sea ice to transport and transform contaminants due in part to the 

decrease in MYI.  

Although the physical and chemical properties of petroleum products vary, work done by 

Fingas and Hollebone (2003) concluded that local ice conditions, rather than microscale 

spreading behavior, are the primary determining factors of oil disposition in an ice-laden marine 

environment. However, factors such as droplet size, the amount of oil released, and the chemical 

make-up of the oil also play a role in the residence time of the oil within the polar environment. 

In a controlled experiment conducted by Dome Petroleum Ltd. (1981) the more volatile 

compounds and smaller droplets of gas always reached the surface before heavier liquid oil after 

both were released under FYI. 

Generally, crude oil spilled at sea will form a slick and immediately undergo several 

compositional changes that are well understood and governed by both abiotic and biotic 

processes. Volatile components will begin to evaporate at the surface and the viscosity and 

density of the oil will increase (Nicodem et al., 1997). At the same time, photochemical 

degradation will influence susceptible compounds, water-soluble fraction will dissolve, and 

bioavailable compounds will be subject to biodegradation at the oil-water interface (Garrett et 

al., 1998). Furthermore, environmental conditions (e.g., sunlight, temperature, ice thickness, 
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snow cover) as well as the amount and type of oil, and relevant microbial community greatly 

influence the weathering process of petroleum oil.  

Crude oil spilled in a sea ice covered marine environment leads to a variety of interactions 

visualized in Figure 1.1. In a completely ice-covered marine environment, the under-ice 

typography will influence where oil spreads and pools underneath the ice. Oil pooled underneath 

sea ice during winter ice formation will likely become encapsulated and migrate vertically to the 

surface during the spring melt (Lee et al., 2011).  

 
Fig. 1.1 A diagram of an oil spill showing the interactions between oil and the sea ice environment. 

 

Reduced evaporation of oil encapsulated in sea ice helps retain low molecular weight 

(MW), water-soluble compounds for a longer period of time (Vergeynst et al., 2019). Until brine 

channels form to facilitate the movement and thus removal of these compounds, the spilled oil 

could be transported as the sea ice drifts. Depending on their MW, encapsulated hydrocarbons 

have varied mobility as they migrate to the surface, resulting in variable rates of evaporation 

(Desmond, 2018). When migration to the surface occurs, the ease at which oil absorbs light 
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works to increase the surrounding temperature and even hinder ice growth (Desmond, 2018). 

Snow cover on the ice can also drastically reduce the amount of UV radiation that reaches 

encapsulated oil. The increase in albedo as a result of snow cover has been quantitatively 

described in (Perovich, 2007). In brief, as little as 3 cm of snow cover can raise albedo greatly, 

reducing light transmittance by an order of magnitude for wavelengths between 400 and 1000 

nm, with only small differences attributed to snow density. Such a large reduction of light 

transmittance limits the potential for photooxidation. 

1.5 Crude oil composition and characterization 

Petroleum crude oils consist of well over 50,000 chemically distinct organic compounds 

(Hsu et al., 2011; Rodgers et al., 2005) covering a wide range of molecular weight, making crude 

oil one of the most complex mixtures known. Characterization of the components within crude 

oil is often based on the similarities between chemical properties (e.g., solubility, aromaticity, 

and volatility) of molecules. However, all crude oils have a general elemental composition of 82-

87 % carbon, 10-14 % hydrogen, 1-10 % nitrogen, sulfur, and oxygen, and trace amounts of 

metals. Oils with a large sulfur content (> 0.5 %) are denoted as “sour”. The American 

Petroleum Institute characterized the variation in the density of oils as API gravity, setting the 

value for water to 10˚, and assigning larger numbers for less dense mixtures. Medium crude oil 

falls between ~ 22-33˚ and values below and above this range are light and heavy crudes, 

respectively.  

The most common groups characterized in crude oil are saturates, aromatics, resins, and 

asphaltenes (SARA) (Aske et al., 2001; Jewell et al., 1974). Saturates are the most abundant 

group (~ 80 %) and contain saturated cyclic and acyclic alkanes covering a wide mass range of 

both branched and straight chain hydrocarbons. The aromatic fraction of crude oil is unsaturated 
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and can be broken into mono- and poly-cyclic aromatic compounds which consist of at least one 

benzene ring. Polycyclic aromatic hydrocarbons (PAHs) are often toxic to humans and the 

surrounding ecosystem due to their high reactivity and volatility. The United States 

Environmental Protection Agency (US EPA) has named 16 unsubstituted PAHs on a priority list 

of environmental hazards due to their high toxicity; however, some branched or alkyl substituted 

PAHs can be more abundant and toxic. The resin fraction of petroleum crude oil is described as 

anomalous polar aromatic compounds often with nitrogen, sulfur, and oxygen (NSO) functional 

groups incorporated in their chemical structure. Asphaltenes make up the highest MW and most 

polar constituents in crude oil and contain organometallic compounds and similar functional 

groups to that of resins. Among the SARA classification, concerns over toxicity have driven 

PAHs to be the major focus of past oil spill research. The result of this is a number of readily 

available analytical standards and a wealth of knowledge surrounding the common 

methodologies for qualitative and quantitative study of PAHs. Unfortunately, resins and 

asphaltenes have not received the same treatment, although technological barriers to their 

analysis have been largely overcome in recent years (Hughey et al., 2002; Marshall & Rodgers, 

2004; Szykuła et al., 2018a). Resins are of particular interest due to their persistence in the 

environment for relatively long periods of time, sensitivity to photochemistry and implications 

for toxicity and microbial degradation.  

1.6 Photochemical transformation of crude oil 

Among abiotic weathering processes, photochemical transformation is one of the most 

influential in the event of an oil spill in the marine environment. Based on conservative estimates 

from the analysis of 340 field residues between 2010 and 2016, Ward et al. (2018) found that 

sunlight-induced partial photooxidation of oil at the ocean surface occurs in a matter of days and 
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was the primary factor in the oxidation of surface oil from the DWH oil spill in 2010. 

Photochemical transformation occurs when natural light energy causes a molecule to undergo 

direct or indirect photolysis. Direct photolysis is the result of a molecule’s own ability to absorb 

certain wavelengths of the light spectrum, causing it to enter an excited state if enough energy is 

available to overcome the difference in energy state between two molecular orbitals in the 

chemical structure. For example, unsaturated functional groups within oil require the energy 

provided by wavelengths between 250-700 nm to enter an excited state, and natural UV-visible 

light falls within this range. This applies to PAHs especially, which become more susceptible 

with increasing numbers of aromatic rings and substitutions (Jacobs et al., 2008). Paraffins and 

other saturates, on the other hand, require large amounts of energy that are not available from 

natural light (i.e., wavelengths less than 250 nm) and thus experience photolysis indirectly. 

Excitation from a ground state is only the first step in the photodegradation process. Molecules 

that become excited are either relaxed through fluorescence or phosphorescence back to their 

ground state or react further with molecular oxygen or other compounds to form cation radicals 

and reactive intermediates. Subsequent reactions in this way are a form of indirect photolysis. 

For example, indirect photolysis occurs when petroleum hydrocarbon compounds react with 

photochemically produced reactive intermediates such as reactive oxygen species. Commonly, 

indirect photolysis causes the removal of a hydrogen atom via reactive oxygen species, yielding 

new intermediates or end products with oxygen-containing functional groups including alcohols, 

carboxylic acids, and phenols (Payne & Phillips, 1985). Highly aromatic or alkylated 

hydrocarbons contain readily available hydrogen atoms and thus, are more susceptible to 

oxidation via indirect photolysis. In contrast, Alkyl-substituted PAHs may undergo both direct 

and indirect photolysis due to their ability to absorb solar radiation and their susceptible 
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hydrogen atoms (Jacobs et al., 2008). Resin and asphaltene fractions are also subject to 

photolysis, some of which are aromatic and highly alkylated. Photooxidation of oil slicks at the 

ocean surface may also join polymer chains together causing polymerization and insolubility, 

while other photooxidation products such as fatty acids can mobilize insoluble compounds. 

Direct and indirect photolysis results in a compositional shift towards polar oxygen-containing 

compounds from saturate and aromatic compounds (Garrett et al., 1998; Ward & Overton, 2020).  

The rate of photochemical degradation of oil is partially dependent on geographic region 

and weather at the time of a spill. This is because the intensity and duration of solar radiation 

varies at different latitudes and in different seasons. Rates can also be limited by oil slick 

thickness and chemical composition by limiting direct photolysis if spilled at large 

concentrations and limiting indirect photolysis if the relative abundance of fractions susceptible 

to photodegradation is low. In the case of a snow- and ice-covered dark Arctic winter, 

photodegradation rates would be undoubtedly lower than that of the DWH oil spill in the Gulf of 

Mexico that occurred during the summer.  

1.7 Microbial degradation of crude oil 

According to the National Research Council of Canada (NRCC), between 1990 and 1999 

natural oil seeps account for roughly 46 % of the oil in the oceans worldwide, while accidental 

oil spills from vessel amount to just 8 %. Natural seeps in the ocean floor have occurred for 

millions of years (Rasmussen, 2005), and microorganisms have evolved to make use of the large 

amount of stored chemical energy in petroleum compounds. More than 79 genera have been 

shown to be oil-degrading bacteria, several of which exhibit rare-to-dominant bacterial shifts in 

abundance during a spill (Xu et al., 2018), suggesting further that bacteria are crucial to the 

removal of petroleum from the environment. Although there are many different species of 



12 

 

hydrocarbon degrading bacteria, biodegradation of crude oil in a marine environment is a 

predominantly aerobic process that varies depending on the species’ enzyme. The energy 

threshold necessary to activate molecular oxygen from a ground state is what gives molecular 

oxygen its kinetic inertness and can be overcome even without utilizing solar radiation. 

Microbial enzymes such as monooxygenase and dioxygenase make use of transition metal ions 

(“cofactors”, e.g., Fe, Cu) to bond with oxygen and oxidize hydrocarbons, making oil amenable 

to microbes as food. The initial steps of microbial oxidation yield alcohols and ketones not 

unlike the metabolism of a toxicant, which first makes the unwanted compound more soluble via 

the addition of functional groups, and then removes it (Parkinson, 2015). One example of this 

degradation pathway has been outlined by Ghosal et al. (2013) involving the oxidation of 

acenaphthene and acenaphthylene into acenaphthenequinone. Rather than being expelled, the 

newly oxidized acenaphthylenequinone is further degraded into oxidized intermediates and 

transformed into carboxylic acid before entering the catabolic pathways of the cell (Fig. 1.2). 

 
Fig. 1.2 Biodegradation pathway of acenaphthene and acenaphthylene before entering the tricarboxylic acid (TCA) 

cycle, resulting in the production of acenaphthenequinone, catechol, and proposed short-lived intermediates: 

naphthalene-1,8-dicarboxylic acid, 1,8-naphthalic anhydride, 1-naphthoic acid, salicylaldehyde, salicylic acid 

(adapted from Ghosal et al., 2013). 
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Rates of biodegradation are slower for larger and more complex molecules due to the 

bioavailability of the particular hydrocarbon molecule and enzymatic specificity. Low MW n-

alkanes and cyclic alkanes have a complimentary shape and low steric hindrance. This makes 

them a preferred source of energy for capable microbes and the first to be degraded (Teschner & 

Wehner, 1985). After saturates, in order of decreasing degradation rate, are low MW aromatics, 

branched alkanes, alicyclic alkanes, three ringed PAHs, larger PAHs, and terpanes and steranes 

(Prince & Walters, 2016). Larger organic molecules such as terpanes and steranes are degraded 

so slowly that they are often used as biomarkers when studying biodegradation (Prince & 

Douglas, 2005; Wang et al., 2006). That being said, very few hydrocarbons are actually 

invulnerable to microbial degradation, and the process of microbial degradation weathers crude 

oil over long periods of time (Bacosa et al., 2015; Hughey et al., 2002). Especially recalcitrant 

high MW aromatics, resins or asphaltenes may require a consortium of bacteria to co-metabolize 

(Ghosal et al., 2016).  An example of the effects of co-metabolism is the increased 

biodegradation efficiency of benzo[a]pyrene when supplemented by phenanthrene (Kot-Wasik et 

al., 2004). After initial degradation of low MW saturates and aromatics, the relative chemical 

composition of the oil becomes more polar and oxygenated (an effect similar to photooxidation 

but more efficient), ultimately removing hydrocarbons from the environment altogether. 

Anerobic biodegradation of hydrocarbons is less studied, but is nonetheless important, 

being the main biodegradation process in anoxic conditions (Prince & Walters, 2016). Alternate 

electron acceptors such as nitrate and sulfate are used to degrade alkanes and aromatics usually 

through the addition of fumarate (Rojo, 2009; Spormann & Widdel, 2000). Biodegradation of oil 

is limited by the availability of essential nutrients, contact with the oil, extreme temperature and 

salinity conditions, and presence of electron acceptors. Despite these limitations, microbes 
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produce, consume, and alter oxidized polar compounds (Prince & Walters, 2016). Different 

bacteria contain enzymes with varying capabilities depending on their structure and 

stereoselectivity. This allows the microbial community to shift in accordance with oil 

composition. For example, it is common to see a very different microbial community in samples 

collected days, months, and years after an oil spill (Aeppli et al., 2012; Bacosa et al., 2015). 

The presence of well adapted hydrocarbon degrading microbes could play a significant role 

in natural remediation of a spill in the Arctic marine environment (Lewis & Prince, 2018). 

Reduced evaporation at lower temperature in the Arctic also increases the opportunity for 

dissolution (Faksness & Brandvik, 2008) and biodegradation of the oil. However, microbial 

degradation as a form of natural remediation is not fully understood, despite numerous studies on 

oil in sea-ice behavior (Desmond, 2018; Lee et al., 2011). Uncovering the chemical partitioning 

of crude oil through the cryosphere and the ensuing compositional changes undergone in polar 

waters may underscore the significance of microbial degradation and photooxidation should an 

oil spill occur.  

1.8 Toxicity of oxidized oil to microorganisms 

Alkanes are most often degraded through use of reactive oxygen species (Rojo, 2009), 

meaning the photooxidation of PAHs which may produce these oxygen species could indirectly 

raise the rate of alkane degradation (Bacosa et al., 2015). Unfortunately, the increased solubility 

that comes with photochemical transformation increases biodegradation and biological toxicity 

alike (Nicodem et al., 1997). Oxygen-containing compounds produced through photooxidation 

have the potential to both enhance and inhibit microbial degradation (Heipieper & Martínez, 

2018). Alkanes and other hydrophobic fractions within oil are mostly insoluble in water, making 

them unavailable for microbial degradation and less toxic. Therefore, the increased 
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bioavailability of photo-oxidized products is a double-edged sword. In the case of monoaromatic 

compounds, such as BTEX and various phenols, the effect may vary based on their concentration 

in the water column. Generally, hydrophobicity is correlated with toxicity, and compounds like 

aromatics and alcohols are harmful when accumulated in the cell membrane. However, if a high 

level of hydrophobicity is reached, the compound will not be bioavailable due to lower water 

solubility, thus preventing accumulation in the cell and decreasing microbial toxicity (Heipieper 

& Martínez, 2018). This is why polar compounds such as oxidized n-alkanes are open to 

enzymatic attack and become more toxic with increased hydrophobicity, while alkanes 

themselves do not show a toxic effect (Heipieper & Martínez, 2018). Hydroxylated versions of 

parent compounds also tend to be more toxic due to their higher solubility and bioavailability. 

Even compounds that are bioavailable and used as fuel by microorganisms can damage 

membrane functions, inhibit growth, or cause cell lysis (Heipieper & Martínez, 2018) if over-

accumulated in the cell membrane. 

1.9 Analytical methodologies for crude oil characterization  

The study of petroleum oil and gas has made significant advances since the application of 

high-resolution mass spectrometry (HRMS) and gas chromatography (GC) to organic mixtures 

in the mid-20th century. In mass spectrometry (MS), each chemically distinct molecule would 

correspond to a single mass peak if not for fragmentation and multiple charges, making the 

analysis of complex organic mixtures, such as petroleum, a matter of ionization and analytical 

resolution. Gas chromatography coupled with mass spectrometry (GC-MS) is a traditional 

approach to petroleum analysis but is limited to the separation and identification of volatile and 

low MW components in petroleum, and is insufficient for non-volatile, high MW hydrocarbons 

that do not enter the gas phase easily (Hughey et al., 2002; Lalli et al., 2015). Many projects have 
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also focused on the study of physicochemical changes to crude oil using GC-MS despite oxygen-

containing hydrocarbons populating a substantial component of crude oil not amenable to GC 

(Aeppli et al., 2012; Maki et al., 2001). While GC-MS has been relied on because of its ability to 

separate and identify toxic PAHs, electron ionization (normally at 70eV) does not effectively 

ionize the more polar non-volatile and heteroatom-containing compounds also present in crude 

oil. Nevertheless, the polar fraction within crude oils including NSO-containing compounds, 

were found to be successfully ionized through electrospray ionization (ESI) by Zhan and Fenn 

(2000). Although ESI requires a degree of sample preparation, most resins can be separated from 

asphaltenes relatively easily through Liquid-Liquid Extraction (LLE). The chemistry between 

resins and asphaltenes is explored further by Demirbas and Taylan (2016). 

In an ESI source, a strong electrical charge is applied to the sample in solution causing it to 

emerge as an aerosol comprised of droplets. These droplets become smaller as solvent is 

evaporated. The reduction in droplet size increases the charge density of the ions in solution until 

the ions are expelled from the droplet and funneled into the mass spectrometer (Fig. 1.3).  

 

Fig. 1.3 Electrospray Ionization diagram depicting the negative mode ionization of a sample in solution (Modified 

from Sen et al., 2006). 

 

This allows the continuous transformation of a wide range of large complex organic species 

in solution to individual ions in the gas phase that would otherwise be non-volatile. ESI is also a 
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soft ionization technique which means it does not fragment ions easily, establishing ESI as the 

preferred ion source for the introduction of large, complex, and fragile organic species in 

solution to mass spectrometers (Zhan & Fenn, 2000). Negative and positive mode ESI 

selectively ionize acids and bases respectively (Zhu et al., 2011). 

Once ionized, the mass spectrometer must be capable of resolving thousands of chemically 

distinct ions that reach the mass analyzer. A Fourier transform ion cyclotron resonance mass 

spectrometer (FT-ICR-MS) is fully capable of this and attains a higher mass accuracy than any 

other type of mass spectrometer. With resolving powers of > 20 million possible (Cho et al., 

2015), FT-ICR-MS can be used to sort crude oil components (isobaric species) by class, type, 

and carbon number distribution (Hughey et al., 2002; Marshall & Rodgers, 2004, 2008). This has 

created the “petroleomics” field of study, which aims for a complete compositional analysis of 

petroleum through HRMS techniques such as FT-ICR-MS. Limitations of FT-ICR-MS, include 

it’s high purchasing cost, the need for cryogenic quenching of the 7T to 15T magnets and overall 

high operating costs. One final limitation is the length of data acquisition; while some HRMS 

instruments acquire data in real time, the acquisition times for FT-ICR-MS can take up to 60 min 

(Cho et al., 2015). Time-of-flight (TOF)-HRMS technology provides relatively simple, fast, and 

cost-effective high-resolution. Moreover, improvements to sensitivity, resolution, and versatility 

have kept TOF-HRMS at the forefront of organic and analytical chemistry.  

High resolving powers are crucial to petroleomics but still inadequate in many cases 

without pre-analysis separation techniques such as SARA type prefractionation (Cho et al., 2012; 

Shi et al., 2010; Szykuła et al., 2018b). SARA type fractionation of crude oil is a solvent-based 

separation method involving initial removal of the asphaltene fraction (usually with hexane, 

cyclohexane, or n-heptane) followed by the elution of the saturate, aromatic, and resinous 
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fractions. This method is commonly accomplished through Solid Phase Extraction (SPE) or LLE 

(Shi et al., 2010). Prefractionation of oil using SARA classification has benefits and drawbacks 

depending on which method is used and research objectives. There can be high risk of sample 

loss, and each methodology is tailored to the specific oil composition which causes method 

inconsistencies and makes reproducibility difficult (Aske et al., 2001; Kharrat et al., 2007; 

Robson et al., 2017). If executed properly, individual groups within SARA can be examined 

more conclusively and the number of detectable peaks increases due to reduced ion suppression 

(Cho et al., 2012).  

Ultrahigh-resolution instruments such as FT-ICR-MS and their ability to identify isobaric 

compounds cannot; however, elucidate geometrical or isomeric structural differences. Even with 

SARA pre-fractionation, ion mobility (IM) is a much-needed complementary addition to TOF-

MS. Structural identification is important for many practical reasons, as such compounds are 

abundant in many crude oils and structural differences often play a large part in describing how 

these molecules function in the environment. A detailed explanation of IM can be found in 

Ponthus and Riches (2013). In short, the sample is moved into the IM chamber after ionization 

and are separated based on their individual mobility. Within the camber, electromagnetic waves 

propel the ions forward in the presence of a buffer gas (usually helium or nitrogen). Ions riding 

these electromagnetic waves collide with gas molecules flowing in the opposite direction, 

resulting in separation depending on the structure of the individual ion (Fig. 1.4).  
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Fig. 1.4 Ion mobility diagram depicting the separation that occurs based on size and shape within the ion mobility 

chamber (Modified from Jeff Dahl, 2009).  

 

Dense ions with compact structures experience fewer collisions and are pushed along 

quickly, while ions with greater collision cross-sections (CCS) experience more interactions with 

the buffer gas and are slowed. Collisional cross-section requires careful calibration and is 

calculated through collisions between the ion and the chosen buffer gas. Instrumental factors 

affecting the drift time and CCS values of a particular ion within the chamber are temperature, 

buffer gas (N2, He, Ar, etc.), and the influence of the electromagnetic wave (i.e., wave speed and 

height). 

IM yields much-needed additional separation data, in the form of drift times, which aid in 

the deconvolution of complex mixtures, and have also been used to distinguish abundant 

metabolites and photooxidation products within the resins fraction of crude oil (Ponthus and 

Riches, 2013; Farenc et al., 2016). With accurate mass and drift time data, information regarding 

heteroatom composition or class, carbon number, and number of rings plus double bonds, or, 

double bond equivalence (DBE), can be obtained. A compound’s class is determined by the type 

and number of heteroatoms contained. For example, the “N1 O2” compound class consists of 

compounds that each contain one nitrogen atom, and two oxygen atoms. Software capable of 

calculating DBE is widely available and uses the following formula (Korsten, 1997): 

(CcHhNnOn) DBE = c –
h

2
+

n

2
+ 1 
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DBE can be used to calculate the number of aromatic rings and double bonds in a molecule. For 

example, a naphthalene molecule has a DBE of eight, where each benzene ring equates to a DBE 

of four. In the oxygen-containing heteroatom class of a given crude oil, the relationship between 

the incorporation of rings and/or double bonds can be correlated to the carbon/hydrocarbon 

(C/H) ratio (Fig. 1.3).  

 
Fig. 1.5 Scatter plot depicting the relationship between the incorporation of rings and/or double bonds and the 

necessary loss of hydrogen atoms in the aromatic O2 compound class. Higher carbon number yields more possible 

structures, thus widening the range of data points at larger values. 

 

This ratio suggests a loss of hydrogen atoms as carbon-carbon bonds become more 

prevalent in the O2 compound class of a weathered crude oil. A crude oil compound with a high 

DBE and C/H ratio will have a comparably high degree of aromaticity. DBE is also a useful tool 

in characterizing the NSO-containing resinous fraction in crude oil (Zhu et al., 2011), which can 

explain compositional changes brought on by microbial and photochemical weathering 

processes.  
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1.10 Impact on Indigenous Communities 

The Arctic Ocean has lost, and continues to lose, significant amounts of sea ice due to 

climate warming. With this comes large increases in ship traffic and the probability of an oil 

spill. Damage caused by such a spill could have devastating impacts on the local wildlife, food 

security and human health, particularly to coastal Inuit communities – the segment of Canada’s 

population that bears the greatest risk related to oil spills in the Arctic. It is my hope that the 

results generated by this Master project will contribute to the science needed to help inform and 

develop an effective policy and governance regime for Arctic marine spill response. More 

specifically, to the understanding of the potential of natural attenuation as a spill response 

appropriate to the Canadian Arctic. 

1.11 Thesis Objective and Hypotheses 

The objective of this research was to understand the natural photochemical and microbial 

degradation processes of light crude oil spilled in seawater under a sea-ice cover. The main 

research hypotheses include: 

1) evidence of photooxidation will appear within the first month after oil release and again 

as oil reaches the ice-air interface.  

2) microbial degradation would produce oxidized by-products, and the rate will increase 

with oil-brine contact; and, 

3) there will be a shift observed in the oil composition from the more prevalent saturated 

and aromatic compounds to more polar resinous compounds as the oil degradation progresses.  
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2 Qualitative Analysis of Oxygen-Containing Degradation 

Products from a Light Crude Oil using Electrospray Ion 

Mobility Time-of-Flight Mass Spectrometry and Implications 

for Oil Weathering Processes in the Arctic Sea-Ice Environment 
 

Abstract 

The increasing marine shipping activities in Arctic waters call for oil spill remediation 

strategies designed for ice-covered waters in remote locations. Microbial and photochemical 

degradation are known to be the most important natural remediation processes for oil spilled in 

marine waters, but their efficacy remains largely unknown. As part of a mesocosm-scale study 

investigating the potential of microbial and photochemical degradation of light crude oil in sea-

ice, here we report compositional changes in the polar fraction of a light crude oil in the ice over 

a three-month period and at varying thermodynamic states. We also report a qualitative 

characterization of oxidized degradation products. The molecular formulas assigned using 

accurate masses from electrospray ionization ion mobility time-of-flight high-resolution mass 

spectrometry (ESI IM-TOF-HRMS) data, together with calculated double bond equivalence 

(DBE) values, depicts oxidized compounds with multiple aromatic or saturated rings. Light 

transmittance measurements indicated that there was enough light to degrade the crude oil under 

the ice until the snow layer reached a depth of 2-3 cm in late January before the first sampling 

date. A spike in C-O absorbance from Infrared (IR) data, growth of hydrocarbon-degrading 

bacteria capable of oxidizing a wide range of saturate and aromatic compounds, and higher 

occurrence of oxygen-containing compound classes were also found. Compositional changes in 

early winter months were linked to photo-degradation, which was the dominant weathering 

process at the time. Microbial degradation was found responsible for the majority of the oxidized 

compounds characterized between mid-March and late-April as a result of increasing oil-brine 

contact. Through ion mobility analysis, progressive degradation was linked to shorter drift times 

and a significant decline of molecules having larger cross-sectional areas despite agreement that 

oxidation generally increases molecule size. 
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2.1 Introduction 

Opportunities for socioeconomic development, and in particular marine shipping, have 

increased concerns about the consequences of potential oil spills associated with the increasing 

industrialization of the Canadian Arctic. Despite this, oil spill remediation strategies tailored to 

Arctic environmental conditions are underdeveloped. Skimming, in-situ burning, and the use of 

dispersants are the current default response techniques during an oil spill (NOAA, 2019). 

Mechanical recovery can be costly and inefficient for larger spills and logistically difficult to 

carry out in remote Arctic settings (Lewis & Prince, 2018). In-situ burning releases harmful 

compounds as by-products (Lee et al., 2011). Chemical dispersants have proven effective in 

small scale experiments (Brandvik et al., 2013), and have been used successfully in previous 

marine oil spills such as the Deepwater Horizon (DWH) blowout and Exxon Valdez oil spills 

(Hazen et al., 2016). Furthermore, research on dispersant effectiveness indicate similar success 

would occur in cold weather environments like the Arctic (Lewis & Prince, 2018). However, 

Canada has not fully approved dispersants for use, and they are currently banned as deleterious 

substances under the Arctic Waters Pollution Prevention Act (1985). 

Natural microbial and photo-degradation processes are capable of remediating oil spilled in 

the ocean. These processes are complex with numerous studies indicating that degradation rates 

vary based on temperature, salinity, sunlight, nutrient availability, and oil properties (Hazen et 

al., 2016; Röling et al., 2003; Swannell et al., 1996; Ward & Overton, 2020). Few studies; 

however, have been conducted on these processes in polar oceans in the presence of sea ice and 

if or how they work synergistically to degrade the spilled oil.  

Microbial and photochemical weathering processes work to degrade crude oil which is 

composed of tens of thousands of hydrocarbons, heteroatom (nitrogen, sulfur, and oxygen, or 
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NSO) containing compounds, and organometallic compounds (Stout & Wang, 2016). Based on 

their physio-chemical properties and to facilitate the study and discussion of the vast possible 

numbers of petroleum compounds, oil components are typically grouped into saturates, 

aromatics, resins or asphaltenes (SARA). Saturates comprise the majority of the oil as saturated 

hydrocarbon chains that may be branched or un-branched, and cyclic or acyclic. Aromatics 

encompass compounds that contain at least one benzene ring (alkyl benzenes) as well as most 

polycyclic aromatic hydrocarbon (PAH) compounds. Resins consist of high molecular weight 

(MW) aromatic compounds that are generally more polar, often containing NSO heteroatoms, 

while the asphaltene group is larger still, and even more polar. This immense combination of 

organic compounds in petroleum are exposed to varying degrees of sunlight during a spill which 

further transforms chemical composition. Spilled oil also provides a rich source of energy for 

organisms capable of metabolizing hydrocarbons.  

Photooxidation and well adapted hydrocarbon degraders may have significant roles to play 

in the event of a crude oil spill in an Arctic marine environment (Lewis & Prince, 2018; Ward et 

al., 2018; Ward & Overton, 2020).  When spilled, crude oil spreads rapidly to form slicks and 

begins to interact with the environment in many ways. The oil undergoes photochemical and 

microbial degradation in the presence of solar radiation and reactive oxygen species, and various 

enzymes respectively (Albaigés et al., 2016; Prince & Walters, 2016). Volatile components, 

including those that are prone to photo-transformation, are removed from the water naturally in a 

matter of days (Garrett et al., 1998). A large proportion of the remaining oil is then subjected to 

continuous photo-transformation and biodegradation.  

Solar radiation causes molecular oxygen to enter an excited state, enabling the oxidation of 

aromatics and incorporation of reactive oxygen species through direct and indirect photolysis 
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(Payne & Phillips, 1985). Similarly, microbial enzymes bind with oxygen to make reactions with 

hydrocarbons more metabolically favorable. Synergistically, these reactions produce increased 

proportions of characteristically larger, higher molecular weight polar oxygenated compounds 

(Prince & Walters, 2016). This process has been qualitatively characterized as a shift from 

saturate and aromatic fractions of oil to relatively more polar and resinous fractions (Maki et al., 

2001; Prince, 1993). 

The contribution of microbial communities to this shift comes from the initial intracellular 

attack on hydrocarbons, in which the activation as well as incorporation of oxygen is typically 

catalyzed by monooxygenase and/or dioxygenase enzymes (Cerniglia, 1993; Fuchs et al., 2011).  

For most hydrocarbons, microbial assimilation is ultimately accomplished after oxidation (via 

hydroxylation) and ring cleavage before entering catabolic pathways as oxidized molecules 

(Fuchs et al., 2011; Ghosal et al., 2013). Larger aromatic molecules such as PAHs are not 

compatible with these enzymes and are degraded more slowly. Nevertheless, pathways for the 

metabolism of higher MW aromatics such as pyrene and fluoranthene have been shown to 

produce bioavailable intermediates (Cerniglia, 1993), which are themselves susceptible to 

metabolization (Ghosal et al., 2013). Although nearly all hydrocarbons have been shown to 

biodegrade given enough time, microbial degradation of oil in a sea ice environment requires 

that the oil come in contact with the liquid brine where bacteria reside. More extensive 

interaction between oil and brine increases the degradation rates of oil (Prince et al., 2013; Prince 

& Walters, 2016).  This requirement for oil-brine interaction is most likely the reason minimal 

biodegradation was observed in oil-coated adsorbents embedded in top, middle, and bottom 

sections of 50 cm thick first-year ice during a 2.5-month experiment conducted by Vergeynst et 

al. (2019) in Nuup Kangerlua, SW Greenland.  
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For photooxidation to occur, solar radiation must interact with the oil. However, unlike 

microbial oxidation, the sun’s energy will transform bio-resistant fractions that are susceptible to 

oxidation in chemically reactive locations where stereochemistry prevents efficient microbial 

attack (Prince & Walters, 2016). Microbial communities, therefore, benefit from photooxidation 

when high MW hydrocarbons are made more amenable to relevant catabolic pathways (Dutta & 

Harayama, 2000; Lee et al., 2011; Prince, 1993). This observation was further supported in a 

more recent study by Guieysse et al. (2004) where they reported the photooxidation and 

subsequent biodegradation of a 4-5 ring PAH mixture. Maki et al. (2001) conducted a three-week 

experiment involving the exposure of previously biodegraded Arabian light crude oil in seawater 

to sunlight, showing a 90 % decrease in the aromatic fraction after seven days. No further 

degradation was observed in the dark control. This increase in bioavailability and biodegradation 

rate arises from the oxidation of the parent molecule which facilitates its metabolism by the cell. 

Even so, some oxidized by-products are more toxic than their parent molecules and inhibit 

biodegradation, even causing cell lysis (Heipieper & Martínez, 2018).  

An inhibitory relationship may also exist between photo-oxidized by-products and 

microbial growth. Bacosa et al. (2015) demonstrated that photo-transformation had a much 

greater effect on 3-5 ring PAHs than that of biodegradation in Light Louisiana Sweet crude oil 

collected from the surface water at the DWH site and observed inhibited biodegradation of 

branched alkanes pristane and phytane under intense solar radiation. It was postulated those 

greater intensities of solar radiation in lower latitude regions such as the Gulf of Mexico may 

produce photo-oxidized compounds detrimental to microbial growth and cell membrane 

functions (Bacosa et al., 2015; Heipieper & Martínez, 2018).   
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In higher latitude regions such as the Arctic, the duration and intensity of solar irradiation 

are reduced in the winter and summer months, respectively. Furthermore, encapsulation of the oil 

in the sea ice as it grows severely reduces its interaction with the sea water below and, 

consequently, any associated biodegradation (Vergeynst et al., 2019). Understanding the 

complicated nature of crude oil weathering in the cryosphere and the relationship between 

microbial degradation and photooxidation will require equally intricate analytical techniques.  

In this study, we use direct infusion Electrospray Ionization Ion Mobility Time-of-Flight 

High-Resolution Mass Spectrometry (ESI-IM-TOF-HRMS) to analyze the composition of the 

polar fraction of weathered petroleum crude oil and attempt to understand the extent and 

synergies of photo-oxidative and microbial degradation processes. To characterize and identify 

different petroleum components, SARA type prefractionation methodologies, based on solubility 

and polarity, are often necessary to provide an additional degree of separation preceding HRMS 

analysis (Cho et al., 2012; Shi et al., 2010). NSO-containing compounds are present in the 

aromatic, resin, and asphaltene groups due to their large range of solubilities and polarity. This 

causes difficulty in SARA methodologies for qualitative comparisons due to poor sample 

recovery and limited specificity when attempting to separate NSO-containing groups (Robson et 

al., 2017). Despite these concerns, separation techniques based on SARA characterization such 

as Liquid-Liquid Extraction (LLE) and Solid Phase Extraction (SPE), remain the most 

commonly used and cost-effective options for petroleum focused analytical methodologies (Aske 

et al., 2001; Robson et al., 2017; Shi et al., 2010). Thus, observation of oxygenated degradation 

products in an intricate, predominantly non-polar mixture of light crude oil is carried out using 

LLE followed by direct infusion ESI IM-TOF-HRMS.  
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ESI is a clear choice for high MW oxygenated compound analysis as it has shown to 

readily ionize a wide range of polar species in crude oil, favoring the ionization of oxygen-

containing species in negative ion mode (Farenc et al., 2016; Zhan & Fenn, 2000). After 

ionization, IM provides a second dimension of separation based on molecular cross-sectional 

area and can be crucial to the characterization of degradation products (Lalli et al., 2015). In IM, 

ions are propelled forward, via traveling electromagnetic waves, while their mobility is inhibited 

by a buffer gas (usually nitrogen)  (Ponthus & Riches, 2013).  Ions with large cross-sectional 

areas will have more interactions with the buffer gas and separate from relatively more compact 

ions. When IM is coupled with TOF-HRMS, crude oil mixtures can be qualitatively 

characterized even without extensive prefractionation or chromatographic separation. (Hughey et 

al., 2002; Marshall & Rodgers, 2004; Santos et al., 2015).  

The Microbial Genomics for Oil Spill Preparedness in Canada’s Arctic Marine 

Environment (GENICE) project seeks to improve our understanding of coastal and ocean 

management, improve spill mitigation strategies, and reduce uncertainties associated with 

potential oil spills in the Arctic. The objective of this study is to build on our understanding of 

photo- and microbial degradation of crude oil in the Arctic marine environment, and to fill 

knowledge gaps related to the characterization of oxidized hydrocarbon degradation byproducts.  

2.2 Methods 

2.2.1 Experimental Set-up 

As part of the larger GENICE project, a three-month mesocosm-scale experiment designed 

to study oil and sea ice interactions was conducted in January–April 2018 using two above-

ground outdoor cylindrical fiberglass tanks at the Sea-ice Environmental Research Facility 

(SERF), University of Manitoba (Fig. 2.1). Before use each tank was scrubbed clean and rinsed 
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using Dawn dish soap and salt water three times and then sprayed with clean water using a 

power washer. The accumulated water was drained, and the tanks allowed to dry. The 

experimental details have been previously described in (Desmond et al., 2021). In brief, both 

tanks were filled with artificial seawater (groundwater mixed with NaCl, MgCl2, MgSO4, CaCl2, 

and KCl; salinity ~33), and nutrients (6 mM NH4NO3, and 0.6 mM PO4
3-). One tank (1 m height, 

3 m diameter) was labeled “Native” and contained only bacteria native to the added 

groundwater. The other tank (1 m height, 4 m diameter) was labeled “Augmented” due to the 

addition of indigenous Arctic Ocean bacteria collected from Cambridge Bay on board the CCGS 

Amundsen during the 2017 summer field season and cultured. These bacteria were then enriched 

in artificial seawater in the dark at 4°C with the addition of 0.1 % crude oil. The Native tank 

contained a thin layer of insulation around the inside of the tank that was not a part of the 

Augmented tank design.  

Sea-ice formed naturally as ambient January air temperatures dropped below freezing (see 

Fig. 2.1). During initial ice formation, a circle of light Styrofoam was attached to wood planks 

and laid atop the ice in the center of each tank covering roughly 60 % of the surface. The 

artificial insulation slowed heat loss and ice growth thereby forming a concave feature in the 

underlying ice and ensuring that the greatest volume of oil would be concentrated toward the 

center of each tank. The average ice thickness in both tanks was 20 cm before the oil addition 

began. 20 L of a light crude oil-water mixture (roughly 33 % oil by volume, 6.7 L in each tank) 

was released from the bottom of the tanks via heated tubing. The light crude oil was obtained 

from Tundra Oil & Gas Ltd with an API gravity of 34. 

The crude oil was released into both tanks on January 23, 2018. The ice grew from 20 cm 

on that day to a maximum thickness of 65 cm on March 16 while the air temperature ranged 
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from –23 ˚C to –4 ˚C (Fig. 2.1). The temperature warmed after March 16, and the thickness of 

the ice decreased to 6.4 cm on April 10 when the daily average ambient temperature reached 

above 0 ˚C. The experiment ended on April 27 when most of the ice in both tanks was thin and 

completely oil covered. This mesocosm experiment is designed to garner insight into the fate and 

behavior of oil spilled in an ice-covered marine environment, acknowledging that it is difficult to 

simulate large-scale oil spills in the Arctic. 

2.2.2 Sampling 

Low, moderate, and high oil contamination sites were determined by their distance from 

the concave under-ice feature (Fig. 2.1). Ice cores were collected (three at each site) using a 

Kovacs Enterprise Mark II core barrel (Roseburg, OR) with a 9 cm diameter, on February 7, 

February 26, March 16, and April 10. Each of the three ice cores were designated for 

compositional analysis of the crude oil (polar, oxygen-containing compound detection, and 

infrared [IR] spectroscopy), microbial analysis (DNA, cell count, and nutrient concentration 

measurements), and physical analysis (x-ray analysis of oil brine contact, brine volume, 

temperature, and salinity). Water samples were also collected on each sampling date from the 

bottom-side of each tank, stored in amber glass bottles and analyzed by gas chromatography 

mass spectrometry (GC-MS) by Desmond et al. (2021). 

On each sampling date, two snow depth measurements were taken near the designated ice 

core sites in each tank and averaged so that there would be one value for each sampling date. 

Similarly, ice thickness measurements were heterogeneous across the three sampling sites and 

averaged together for each tank on each sampling date. 
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Fig. 2.1 (Left) Ice core samples were collected every three weeks in both tanks at different sites corresponding to 

varying degrees of oil contamination within each sampling date. (Right) Ambient temperature data throughout the 

experiment was recorded at the exact time of sample collection. Temperatures rose above freezing as early as March 

4th (modified from Desmond et al., 2021). 

 

All ice cores were cut into sections with a hand saw (cleaned with hexane) based on length 

immediately after collection. The top section of each ice core includes the upper 20 % of the total 

core length coinciding with the coldest section of ice (Thomas & Dieckmann, 2010). The 

remainder of the ice core was cut in half, corresponding to the middle and bottom sections. Ice 

core temperature measurements were taken by drilling small holes to the center of each core 

section and recording the temperature with an ultra-accurate digital temperature probe (Traceable 

6413). All ice core sections were stored in ~3.5 L clear glass jars and kept in a freezer in the dark 

until sample preparation could be carried out. Larger ice core sections that did not fit in the glass 

jars were placed into low-density polyurethane Ziploc bags (S. C. Johnson & Son, Racine, WI). 

Where possible, oil samples were also collected directly from the surface of the ice into amber 

vials using a spatula rinsed with hexane and 70 % alcohol between samples and immediately 

stored in the dark at 4 ˚C. Due to oil pooling at the surface, and warmer temperatures, only two 

sites for each tank were cored on April 10 (visibly oil-free samples and highly oil-contaminated 
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samples). Only surface oil samples in both tanks were collected on the last day of the experiment 

(April 27).  

Despite similar ice thickness on January 23rd, the Native tank insulation created a 

difference in ice state (e.g., temperature, salinity, permeability) relative to the Augmented tank.  

Light penetration throughout the experiment was measured by photosynthetically active 

radiation (PAR) sensors (Alec Electronics Co. Ltd., Kobe, Japan) placed at the center-bottom 

and surface of each tank. Compared to UV sensors, PAR sensos can be easily configured and the 

wavelength data processed. Optical measurements are explained further in Desmond et al., 

(2021). In short, these sensors recorded incident and transmitted light reaching the surface and 

bottom of the tanks, which were used to calculate the average light transmittance in the 400-700 

nm wavelength range.  

Bulk salinity of each ice core was measured after oil extraction using a conductivity meter 

(Orion Star A212 – Thermo Scientific). Brine volume fractions (Vb; ratio of the brine volume to 

the bulk ice volume) were calculated using the measured temperatures and bulk salinities 

(Frankenstein & Garner, 1967). Oil volume fractions (Vo; ratio of the oil volume to the bulk ice 

volume) of top, middle, and bottom sectioned ice cores were calculated following Desmond et 

al., (2019). Ice core temperature, Vb, and Vo were averaged for each sampling date for low, 

medium, and high oil contaminated ice cores. 

X-ray imaging of ice core thin sections was performed on ice cores designated for physical 

analysis to observe oil-brine contact and was detailed in Desmond et al. (2021). Imaging was 

conducted on top and middle core sections in the Augmented tank using a Compact Micro-

Computed Tomography (μ-CT) X-ray microscope (SKYSCAN 1174, Bruker). No X-ray 

observations were carried out for any April ice cores due to low ice thickness, high volumes of 
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oil in the ice, and the presence of melt ponds in both tanks. Native tank ice core sections were 

not acquired either due to large Vo requirements needed to reach the μ-CT detection limit of 

greater than or equal to 150 μL. 

2.2.3 Oil Chemical Composition Analysis 

Prior to oil extraction, each ice core section was removed from the freezer and allowed to 

melt overnight at room temperature in a fume hood at the Petroleum Environmental Research 

Laboratory (PETRL), University of Manitoba. LLE of each sample was carried out sequentially, 

using Optima grade hexane followed by dichloromethane (DCM) (Fisher Chemical™). For more 

detail see Desmond et al. (2021). After extraction, bulk salinity was measured in ~40 mL of the 

remaining solution. Rotary evaporation (Rotavapor R-215, BÜCHI Labortechnik AG, Flawil, 

Switzerland) was used to remove all but a small volume of the DCM and hexane. The remaining 

sample volumes were transferred from the round bottom flask (and rinsed with hexane/DCM) 

and combined into a 15 mL, pre-weighed glass test tubes using glass pipettes. A N-evap 111, 

OA-SYS heating system (Organomation Associates, INC) was used to evaporate the remaining 

solvent from the samples (to dryness) after which they were weighed and stored in the dark at 4 

˚C until analysis. Surface oil samples consisted only of oil and were, therefore, transferred to 15 

mL, pre-weighed glass test tubes using hexane and DCM, evaporated, weighed, and stored 

identically without the prerequisite LLE. The sample volume requirements of other related 

projects limited data acquisition to the surface oil samples and ice cores corresponding to high 

oil contamination. 

To prepare for qualitative analysis using direct infusion, approximately 100 mg from each 

of the extracted oil samples were weighed and transferred into 15 mL glass test tubes and fully 

dissolved in 10 mL of a 1:1 (v:v) mixture of methanol and toluene (HPLC grade, Fisher 
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Chemical™). Finally, the resulting 10 mg/mL stock sample solution was then transferred into 

amber glass vials, and further diluted to a final target oil concentration of 0.5 mg/mL using a 1:1 

(v:v) mixture of methanol/toluene and a 1.5 % (0.1 M) solution of ammonium hydroxide (28 % 

NH3 in H2O, Sigma-Aldrich). Each sample was then spiked with 2 µL of 1.25 mg/mL reserpine 

(Waters Corp., Manchester, UK) to a final reserpine concentration of 0.25 µg/mL prior to direct 

infusion.  

Reserpine was used as an internal standard to normalize for variability in sample ionization 

(Oldenburg et al., 2017). After reserpine normalization, a correction was performed to address 

difficulty in the weighing process that caused the final oil concentrations to range from 0.3 to 1.0 

mg/mL across samples. 

MS analysis was conducted using a Waters SYNAPT G2-Si High-Definition MS system 

(Waters Corp., Manchester, UK) with electrospray ionization (ESI). Samples were directly 

infused into the ESI source at an injection flow rate of 10 µL min-1 and data acquisition was 

carried out using the MassLynx software (version 4.1). The 250 mL syringe was purged twice 

before infusion with a 1:1 (v:v) mixture of methanol/toluene, and twice again with the sample to 

be analyzed. IM scans were observable in real time so that any cross-contamination would be 

visible before the next sample was run. Data for each sample was acquired for two minutes, 

generating 200 scans. Five replicates were acquired for each sample, and 10 replicates of a 

solvent blank (1:1 methanol/toluene) preceded each sample set.  

Operational parameters for the analysis were as follows: ESI:  negative ion mode, capillary 

voltage 2.5 kV, cone voltage 30 V, desolvation temperature 250 ˚C, source offset 80 V, and 

desolvation gas flow rate 400 L h-1; IM: Gas flow rate was 90 mL min-1 of N2 gas, wave height 

40 V, wave velocity 1100 m s-1; TOF-MS: the mass analyzer was set in the W mode, thereby 
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doubling the ion flight path and resolution. A resolving power of ~ 40,000 was fixed across the 

mass range from m/z 160 – 1000 yielding mass values within 0.1658 millidalton (mDa) at m/z 

283.2629 and 1.851 mDa at 607.2664 m/z.  

Data were processed and mass accuracy was verified using DriftScope™ (Version 2.8) 

software and an external lockmass (leucine enkephalin, 554.2620 m/z) in negative ionization 

mode (Waters Corp., Manchester, UK). A list of m/z peaks was isolated and processed in 

DriftScope™ based on mass range and signal. If an identified mass exceeded the Minimum 

Intensity Threshold (MIT) of 150 counts, it was exported to Excel (version 16.0.1) where blank 

correction, reserpine normalization, and oil concentration correction were manually carried out. 

The MIT value was set based on individual sample background in order to eliminate noise. 

Sample ion intensities in each sample were normalized to reserpine (m/z 609.28) and then 

corrected to the target oil concentration (e.g., 0.5 mg/mL). Normalization of sample ion 

intensities was carried out using the following formula: 

𝐴𝑋 = 𝐴𝑆 (
𝑆 

𝑋
) 

where AX and AS are the normalized and original sample ion abundances, respectively, and S/X 

is the ratio of reserpine ion abundance in the sample to the largest reserpine ion abundance across 

all samples. After correcting for ionization differences through reserpine normalization, the same 

formula was used to correct for oil concentrations. This accounted for error that occurred when 

samples were weighed and transferred, where AX and AS are now the corrected and original 

sample ion abundances, respectively, and S/X is the ratio of the sample oil concentration to the 

target oil concentration during sample preparation (0.5 mg/mL).  

The finalized data were then exported to PetroOrg© (version 18.0.3, Florida State 

University, Tallahassee FL) where molecular formulas were assigned based on accurate mass 
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and double bond equivalence (DBE). The molecular formulas were then organized into 

heteroatom compound classes based on the number of O and N atoms: O1, O2, O4, N1O1, N1O2 

(where O1 = CxHyN0O1, O2 = CxHyN0O2, O4 = CxHyN0O4, N1O1 = CxHyN1O1, N1O2 = 

CxHyN1O2). Separation of the isobaric O3 and N113C1 compounds was not possible at the 

operational resolving power. The influence of the above normalization can be seen in Figure 2.2 

where the ion abundance scale on the y-axis changes before (Fig. 2.2A) and after (Fig. 2.2B) 

normalization. 
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Fig. 2.2 A February 7 Native tank oil sample from the top ice core section is shown with reserpine before 

normalization (A), and after normalization (B), using the same normalization formula for both oil concentration and 

reserpine abundance. A March 16 Native tank oil sample after normalization for reference (C). Both Feb. 7 and Mar. 

16 normalized samples show similar reserpine abundance and a comparable range of sample abundance.  

 

Excel and SigmaPlot (version 14.0) were used for qualitative analysis between samples and 

compound classes. Means and standard deviations for mass to charge ratios (m/z), drift times, 

and DBE values were calculated in Excel from the molecular formulas identified within each 
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compound class. The significance (p < 0.05) of differences between mean m/z, drift time, and 

DBE over time (sampling period) was determined using One-way ANOVA and Means Matrix 

(SigmaXL, Version 9) (see example in Appendix Table S2.1 and S2.2). 

While compound class grouping is a common analytical tool, comparisons of abundance 

between classes using ESI are difficult if the ionization efficiency (IE) of the individual 

compounds vary within the different groups. An IE model (Kruve & Kaupmees, 2017) was run 

by Dr. Kruve of Stockholm University, Sweden to predict the ionization differences between 

compounds with the same heteroatom population and within a small range of structures and 

carbon numbers. The model indicated that even the smallest IE difference was greater than one 

order of magnitude, and the largest difference in IE occurred between molecules of the same 

carbon number, making quantitative analysis impossible (see Fig. 3.1 in Chapter 3). Qualitative 

examination of oxygen species and inferences regarding compound structure were thus carried 

out using the assigned molecular formulas and DBE values which are not affected by IE. 

2.2.4 Microbial Analysis 

Microbial analysis was performed by GENICE project members at the University of 

Calgary (Calgary, Alberta), outlined in detail by Desmond et al. (2021), and summarized as 

follows. Melted ice core sections designated for microbial analysis were poured into glass 

separatory funnels so that the bottom water layer could be separated from the oil. A vacuum 

pump and Pall Sentino manifold were used to collect microbial cells on 0.2 μm polyethersulfone 

filters (Pall). Roughly 900 mL of the melted ice core section was filtered before the flow rate 

began to slow considerably, at which time the filters were promptly transferred into 15 mL 

centrifuge tubes using sterile forceps and placed in a –80 ˚C freezer prior to DNA extraction. 

DNA was extracted using the Qiagen PowerWater DNA extraction kit according to the 
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manufacturer’s instructions (QIAGEN, 2020) with minor modifications described in Desmond et 

al. (2021). The concentration of DNA was measured using a Qubit fluorometer after extraction 

and sequencing was performed using an in-house Illumina Miseq sequencer. Sequences were 

merged using the MetaAmp pipeline (Dong et al., 2017), truncated to 248 base pairs, and 

clustered into 97 % identity operational taxonomic units (OTUs). Taxonomic classifications were 

assigned to the OTUs using the Silva v132 reference database and stacked bar plots were 

generated using the phyloseq R package (McMurdie & Holmes, 2013). To optimize analysis, any 

classes not constituting at least 1 % of total sequences in at least one sample, and 

Gammaproteobacterial genera that did not reach 5 % relative abundance, were omitted. External 

sources of bacteria to the water through, for example, atmospheric deposition of particles cannot 

be discounted but should affect both tanks equally. 

2.3 Results & Discussion 

2.3.1 Oil partitioning and vertical movement 

Light crude oil migrated upwards through the water column immediately after its initial 

release from the bottom of the fiberglass tanks on January 23rd, 2018. The oil pooled underneath 

the preformed 20 cm sea-ice layer and became encapsulated as ice growth progressed throughout 

the remainder of January and February. Although there were no large cracks in the ice of either 

tank, the drop in top section Vo indicates that the oil continued its movement up toward the ice-

air interface in the Native tank from Feb. 07 to Feb. 26 (Fig. 2.3C). In the Augmented tank, the 

migration of the oil from the top ice core sections to the ice-air interface began on Feb. 26 and 

continued through to Mar. 16 (Fig. 2.3D). Later vertical migration in the Augmented tank could 

be attributed to the presence of Native tank insulation. The insulation slowed the heat loss that 

occurred in February relative to the Augmented tank and caused mean ice core temperatures in 
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the bottom sections to be warmer in the Native tank than the Augmented tank by up to 2 ˚C 

during February sampling dates (Fig. 2.3A and 2.3B). Later vertical migration is supported by 

the drop in medium section Vo and subsequent rise in top section Vo in the Augmented tank from 

Feb. 7 to Feb. 26. The Vb and bulk salinity in both tanks in February was above 5 % and 5 

respectively – approaching the threshold for sea ice permeability (Fig. 2.3E, F, and Fig. 2.4A) 

(the "law of fives", Golden et al., 1998; Pyper, 2013). The slightly warmer temperatures in the 

Native tank likely allowed for earlier vertical migration of the already encapsulated oil at that 

time.  

After the March 16 sampling date, the ice in both tanks began to thin, ice core temperatures 

rose above –4 ˚C, and brine pockets grew to form channels. This presented a challenge in the 

interpretation of Vo calculations, as the difference in length between the top, middle, and bottom 

core sections is smaller with thinner ice. Furthermore, it is unclear what proportion of oil from 

the top sections of each tank had continued to migrate toward the surface of the ice from Mar. 16 

to Apr. 10, and what proportion ended up in the middle and bottom sections during that same 

time. The Apr. 10 spike in bottom section Vo within the Augmented tank may be a result of the 

increased permeability of the ice, and oil density and viscosity, leading to an overlap with bottom 

section Vb (Fig. 2.3D and Fig. 2.3F). Similar conditions may have also caused an overlap 

between Vo and Vb in the middle section of the Native tank during the same time period. 

Ultimately, the oil pooled near the under-ice cavity in both tanks shortly after its release from 

below, and either migrated to the surface or became encapsulated until late March when the ice 

thinned considerably. 
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Fig. 2.3 Average ice core temperatures (A, B), oil volume fraction (C, D), and brine volume fraction (E, F) for ice 

core sections in the Native tank (A, C, E) and Augmented tank (B, D, F) throughout the study period (modified from 

Desmond et al., 2021).  

 

The temperature profile and Vb within the sea ice mimicked that of typical Arctic marine 

ice, increasing as spring approaches (e.g., when > –5 ˚C). Brine pockets connected to form 

channels, which in turn allowed the dense brine to drain from the ice and decrease the bulk 

     



42 

 

salinity. Brine drainage caused the bulk salinity in most core sections to dip below 5 between 

Mar. 16 and Apr. 10 (Fig. 2.4A) and the Vb increased in the bottom of the ice simultaneously.  

  
Fig. 2.4 Bulk salinity is organized by ice core section. Salinity is typically higher in the bottom core section, and 

warmer temperatures decrease salinity. 

 

2.3.2 Photo-degradation 

Sunlight was able to penetrate down to the encapsulated oil in both tanks, over the first two 

weeks of the experiment. Light transmission, however, dropped off after a snow event in late 

January, reducing the potential for photo-degradation until March 16, when the snow began to 

melt, and daylight continued to lengthen beyond 11 hours (Fig. 2.5). These results agree with 

previous results reported by Saltymakova et al. (2020) and albedo measurements by Perovich 

(2007), which show drastically increased albedo for all wavelengths within the first 2-3 cm of 

snow cover. On January 23rd there was no snow on the surface of either tank, and by April 10 

snow cover was minimal. In the Native tank, snow depth ranged from 0.5 – 4 cm on Feb. 07, 2 – 

3.5 cm on Feb. 26, and 4.5 – 5.9 cm on Mar. 16. In the Augmented tank, snow depth ranged from 

0.5 – 2.5 cm on Feb. 07, 3 – 4 cm on Feb. 26, and 5 – 6.5 cm on Mar. 16.  
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Fig. 2.5 Average photosynthetically active radiation (PAR) transmittance in the 400-700 nm range was recorded 

each day of the experiment until Mar. 16. Each sampling date, snow cover and ice core thickness were measured in 

cm using an accurate ruler and mean ice core thickness was calculated for each tank. Snow cover (cm) and ice 

thickness are placed on the secondary y-axis (right). The accumulation of snow causes a rapid depletion of PAR 

transmittance despite the continued increase in total hours between sunrise and sunset (daylight hours). 

 

Snow is not the only variable which can reduce oil-light interaction; several factors such as 

ice thickness, oil volume, and incoming solar radiation (e.g., cloud cover), may limit light 

availability. However, in a recent study by Saltymakova et al. (2020) it was reported that solar 

radiation transmittance was not limited by the encapsulated oil, due to dispersion of oil within 

the ice. Ice thickness in both tanks increased until the Apr. 10 sampling date (Fig. 2.5) with 

slightly thicker ice in the Augmented tank. PAR transmittance is reduced by ice thickness; 

however, the ice was likely not a limiting factor in the photodegradation processes. This is due to 

most of the Vo being within the top and middle sections of ice throughout the experiment (Fig. 
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2.3C, Fig. 2.3D, and Fig. 2.5). In fact, oil-light interaction in January and February is possibly 

underestimated due to the PAR sensor placement at the bottom of each tank. PAR transmittance 

within 15 cm of sea ice has shown to be even higher than our measurements (Taskjelle et al., 

2016). More details regarding light transmittance and oil dielectric measurements are included in 

Desmond et al. (2021). 

By the end of March, spatial variability of the surfaced oil made the interpretation of light 

transmittance measurements difficult. Nevertheless, the encapsulated oil experienced low light 

transmittance from mid-February to late March, despite steadily increasing daylight hours, 

because of > 2 cm of accumulating snow cover. Photo-degradation was negligible during this 

period of time. This was confirmed by IR spectroscopy conducted by Desmond (2021) on ice 

cores designated for compositional analysis. A high C-O absorbance (1250 cm—1) was measured 

on Feb. 07, prior to the snow-induced reduction of light transmittance (Fig. 2.6), indicative of the 

production of esters via photooxidation (Desmond, 2018; Saltymakova et al., 2020). This C-O 

absorbance plummeted immediately after Feb. 07, suggesting photo-degradation was the primary 

weathering process in January and early February.  

 
Fig. 2.6 Analysis of oil samples from both tanks using Infrared (IR) spectroscopy shows a spike in the C-O 

absorbance band that corresponds with ester or ether functional groups present in the mixture. The spike occurs 

during the first ice core sampling date, when the oil was under the influence of photo-degradation (modified from 

Desmond et al. (2021). 
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2.3.3 Microbial degradation 

Over the three-month period of this experiment, the relative abundance of bacteria from 

top, middle, and bottom ice core sections were averaged for each sampling date (Fig. 2.7). 

Gammaproteobacteria, a class of bacteria, which can consist of many hydrocarbon degraders, 

increased steadily to over 50 % by mid-March in both tanks (Fig. 2.7A). The groundwater used 

to prepare both tanks comprised approximately 20 % of the initial microbial community (Fig. 

2.7A, first bar). In March, in the Native tank, Pseudomonas was the predominate genera, while 

the Augmented tank maintained a more diverse community of Gammaproteobacteria (Fig. 2.7B). 

However, on April 27 after all the snow and ice had melted, the obligate alkane degrader, 

Alcanivorax, comprised the majority of the microbial composition in both tanks. Indeed, alkane 

degradation was observed in the non-polar fractions of these melt pond samples when analysed 

using GC-MS (Desmond et al., 2021; Saltymakova et al., 2020). The bacterial order 

Oceanospirillales typically dominates oil contaminated sites (Atlas & Hazen, 2011; Ribicic et 

al., 2018); therefore, the measured increase in the relative abundance of its higher class 

Gammaproteobacteria, was not unexpected. Microbial degradation occurs on the order of weeks 

to years, and while Pseudomonas was present in greater numbers in the Native tank relative to 

the Augmented tank, a longer experiment may have yielded continued increases in Pseudomonas 

in the Augmented tank.  
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Fig. 2.7 Relative abundance of the microbial community from top, middle, and bottom ice core sections were 

averaged in the Augmented and Native tanks by class (A) and Gammaproteobacteria genera (B) over time (Figure 

from Desmond et al., 2021 with permission from Elsevier). 

 

February yielded the coldest ice core temperatures (Fig. 2.3) and low relative abundance of 

Gammaproteobacteria. After February, greater oil-brine interaction (Fig. 2.8) calculated using X-

ray imaging (Desmond et al 2021) of top and middle core sections, was a result of increasing ice 

core temperatures. The greatest increase in Gammaproteobacterial abundance was observed after 

the March 16 sampling date, when average ice temperatures approached –2 ˚C and oil-brine 

contact rose above 1.5 % in the top core section (Fig. 2.3 and 2.8; Desmond et al., 2021). Oil-

brine contact during April was likely much higher, as spring melt caused brine channels to drain 
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quickly (Desmond et al., 2021). The overlap between the Vo and Vb in the bottom and middle 

sections in April also alludes to increasing oil-brine interaction that potentially increased 

biodegradation within the ice.  

 
Fig. 2.8 Percentage of oil-brine contact (the area overlap between the oil and the brine) calculated using x-ray 

imaging. During winter ice formation, there was little to no oil-brine contact, suggesting that microbial communities 

within the brine had few opportunities to degrade the oil (modified from Desmond et al., 2021). 

 

Distinct oxygen-containing molecular formulas in the top and middle core sections were 

plotted with the relative abundance of Gammaproteobacteria in the full ice core (Fig. 2.9), both 

showing an increase over time. As shown in Figure 2.5, snow accumulation resulted in a rapid 

depletion of PAR transmittance despite the continued increase in total daylight hours. The 

observed increase in distinct oxygen-containing molecular formulas (e.g., carboxylic acids, 

aldehydes, ketones, phenols, and alcohols) over time and corresponding increase in abundance of 

the Gammaproteobacteria, suggest that microbial degradation may be the predominate oxidation 

pathway. Microbial oxidation is also supported by increasing oil-brine contact in these top and 

middle sections (Fig. 2.8). However, an increasing appearance of oxygen-containing molecular 

formulas does not necessarily mean an increase in the abundance of oxidized compounds. 

Therefore, although microbial degradation is likely occurring to some extent, whether or not it is 
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the dominant degradation process within the encapsulated oil remains unknown. Desmond et al. 

(2021) presented relatively stable heptadecane to pristane (C17/Pr) ratios from Feb. 7 to Apr. 10, 

indicating minimal alkane biodegradation (Kristensen et al., 2015) but not excluding the 

possibility of biodegradation in more polar fractions of the oil. 

  
Fig. 2.9 Oxygen-containing molecular formulas in each tank (primary axis) are plotted with the growth in relative 

percentage of Gammaproteobacteria in each tank (secondary axis). January 23 consists of original oil mixture; all 

other sample dates include top and middle ice core sections combined. Only surface oil samples were collected on 

April 27 (not included). 

 

Unlike the Native tank, the total number of distinct oxygen-containing molecular formulas 

does not increase steadily in the Augmented tank. The Augmented tank contained a more diverse 

community of bacteria relative to the native tank (Fig. 2.7) and yet showed lower totals for 

distinct oxygen-containing molecular formulas (Fig. 2.9). We speculate that less oil-brine contact 

in the middle and top core sections where the Vo is largest caused this difference. The Vb was 

slightly larger in the middle sections of the Native tank throughout the experiment, and although 

their initial microbial communities differed, this overlap may have been enough to result in 
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lower numbers of oxygen-containing molecular formulas. A more comprehensive study of oil-

brine interaction (e.g., x-ray samples of the Native tank) may improve our understanding of the 

oxidation of encapsulated oil and bacterial growth. 

2.3.4 Sea ice-encapsulated crude oil degradation products 

Assigned molecular formulas and mean DBE values were used to depict structural 

similarities within the data set. One such similarity was that all weathered oil components 

detected may have contained at least one aromatic ring (DBE = 4) with the exception of the O2 

class (Fig. 2.10A and Fig. 2.10B). Any hydrocarbon with a high C/H ratio and DBE value must 

necessarily contain an equally high degree of aromaticity. In general, the mean DBE values 

increase, especially in the Native tank. Without identifying individual compounds, we can 

speculate that the greater number of distinct oxygen-containing molecular formulas in the Native 

tank yielded a more complete upward trend. Most of the average m/z of oxygen-containing 

compound classes showed a significant decrease between February and April (Fig. 2.10C and 

Fig. 2.10D). Drift times averaged across all oil samples for each date show a significant decline 

of relative molecular cross-sectional area (Fig. 2.10E and Fig. 2.10F) with especially steep 

changes in the O1 class in both tanks.  
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Fig. 2.10 Change in the average double bond equivalence (DBE) in the Native (A) and Augmented (B) tanks, 

average nominal mass to charge ratio (m/z) in the Native (C) and Augmented (D) tanks, and average drift time in 

Native (E) and Augmented (F) tanks for all analyzed oxygen-containing compound classes in oil samples from 

February through April. January 23 data is from the original oil mixture containing only the O1 compound class. 

Sampling dates labeled with different letters represent a significant change. 

 

The O1 compound class was the only heteroatom class present in the original crude oil 

mixture, but by Mar. 16, five classes had made an appearance. Their occurrence is strong 

evidence of weathering in the form of oxidation even without comprehensive molecule 

identification. Mean DBE values appear to be more heavily influenced by the heteroatom class 
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than by the extent of weathering, illustrated by little overlap in DBE from one sampling date to 

the next. The type and number of heteroatoms can drastically change the molecular structure, 

perhaps leading to the observed separation. The slight decrease in nominal m/z over time may 

have a connection to the similar downward slope in drift times, as hydrocarbons with fewer 

carbon atoms travel more quickly though the IM chamber. Intriguingly, saturates and aromatics 

usually maintain the same number of carbon atoms before and after being oxidized (Prince & 

Walters, 2016; Rojo, 2009), meaning microbial oxidation as well as photooxidation result in 

higher initial drift times. However, this is not apparent in our IM results and may be attributed to 

the fact that drift times are independent of the relative abundance of the oxidized compounds. It 

is possible that the average drift times of oxidized compounds are overestimated without 

considering the abundance of compounds with smaller cross-sectional areas. 

It should be noted that our experiment ran for three months, and in the case of extremely 

cold environmental conditions, an even longer experiment may be required to observe more 

significant level of microbial degradation of hydrocarbons (Leahy & Colwell, 1990; Ward & 

Overton, 2020). The complicated interactions within the microbial community during the 

degradation of high MW aromatics needs further study (Ghosal et al., 2016). Ring cleavage of 

oxidized aromatics for example, may lead to smaller and more compact by-products similar to 

the proposed degradation pathway of acenaphthene and its oxidized intermediates (Ghosal et al., 

2013). Although microbial oxidations could lead to smaller more compact molecules, it is 

unlikely that these molecules would be detected within the encapsulated oil. This is because bio-

transformed compounds are released into the water column after being degraded at the oil-water 

interface. As brine channels form and oil-brine contact increased the newly formed and more 

polar oxidized degradation products were readily dissolved into the brine and expelled into the 
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underlying water. GC-MS analysis of the chemical composition in the water column showed an 

increase in the concentration of heterocyclic aromatic compounds in the water column of both 

tanks from Feb. 7 to Apr. 10 (Desmond et al., 2021).  

The appearance of larger aromatic or resinous molecules during the earlier stages of the 

experiment could be due in part to polymerization that may have occurred before light 

transmittance was limited by snow cover (Albaigés et al., 2016). However, this is unlikely since 

the oxygen content in the original technical crude oil mixture consisted only of O1 compounds 

with longer drift times relative to those measured after sunlight. Resinous, highly polymerized 

molecules would have resulted in much greater mass and lower relative drift times.   

2.4 Conclusions 

A 3-month mesocosm experiment was performed during the winter/early spring of 2018 

which demonstrates density-driven crude oil in sea ice behavior, provides further understanding 

of the weathering processes that produce oxidized species, and helps to characterize sea ice 

encapsulated degradation products. Both sea-ice and crude oil exhibited physical properties 

consistent with previous experiments (Saltymakova et al., 2020) and the behaviors of spilled 

light crude oil are explained using temperature, oil and brine volume measurements, and ice 

thickness data. 

Temperature and light measurements combined with IR data depict photo-degradation as 

the dominant weathering process until snow accumulation prevented light transmittance up to the 

Feb. 7 sampling date. During this period microbial degradation was severely limited by low oil-

brine contact. Continued increases in the occurrence of oxygen-containing compounds in the 

absence of light is strong evidence for microbial activity as temperatures warmed and oil-brine 

contact increased. This is supported by the relationship between Gammaproteobacteria growth, 
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and the number of oxygen-containing molecular formulas assigned using accurate masses from 

ESI IM-TOF-HRMS data. Furthermore, differences in the overlap of Vo and Vb between tanks 

could account for the delayed production of distinct oxygen-containing molecular formulas in the 

Augmented tank. 

Despite not being able to determine exact molecular identities, we are confident that the 

weathered crude oil fraction ionized in the negative ESI mode consists primarily of polar 

aromatic species and oxygenated alkanes. This is because calculated DBE values and molecular 

formula assignments evidently depict oxidized compounds with multiple aromatic or saturated 

rings. Relative structural comparisons between samples over time can be made using average 

drift times, which suggests that April samples in both tanks consist of considerably smaller, more 

compact molecules than in February or March. Moreover, both average drift time and average 

MW would likely depict a sharp rather than gradual decline if not for the dissolution of small 

polar species into the water column. Despite the solubility of microbial oxidation by-products 

and their dissolution into the water column, it is probable that residual microbial oxidation 

products in an oil-contaminated Arctic marine environment are observable using direct infusion 

ESI and TOF-HRMS. Furthermore, observed compounds also show a decrease in relative cross-

sectional area measured through IM.  

The appearance of oxidized aromatic compounds, lack of solar irradiation, and apparent 

growth of hydrocarbon degraders capable of oxidizing a wide range of saturate and aromatic 

compounds in an extreme environment, has given insight to the microbial degradation of oil 

spilled underneath sea ice. Our experiment showed that microbial communities may have the 

potential to degrade sea ice-encapsulated crude oil to some extent in the Arctic. 
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2.5 Appendix 

2.5.1 Supplementary Tables and Figures 

Table S2.1 Native tank drift time data for each sampling date used in the ANOVA of the O1 compound class. 

Molecular Formula 23-Jan 7-Feb 26-Feb 17-Mar 10-Apr 27-Apr 

C12 H12 O1 
    

22.3274 22.13 

C13 H14 O1 
    

24.2979 
 

C13 H18 O1 
    

26.331 
 

C14 H16 O1 
    

26.3692 
 

C14 H20 O1 
    

28.1903 
 

C15 H12 O1 
     

24.74 

C15 H18 O1 
    

28.1598 
 

C15 H20 O1 
    

29.2899 
 

C15 H22 O1 53.0293 
  

53.7744 
  

C15 H24 O1 55.0443 
  

55.8533 
  

C16 H14 O1 
     

26.78 

C16 H18 O1 
     

28.96 

C16 H20 O1 
     

29.86 

C16 H22 O1 
    

31.6374 
 

C16 H24 O1 56.4891 58.5717 57.3322 57.5925 
  

C16 H26 O1 58.6306 59.6285 
 

59.1538 
  

C17 H16 O1 
     

28.87 

C17 H26 O1 60.4475 60.9082 60.7459 60.9543 
  

C17 H28 O1 61.7959 62.1832 62.5423 62.2229 
  

C18 H22 O1 
     

32.97 

C18 H26 O1 61.5191 
 

62.0986 
   

C18 H28 O1 64.0662 64.7708 65.0861 65.752 
  

C18 H30 O1 64.7437 65.7775 65.9298 65.4432 
  

C19 H28 O1 65.3698 
 

66.6351 
   

C19 H30 O1 68.5923 
 

67.4052 68.3234 
  

C19 H32 O1 68.3593 69.2026 68.7619 68.8376 
  

C20 H30 O1 68.8658 
     

C20 H32 O1 70.304 
 

70.1324 71.8346 
  

C20 H34 O1 71.3935 72.3022 73.0753 72.2603 
  

C21 H32 O1 73.8064 
     

C21 H34 O1 73.2581 
 

75.9632 
   

C21 H36 O1 74.8245 75.6829 75.1492 74.9912 
  

C22 H34 O1 75.3205 
     

C22 H36 O1 77.5327 
 

77.6176 
   

C22 H38 O1 77.8856 78.9742 78.8701 79.1594 
  

C23 H38 O1 80.0538 
 

81.8409 
   

C23 H40 O1 81.8948 82.0253 82.2522 
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C24 H40 O1 83.2203 
     

C24 H42 O1 84.5748 
     

C25 H44 O1 88.4353 
     

C26 H44 O1 90.221 
     

C26 H46 O1 92.0111 
     

C27 H44 O1 93.0564 
     

C27 H46 O1 93.2629 
  

94.5171 
  

C27 H48 O1 95.2199 
     

C28 H48 O1 97.3671 
     

C28 H50 O1 97.9654 
     

C29 H50 O1 101.037 
     

 

Table S2.2 ANOVA results for the Native tank drift times of the O1 compound class.  

 23-Jan 7-Feb 26-Feb 17-Mar 10-Apr 27-Apr 

Count 34 11 17 15 7 7 

Mean 71.334 68.033 69.471 67.428 27.075 27.673 

Standard 

Deviation 11.469 7.604 7.381 8.764 2.815 3.544 

Pairwise 

Mean 

Difference 

(row - 

column) 23-Jan 7-Feb 26-Feb 17-Mar 10-Apr 27-Apr 

23-Jan 0 3.300 1.862 3.906 44.258 43.660 

7-Feb  0 -1.438 0.605445 40.958 40.360 

26-Feb   0 2.043 42.396 41.798 

17-Mar    0 40.352 39.755 

10-Apr     0 -0.597715 

27-Apr           0 

Fisher 

Pairwise 

Probabilities 23-Jan 7-Feb 26-Feb 17-Mar 10-Apr 27-Apr 

23-Jan  0.0505 0.2097 0.0128 0.0000 0.0000 

7-Feb   0.4174 0.7418 0.0000 0.0000 

26-Feb    0.2185 0.0000 0.0000 

17-Mar     0.0000 0.0000 

10-Apr      0.8572 

27-Apr             
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3 Trials and Tribulations 

This mesocosm oil-in-ice experiment and subsequent untargeted analysis of many different 

and intricate samples uncovered logistical and analytical challenges. These challenges provided 

us with the opportunity to assess the initial experimental method and analytical techniques. The 

goal of this chapter is to 1) detail trials faced, and solutions gathered during the experiment; and 

2) explain key analytical decisions, namely, the decision to ionize light crude oil via direct 

infusion negative ESI. 

3.1 Sample collection and storage 

The preliminary experimental plan included three ice core samples collected at low, 

moderate, and high oil contamination sites. Two thirds of these ice cores were selected for 

microbial analysis, and one third for oil analysis. This provided one ice core for oil analysis at 

each contamination level (low, moderate, and high). The experimental plan was adapted during 

chemical analysis, when only highly contaminated ice cores and surface samples were used in oil 

analysis, as they were the only cores that provided enough oil for sample preparation and direct 

infusion. In ice cores with low contamination there was often no visible oil, and those with 

medium contamination contained only enough oil to yield one viable injection at most. Water 

samples were not collected for direct infusion ESI IM-TOF-HRMS analysis and likely caused an 

underestimation of microbial oxidation. Despite the difficulty of sample collection at the oil-

water interface, a methodical attempt should be made to analyze the water column which likely 

contains many degradation by-products.  

Another challenge involved in the execution of the experiment was the use of TouchNTuff 

92-600 nitrile gloves (Ansell, Richmond, AU) throughout ice core collection and sample 

handling as per EPA (TAS) guidelines for safe handling and storage (EPA Tasmania, 2013). 
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After each ice core was sampled the core barrel was washed with hexane while the recently 

collected core was processed and stored. Hexane is a known Class-2 irritant and was handled 

while wearing nitrile gloves to prevent contact with skin. Hexane also requires very little energy 

to evaporate, leaving little cause for concern if proper safety steps are followed. However, when 

exposed to extreme cold environments (–20 ˚C) for extended periods of time, nitrile gloves lose 

their effectiveness and eventually allow solvent penetration. Organic solvent also favors 

evaporation when in contact with the skin, exacerbating the effect of cold temperatures. These 

safety concerns regarding the longevity of nitrile gloves can be addressed by transporting the 

core barrel to a slightly warmer location for hexane cleaning and replacing the gloves after 

limited use. 

After sample collection, there were slight difficulties in storage. Ice cores ranged from 6.4 

cm to 65 cm in length and, although sterile 1 L glass jars were prepared in advance, many were 

not capable of housing middle or bottom sections from long ice core samples. Low-density 

polyurethane Ziploc bags (S. C. Johnson & Son, Racine, WI) were used for the core sections that 

could not be placed into jars, and the loss of volatiles from bags was tested and shown to be 

negligible. The potential for crude-oil-rich samples to dissolve the bags was a concern, and while 

there was no evidence of leaching in GC-MS test runs, the greater mass range of TOF-HRMS 

uncovered polyethylene contamination likely a result of leaching from the Ziploc bags. This 

contamination made some samples unusable, and sterile bags of higher density should be used in 

the future if large quantities of oil will be in contact with the plastic. Once placed in bags or glass 

containers, ice core sections were kept in dark chest freezers at –2 ˚C until oil extraction could be 

carried out in lab 1-2 days later.  
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Following ice core storage, ensuring a high-quality oil sample meant minimizing sample 

contact with UV radiation, and cross contamination during sample processing. After transporting 

the ice cores to the lab, they were left out in lab overnight to melt at room temperature, while 

being exposed to very little UV radiation. With the sample entirely in the liquid phase, LLE 

began, and the samples were exposed to fluorescent ceiling lights in the lab throughout the 

duration of the extraction and solvent evaporation stages. Once an oil sample was extracted from 

the melted ice core, it was transferred into clear glass test tubes before sample preparation for 

direct infusion. Once diluted to the desired concentration for analysis, oil samples were kept at 

4˚C in amber glass with Teflon-lined lids in the dark, as per EPA (TAS) guidelines (EPA 

Tasmania, 2013), until analysis. In these conditions, low volume crude oil samples could be in 

storage for a number of months, but it is recommended to process them as soon as possible to 

reduce the possibility of contamination and degradation.  

Between LLE and sample preparation, the clear glass test tubes functioned as temporary 

housing for samples undergoing dilution. It is recommended that any samples containing oil 

should be processed as soon as possible to avoid long term storage; however, since the analytical 

method for the characterization of the polar oxygen-containing crude oil fraction was under 

development for roughly two months, glass test tubes were used as storage for many oil samples. 

Light contamination and cross contamination during this time were avoided by wrapping tin foil 

around test tubes and keeping them at 4˚ C. The GC-MS analytical method had been previously 

developed for the characterization of low MW crude oil fractions and was carried out as soon as 

LLE was completed (Desmond et al., 2021). With little delay in workflow and loss of volatile 

compounds was minimized. 
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3.2 Analytical Methodology 

Initial analytical methodology closely resembled the ultraperformance liquid 

chromatography (UPLC) IM-TOF-HRMS presented by Huang et al. (2015) and was preceded by 

a SARA type pre-fractionation method modified from Robson et al. (2017). Light crude oil was 

isolated from water by optima grade hexane and DCM liquid-liquid extraction and solvent was 

evaporated off using a Rotavapor R-215 (BÜCHI Labortechnik AG, Flawil, Switzerland). The 

remaining oil was re-dissolved in optima grade diethyl ether (DEE) and subjected to a 

preconditioned strong cation-exchange SPE cartridge to elute increasingly polar fractions of 

crude oil (Robson et al., 2017). SARA based methodologies are known to have complications 

(Kharrat et al., 2007), and sample recoveries were often below 50 %. When low sample recovery 

was observed, silica SPE cartridges were substituted in for the strong cation exchange cartridges 

and had similar results. 

With three separation methods in tandem (SARA, UPLC, IM) preceding TOF-HRMS, and 

no model compounds available, the signal/noise ratio was far too low at any resolution setting for 

compositional characterization. Moreover, successful elution of polar fractions by either SPE 

cartridge or LC column would have made the other separation methodology redundant. 

Similarly, low signal resulted when a different SPE based pre-fractionation method from Lalli et 

al. (2015) was adopted. When the SPE stage was abandoned in favor of higher signal and less 

sample loss, the oil fractions extracted with hexane and DCM were redissolved in polar organic 

solvents and prepared for UPLC similar to the sample preparation from Huang et al. (2015). In 

brief, water and optima-grade methanol and acetonitrile were used to create an elution gradient 

which increased in polarity over time, while the sample solution was made up of acetonitrile and 

methanol.  
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In a successful chromatographic separation, a non-ionized analyte in the mobile phase is 

preferred; however, ionization efficiency is improved when the analyte is already ionized in 

solution. This extra degree of complexity, discussed by Kostiainen and Kauppila (2009), does 

not prevent the tandem use of LC and ESI, but nonetheless demands well defined experimental 

parameters. This was compounded by the already low sample concentrations involved in 

analyzing polar oxygen-containing compounds in oil samples from low and moderately 

contaminated ice cores. Thus, our analytical methodology was altered again in favor of higher 

signal, leading to direct infusion into the IM-TOF-HRMS system using the hexane and DCM 

fractions from high contamination ice core oil samples. Direct infusion of solvent into the ion 

source was originally used as a troubleshooting mechanism for UPLC and GC methodology, but 

was discovered to yield a sufficient degree of ionization, and separation of the resinous and polar 

fractions of crude oil could be accomplished with IM and HRMS alone (Ponthus & Riches, 

2013). 

3.2.1 Direct Infusion 

The Synapt G2-Si (Waters Corp., Manchester, MA) is equipped with an external fluidics 

system capable of seamless transition between three integrated syringes and their respective 

reservoirs. In short, a 250 µL syringe is connected to a sample reservoir so that analyte can be 

directly pumped into the ion source. A second syringe (500 µL) is connected to a calibrant 

reservoir which allows internal calibrant to be occasionally pumped into the source and included 

within the acquired mass spectrum of the analyte. Between each sample run, reservoirs can be 

switched first to a cleaning solution and then to a new sample within minutes. Directly infusing a 

sample into the MS system this way yields mass spectrum in real time and gives an accurate 

picture of the final acquisition quality. Furthermore, while observing the mass spectrum in real 
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time to make sure there was no contamination, instrumental parameters could be adjusted all at 

once with immediate results, greatly shortening the method building process. For a typical 

sample run, ten blanks were acquired through direct infusion and recorded. If the mass of the 

reserpine and internal calibrant (leucine enkephalin) remained the same, the syringe was purged 

once with sample and five replicate acquisitions were performed. If there was contamination, 

residual sample left over in the syringe, or a change in mass accuracy, the system was purged 

again with solvent and infused until the contamination was removed, or re-calibrated to ensure 

mass accuracy to within 5 ppm. During acquisition, the solution in the syringe was pumped 

directly into the ion source at a controlled flow rate. Therefore, frequent purging of the syringe, 

and refilling of the solvent bottles was necessary, and the sample solution was prepared 

appropriately for ionization well before being drawn into the syringe.  

3.2.2 Sample Preparation for Direct Infusion Electrospray Ionization 

Sample preparation for direct infusion was modified from (Santos et al., 2015) who 

dissolved crude oil into a toluene/methanol mixture (1:1 v/v) to a concentration of 2 mg mL-1 

with an addition of 0.1 % ammonium hydroxide (0.1M, NH4OH) as a pH adjuster to facilitate 

ionization in the negative ESI mode. The ionization of the crude oil used in our study required 

the use of 2 % NH4OH similar to that reported by Jaggi (2018). Using the TOF mass analyzer 

coupled with IM with these parameters, compound class, DBE, and carbon number were 

obtained.  

3.3 High Resolution Mass Spectrometry and Untargeted Analysis 

Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) utilizes the 

cyclotron frequency of individual ions in a fixed magnetic field to determine the mass to charge 

ratio (m/z). FTICR-MS instruments achieve resolution orders of magnitude than that of some 
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HRMS instruments, at the cost of harsh fragmentation of the ions (Rodgers et al., 2005). The 

advantages of IM-TOF-HRMS over FTICR-MS for petroleomic analysis have been summarized 

(Farenc et al., 2016; Ponthus & Riches, 2013; Szykuła et al., 2018b). Generally, IM-TOF-HRMS 

offers additional information regarding the molecular structure that FTICR-MS instruments lack, 

despite the lower resolution of TOF-HRMS instruments. The Synapt G2-Si was chosen for the 

analysis of compositional changes in weathered light crude oil due to its compatibility with 

UPLC, GC, and multiple ion sources. Detailed experimental conditions have been discussed in 

Chapter 2 and were modified from Ponthus and Riches (2013) and Lalli et al. (2015) with small 

changes made to collision energy, ESI voltages, and IM travelling wave velocity for the purpose 

of optimizing the quality of analyte signal and resolution. 

HRMS alone cannot offer enough resolution to unambiguously characterize and compare 

crude oil components from multiple samples. Ion mobility coupled with HRMS produces the 

necessary second dimension of separation that enables more advanced characterization based on 

size and shape. Ion mobility and TOF-HRMS instrumental parameters were also modified from 

Ponthus and Riches (2013) and Lalli et al. (2015) due to the similarity in sample type and MS 

system (Synapt G2-Si and Synapt G2 HDMS, Waters Corp., Manchester, UK). Both studies, 

however, evaluate the efficacy of two different analytical methodologies for the same crude oil 

sample, and do not compare or contrast many crude oil samples. For this reason, the internal 

standard reserpine (see Chapter 2) was needed to ensure the weathered crude oil samples could 

be normalized to a similarly ionizing compound in the negative ion mode (Oldenburg et al., 

2017).  
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3.3.1 Positive Mode Ionization  

Samples prepared for ESI are usually purified, and mixtures of compounds with various 

physicochemical properties are typically avoided due to ion suppression causing unreliable 

ionization. Furthermore, an ESI source can become easily contaminated with previous samples 

and requires frequent cleaning. Despite these concerns, positive mode ionization yielded a 

consistent Gaussian-like curve, typical of a crude oil mass spectrum, with varying signal/noise 

ratios depending on the organic solvent used. A signal to noise ratio greater than that of negative 

ionization mode is to be expected when ionizing a predominantly non-polar mixture such as 

crude oil. However, opportunity for nitrogen-containing compound analysis in positive mode 

was limited due to insufficient resolution for the much larger number of peaks detected 

compared to negative mode. In negative ion mode, a more selective ionization, and less polar 

compounds than non-polar compounds in the analyte, meant that the signal/noise ratio was high, 

and the number of mass peaks detected was resolvable with the help of IM separation. 

3.3.2 Molecular Formula Assignment 

PetroOrg© (version 18.0.3) software was developed at Florida State University (FSU) in 

association with the National High Magnetic Field Laboratory to sort and assign molecular 

formulas to thousands of peaks at once from HRMS data. With sufficient resolution, the software 

is theoretically capable of analyzing all the components of a given crude oil and greatly 

improving analytical workflow. Designed for data acquired through FTICR-MS, PetroOrg© is 

capable of processing data from lower resolution instruments, namely, TOF-HRMS instruments 

such as the Synapt G2-Si. The difference in resolution produced challenges including 1) partially 

incorrect assignment of molecular formulas to mass peaks that fall outside the strict window of 

error designed for FTICR resolution data; and 2) limited ability to differentiate compounds of 



65 

 

similar nominal mass unassisted by data gathered through IM. These issues were overcome by 

manual re-assignment of masses outside the strict error windows, and compounds of similar 

exact mass were identified via drift time data acquired through IM and the use of independent 

molecular formula calculators. The need for reliable data processing software capable of quickly 

analyzing immense sample sets acquired from HRMS systems has not been met. Thus, 

PetroOrg© is still an efficient software for petroleum analysis, given adequate training, and 

timely technical support.  

3.3.3 Ionization Efficiency of Polar Fractions 

Quantification of the oxygen-containing microbial and photochemical degradation products 

in crude oil could elucidate rates of natural attenuation throughout the experiment and help 

understand biological effects of the degraded oil. In the case of a marine oil spill in the Arctic, 

our understanding of the extent of oxidation processes relies on the characterization of oxidized 

compounds and thus, changes in the abundance of such compounds needs further study. 

Unfortunately, the efficiency at which individual polar molecules were ionized varied drastically 

within our directly infused crude oil samples.  

The question of ionization efficiency was raised after molecular formulas were assigned, 

based on the accurate mass recorded by the TOF-HRMS detector, and many of the oxygen-

containing molecular formulas differed from sample to sample. Specific chemical species that 

existed in relatively high abundance within one sample are completely absent in another. In order 

to compare the abundance of oxygen-containing compounds between samples, each group of 

polar molecules must ionize with reasonably similar efficiency. The relationship between 

ionization efficiency and molecular structure has been discussed regarding phenols and benzoic 

acids (Kruve et al., 2014). Dr. Anneli Kruve of Stockholm University, Sweden, outlined specific 
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parameters favoring ionization efficiency and an ionization model, recently developed to 

facilitate LC-ESI-MS quantification of compounds for which standards are unavailable, was run 

(Kruve & Kaupmees, 2017).  

 
Fig. 3.1 Ionization efficiencies (IE) of the possible chemical structures formed by carbon numbers 10 through 13 

within the O2 compound class. Note the greatest difference in IE is between C11H8O2 compound structures C2 and 

C3, both of which are oxygen-containing compounds assigned the same molecular formula, but different structural 

chemistry. 

 

Using the molecular formulas within a limited carbon number range provided by our initial 

data analysis, Dr. Kruve’s team calculated theoretical ionization efficiency (IE) differences of 

more than one order of magnitude for compounds with the same carbon number (Fig. 3.1). This 

work strongly suggests that without knowledge of the structure of each molecular ion, one 

cannot know how it will ionize; and without IE, one cannot quantitatively compare compound 

abundance in any form. While this does not deny the existence of these heteroatoms within the 

oil samples, it does mean that compound abundance is not quantifiable or comparable between 

samples. 
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This discovery shifted the focus of this study toward the qualitative characterization of 

specific oxygen-containing compounds within the polar fraction of weathered light crude oil and 

implications for the weathering processes in an Arctic marine environment (see Chapter 2). 
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4 Conclusion 

4.1 Summary of findings 

From the completion of the oil-in-sea ice mesocosm experiment and subsequent data 

analysis, we concluded that direct infusion ESI IM-TOF-HRMS has the potential to characterize 

the oxidized by-products of microbial or photo-degradation in the polar fraction of crude oil. 

Crude oil compounds assigned distinct molecular formulas based on accurate mass and grouped 

into compound classes O1, O2, O4, N1O1, and N1O2 were considered a sign of photochemical 

or microbial oxidation. Qualitative research linked variations in compound classes between 

sampling dates to the presence of UV radiation and growth of hydrocarbon degrading bacteria. 

Supplemental IR data strongly supported our hypothesis that photochemical transformation 

would occur early in the experiment, and until the accumulation of snow dramatically reduced 

light transmittance in February, photooxidation was the dominant weathering process. For oil 

samples largely unaffected by solar radiation until late-April, exact mass measurements by direct 

infusion ESI IM-TOF-HRMS detected increased occurrence of oxygen-containing molecular 

formulas associated with increases in oil-brine contact and growth of Gammaproteobacteria. Oil-

brine contact was likely the greatest influence on microbial growth rates and thus, microbial 

oxidation rates. Overall, these findings indicate that snow cover and low oil-brine contact work 

to preserve the encapsulated oil, and photochemical and microbial transformation is severely 

limited until warmer temperatures induce snow and ice melt.  

Accurate mass, drift times, and high DBE values (relative to low MW hydrocarbons) 

helped to characterize the weathered crude oil components as polar, oxidized, and aromatic. 

Interestingly, when analyzing all samples collected, average drift times continuously decreased. 

This was unexpected due to the initial increase in overall molecule size that comes with 
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oxidation, and the dissolution of smaller polar compounds to the water column. The decrease in 

drift time could have suggested multiple oxidations, and the process of dissolution could have 

been slowed by a limited oil-water interface. Nevertheless, the behavior of drift times was an 

important indicator of size and shape that requires further study.  

4.2 Improvements 

Shortcomings of this research include the uselessness of our abundance measurements 

caused by the vast differences in IE among oxidized crude oil compounds. IE was investigated 

after data acquisition, using a model provided by the international cooperation of Dr. Kruve and 

Stockholm University. This lengthened sample analysis and resulted in a large shift in the 

significance of abundance measurements. Additional limitations include the inability to confirm 

the identity of oxidized microbial metabolites. This prevented an accurate understanding of the 

relationship between microbial and photo-degradation during the early months of the experiment 

when the compositional effects of solar radiation were apparent. Accurately identifying 

metabolites of the microbial process without ultrahigh resolution may require a higher 

concentration of sample and either daughter ion analysis, or comprehensive CCS calculations. 

However, the immense number of chemically distinct compounds in crude oil make CCS 

calibration very difficult and costly, as many calibrants would be needed.  

Further improvements could be made in the field for greater efficiency of resources. Given 

that the chemical composition of the oil is of interest, one highly contaminated ice core sample 

yields more than enough oil in a limited sampling space. Instead of collecting three ice cores at 

each site representing each contamination level, only duplicate ice cores from one contamination 

level should be cored and designated for chemical analysis. Low signal/noise ratio for all 

samples should also be addressed. Variances in the chemical make-up of each crude oil sample 
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made ionization difficult, and each sample required careful preparation if it were to ionize 

perfectly. Lastly, workflow can be improved by acting on the solutions outlined previously in 

regard to sample collection and storage, and analytical methodology (see Chapter 3). 

4.3 Future work  

Future projects related to this work could include an increased focus on drift time data from 

samples in the water column and bottom ice core sections. The decrease in average drift time 

among oxidized crude oil fractions was an unexpected outcome of the natural weathering process 

that led us to the possibility of multiple oxidations of large aromatic compounds. Additional 

analysis of the water column may answer questions regarding the rate of dissolution and the 

resourcefulness of hydrocarbon degraders. 

Other work should represent a desire for a more quantitative approach to accurate mass, 

drift time, and DBE measurements of oxidized degradation products, with an emphasis on the 

rate of production and growth. This would shed light on natural oil remediation rates in the 

Arctic, and the relationship between hydrocarbon degraders and the photochemically increased 

bioavailability of newly photo-oxidized compounds. 

Projects related to the advancement of oil spill remediation in Arctic waters are imperative 

for informed policy making. Currently, in-situ burning, skimming, and use of dispersants are the 

main remediation strategies employed when combating an oil spill in marine waters. These 

strategies, in-situ burning in particular, will remain the focus of research and development in the 

oil exploration and extraction industry due to their established mode of operations and relative 

success. Current and future research should also focus on dispersants as a major catalyst for 

microbial hydrocarbon degraders. Mounting evidence on the effectiveness of dispersants to break 

up spilled oil and accelerate the remediation process suggest that controlled use could be 
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invaluable. Simultaneously, the harmful effects of dispersants are largely known and can be 

weighed appropriately. The addition of dispersants to a mesocosm scale oil spill study while 

microbial degradation is underway would provide valuable information concerning the costs and 

benefits of dispersant use in the Arctic.  

Lastly, this characterization of degraded crude oil in an Arctic environment has contributed 

to the science needed to help inform policy makers and develop effective spill response 

strategies. We are one step closer to fully understanding the potential for natural attenuation to 

aid spill response measures in the Canadian Arctic. Future work should focus on the impact to 

coastal Inuit communities that bear the greatest risk associated with Arctic marine oil spills.
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