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Abstract 

____________________________________________ 

Within the Arctic, global warming has led to continual decreases in sea-ice extent and 

type. Shipping and oil exploration is, therefore, becoming increasingly more feasible, thereby 

increasing the potential of crude oil or fuel being spilled into the marine environment. This 

impending possibility has led to a need for the development of oil detecting techniques 

suitable for ice-covered waters. To this end, two artificial oil-in-ice mesocosm experiments 

were conducted to investigate the movements and interactions of oil in a sea ice environment, 

both on a macroscopic and microscopic scale. The resultant changes made to the physical 

properties of the ice post-oil injection were assessed; in particular, temperature, salinity, and 

complex permittivity (dielectrics) which are essential parameters associated with the remote 

sensing of sea ice were focused upon.  
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1 Introduction 

____________________________________________ 

1.1 Climate Change – Scientific Basis and its Effect on the Arctic 

The issue of climate change, and more specifically the effects of global warming 

brought on by human-environment interaction, has become widely popularized since the late 

twentieth century and remains so into today’s modern society. The concept of climate change, 

however, is not a new issue but is rather a recurring one as changes in the climate of Earth 

have occurred since the creation of Earth’s atmosphere. Moreover, historical climate change 

events (e.g., Snowball Earth, mid-Cretaceous, Paleocene-Eocene Thermal Maximum, 

Younger-Dryas Event, Dansgaard-Oeschger cycles, Heinrich events) in which the Earth 

underwent significant warming or cooling, have occurred for over 100 million years 

(Solomon et al. 2007; Bralower and Bice, Earth 103; Iacozza, GEOG 3390; Jardine, 

Palaeontology; Black, 2013). In contrast, however, to historical climate change events which 

were entirely due to natural causes, today’s renowned climate change is brought on by 

anthropogenic means, deviating from the natural course of Earth’s climate (Jones and 

Henderson-Sellers, 1990).  

Carbon dioxide is the greatest anthropogenic greenhouse gas comprising the lower 

atmosphere (troposphere). The resultant further increase in this greenhouse gas will have a 

perpetual response on the greenhouse effect; as the Earth re-emits longer wave radiation in 

the infrared regime, a probable amount is absorbed and re-emitted (both upwards and 

downwards towards Earth) by the lower atmospheric greenhouse gases (i.e., water vapor 
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(~60%), carbon dioxide (~26%), methane (~12%), nitrous oxide (~2%), ozone and 

chlorofluorocarbons (low)), consequently having a warming effect (Solomon et al., 2007; 

Macdonald, 1988; Schneider, 1989). This warming effect will be enhanced, further changing 

the global climate from its normal course (Lashof, 1989). In particular, changes made to the 

Earth’s cryosphere (e.g., sea ice extent and thickness) have long been regarded as crucial 

indicators of climate change capable of influencing Earth’s climate profoundly.  

Since the Industrial Revolution, an increase in Earth’s temperature has been observed 

rising 0.6-0.8oC/decade (NASA). In the Arctic, however, the growth rate of annual 

temperature is more prominent owing to sharper angles of incident sunlight on Arctic regions 

during summer and increased absorbance of solar energy due to withdrawn sea ice (Hassol, 

2005; Lashof, 1989; Walsh, Cryosphere and Hydrology). Resultantly, sea ice has become 

younger in which spring ice is thinner due to intense summer melting and multiyear ice, 

which previously dominated the Arctic, is almost non-existent (Hassol, 2005; Lashof, 1989; 

Jones and Henderson-Sellers, 1990; Macdonald, 1988; Schneider, 1989; Black, 2013; 

NASA; Walsh, Cryosphere and Hydrology; NSIDC). Furthermore, the average length of the 

continuous melt season in the Arctic has increased by 6.4 days/decade between 1979 and 

2007 (NSIDC). Consequently, the annual average Arctic sea ice extent has diminished by 

2.7% from 1953-2013 and 3.7% from 1979-2017 (NSIDC). Additionally, the summer sea ice 

extent has decreased by 10.5 % over the last 50 years (NSIDC). Most substantial reductions 

have occurred off the Siberian coast and in the Beaufort Sea, and widening of the Northwest 

Passage and Northern Sea Route has been observed (Solomon et al., 2007; NSIDC; 

Huntington et al., ACIA Science Chapters). Moreover, the Intergovernmental Panel on 
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Climate Change (IPCC) scenario predictions of future climate forecast a continual increase 

in global mean surface air temperature over the 21st century, primarily due to increases in 

greenhouse gases (Kattsov and Kallen, ACIA). As a result, summer ice is predicted to decline 

more rapidly than winter ice and may disappear entirely from the Northern latitudes by the 

middle of this century (Solomon et al., 2007; Kattsov and Kallen, ACIA). A consequence of 

this projected ice reduction and thinning is a decrease in sea ice albedo. The albedo of sea 

ice is important to the surface energy budget and can hasten sea ice decrease by the ice-albedo 

feedback; that is, as the surface albedo decreases, a resultant increase in evaporation of 

aqueous water vapor into the lower atmosphere will lead to an increased greenhouse effect, 

further perturbing Earth’s climate and the melting of Arctic sea ice (Lashof, 1989). 

1.2 Oil and Natural Gas Activity in the Arctic 

Oil and natural gas prospects in the Arctic depend on the variables of climate change, 

economic circumstances, and political motivations. In particular, climate change has greatly 

influenced the development of oil and gas in the Arctic as exploratory drilling and production 

of hydrocarbons have been made easier due to the effects of global warming; decades of 

substantial melting have led to more accessible ice conditions making passage through Arctic 

territory (e.g., Northern Sea Route and Northwest Passage) more feasible (AMAP). 

Currently, the Arctic’s largest oil and gas reserves are located in Russia (43 fields), Canada 

(11 fields), Alaska (6 fields), and Norway (1 field). Oil and gas activities in the Arctic have 

so far been dominated by these four countries, all which produce oil and gas from their Arctic 

territories (Harsem et al., 2011). In 2008, the US geological survey predicted that 25% of the 

world’s uncharted oil and natural gas deposits could be found in the Arctic (Harsem et al., 
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2011). With the high probability of finding vast resources in the Arctic, in conjunction with 

more accessible ice conditions and the need for oil production, there exists a strong economic 

drive by numerous countries for Arctic resources, bearing increasing potential for oil spills 

in the Arctic (AMAP; Smith and Stephenson, 2013; Harsem et al., 2011).  

1.3 Petroleum Crude Oil and its Potential Impact on the Arctic Environment 

Petroleum crude oil is a complex hydrocarbon mixture consisting of thousands of 

compounds with different chemical functionality. Prominent chemical groups contained 

within crude oil include normal alkanes (n-alkanes), branched alkanes, monocyclic or 

polycyclic alkanes which include the chemical sub-groups of steranes and terpanes, alkylated 

aromatics, monocyclic or polycyclic aromatics (PAHs), and compounds containing nitrogen, 

sulfur, or oxygen (NSO compounds) (Wang and Stout, 2007a; Wang and Stout, 2007b). 

Moreover, oil composition is inherent to oil type and will differ from one oil to another (i.e., 

heavy oils, paraffinic oils (light oils), naphthenic oils, aromatic oils, and mixed oils). Heavy 

and aromatic oils are composed mainly of aromatic hydrocarbons and NSO species, and 

lesser amounts of cycloalkanes as well as normal and iso-paraffins. Paraffinic oils contain 

mostly paraffins (alkanes), as its name implies, and contain lower quantities of aromatics, 

NSOs, and cycloalkanes. Also suggested by its name, naphthenic oils contain cycloalkanes 

primarily and lesser amounts of the other chemical groups. Lastly, mixed oils are moderately 

composed of each chemical group (Wang and Stout, 2007a). Table 1.1 provides a brief 

description of each chemical group as well as an example image of a simple compound 

belonging to each group. 
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When petroleum products are spilled into a marine environment, their composition, 

and therefore their chemical and physical properties, will change from their original makeup. 

Exposure to weather and the natural environment allow for evaporation, dissolution, 

biodegradation, and photo-oxidation effects (Wang and Stout, 2007a; Wang and Stout, 

2007c). Lower molecular weight oil components, which are more volatile and soluble, are 

susceptible to evaporation and dissolution processes, thereby acting to concentrate the oil’s 

heavier components through the loss of its lighter compounds (Wang and Stout, 2007a; Wang 

and Stout, 2007c). Biodegradation and photo-oxidation act to eliminate certain chemical 

species through their transformation into NSO compounds (Wang and Stout, 2016a; Wang 

and Stout, 2016b). For instance, aerobic biodegradation produces alcohols, aldehydes, 

ketones, carboxylic acids, and peroxides through the depletion of alkanes and aromatics 

(Wang and Stout, 2016a). Additionally, photo-oxidation of oil’s hydrocarbons yields 

sulphoxide and carbonyl species with the reduction of the overall amount of aromatic 

structures (Wang and Stout, 2016b). 

Each type of spilled petroleum product will have its associated health risks to marine 

environments based upon its initial makeup and potential for various weathering processes. 

In general, the risk of toxic exposure is greatest in the early stages following an oil spill. 

Volatile and water-soluble compounds, such as benzene, are carcinogenic and have great 

potential for harming marine wildlife and local inhabitants. Furthermore, several compounds 

found in oil which have dissolution potential are persistent, bio-accumulative, and toxic 

(PBT). Compounds found in petroleum oil which satisfy the PBT criteria include furans and 

PAHs (i.e., Benzo(a)pyrene, Acenaphthene, Acenaphthylene, Benzo(g,h,i)perylene, 
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Fluoranthene, 2-Methylnaphthalene, Naphthalene, Phenathrene, and Pyrene) (Fritt-

Rasmussen et al., 2015; Jones, PNEAC). Lastly, it is important to note that petroleum crude 

oil is found in the Arctic (Krasnoyarova et al., 2016) and has the potential for being 

transported through Arctic waters. With increases in oil and gas activity, there is growing 

potential for oil spills in Arctic waters and probable damage to its marine ecosystem. 

Table 1.1 Examples of Chemical Groups contained within Petroleum Crude Oils 

 (Decane) 
n-alkane – Straight alkane chain 

without any hydrocarbon branches 

(4-Ethyldecane ) 

Branched alkane – Alkane with one or 

more branched alkyl groups of 

hydrocarbons 

 (1,3-dimethylCyclohexane) 

Alkylated monocyclic alkane – 1 cyclic 

alkane ring with one or more branched 

alkyl groups of hydrocarbons 

 (Decalin) 

Polycyclic alkane – 2 or more cyclic 

alkane rings 

 (1,2,4-Trimethylbenzene) 

Alkylated monocyclic aromatic – 1 

aromatic hydrocarbon with one or 

more branched alkyl groups of 

hydrocarbons 

 (Dibenzofuran) 

 

Heterocyclic compound containing 

oxygen 
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Table 1.1 Continued 

  

(Dibenzothiophene) 

Heterocyclic compound containing 

sulfur 

 (Anthracene) 

PAH – 2 or more aromatic 

hydrocarbons 

 (Cholestane) 

Sterane– 4 cyclic saturated 

hydrocarbon 

 

C28 triaromatic sterane 

 

C30 tricyclic terpane 

1.4 Oil Spills and Response Capabilities Worldwide and in Arctic Marine 

Environments 

Petroleum oil finds its way into water bodies by means of both anthropogenic (from 

human beings) and natural sources, such as oil seeps. Major anthropogenic sources of oil 

which enter water tend to be identified as either accidental oil spills or intentional operational 

discharges. In spite of the notable effort made by the environmental protection agency, 
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antipollution protocols, as well as improved shipping and handling safeguards, both 

accidental oil spills and intentional operational discharges from vessels continue to enter the 

marine waters, critically impacting the environment as well as the indigenous species (Wang 

and Stout, 2007a). The major worldwide accidental oil spill source is from Tanker/barge 

vessel spills (e.g., ~8% of all oil spills from 1990-1999) and secondly from pipeline spills 

(e.g., ~1% of all oil spills from 1990-1999) and the major intentional operational discharge 

source is from operational discharges of all vessels (e.g., ~21% of all oil spills from 1990-

1999) (NRCC). Although, the greatest source of oil spills originates from natural oil seeps 

(e.g., ~46% from 1990-1999) (NRCC), anthropogenic sources of oil are still very significant 

and should be better controlled and prevented as even small amounts of spilled oil can have 

drastic effects on the marine ecosystem, the marine environment, and terrestrial activities 

(Fritt-Rasmussen et al., 2015). Furthermore, in the case of an oil spill, expensive response 

and cleanup activities are required, resultant casualties must be assessed, and considerable 

financial consequences addressed (NRCC). 

Although anthropogenic sources of oil spills are still quite prevalent, there has been 

a notable decrease in the annual quantity of spilled oil from Tankers and pipelines worldwide 

over the last four decades (Roser, OWD; ITOPF; World seaborne trade…; Etkin, 2001; 

Statistical Summary, 2016). Nonetheless, with increased Arctic activities associated with 

petroleum industry exploration, development operations, and transport of petroleum products 

via pipelines or tankers the likelihood of accidental spills will increase (AMAP). To combat 

this, each Arctic country (i.e., United States (Alaska), Canada, Greenland, Iceland, Faroe 

Islands, Norway, and Russian Federation) has their own oil spill preparedness and response 
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programs, typically based upon regulations employed under national legislation (AMAP). 

These response technologies include the clean-up methods of mechanical containment and 

recovery of oil from the surface, pre-approved dispersants, in situ burning, and 

bioremediation. However, the methods which are preferred and admissible varies for each 

country (AMAP). Although there are some response technologies in place for Arctic oil 

spills, albeit significant improvements are needed (Mirbach, WWFC; Bailey, 2015; Brew 

and Moore, 2015; Hubert and Stern, GENICE), detection technologies specifically developed 

for detecting oil spilled beneath sea ice are still in their infancy (Fingas and Brown, 2013; 

Fingas and Brown, 2014). 

1.5 Oil Spill Remote Sensing Technologies and the Significance of Complex 

Permittivity for Detection in Cold Regions  

Remote sensing is a crucial part of oil spill response and goes hand-in-hand with 

mitigation efforts. An undetected oil spill can have increasingly severe biological and 

economic impacts if not tended to efficiently (Wiese and Ryan, 2003; Wiese et al., 2003; 

Wiese, 2002). Traditional oil spill remote sensing technologies include optical sensors (e.g., 

visible, infrared, ultraviolet), laser fluorosensors, microwave sensors (e.g., radiometers, 

radar, microwave scatterometers, passive microwave), acoustic systems, and satellite remote 

sensing (Wang and Stout, 2007d; Wang and Stout, 2016c). Currently, remote sensing 

instrumentation such as the laser fluorosensor, is able to continuously monitor for spilled oil 

on the open ocean and can detect an oil spill with certainty in the case of an actual oil spillage 

(Wang and Stout, 2016c). In an Arctic environment, however, the complexity of oil-

contaminated sea ice (i.e., air, salt, brine, ice, snow, sediment, oil, etc.) greatly increases the 
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difficulty in detecting oil in or under sea ice (Wang and Stout, 2007d). Furthermore, the 

variability of sea ice age (i.e, first-year ice and multiyear ice), thickness, formation, crystal 

orientation, and whether or not snowfall is present on the ice or woven into the ice can lead 

to a diversity of ice types (e.g., granular, columnar or congelation, re-crystalized snow, nilas, 

grey, platelet, grease, pancake, rubble, and smooth) (Wang and Stout, 2007d; Thomas, 2017). 

Moreover, seasonal variation (e.g., spring thaw and winter freeze up) as well as oil age (i.e., 

degree of weathering), type (i.e., heavy, paraffinic, naphthenic, aromatic, and mixed), and 

spatial proximity/distribution to the ice (e.g., pooled oil above and under ice, encapsulated 

oil in ice cavities, absorbed oil by snow) also poses innumerable challenges (Wang and Stout, 

2007d; Wang and Stout, 2007a).  

It has been speculated, however, that the presence of oil-in-ice can make a detectable 

change in the complex permittivity (dielectric) profile of sea ice, an important variable 

associated with remote sensing of sea ice. Simply defined, permittivity is a measure of 

resistance or lack of polarization of the Coulomb force between two point charges in a 

dielectric material when applied to an electric field in a particular medium (Fig. 1.1) (Knight, 

2013). The relative permittivity (dielectric constant) of a material is defined as a ratio relative 

to the permittivity of vacuum. In general, highly polarizable materials have larger dielectric 

constants while less polarizable materials have smaller dielectric constants (Knight, 2013). 

As oil-contaminated sea ice is a heterogeneous material, it incorporates several components 

with different dielectric constants (i.e., snow: 1 to 2, first-year ice: 3 to ~5, multiyear ice: ~3, 

sea water: ~80, and oil: 2 to 3) (Wang and Stout, 2007d). The inclusion of oil in sea ice is 

expected to perturb the overall average of the sea ice permittivity, taken as a whole system, 
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to an extent. More importantly, the complex permittivity of sea ice heavily depends on ice 

temperature, bulk salinity, and structure. Through the incorporation of oil-in-ice it has been 

postulated that the overall temperature and salinity of the ice will change, thereby causing a 

notable change in the complex permittivity of sea ice. 

 

Fig. 1.1 Polarization of a dielectric insulator in an applied electric field between to oppositely 

charged plates (+/-Q) with areas A and plate separation d. 

1.6 The Potential of Active Microwave Scattering for Oil Spill Detection in the 

Arctic 

Active microwave (MW) sensors consist of both airborne and direct contact sensors 

which actively emit MW electromagnetic radiation towards the surface and measures the 

backscattered power in which the MW signal reflects off the surface and returns to the 

sensors. Furthermore, a scatterometer is a type of radar (active MW sensor) designed to make 

accurate measurements of the backscattered power. In the context of oil spill detection in the 

cryosphere, MWs would be emitted from an aircraft or satellite towards the sea ice surface, 

and a change in the backscattered power of the return signal would be measured for oil-

contaminated sea ice in contrast to uncontaminated sea ice, in simple terms (Berg et al., 

2016).  
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Surface roughness is an important parameter of the return signal. A downward-

looking radar receives a strong signal when the surface is smooth (Fig. 1.2 a). In contrast, for 

a side looking radar a smooth surface would result in specular reflection (Fig. 1.2b) while a 

rough surface would result in a diffuse scattering pattern in which the MW energy would be 

emitted in all directions, thereby increasing the backscattered energy which makes its way to 

the monostatic radar producing a higher return signal (Fig. 1.2 c) (Berg et al., 2016). In an 

Arctic environment, the roughness of sea ice surfaces is variable, and so a single optimal 

angle does not exist and will depend on each particular setting.  

Radar cross-section (σ) is a measure of an objects detectability by radar and is defined 

by Equation 1.1 below whereby σ [m2] is a measure of the targets ability to reflect radar 

signals in the direction of the radar receiver, π is the mathematical constant, r [m] is the 

observation distance from the target, St [W/m2] is the power density that is intercepted by the 

target, and Sr [W/m2] is the scattered power density in the range r (Fig. 1.2 d) (Berg et al., 

2016; Wolff, Radar Basics; Balanis, 2005). The normalized radar cross section (nrcs) is 

defined by Equation 1.2 in which σ is normalized w.r.t. the illumination area A from the radar 

(Fig. 1.2d) (Berg et al., 2016). Notably, the nrcs of sea ice is dependent on the dielectric 

profile of the ice. As such, active microwave scatterometry is a potential technology for 

detecting oil-contaminated ice in the Arctic through the measurement of the nrcs of sea ice. 

(Brekke et al., 2014; Firoozy et al., 2017). 

1.1 σ =  (4 ∗ π ∗ 𝑟2 ∗ 𝑆𝑟)/ 𝑆𝑡   

1.2. σ0  =  σ / A  
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(a) 

 

(b) 

 

(c) 

 

 

(d) 

 

Fig. 1.2 Depiction of emitted microwave signal from (a) a downward looking radar to a smooth 

surface, (b) a side looking radar to a smooth surface, (c) a side looking radar to a rough surface, 

and (d) a side looking radar at an incident angle Ɵ to a surface with area A. All illustrations in this 

figure were created and received by (Berg et al., 2016). 

1.7 Overview of Experiments and Intent (what we hoped to learn) 

1.7.1 Experiment Design and Plan 

In order to test the practicability of remote sensing detection of oil-contaminated sea 

ice based on changes in sea dielectrics, two oil experiments were planned. The first 

experiment involved the use of corn oil as a surrogate for crude oil and was conducted in a 

temperature controlled facility at the University of Manitoba (UofM) Centre for Earth 

Observation Science (CEOS). The second experiment, using crude oil, took place at the 

UofM Sea-Ice Environmental Research Facility (SERF). The experiment setups consisted of 

artificial sea ice mesocosms in which fibreglass tanks were filled with salt water and were 
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subsequently allowed to freeze (Fig. 1.3). Initially, control experiments were conducted in 

order to monitor uncontaminated sea ice through active microwave remote sensing. The 

second phase of experimentation consisted of the injection of oil into the tank water column 

from the bottom, in which the oil was allowed to interact and migrate upwards freely through 

the sea water, sea ice, and potential snow cover, so that the effects of the oil/sea ice 

interactions could be observed through time-series nrcs measurements. Through the course 

of experimentation, sea ice cores, snow samples, as well as water samples were taken in 

which their bulk salinities and volume fractions were derived through laboratory work. The 

oil fractions were then analyzed on a multidimensional gas chromatography high resolution 

time of flight mass spectrometry (GCxGC-HR-TOF-MS) system providing a spatial and 

temporal mapping of the oil distribution in ice and their respective concentrations. 

Additionally, sectioned oil-contaminated sea ice samples were analyzed with a Compact 

Micro-Computed Tomography x-ray instrument used for analyzing ice microstructure. 

Through instrumental analysis, modelling (complex permittivity, nrcs, oil weathering), and 

the measured bulk salinities, volume fractions and temperature of sea ice, conclusions were 

made as to what effect the presence of oil had on the complex permittivity of sea ice and its 

subsequent impact on the nrcs.  
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(a)  

(b)  

(c)  

Fig. 1.3 Blueprint schematics of insulated fiberglass ice growth tanks for (a) the corn oil 

experiment and (b-c) the crude oil experiment. 

 

 



16 

1.7.2 Expected Oil Behavior and Tendencies (what is known) 

It is understood that weathering processes change the chemical composition of an oil 

spill with time. Such weathering processes include physical processes and chemical 

processes. Physical processes consist of dispersion (ex. Emulsions) and spreading and are 

conducted under shorter time scales. Physical-Chemical processes consist of evaporation and 

dissolution and also occur under short time scales. Chemical processes including 

photochemical oxidation and aerobic microbial oxidation take place over relatively longer 

time scales. The resulting oil behavior from weathering processes will differ, however, in a 

warm marine climate compared to a cold region.  

1.7.2.1 Oil Spills in Warm Marine Conditions 

After an oil spill in open water, the oil first begins to spread quickly and thins along 

the water column creating a greater surface area along the open air and water column below, 

thereby increasing the rates of evaporation and dissolution. Dispersion of the oil creating 

water-in-oil emulsions and oil-in-water emulsions may also occur. Lighter compounds which 

are more volatile (boiling point less than 270oC) and have higher vapor pressures (greater 

than 0.1 mmHg), such as alkanes and 1 to 2 ring aromatics, will evaporate out from the 

surface into the atmosphere. Furthermore, compounds that have boiling points below 200 

degrees Celsius can evaporate within 24 hours of the oil spill. Additionally, factors such as 

wind speed as well as ambient air and water temperature can affect evaporation. Dissolution 

will generally occur simultaneously with evaporation and could be considered a competing 

weathering process as most soluble compounds in spilled oil are mono-aromatic 

hydrocarbons such as Benzene, which are also volatile. However, past studies have shown 
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that evaporation is the primary source of losses in compounds within a spilled oil. Although, 

dissolution may not be as significant, small amounts of more polar and water soluble aromatic 

compounds, many of which are toxic, entering into the water column can have a significant 

impact on aquatic species as they are now more accessible for ingestion. Furthermore, 

dissolution can be significant over an extended period of time. Lastly, on the matter of 

evaporation and dissolution, it is important to note that once the lighter compounds have left 

the spilled oil, what remains are the heavier compounds (now concentrated) which in turn 

causes the oil to become denser and more viscous further altering the properties of the oil. 

Next, Emulsification, unlike the other weathering processes, retards the degradation of the 

oil, thereby inhibiting dissolution, evaporation and photo-oxidation, allowing the volatile and 

biodegradable compounds to persist and the chemical composition preserved. Last, 

biodegradation and photochemical oxidation are much slower processes which can occur 

over the course of days, weeks, and months. Biodegradation occurs via indigenous 

microbiota. The lower molecular-weight alkanes are biodegraded the quickest followed by 

olefins, monoaromatics, polycyclic aromatic hydrocarbons, and highly condensed 

cycloalkanes. The products after aerobic biodegradation are oxidized compounds which can 

be further degraded or dissolved into the water column due to its increased polarity. Photo-

oxidation is caused by the exposure of spilled oil to solar radiation which can lead to free 

radicals as well as photooxygenation reactions producing oxygen containing species such as 

peroxides, aldehydes, ketones, alcohols, carbonyls, sulfoxides and epoxides, all which are 

more water soluble. The rate of photo-oxidation is proportional to the intensity of the 

ultraviolet radiation from the sun (Wang and Stout, 2007a; Wang and Stout, 2007c). 
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1.7.2.2 Oil Spills in Arctic Marine Conditions 

In the case of an oil spill from below the ice, the extent of oil distribution under the 

ice is governed by the roughness of the water-ice interface (Fingas and Hollebone, 2003) as 

well as the low ambient temperature, which acts to increase the viscosity of the oil (Chen, 

1972). The combination of these two factors disallows the homogeneous spread of crude oil 

allowing for a greater pension for upward movement rather than lateral spreading. 

Immediately after the spill, soluble compounds start to dissolve in the water for a duration of 

time before saturation of ice cavities and subsequent encapsulation of oil (Payne et al., 1991). 

This initial contact with the water column, while the bulk of the oil remains below the ice, 

can occur for up to 48 hours (Fingas and Hollebone, 2003). Additionally, the oil can become 

further subjected to dissolution as the ice becomes porous with temperature increases. 

Furthermore, dissolution processes are more important in Arctic conditions than in open 

water. This is attributed to the Arctic conditions, in which higher dissolution arises due to the 

slower rate of evaporation caused by the presence of ice cover (Faksness and Brandvik 2008); 

thus allowing lighter compounds, which may be both soluble and volatile, to be present 

longer underneath the ice providing increased potential for dissolution. Consequently, 

increased amounts of soluble hydrocarbons, which are the most bioavailable and toxic for 

marine organisms (Neff, 2002), make their way into the water column.  

1.7.2.2.1 Understanding to be improved upon 

Little research on oil behavior in sea ice has been conducted overall (Fingas and 

Hollebone, 2003; Brandvik and Faksness, 2009; Ballestero and Magdol, 2011; Faksness et 

al., 2011; Faksness and Brandvik, 2008; Fritt-Rasmussen et al., 2015). Much of the research 



19 

that has been accomplished has focused on physical movement tendencies (macroscopic 

behavior) and less on microscopic movements relating to chemical partitioning of the oil’s 

composition through the ice, water, and snow. Of the limited studies which have looked at 

chemical tendencies, small subsets of compounds (less than 100) and compound groups (e.g., 

n-alkanes and PAHs) have been observed. More research is therefore required to fully grasp 

the chemical and physical processes of oil-in-ice. Specifically, analysis of a wider range of 

compounds (100s-1000s) and compounds groups (e.g., alkane, cycloalkane, aromatic, NSO 

compounds, and branched analogs) need to be observed spatially and temporally below, 

above, and throughout the ice. Furthermore, the macroscopic properties of the ice (e.g., 

temperature, salinity, and complex permittivity) need to be monitored over this duration to 

observe the bulk effect of the oil’s presence (initial and partitioned) in the hope that remote 

sensing technologies will benefit. 

1.7.3 Computational Modelling and Reasoning 

Partitioning of compounds found in crude oil is expected to occur to a variable degree 

within an Arctic setting. Partitioning through sea ice towards the surface (air-ice interface), 

or alternatively the subsurface (water-ice interface), is dependent upon the physiochemical 

properties and porosity of the ice, the composition of the subsurface water, air temperature, 

and the properties of the individual compounds found in crude oil (Berkowitz et al., 2008). 

Both scenarios are feasible allowing for dissolution into the water column or evaporation 

from the top of the ice into the atmosphere even at lower temperatures. As such, it is 

important to investigate the role that these two weathering processes play in changing the 

oils composition and to see what extent these processes have on the permittivity of oil itself 
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and the sea ice. As such, use of popular implicit solvation models (e.g., IEF-PCM, DFT, 

COSMO-RS, and COSMO-SAC) (Tomasi et al., 2005; Miertuš et al., 1981; Cancès et al., 

1997; Marenich et al., 2009; Pye et al., 2009; ADF2016; Klamt et al., 1998; Xiong et al., 

2014) to simulate the effects of dissolution and evaporation are valuable tools to assist in data 

analysis and for confirmation. In particular, through the formula (equation 1.3) the solubility 

of organic compounds in salted aqueous solutions can be calculated. The existence of 

inorganic salts (e.g., NaCl) in aqueous solutions (e.g., water) tend to lower the aqueous 

solubility of weakly polar to nonpolar organic compounds such as those found in crude oil. 

This effect is known as the salting-out-effect and was established by Setschenow (1889) 

(Berkowitz et al., 2008a). Vapor pressure is another important parameter to investigate. 

Vapor pressure is a measure of evaporation rate and can be defined as the potential of a 

molecule to escape from a liquid or solid phase, bound by intermolecular interactions, to a 

gas or vapor phase. A compound with a high vapor pressure is expressed as volatile 

(Berkowitz et al., 2008b).  

1.3 log (Swater/Ssalt)  =  Ksalt ∗ Salinity 

1.7.4 Usage of Analytical Instrumentation for Oil Spill Analysis 

In order to better understand how oil interacts and influences the physical properties 

of sea ice, thus impacting the representative electromagnetic radiation or acoustic signatures 

of remote sensing technologies, a deeper understanding of oil-chemistry in ice is required. 

As crude oils are highly complex materials, significant changes in composition can occur due 

to partitioning in/from the ice owing to the effects of chemical and physical weathering. 

These changes can have tremendous consequences on sea ice properties and thus a need for 
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mapping of the oil’s chemical components, spatially and temporally, within the ice, potential 

snow, and water column is necessary. The accomplishment of this task relies on 

chromatographic methods such as gas chromatography (GC) and liquid chromatography 

(LC), capable of separating, identifying, and quantifying highly complex mixtures. 

Specifically, for the purpose of the two experiments outlined in Section 1.6.1, usage of a 

Pegasus multidimensional gas chromatography high resolution time of flight mass 

spectrometry (GCxGC-HR-TOF-MS) system was used. 

1.7.4.1 Gas Chromatography 

Gas-liquid chromatography, or better known as simply GC (not to be confused with 

gas solid chromatography), is an instrumental method used for separating multi-component 

chemical mixtures. GC requires a volatile liquid sample capable of being analyzed in the gas 

phase. Once the sample is introduced through the sample chamber it is volatilized by the heat 

of the oven (0-450oC) and carried through the column to the detector by an inert gas such as 

He, N2, or H2. The column is typically 2-60 m long and is made of coiled steel/glass/Teflon. 

Additionally, the column contained in the GC contains an immobilized liquid stationary 

phase which is chemically inert and is chemically attached to support. Many immobilized 

stationary phases are based on polysiloxanes. Stationary phases can either be nonpolar or 

polar to varying degrees by attaching a corresponding organic compound of a particular 

polarity to the siloxane support. Nonpolar stationary phases retain nonpolar sample 

components (analytes) preferentially whereas polar stationary phases favour the polar 

analytes. The order (retention times) that the different compounds elute from the column are 

based primarily upon their boiling points (based upon stability of molecule) and second by 
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their affinity for the particular polarity of the stationary phase. Typical detectors used for GC 

include flame ionization, thermal conductivity, electron capture, thermionic, electrolytic 

conductivity, photoionization, Fourier transform infrared, and mass spectrometers (MS); 

those being, TOF, magnetic sector, quadrupole, ion trap, and Fourier transform MS. After 

the sample components have been separated the detected the results are then processed and 

displayed on a monitor in the form of a chromatogram (Skoog et al., 2007a). Lastly, one 

disadvantage of GC is that it requires a volatile liquid sample. Therefore, another 

chromatographic method such as LC is required to separate and analyze non-volatile and 

thermally stable species (Skoog et al., 2007b). 

1.7.4.2 Time-Of-Flight Mass Spectrometry 

TOF-MS serves as both a detector and a further means of separation. The TOF-MS 

first ionizes (typically by electron ionization at 70 eV ejecting electron off of molecule and 

fragmenting further) the different compounds within the gas phase sample which is necessary 

for acceleration by an electric field. The TOF-MS further separates the complex mixture by 

accelerating the sample components, due to a voltage potential difference, in a linear fashion 

towards the detector. The sample analytes are separated based on Equation 1.4 which states 

that the heavier components will have a smaller velocity and will arrive at the detector later 

(Equation 1.5). The TOF for each analyte is then given by Equation 1.6. Once detected, each 

compound will have a unique processed mass spectrum (Fig. 1.4). The mass spectrum is a 

plot of ion intensity versus mass-to-charge ratio (m/z) with units in daltons (Da). The 

molecular ion peak is the molecular weight (MW) of a singly charged intact molecule. 

Molecules which became subsequently fragmented are shown as fragment peaks and have a 
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lower m/z then the molecular ion. The base peak is the most intense ion in the mass spectrum 

(fragment or molecular ion). Last, the capacity to separate ions of similar flight times into 

separate signals on the mass spectrum is governed by the TOF resolving power (Equation 

1.7). Decreases in resolving power (larger ∆t) can be caused by temporal, spatial, and kinetic 

energy distribution. Conversely, reflectrons improve TOF resolving power (Silverstein et al., 

2005). The major distinguishing feature of the Pegasus HR-TOF-MS, specifically used in the 

experiments outlined in Section 1.6.1, is its multi-reflecting mass analyzer based on the 

Folded Flight Path concept allowing for ultra-high resolution without the sacrifice of 

sensitivity (Theory of Operation). Advantages of using TOF-MS over other mass analyzers 

includes its high mass range (unlimited), high sensitivity, very high resolution, and simple 

design (Silverstein et al., 2005).  

1.4 eV =  KE =  (m/z) (v2/2) 

1.5 v = (2 ∗ z ∗ eV/m)1/2 

1.6 t = (L2 ∗ m/2 ∗ z ∗ eV)1/2 

1.7 m/∆m =  t/2∆t  

where eV – electron volt; KE – kinetic energy; m– mass; z – atomic charge; v – velocity; t – 

time; L – drift tube length; ∆t = full width at half maximum (FWHM). 
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Fig. 1.4 Mass spectrum of methyl oleate (cis-9) at 70 eV.   

 

1.7.4.3 GCxGC-TOF-MS 

As the different compound classes within crude oil come in different sizes, shapes, 

and polarity, the resolving power of one dimensional chromatography is not sufficient to 

separate the many components needed in order to identify and conduct analyses. This is due 

to the multiple dimensions present in crude oil samples. Complete component separation can 

only be achieved when separation dimensions match the sample dimensions; That is, as crude 

oil is three dimensional, the instrumentation used to separate crude oil must contain three or 

more dimensions as well. Hence, the use of two GC’s in tandem, with different column 
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polarities and lengths, coupled with a TOF-MS provide sufficient separation (Wang and 

Stout, 2007b).  

1.7.4.3.1 GCxGC-TOF-MS: Benefits and Limitations 

Compared to using traditional GC for oil analysis, GCxGC-TOF-MS provides better 

separation, peak capacity, peak shape, sensitivity, and signal-to-noise ratio (10 times 

improved). Additionally, homologous molecules are often in one line on a 2D GC 

chromatogram. Furthermore, by coupling TOF-MS to GCxGC the resultant chromatograms 

may be observed in total ion chromatogram (TIC) mode in which all of the ions are observed 

allowing each peak (compound given in the chromatogram) to be seen. Also, instead of 

observing the TIC, a specific mass or a specific set of masses may be observed in which only 

compounds that contain the unique specific mass selected will be displayed, further 

simplifying and resolving the chromatogram selectively. Disadvantages of using GCxGC-

TOF-MS include the enormous amount of data generated, its cost, complexity of 

instrumentation and methods (less user friendly), and lack of method recognition (few users 

and limited knowledge exchange in industry) due to only being available commercially for a 

decade. Lastly, alike the GC which requires a volatile liquid sample, GCxGC-TOF-MS is not 

suitable for non-volatiles and thermally stable species. Consequently, use of the analogous 

LCxLC-TOF-MS is required for a more thorough analysis (Wang and Stout, 2016d).  
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1.8 Thesis Statements 

Through the setup of the two aforementioned experiments, their execution, and their 

computational/instrumental analysis, answers were sought to the question if oil presence in 

sea ice can alter complex permittivity adequately enough for remote sensing detection. To 

this end, hypotheses were formed for both corn and crude oil experiments.  

Two hypotheses for the corn oil experiment were initially sought out. We initially 

believed that the temperature and salinity properties of the sea ice would be influenced 

through its inclusion of oil, thereby influencing the complex permittivity and nrcs of the sea 

ice. Secondly, we sought to ascertain if the oil would partition through the sea ice based upon 

molecular weight of individual chemical components, with lighter compounds exhibiting a 

greater tendency to migrate upwards to the sea ice surface.  

With the experience and knowledge gained from completing the corn oil experiment, 

the main hypotheses addressed for the 2016 experiment consisted of 1) that the initial 

presence of crude oil in sea ice would increase the temperature and reduce the salinity of the 

sea ice, thus lowering the sea ice dielectrics and nrcs; 2) that the sea ice dielectrics would 

be impacted to a larger degree with greater amounts of oil present; 3) that the oil would 

partition to an extent due to both molecular weight and weathering effects; and 4) that the 

effects of evaporation, dissolution, and photo-oxidation would further influence the 

dielectrics of the ice  
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2 Examining the Physical Processes and Chemical Interactions 

of Corn Oil (Medium Crude Oil Surrogate) in Sea Ice and its 

Resultant Effect on Complex Permittivity 

____________________________________________ 

2.1 Abstract 

Due to the effects of heightened warming in the Arctic, there has been an urgency to 

develop methods for detecting oil in (or under) sea ice, owing to increasing potential for oil 

exploration and ship traffic in the more accessible Arctic regions. To test the potential for a 

notable radar signature technique utilizing the normalized radar cross section (NRCS) of the 

sea ice, an oil-in-ice mesocosm experiment was performed. Throughout the experiment, corn 

oil was used as a surrogate for medium crude oil, to assess its movement tendencies in sea 

ice and its resultant impact on the complex permittivity and therefore the NRCS of sea ice. 

We used GCxGC-HR-TOF-MS to generate a spatial and temporal mapping of the individual 

corn oil fatty acids in sea ice and their respective concentrations. The oil movement as a 

whole, as well as its chemical components, were found to be driven primarily by density and 

the temperature of the sea ice. The oils presence in the sea ice was observed to increase the 

temperature and reduce the salinity of the sea ice, thereby lowering its complex permittivity 

and theoretical NRCS signal when compared to control sea ice. 
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2.2 Introduction 

Due to climate change, there has been a persistent decrease in sea ice extent and type 

in the Arctic in which sea ice is becoming younger and thinner (Lashof, 1989; Jones and 

Henderson-Sellers, 1990; Macdonald, 1988; IPCC, 2007; Schneider, 1989; Perovich et al., 

2014; Rothrock et al., 1999; Yu et al., 2004; Comiso et al., 2008; Comiso, 2012; Comiso, 

2006). As a result, these more accessible ice conditions have led to an increase in ship traffic 

associated with both transportation and oil exploration (AMAP, 2010; Schenk, 2011; Smith 

and Stephenson, 2013; Harsem et al., 2011). This increases the risk of oil being spilled into 

the Arctic marine environment and poses a threat to marine ecosystems and local inhabitants 

due to the toxic nature and persistence of oil (Fritt-Rasmussen et al., 2015; Wiese et al., 

2004). Hence, there is a great need for the ability to detect oil spills in Arctic waters to 

facilitate a fast response, an efficient clean-up, and to minimize the extent of damage.  

Remote sensing systems have played an increasingly important role in locating and 

tracking oil spilled in the open ocean for remediation purposes. There are, however, 

innumerable challenges associated with detecting oil in or under sea ice. Due to the 

heterogeneous nature of sea ice, often air, sediment, salt, and brine are present within the ice 

greatly complicating the interactions between the oil and the remote sensing signal (Fingas 

and Brown, 2007). Further complications can arise from the diversity of ice types and their 

crystalline orientations as well as from snowfall being on top of or even woven within sea 

ice. The complex distribution of oil in different oil-in-ice scenarios (e.g., pooled oil above 

and under ice, encapsulated oil in ice cavities, absorbed oil by snow) (AMAP, 1998), as well 
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as seasonal variations (e.g., winter freeze-up and spring thaw), can also influence and 

complicate the signal detection (Fingas and Brown, 2007).  

Extensive studies have been conducted on the practicability of several remote sensing 

technologies used for detecting oil in Arctic conditions. However, methods for specifically 

detecting oil in or under ice and snow are in the early stages of development and require 

further research (Gill, 1979; Fingas and Brown, 2002b; Fingas and Brown, 2013; Fingas and 

Brown, 2000; Eriksen, 2012; Brown and Fingas, 2003; Wilkinson et al., 2015; Bradford et 

al., 2016; Fingas and Brown, 2015; Eriksen et al., 2015; Goodman, 2008; Francois and Wen, 

1983; Fukushima et al., 2012; Physics Today, 2016; Moir and Yetman, 1993; Brekke et al., 

2014; Firoozy et al., 2017). Amongst the detection technologies, it has been hypothesized 

that active microwave remote sensing has great potential for detecting oil in sea ice through 

the measurement of the normalized radar cross-section (NRCS) of the ice (Brekke et al., 

2014; Firoozy et al., 2017). The NRCS of sea ice depends on the roughness of the ice surface 

as well as the complex permittivity (dielectric) profile of the ice, which in turn depends 

primarily on the ice temperature, bulk salinity, and structure. In the event of an oil spill in the 

Arctic, it is speculated that the temperature and salinity properties will be influenced by the 

inclusion of oil in the sea ice (Firoozy et al., 2017; Neusitzer et al., 2018). This research aims 

to explore the migration of corn oil (its fatty acid constituents), used as a surrogate for crude 

oil, in sea ice (e.g., percolation and migration through brine channels and ice cracks) and its 

impact on the complex permittivity of the sea ice and resulting NRCS due to its presence. 

Although the composition of vegetable oil differs from that of crude oil, corn oil was used 
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due to its similar dielectrics, density, and overall affinity for water with respect to medium 

crude oils (validated in Section 2.4.1). 

2.3 Materials and Methods 

The following subsections describe the conduction of the oil-in-ice mesocosm 

experiment; that is, the setup of the experiment apparatus and the intended objectives, 

sampling and sample preparation procedures, processing of temperature and salinity profiles 

of the ice, instrumental methods and settings, and the associated theory behind the complex 

permittivity and simulated NRCS models. 

2.3.1 Experiment Apparatus 

An artificial oil-in-ice mesocosm experiment with the use of corn oil was conducted 

in a cold room at the University of Manitoba (UofM) Centre for Earth Observation Science 

(CEOS) in Winnipeg, MB, Canada. An illustration of the test tank apparatus used in this 

experiment, designed by A. Diaz (pers comm, 2015), can be seen in Figure 2.1 (Neusitzer, 

2017). A pair of insulated 60 gallon plastic test tanks (32”d. and 28” ht.) were connected with 

a pipe and PVC ball valve in which one tank was used to conduct both the control and oil-

in-ice addition and the other to collect expelled water as the pressure in the first tank increased 

during ice growth and oil injection. Both tanks were three-quarters filled with salt water, 

mixed previously with a Handler III mixer (POLYWEST) to an approximate salinity of 30 

parts per thousand (ppt), and placed in a temperature controlled cold room to facilitate the 

sea ice growth. The main tank was equipped with a heating cable, a thermistor string, and a 

temperature data logger. The heating cable was controlled by the temperature data logger and 

was turned on, when necessary, to keep the ice at the desired depth (and from freezing to the 
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bottom of the tank). Ice temperatures were measured from top to bottom at 1 cm intervals 

every 5 minutes. Temperature measurements were only stored, however, for sampling 

periods. 

 

Fig. 2.1 Insulated 60 Gal. Plastic Tanks equipped with heating coil, thermistor string, and 

temperature data logger used for artificial mesocosm study. The image depicts the outer physical 

appearance for the tank setup in a cold room. 

2.3.2 Sampling 

The experiment consisted of two phases (control and oil contaminated) in which both 

were conducted at ambient temperatures of -20, -15, and -10oC. At each temperature, 

3”x3”xdepth ice cores were taken with a power drill (DEWALT). Due to the limited size of 

the tank, three cores were collected at -20 and -15oC and only one core was collected at             

-10oC due to the fragility of the warmer ice. For phase 1 (control experiment), the cold room 

was first set to -20oC. Once the ice grew to a thickness of at least 10 cm, a single core was 

procured every other day. The cold room temperature was than increased to -15oC. At the 

new temperature, the tanks were allowed to equilibrate for half a week before further 

sampling and reduction to -10oC. Again, after an equilibration period, the last core was taken 

completing the first phase of the experiment. Before the start of the second phase, the sea ice 
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was completely thawed before refreezing. During phase 2, the cold room temperature was 

first set to -10oC. When the ice was at least 7 cm thick, ~2.2 L of corn oil (Mazola) was 

injected below the ice from the tanks bottom. The cold room temperature was then set to and 

held at -20oC for half a week before sampling. Similar to the control, a set of three cores were 

collected at -20 and -15oC and one core at -10oC. All 14 cores collected during the experiment 

were cut immediately after sampling into 3 sections with a band saw (an exception of 2 cores 

cut in halves). Each sample (core section) was placed into a sterilized glass sample jar and 

stored in a freezer at-20oC until needed. Samples were then melted at room temperature 

before sample preparation and analysis.  

2.3.3 Sample Preparation 

Each core section was melted and their volumes determined. The corn oil samples 

were spiked with the recovery standard, methyl nonadecanoate (SIGMA – ALDRICH, ≥98.0 

%), and the corn oil extracted using hexanes (Fisher Scientific, Optima Grade) in a separatory 

funnel. The extracts were concentrated to dryness using rotary and nitrogen evaporators. 

Analysis by GCxGC-HR-TOF-MS requires that corn oil (fatty acids) be derivatized to form 

their corresponding fatty acid methyl esters (FAMES) (Kiefer, 1997). Several methods have 

been developed (Kiefer, 1997; Ichihara and Fukubayashi, 2010; Zhao, 2012; Brunton et al., 

2015), however, a rapid methanolysis/methylation method proposed by (Ichihara and 

Fukubayashi, 2010) was chosen for its efficiency, effectiveness, and convenience; however, 

instead of incubating/heating the solution inside an oven, the method was adapted by placing 

the uncapped solution, to be derivatized, inside a boiling water bath for five minutes, 

followed by placing the now capped solution on a vortex for 30 seconds, and repeating both 
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steps once more. Prior to derivatization, hexanoic acid (SIGMA – ALDRICH, ≥98.0 %) was 

added to each sample to correct for yields ˂100%. Two blanks, one containing hexanes and 

the other salt water, were processed in the same manner. 

2.3.4 Processing of Temperature and Salinity Profiles 

The collected salt water fractions, previously obtained through separation of oil, were 

measured with a conductivity meter (Orion Star A212 – Thermo Scientific) to find their 

respective bulk salinities. The measured bulk salinities (S), total volumes (VT), and 

temperatures (T) of the sampled ice were used to calculate their respective brine volumes 

(VB) using Equations 2.1-2.6 developed by (Cox and Weeks, 1983) and (Leppäranta and 

Manninen, 1988); where Di = pure ice density; F1 and F2 = auxiliary functions; VB/V = brine 

volume fraction; %VB = percent brine volume, and VB = brine volume (mL). 

2.1  Di = 917– 0.1404 ∗ T  

2.2  F1 = −4.732 − 22.4 ∗ T − 0.6397 ∗ T2 − 0.01074 ∗ T3 

2.3  F2 = 0.08903 − 0.01763 ∗ T − 5.33 ∗ 10−4 ∗ T2 − 8.801 ∗ 10−6 ∗ T3  

2.4  VB/V = [(Di/1000) ∗ S]/[F1(T) − (Di/1000) ∗ S ∗ F2(T)] 

2.5  %VB = VB/V ∗ 100% 

2.6  VB = (VB/V) ∗ VT 

A sea ice thermal conductivity model (Equation 2.7) (Wettlaufer, 1991), adapted from 

the original model (Maykut and Untersteiner, 1971) in order to account for more saline ice, 

was used to estimate the thermal conductivities of control cores. Equation 2.8 (Montaron, 

2012) was used to estimate the thermal conductivity of corn oil-contaminated ice. 

2.7  𝑘𝑠𝑒𝑎 𝑖𝑐𝑒 = 2.10 + 0.13S/T 
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2.8   𝑘𝑐𝑜𝑟𝑛 𝑜𝑖𝑙−𝑖𝑛−𝑖𝑐𝑒 = 𝑘𝑐𝑜𝑟𝑛 𝑜𝑖𝑙 ∗ (𝑉𝑜𝑖𝑙/𝑉) + 𝑘𝑠𝑒𝑎 𝑖𝑐𝑒 ∗ (𝑉𝑠𝑒𝑎 𝑖𝑐𝑒/𝑉) 

where ksea ice (W/mK) – sea ice thermal conductivity; kcorn oil-in-ice (W/mK) – 

corn oil-contaminated sea ice; kcorn oil (W/mK) – corn oil thermal conductivity (Turgut 

et al., 2009); Voil/V – oil volume fraction; Vsea ice/V – sea ice volume fraction. 

2.3.5 GCxGC-HR-TOF-MS Analysis 

After derivatization, each oil sample was diluted with hexanes before analysis on a 

Pegasus multidimensional gas chromatography high resolution time of flight mass 

spectrometry (GCxGC-HR-TOF-MS, LECO) system with a Rxi-5ms capillary column (30 

m length, 250 μm internal diameter, 0.25 μm film thickness) as the first dimension and a Rxi-

17ms capillary column (0.1 m length, 250 μm internal diameter, 0.25 μm film thickness) for 

the second dimension. Nitrogen was used as a carrier gas. Both one- and two-dimensional 

analyses were conducted on each sample. A mixture of 37 fatty acid methyl esters (FAMEs 

– Supelco) as well as a mixture of methyl pentanoate, heptanoate, nonanoate, and 

nonadecanoate (SIGMA – ALDRICH, ≥98.0 %) were used for external quantification. Both 

hexanoic acid and methyl nonadecanoate were used as internal standards. 

2.3.5.1 One-dimensional column setup 

The operational settings used for the one-dimensional analysis included a constant 

inlet pressure of 7.98 psig and an inlet temperature of 275°C. The initial oven temperature 

was initially set to 40°C. After one minute, the temperature was increased to 120°C at a rate 

of 10°C/min, then to 200°C at 0.7°C/min, and last to 270°C at a rate of 10°C/min. The mass 

spectrometer conditions consisted of the electron ionization at 70 eV, the ion source 

temperature at 250°C, a mass range of 40-500 m/z, and a TOF resolving power of 25 000.  
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2.3.5.2 Two-dimensional column setup 

The operational settings used for the two-dimensional analysis included a constant 

inlet pressure of 7.98 psig and an inlet temperature of 250°C. The primary oven temperature 

was initially set to 40°C. After one minute, temperature was increased to 200°C at a rate of 

2°C/min, then to 270°C at a rate of 1°C/min. The secondary oven temperature was set to 

+5°C relative to the primary GC oven temperature, and the Modulator temperature was set 

to +15°C relative to the secondary oven temperature. The transfer line temperature was set 

to 300°C. The modulation timing comprised of a 1.5 s hot pulse and cool time as well as a 

second dimension time of 6 seconds. The mass spectrometer conditions consisted of the same 

settings as mentioned for the one-dimension analysis. 

2.3.5.3 Quality Assurance/Control 

The GCxGC-HR-TOF-MS system was tuned and validated before and after a 

sequence of standard/sample runs as well as between each set of 6-8 standards/samples. Six 

point standard curves were made from standards yielding R2 values from 0.96 to 1.0. All 

measured analytes had a signal-to-noise ratio (S/N) greater than ten and were interpolated 

within the range of generated standard curves except methyl octanoate, which fell below the 

lowest standard concentration for several samples and was calculated manually. A S/N of at 

least three was seen, however, for methyl octanoate, exhibiting a nice peak shape, and was 

evidently distinguishable by its mass spectrum. All blanks led to the identification of artifacts 

found in samples (i.e., methyl pentanoate and heptanoate, see Section 2.4.2). Derivatization 

and recovery yields ˂100% were corrected using the aforementioned internal standards and 

were used to calculate the total oil volume contained within each ice core section with the 
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use of corn oil density. The derivatization yields ranged from 3 to 47% with a mean (stdev) 

of 23(11)%, and the recovery yields ranged from 3 to 14% with a mean of 6(2)%. These 

losses are significant and the variance of the derivatization yield large. The modification of 

the selected derivatization method may have led to an unfortunate outcome. The low recovery 

yields, however, are believed to be underestimated as we suspect methyl nonadecanoate did 

not behave as intended. Methyl nonadecanoate (solid at room temperature) was initially 

dissolved with isooctane but was found to partly precipitate back to a solid after solvent 

reduction to dryness, thus deviating from properly mimicking the analytes of interest. 

However, these detrimental issues are overcome by three facts: (1) the potentially 

overestimated total oil volumes had no significant influence on the calculations of sea ice 

thermal conductivity, complex permittivity, and normalized radar cross section due to their 

small oil volume fractions (see Sections 2.3.4, 2.3.6, 2.3.7, and 2.4.6, 2.4.7); (2) both the 

corrected and uncorrected total concentration trends for each ice core (displayed as a 

vertically distributed relative percentage within the ice) shown in Section 2.4.3 are very 

similar to one another; and (3) similarly, the corrected and uncorrected individual 

concentrations (relative percentages) of each core display similar trends with some minor 

exceptions (see Section 2.4.3). 

2.3.6 Modelling of Complex Permittivity 

The relative complex permittivity profiles for both the control and corn oil ice core 

samples were determined by measuring their bulk salinities, temperatures, and volume 

fractions (ice, brine, oil). Relative complex permittivity is defined by Equation 2.9, 

comprising of both real and imaginary components. Two standard models, two-phase Polder-
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van Santen/de Loor (PVS-2) (Ulaby and Long, 2014; Polder and Santen, 1946; Loor, 1968) 

and two-phase Tinga-Voss-Blossey (TVB-2) (Ulaby and Long, 2014; Tinga and Blossey, 

1973), were used to calculate the relative complex permittivity of the control ice cores. These 

models consider sea ice to be a mixture of pure ice (i.e., freshwater ice) and brine (air is 

neglected). For the corn oil ice cores, relative complex permittivities were calculated using 

the Linear (Lin) (Equation 2.10) (Brekke et al., 2014; Hallikainen and Winebrenner, 1992; 

Neusitzer et al., 2018), Three-Phase Polder-van Santen/de Loor (PVS-3) (Equations 2.11 and 

2.12) (Neusitzer et al., 2018; Ulaby and Long, 2014; Hallikainen et al., 1986), and Quasi 

Two-Phase Tinga-Voss-Blossey (TVB-3) (Equations 2.13 and 2.14) (Neusitzer et al., 2018; 

Ulaby and Long, 2014; Tinga and Blossey, 1973) mixture models (pure ice, brine, and corn 

oil). All relative complex permittivities were modeled at 5.5 GHz. 

2.9        ε𝑟 = ε′𝑟 − jε′′𝑟 

2.10      ε𝑚𝑖𝑥 = ε𝑠𝑒𝑎 𝑖𝑐𝑒 + ν𝑜𝑖𝑙 (εoil − εsea ice)  

2.11      εmix = εpure ice + 3𝑣brineε∗[(εbrine − εpure ice)/(εbrine + 2ε∗)]  +

3𝑣oilε
∗[(εoil − εpure ice)/(εoil + 2ε∗)] 

2.12      ε∗ = {εpure ice, ν𝑏𝑟𝑖𝑛𝑒 + ν𝑜𝑖𝑙 ≤ 0.1, εmix, 𝑣brine + ν𝑜𝑖𝑙 > 0.1} 

2.13      ε𝑠𝑒𝑎 𝑖𝑐𝑒 =  εpure ice + [3𝑣brineεpure ice(εbrine − εpure ice)/

2εpure ice + εbrine − ν𝑏𝑟𝑖𝑛𝑒(εbrine − εpure ice)] 

2.14      ε𝑚𝑖𝑥 = ε𝑠𝑒𝑎 𝑖𝑐𝑒 + [3ν𝑜𝑖𝑙ε𝑠𝑒𝑎 𝑖𝑐𝑒(εoil − ε𝑠𝑒𝑎 𝑖𝑐𝑒)/2ε𝑠𝑒𝑎 𝑖𝑐𝑒 + εoil −

ν𝑜𝑖𝑙(εoil − ε𝑠𝑒𝑎 𝑖𝑐𝑒)] 
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2.3.7 Modelling of Normalized Radar Cross Section 

The relative complex permittivity profile calculated for both the control and corn oil 

ice cores at 5.5 GHz was used to simulate the NRCS (HH polarization) based on the model 

presented in (Firoozy et al., 2015). More specifically, the obtained values for the Quasi Two-

Phase Tinga-Voss-Blossey Mixture Model were incorporated into the NRCS model using 

the modified I2EM method for layered media (assumes half space) with the inputted 

parameters of surface roughness, with a root mean square of 0.001 m and correlation length 

of 0.001 m, as well as incidence angles from 5-85 degrees in incremental steps of 5. 

2.3.8 Dielectric Measurement: Resonance Perturbation Method 

In order to compare the relative complex permittivity of corn oil to that of a medium 

crude oil (Tundra Oil & Gas), their dielectrics were measured by Resonance Perturbation, a 

Cavity Perturbation Method presented in (Chen et al., 2005), using a custom cavity made by 

Gregory Bridges (Advanced RF Systems Lab). From this, a plot of the |S11| data (the 

electromagnetic reflection coefficient at the input to the cavity) for the resonant peak 

corresponding to the TE107 mode (frequency range 4.395-4.420 GHz) propagating within the 

cavity was constructed. Subsequently, the dielectrics for both the corn and medium crude oil 

were calculated from the |S11| data using Equations 2.15-2.20 (Chen et al., 2005; Bridges, 

2015a; Bridges, 2015b), in which Equations 2.15-2.17 pertain to variables related to the 

cavity perturbation theory, Equation 2.18 provides 𝜓, a correction factor for TEm0p, and 

finally Equations 2.19 and 2.20 solve for 𝜀𝑟′ and 𝜀𝑟′′, the real and imaginary parts 

respectively, of the samples relative complex permittivities. From now on we will refer to 

relative complex permittivity as complex permittivity for simplicity.  
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2.15      QL = f0/∆fxdB 

2.16      ξ = {(1 − |S11| f0, overcoupled), 1 + |S11| f0, undercoupled}} 

2.17      QU = QL {(2/ ξ)( |S11|xdB
2 − |S11|fo

2 )/(1 − |S11|xdB
2 )}1/2 

2.18      ψ = [sin(mπ/2)sin((pπ/d) ∗ 100 mm)]2 

2.19      ε′r = (1 − 2)[(fs − f0)/ f0][VC/4 ψVS] 

2.20      ε′′𝑟 = [VC/4 ψVS][(1/QS) − (1/Q0)] 

where π – mathematical constant; m and ρ – correspond to mode Tem0p; VS– oil sample 

volume; VC – resonant cavity volume; fs – frequency of oil sample in glass tube at 

corresponding |S11| data minimum; f0 –  frequency of empty glass tube at corresponding 

|S11| data minimum. 

2.3.9 Statistical Analyses 

Two-tailed unpaired t-tests were used to compare the difference in mean between 

control and contaminated averaged profiles (i.e., temperature, bulk salinity, thermal 

conductivity, complex permittivity, and NRCS measurements presented in Section 2.4). For 

legibility, standard deviation error bars were only included in simplified versions of these 

plots, provided in the Supplementary Section (Section 5.1, Figs. S2.1-S2.25). Specifics on 

each of these statistical analyses are provided in Results and Discussion.  

2.4 Results and Discussion 

The results shown in the following subsections were used to formulate an 

understanding of the oil-in-ice mechanics and to observe the extent of impact it had on the 

complex permittivity of sea ice and resulting response on the NRCS. 
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2.4.1 Justification for using Corn Oil 

Corn oil is comprised of fatty acids whereas crude oil is made up of paraffins, 

naphthenes, and aromatics. Although the composition of these two oils differs greatly, there 

are several reasons which support the use of corn oil as a surrogate for crude oil. The mean 

density of corn oil used was measured to be 0.921(3) g/mL while the mean/median density 

of a medium crude oil is 0.9 g/mL (0.87-0.92 g/mL) (MSDS; Viscopedia). Consequently, 

corn oil will have a similar tendency to migrate upward through the seawater and ice due to 

its greater buoyancy. Corn oil constituents, like that of crude oil, are hydrophobic and share 

the same overall affinity for salt water. Their compositions also result in similar complex 

permittivities. Figure 2.2 shows a plot of the measured |S11| data for corn oil, a medium crude 

oil, as well as an empty glass tube used for reference. From the graph, it can be seen that the 

magnitudes of both oils behave similarly concerning the resonant peak corresponding to the 

TE107 mode (frequency range 4.395-4.420 GHz) within the cavity. Their resultant relative 

complex permittivities were calculated to be 𝜀𝑟, Corn Oil = 2.6269-j0.1509 and 𝜀𝑟, Crude Oil = 

2.2332-j0.0373. Although these values given for the real and imaginary components are not 

identical, they are close enough so that the calculated complex permittivities and NRCS 

obtained for corn oil contaminated ice, modeled in this experiment, are comparable and can 

be treated as the same as the medium crude oil analog. The thermal conductivities of corn 

and crude oil were found to be fairly similar and have been reported as 167 and 131 mW/mK 

at 25oC, respectively (Elam et al., 1989; Turgut et al., 2009). In contrast, the ability of corn 

and crude oil to absorb solar radiation, thus effecting sea ice albedo, would differ 

significantly, as apparent by their visible color. As the experiment was conducted in a cold 
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room, absent to sunlight, the justification of using corn oil still holds and could be perceived 

as the analog for oil-in-ice under dark conditions (e.g., night time, cloudy). Likewise, other 

vegetable oils such as olive and canola could be used as alternative surrogates as they possess 

similar compositions to that of corn oil (Fig. 2.3; Zambiazi et al., 2007). Furthermore, from 

initial testing, olive, canola, and corn oil remain fluid at sub-zero temperatures. On the other 

hand, extra virgin olive oil would not be suited to cold conditions due to its tendency to 

become super viscous at temperatures as warm as +2oC. 

 

Fig. 2.2 A plot of the |S11| data for the resonant peak corresponding to the TE107 mode propagating 

within the cavity. 

2.4.2 Corn Oil Composition 

Before seeing how the movement of oil and its presence impacts the complex 

permittivity of the ice, and thus the NRCS, it is important to understand the makeup of the 
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oil so that an understanding of how the ice partitions oil, changing its composition, can be 

understood as a change brought about by weathering will further influence the complex 

permittivity of the ice. The composition of corn oil has been investigated extensively by 

several sources. Two notable articles (Beadle et al., 1965; Zambiazi et al., 2007) provide corn 

oil’s composition and the relative amounts of saturated (sat.), unsaturated (unsat.), 

monosaturated (MUFA), and polyunsaturated (PUFA) fatty acids present in the oil. From 

their investigation and others, it is clear that corn oil is mostly made up of unsaturated fatty 

acids (~86%) with linoleic acid (C18:2n6c, PUFA) and oleic acid (C18:1n9c, MUFA) being 

the most dominant. The relative percentages for PUFA and MUFA are roughly 61% and 25% 

respectively. Conversely, the saturated fatty acids (~14%) are mainly comprised of stearic 

acid (C18:0) and palmitic acid (C16:0). Several other fatty acids can be found in corn oil; 

however, their relative amounts are significantly lower.  

 

Fig. 2.3 TIC of canola, olive, Mazola corn, Safeway corn, and extra virgin olive oil 

Table 2.1 provides a list of the derivatized fatty acids (FAMES) found in the 

analytical standards with their abbreviations, chemical formulas, and respective HR-TOF-
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MS target ions tabulated. Additionally, their fatty acid counterparts found specifically in the 

corn oil samples obtained in this experiment, as well as those reported by (Beadle et al., 1965) 

and (Zambiazi et al., 2007), were identified in Table 1 as observed or not on a yes or no basis. 

Comparison of the corn oil composition found in this study to that of the prior 2007 study 

shows an additional nine fatty acids presented here, most likely due to the lower detection 

limits of the instrument used. On the other hand, four fatty acids observed in the 2007 study 

were not identified in this study; although some of these fatty acids could be seen, however 

not with certainty, due to their low S/N, and were resultantly dismissed. Other dissimilarities 

in composition could be due to the difference in corn origin, albeit minor. 
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Table 2.1 List of FAMES found in analytical standards used in this experiment, their abbreviations, 

chemical formulas, and HR-TOF-MS target ions. Observed fatty acids (Non-derivatized fatty acid 

counterparts of their respective FAMEs) found in corn oil samples from this experiment and/or from 

those reported by (Beadle et al., 1965) and (Zambiazi et al., 2007) indicated on a yes/no basis (Y=yes; 

N=no). 

     Obs. in Corn Oil 

      

# FAMES Abbrev. Formula Target Ion (Herein)/65/07 

1 Methyl Butanoate C4:0 C5H10O2 74.0368 N/N/N 

2 Methyl Pentanoate C5:0 C6H12O2 74.0368 N/N/N 

3 Methyl Hexanoate (Internal Standard) C6:0 C7H14O2 74.0368 N/N/N 

4 Methyl Heptanoate C7:0 C8H16O2 74.0368 N/N/N 

5 Methyl Octanoate  C8:0 C9H18O2 74.0368 Y/N/N 

6 Methyl Nonanoate C9:0 C10H20O2 74.0368 Y/N/N 

7 Methyl Decanoate C10:0 C11H22O2 74.0368 N/N/N 

8 Methyl Undecanoate C11:0 C12H24O2 74.0368 Y/N/N 

9 Methyl Dodecanoate  C12:0 C13H26O2 74.0368 N/Y/Y 

10 Methyl Tridecanoate C13:0 C14H28O2 74.0368 Y/N/N 

11 Methyl Myristoleate (cis-9) C14:1 C15H28O2 55.0548 N/N/N 

12 Methyl Myristate C14:0 C15H30O2 74.0368 Y/Y/Y 

13 Methyl Pentadecanoate (cis-10) C15:1 C16H30O2 55.0548 N/N/N 

14 Methyl Pentadecanoate C15:0 C16H32O2 74.0368 Y/N/N 

15 Methyl Palmitoleate (cis-9) C16:1 C17H32O2 55.0548 Y/Y/Y 

16 Methyl Palmitate C16:0 C17H34O2 74.0368 Y/Y/Y 

17 Methyl Heptadecanoate (cis-10) C17:1 C18H34O2 55.0548 N/N/N 

18 Methyl Heptadecanoate C17:0 C18H36O2 74.0368 Y/N/N 

19 Methyl y-linolenate (cis-6, 9, 12) C18:3n6 C19H32O2 79.0548 N/N/N 

20 Methyl Linoleate (cis-9, 12) C18:2n6c C19H34O2 67.0548 Y/Y/Y 

21 Methyl g-Linolenate (cis-9, 12, 15) C18:3n3 C19H32O2 79.0548 N/Y/Y 

22 Methyl Oleate (cis-9) C18:1n9c C19H36O2 264.2453 Y/Y/Y 

23 Methyl Linoleaidate (trans-9, 12) C18:2n6t C19H34O2 67.0548 N/N/N 

24 Methyl Elaidate (trans-9) C18:1n9t C19H36O2 55.0548 Y/N/N 

25 Methyl Stearate C18:0 C19H38O2 74.0368 Y/Y/Y 

26 Methyl Nonadecanoate (Internal Standard) C19:0 C20H40O2 74.0368 N/N/N 

27 Methyl Arachidonate (cis-5, 8, 11, 14) C20:4n6 C21H34O2 79.0548 N/N/N 

28 Mehyl Eicosapentaenoate (cis-5, 8, 11, 14, 17) C20:5n3 C21H32O2 79.0548 N/N/N 

29 Methyl Eicosatrienoate (cis-8, 11, 14) C20:3n6 C21H36O2 79.0548 N/N/N 

30 Methyl Eicosenoate (cis-11, 14) C20:2 C21H38O2 67.0548 N/N/Y 

31 Methyl Eicosenoate (cis-11) C20:1n9 C21H40O2 55.0548 Y/N/Y 

32 Methyl Eicosatrienoate (cis-11, 14, 17)) C20:3n3 C21H36O2 79.0548 N/N/N 

33 Methyl Arachidate C20:0 C21H42O2 74.0368 Y/Y/Y 

34 Methyl Heneicosanoate  C21:0 C22H44O2 74.0368 Y/N/N 

35 Methyl Docosahexaenoate (cis-4, 7, 10, 13, 16, 19) C22:6n3 C23H34O2 79.0548 N/N/N 

36 Methyl Docosadienoate (cis-13, 16) C22:2 C23H42O2 67.0548 N/N/N 

37 Methyl Erucate (cis-13) C22:1n9 C23H44O2 55.0548 N/N/N 

38 Methyl Behenate  C22:0 C23H46O2 74.0368 Y/N/Y 

39 Methyl Tricosanoate C23:0 C24H48O2 74.0368 Y/N/N 

40 Methyl Nervonate (cis-15) C24:1n9 C25H48O2 55.0548 N/N/Y 

41 Methyl Lignocerate C24:0 C25H50O2 74.0368 Y/N/Y 
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The one-dimensional (1D) total ion chromatogram (TIC) of the analytical standards 

used to identify and quantify the fatty acids found in the corn oil samples of this study is 

presented in Figure 2.4, numbered respectively by their association in Table 1. The 1D TIC 

of a corn oil sample is also provided and can be seen in Figure 2.5, with associated numbering 

pertaining to corn oils most prominent fatty acids. In both Figures 2.4 and 2.5, peaks 3 and 

19 pertain to the internal standards (IS) used in this study to correct for losses in the methods 

used to process the samples. From Figure 2.4, it can be seen that peaks 21-23 as well as 31-

32 co-elute and cannot be separated properly under the 1D column setup. To fully resolve 

these peaks, a two-dimension (2D) column setup was used, allowing for peak identification 

in the standards and corn oil samples. Based on the identified peaks and their respective target 

ions, it was found that sufficient separation under the 1D column setup could be achieved 

with the use of target ion analysis and were quantified as such. A zoom in of the 2D TIC plot 

showing peaks 20-24 can be seen in Figure 2.5 in which peaks 21-23 have been sufficiently 

resolved. Lastly, two artifact peaks were present in the corn oil samples investigated (Fig. 

2.6). Peaks 2 and 4 were seen in all samples and were initially believed to be additional fatty 

acids present in corn oil. However, these two peaks, identified by an external standard 

mixture (i.e., methyl pentanoate, heptanoate, nonanoate, and nonadecanoate), could be seen 

in the spiked blanks as well. In contrast, peaks 2 and 4 were not observed to be present in the 

unaltered corn oil technical mixture. Overlap of peaks 2 and 4 can be seen in Figure 2.6 for 

a spiked corn oil sample, the external standard mixture, and spiked blanks suggesting that the 

artifacts were caused by the internal standards placed in the samples. 
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From the fatty acid composition observed in the sea ice a spatial mapping of the oils 

partitioning and distribution could be seen. The subsequent sections will first provide a 

microscopic analysis investigating the extent of the oils ability to partition, followed by a 

macroscopic analysis focusing on the bulk movement tendencies of the oil and how it is 

distributed in the ice. The bulk effect of the oil on the salinity and temperature of the ice will 

then be discussed, followed by the resulting change in the complex permittivity and NRCS 

due to the presence of the oil.  

Fig. 2.4 TIC of FAMEs Analytical Standards 

Fig. 2.5

Fig. 2.5 1D TIC chromatogram of a Corn Oil Sample and a 2D zoom-in showing enhanced 

separation over 1D for co-elution of C18:3n3, C18:1n9c, and C18:2n6t 
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Fig. 2.6 Zoom in of TIC for a spiked corn oil sample (orange), external standards (green), and 

spiked blanks (blue and red) showing the presence of artifacts in comparison to an unspiked corn 

oil sample (pink). 

2.4.3 Microscopic Analysis: Partitioning of Corn Oil 

In order to ascertain if the corn oil partitions through sea ice changing its overall 

composition, depth profile trends for total oil concentration (Fig. 2.7) and a range of 

individual fatty acids (Fig. 2.8) were measured for all seven of the collected corn oil 

contaminated cores. Due to the magnitude of data, results for only Core 1 (1st sampled 

contaminated core) is presented in Figure 2.8. The remaining data can be found in the 

Supplementary Section (Section 5.1, Figs. S2.26-S2.30). For ease of observing trends (Figs. 

2.7-2.8), the vertically distributed concentration profiles of each core were scaled and 

represented as a relative percentage of each core section. Due to the loss of the top section of 

Core 2 during sample preparation, Core 2 could not be scaled and is not shown in Figure 2.7. 

In Figures 2.7-2.8, the concentration of each core section is represented by a single dot at a 

specified depth for legibility purposes and not to be misleading. The depth ranges for each 

core section can be seen in the Supplementary Section (Section 5.1, Table. S2.1).  

2 (artifact) 
4 (artifact) 
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From Figures 2.7-2.8, the concentration profiles have a tendency to follow either a c-

curve or partial c-curve distribution as was also seen in (Desmond et al., in prep; Saltymakova 

et al., in prep). Note that cores 4 and 7 were only sectioned twice due to their smaller 

thicknesses and therefore contain only two data points. Comparing the uncorrected and 

internal standard corrected concentration profiles, their relative distributions (vertically 

within the ice) were found to be similar with the exception of certain individual 

concentrations, exhibiting a reverse c-curve in either the uncorrected or corrected trend (e.g., 

Heneicosanoate, Fig. 2.8). From Figure 2.8, Octanoate (C8) and Nonanoate (C9) were found 

to be most concentrated in the top section and least in the bottom section of the ice, conversely 

to Lignocerate (C24). To better visualize this disproportion and potential for partitioning 

amongst each compound, molar mass was plotted against the relative distribution of 

compounds found in Core 1 (1st sampling date at -20oC) and Core 7 (last sampling date at      

-10 oC) (Fig. 2.9). Mild to moderate associations (linear) can be seen for the bottom, middle, 

and top sections of Core 1 while no meaningful association is found for Core 7. This contrast 

may be a result of the difference in ambient temperature (i.e., -20 to -10 oC), influencing the 

size of brine channels (Fig. 2.10) and potential for partitioning. At -10 oC, all compounds 

were observed to be concentrated at the top section of the ice, despite the difference in size 

between octanoate/nonanoate and the larger fatty acids.  
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Fig. 2.7 Depth profiles for total oil concentration of corn oil contaminated sea ice. 
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Fig. 2.8 Depth profiles for individual fatty acid concentrations found in Core 1 of corn oil contaminated sea ice. 
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Fig. 2.9 Partitioning of corn oil constituents within Cores 1 and 7 of corn oil contaminated sea ice. 
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Fig. 2.10 Depth profiles for total oil volume found in corn oil contaminated sea ice (left) and effect of temperature on brine volume 

profiles of corn oil contaminated sea ice at ambient temperatures of -20,-15,-10oC (right). 

Table 2.2 Statistical Analysis Summary: Brine Volumes of Contaminated Sea Ice  

 (-15oC) Group (-20oC) Group 

Mean 8.126 6.779 

Variance 6.348 3.366 

Stand. Dev. 2.520 1.835 

n 21 27 

t (unequal variance) (Welch) -2.062 

d.o.f. 35 

Critical Value 2.03 

The means of both groups are significantly different at p < 0.05. 
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2.4.4 Macroscopic Analysis: Movement and Tendencies of Corn Oil 

The total oil volume profile for each core is provided in Figure 2.10. Individual plots 

can be seen in the Supplementary Section (Section 5.1, Figs. 31-34). Observation shows that 

the oil undergoes either a positive linear or c-shaped (full or partial) vertical migration within 

the sea ice (Fig. 10). The magnitude of oil found laterally within the ice is very 

heterogeneous, as indicated by the variation of oil volumes (Fig. 2.10). This can be explained 

by the upward movement of oil and subsequent encapsulation in the ice interstices being a 

quicker process than lateral movement, owing in part to the reduced spreading of the oil in a 

cold environment.  

A simple positive linear (or fairly linear) trend for oil volume in ice can be expected 

as the majority of oil seeks to float to the top due to its buoyancy, resulting in an increasing 

hierarchy of oil magnitude. The shape of the c-curve, however, mimics a bulk salinity trend 

(Fig. 2.11). Though the exact mechanics may differ, both the concentration of the salts and 

of the oil are influenced or driven by the formation and temperature of the ice. The salts, 

initially concentrated at the sea ice top, are driven downward by their density. Similarly, the 

oil, initially concentrated at the sea ice bottom, is density driven towards the top of the ice 

allowing a portion of the oil through the threshold of the ice while the remainder stays 

situated. Moreover, a partial c-curve in which the bottom magnitude remains respectively 

lower can be attributed to brine drainage (Notz and Worster, 2009; Worster et al., 2015). The 

aspect of brine drainage is discussed more in the next section. Lastly, an increase in brine 

volume with warmer ice can be seen in Figure 2.10 allowing more oil on average to migrate 

upwards to the top of the ice. 
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2.4.5 Bulk Effect of Corn Oil on Temperature and Salinity 

It has been established that the bulk movement of the oil had a tendency to move 

upward in a respectively short time frame and that a greater amount of oil is expected to 

migrate further up with increasing brine volume; the greater permeability of the ice at warmer 

temperatures allow for more oil to traverse through the brine channels and accessible cracks 

found in the ice. With this in mind, some important deductions can be drawn from the 

observation of the temperature profiles and the salinity profiles shown in Figure 2.11. 

Observation of the individual temperature profiles show an increase in the temperature of 

oil-contaminated ice with respect to the control ice most likely due to the oils insulating 

properties. Furthermore, this temperature increase becomes more apparent with ice depth; 

that is, the extent of the temperature increase is reduced towards the top of the ice possibly 

owing to less oil migrating upward due to saturation of ice channels and oil trapping by the 

ice. Additionally, and possibly more significant, the top of the ice is subjected to the cooler 

ambient environment of the cold room. Now, from the comparison of the temperature profiles 

given at the different ambient temperatures, the extent of temperature increase in the ice 

becomes greater with warmer conditions owing to an increase in brine volume allowing for 

more oil to interact with the ice. Further observation shows that the thickness of the 

contaminated ice is less compared to the control, possibly due to impedance from the oil. 

From Figure 2.11, a clear reduction in the bulk salinity of the ice can be seen at the   

-20oC ambient temperature; however, this reduction was not as apparent for the -15oC case 

and became unapparent at the -10oC ambient temperature. These observations can be 

explained by the variance in ice porosity with respect to the change in ambient temperature. 
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At -20oC the ice was less permeable (less conforming and rigid) and infiltration through 

extended brine channels was more likely. As the oil percolated through these channels, it 

inadvertently pushed out and replaced the formerly contained brine into the water column. 

This theory of brine ejection, or brine drainage, is supported by the lowered salinities for the 

bottom sections of the ice, apparent only for the contaminated cases, as they usually are more 

saline then the middle sections forming the expected c-profile as regards bulk salinity. 

Evidence of this is also supported by measurement of the water’s salinity at the surface in 

which an increased salinity of ~50 ppt was found as compared to its initial 30 ppt. In contrast, 

at the -10oC condition, the ice was much warmer and less intact (marginally slushy and 

malleable) allowing the oil to move more easily through the ice with a minimization of brine 

ejection. Furthermore, with the warmer ice, a loss of oil in addition to brine can be expected 

in the lower depths of the ice due to natural brine drainage, also explaining the partial c-

curves observed for many of the concentration/volume profiles of the contaminated ice. 

Based on the changes in temperature and salinity within the ice, the thermal 

conductivity of the sea ice can be seen in Figure 2.12. Individual plots can be found in the 

Supplementary Section (Section 5.1, Figs. 7-9). Comparing the control and contaminated 

profiles, an increase in thermal conductivity can be seen towards the bottom of the ice at -20 

oC owing to the significant loss of salinity caused by the oil. In contrast, a decrease in the 

thermal conductivity is seen towards the top of the ice at -10 oC owing to the warming of the 

ice by the oil.  

From Figures 2.11-2.12, it is important to recognize that the oil does not only effect 

the ice in direct proximity, but also causes long range effects throughout the ice. 
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2.4.5.1 Statistical Analysis Assessment 

Unpaired t-tests were conducted on all temperature, salinity, and thermal conductivity 

measurements at the -20, -15, and -10oC conditions, respectively. The control and 

contaminated groups used in the tests consisted of all respective measurements taken 

vertically and laterally within the ice. The means of both groups were found to be 

significantly different at p<0.01 for the bulk salinity trend and p<0.001 for the thermal 

conductivity trend at the -20oC condition. 

Table 2.3 Statistical Analysis Summary: Bulk Salinity (-20oC) 

 Control Group Contaminated Group 

Mean 10.23 7.70 

Variance 3.60 13.90 

Stand. Dev. 1.90 3.73 

n 33 27 

t (unequal variance) (Welch) 3.20 

d.o.f. 37 

Critical Value 2.72 

The means of both groups are significantly different at p < 0.01. 
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Fig. 2.11 Comparison of average temperature and bulk salinity profiles of control and corn oil 

contaminated sea ice at ambient temperatures of -20,-15,-10oC. 
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Fig. 2.12 Comparison of average temperature and bulk salinity profiles of control and corn oil 

contaminated sea ice at ambient temperatures of -20,-15,-10oC 

 

Table 2.4 Statistical Analysis Summary: Thermal Conductivity (-20oC) 

 Control Group Contaminated Group 

Mean 1.75 1.87 

Variance 0.02 0.01 

Stand. Dev. 1.90 3.73 

n 33 27 

t (unequal variance) (Welch) -4.29 

d.o.f. 51 

Critical Value 3.50 

The means of both groups are significantly different at p < 0.001. 

  



65 

2.4.6 Complex Permittivity Model 

As previously explained, the complex permittivity of the ice is expected to change 

with the presence of oil owing to its change in volume fractions, temperature, and salinity. 

The extent of this change is presented in Figure 2.13 for the Linear Mixture Model (Lin), 

Three-Phase Polder-van Santen/de Loor Mixture Model (PVS), and Two-Phase Tinga-Voss-

Blossey Mixture Model (TVB) averaged over the three ambient temperature conditions. 

Their independent profiles at the -20, -15, and -10oC conditions can be seen in the 

Supplementary Section (Section 5.1, Figs. S2.11-S2.24). Comparing the contaminated 

profiles, both real (RE) and imaginary (IM), of the individual PVS and TVB models to their 

control, show a consistent small drop in complex permittivity for their real and imaginary 

components at the -20oC condition as well as for those averaged over all temperatures. This 

decrease in complex permittivity is more apparent towards the bottom of the ice and less so 

towards the top, as seen with the temperature and salinity profiles. This suggests that the 

complex permittivity of sea ice is more strongly dependent on ice temperature and salinity 

than on the amount of oil physically present within the ice. Although, the bulk of the oil was 

found towards the top of the ice (Fig. 2.10), it did not substantially impact the complex 

permittivity directly, owing to its small volume fraction (typically less than 1%). Rather the 

presence of the oil influenced complex permittivity indirectly through a change in sea ice 

temperature and salinity. 

The decrease in complex permittivity was found to be most pronounced at the -20oC 

condition and is unapparent for the -15 and -10oC conditions (Supplementary Section). 

Consequently, the contrast between the control and contaminated profiles seen in Figure 2.13 
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are primarily due to the change seen at -20oC. This result reflects the large decrease in salinity 

seen in Figure 2.11 for the contaminated profile at -20oC, suggesting that salinity more 

directly influences complex permittivity than temperature. Although salinity is a function of 

temperature, at the -20oC condition the significant decrease in salinity observed was a direct 

result of brine ejection due to percolation of oil through brine channels. As this abrupt change 

in salinity is primarily responsible for the lowering of complex permittivity presented in this 

research, it can be concluded that salinity played a stronger role than temperature in this 

experiment. This result can be explained by the enormous dielectric constant possessed by 

brine compared to oil and the other components of sea ice (Fingas and Brown, 2007). A 

significant lowering of salinity results in a substantial lowering in the brine volume fraction 

(Equation 2.4), which is heavily weighted by the large dielectric constant of brine. As such, 

a relatively small change in salinity can significantly impact the complex permittivity of sea 

ice. 

Comparison of the three models amongst themselves show a very similar behavior 

between the PVS and TVB model, whereas the Lin model (only modeled for contaminated 

ice) does not follow suit. This may be due to the linear mixture model being formulated quite 

differently from the Polder-van Santen/de Loor and Tinga-Voss-Blossey mixture models in 

that it does not account for the geometry of the inclusions. Last, it is important to note that at 

this time it is unknown which model best describes the complex permittivity of oil-

contaminated sea ice, although early results point to TVB as the most accurate (Neusitzer et 

al., 2018). 
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Although the changes in complex permittivity seen here are relatively small, a larger 

and more significant change would be seen in the case of a realistically larger oil spill. In 

addition, the thermal insulating properties of crude oil is greater than that of corn oil. 

Moreover, unlike the conditions of the cold room, the temperature of oil-contaminated sea 

ice in a real-world scenario would increase due to the increased absorbance of solar radiation 

owing to a lowered albedo. Nonetheless, an apparent decrease in the complex permittivity of 

ice is observed.  

2.4.6.1 Statistical Analysis Assessment 

Unpaired t-tests were conducted on the complex permittivity profiles averaged over 

the -20, -15, and -10oC conditions as well as independently at the -20oC condition. The 

control and contaminated groups used in the tests consisted of all respective measurements 

taken vertically and laterally within the ice. The means of both groups were found to be 

significantly different at p<0.001 for all tests. 

Table 2.5 Statistical Analysis Summary: Total AVG Re[Epsilon] PVS 

 Control Group Contaminated Group 

Mean 4.49 4.06 

Variance 0.42 0.22 

Stand. Dev. 0.65 0.47 

n 72 53 

t (unequal variance) (Welch) -4.22 

d.o.f. 123 

Critical Value 3.37 

The means of both groups are significantly different at p < 0.001. 
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Table 2.6 Statistical Analysis Summary: Total AVG Im[Epsilon] PVS 

 Control Group Contaminated Group 

Mean 0.21 0.12 

Variance (unequal) (Welch) 0.03 0.01 

Stand. Dev. 0.16 0.11 

n 72 53 

t -3.71 

d.o.f. 123 

Critical Value 3.37 

The means of both groups are significantly different at p < 0.001. 

Table 2.7 Statistical Analysis Summary: Total AVG Re[Epsilon] TVB 

 Control Group Contaminated Group 

Mean 4.28 3.99 

Variance 0.14 0.08 

Stand. Dev. 0.38 0.29 

n 72 53 

t (unequal variance) (Welch) -4.78 

d.o.f. 123 

Critical Value 1.98 

The means of both groups are significantly different at p < 0.001. 

Table 2.8 Statistical Analysis Summary: Total AVG Im[Epsilon] TVB 

 Control Group Contaminated Group 

Mean 0.11 0.08 

Variance 0.00 0.00 

Stand. Dev. 0.04 0.03 

n 72 53 

t (unequal variance) (Welch) -4.44 

t (equal variance) -4.35 

d.o.f.(unequal variance) 123 

d.o.f.(equal variance) 120 

Critical Value 1.98 

The means of both groups are significantly different at p < 0.001. 

Table 2.9 Statistical Analysis Summary: AVG(-20oC) Re[Epsilon] PVS 

 Control Group Contaminated Group 

Mean 4.86 4.03 

Variance 0.39 0.16 

Stand. Dev. 0.63 0.41 

n 33 25 

t (unequal variance) (Welch) -6.08 

d.o.f. 55 

Critical Value 3.50 

The means of both groups are significantly different at p < 0.001. 
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Table 2.10 Statistical Analysis Summary: AVG(-20oC) Im[Epsilon] PVS 

 Control Group Contaminated Group 

Mean 0.31 0.12 

Variance 0.03 0.01 

Stand. Dev. 0.16 0.09 

n 33 25 

t (unequal variance) (Welch) -5.67 

d.o.f. 52 

Critical Value 3.50 

The means of both groups are significantly different at p < 0.001. 

Table 2.11 Statistical Analysis Summary: AVG(-20oC) Re[Epsilon] TVB 

 Control Group Contaminated Group 

Mean 4.49 3.96 

Variance 0.13 0.07 

Stand. Dev. 0.36 0.26 

n 33 25 

t (unequal variance) (Welch) -6.40 

d.o.f. 56 

Critical Value 3.50 

The means of both groups are significantly different at p < 0.001. 

Table 2.12 Statistical Analysis Summary: AVG(-20oC) Im[Epsilon] TVB 

 Control Group Contaminated Group 

Mean 0.14 0.08 

Variance 0.00 0.00 

Stand. Dev. 0.03 0.03 

n 33 25 

t (unequal variance) (Welch) -6.24 

t (equal variance) -6.23 

d.o.f. (unequal variance) 53 

d.o.f. (equal variance) 56 

Critical Value 3.50 

The means of both groups are significantly different at p < 0.001. 

  



70 

 

 

Fig. 2.13 Average Re(permittivity) and Im(permittivity) for three mixture models averaged over 

ambient temperatures of -20, -15, and -10oC. 
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2.4.7 NRCS Model 

In addition to complex permittivity, the NRCS of sea ice is dependent upon several 

other variables such as surface roughness, angle, conductivity, size of snow grains, and 

presence of air bubbles. However, for this experiment only the effective change on the 

complex permittivity of ice, by the presence of corn oil, is taken into account. A simulation 

of the NRCS (HH polarization) of contaminated and control sea ice was undergone, solely 

based upon the TVB [5.5 GHz] modeled results shown in Figure 2.13. Due to the similarity 

with the PVS model, only the TVB model was utilized in the NRCS model, and the Lin 

model was forgone. From Figure 2.14, a decrease in the NRCS by can be seen between the 

incidence angles of 45-70 degrees as was also seen in (Firoozy et al., 2017); that is, at optimal 

angles, a change in the NRCS can be seen due to the presence of oil in ice and its impact on 

complex permittivity through change in the volume fractions, temperature, and salinity. As 

the uncertainty in the NRCS is roughly 1 dB (Firoozy et al., 2017) this decrease is significant. 

In a real world scenario, the NRCS can be used in low visibility conditions (e.g., darkness, 

blowing snow, rain and fog) to detect oil-in-ice. This technique is however surficial and is 

limited to probing underneath snow and approximately the first 8 cm of ice (Puestow et al., 

2013). Consequently, this technique is dependent on oil migration to the surface (e.g., in 

Spring) (Oggier, 2014). However, the premise behind a change in sea ice complex 

permittivity by the presence of oil is applicable to many remote sensing technologies. 
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2.4.7.1 Statistical Analysis Assessment 

Two unpaired t-tests were conducted on the NRCS profile presented in Figure 2.12. The 

control and contaminated groups used in the tests consisted of all measurements made at the 55-

65 and 50-65 degree angles, respectively. The means of both groups were found to be 

significantly different at p<0.001 for 55-65 degree angles and p<0.01 for 50-65 degree angles.

 

Fig. 2.14 Observed Change in Simulated NRCS over the range of incidence angles 0-85 degrees 

for corn oil contaminated vs. control sea ice using the TVB-2 Model at 5.5 GHz averaged over 

ambient temperatures of -20, -15, and -10oC. 
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Table 2.13 Statistical Analysis Summary: NRCS 55-65 degrees 

 Control Group Contaminated Group 

Mean -33.90 -39.11 

Variance 8.45 8.05 

Stand. Dev. 2.91 2.84 

n 18 15 

t (unequal variance) (Welch) 5.20 

t (equal variance) 5.19 

d.o.f.(unequal) 30 

d.o.f.(equal) 31 

Critical Value 3.63 

The means of both groups are significantly different at p < 0.001. 

 

Table 2.14 Statistical Analysis Summary: NRCS 50-65 degrees 

 Control Group Contaminated Group 

Mean -34.14 -37.72 

Variance 15.18 14.55 

Stand. Dev. 3.90 3.82 

n 28 20 

t (unequal variance) (Welch) 3.18 

t (equal variance) 3.17 

d.o.f.(unequal) 42 

d.o.f.(equal) 46 

Critical Value 2.69 

The means of both groups are significantly different at p < 0.01. 

2.4.8 Conclusion 

Through the course of this experiment, the movements of corn oil, used as a surrogate 

for crude oil, in sea ice and its effect on the complex permittivity of the ice and resulting 

NRCS was observed. The use of the analytical instrument GCxGC-HR-TOF-MS provided a 

spatial mapping of the corn oil composition and respective concentrations. From this, a 

moderate degree of partitioning of the oil’s composition was observed leading to a higher 

concentration of lighter compounds in the top section of the ice; a change in chemical 

composition would lead to a change in the oil’s physical properties (e.g., density, thermal 

conductivity, relative complex permittivity) which in turn may further impact the physical 
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properties of the ice. Additionally, the bulk movement of the oil was observed to move 

upward through brine channels and any accessible cracks within the ice, following either a 

positive linear trend, towards the surface of the ice, or a c-profile, analogous to the bulk S 

curve. The presence of oil in ice was observed to increase the temperature of the ice as well 

as to reduce its salinity, thereby lowering its complex permittivity. Although, the extent of 

this was seen to be small due to the small amount of corn oil found in the ice and its lack of 

exposure to solar radiation. Despite this, a significant change in the simulated NRCS could 

be seen for the incidence angle range of 50-65 degrees. In the event of an actual oil spill, a 

larger amount of oil is expected to be contained in the ice allowing for a greater change in 

complex permittivity and the resultant NRCS signal. Additionally, the effect of crude oil in 

ice would differ to that of corn oil due to its greater absorption of solar radiation and its 

susceptibility to weathering. 
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3 Oil Behavior in Sea Ice: Changes in Chemical Composition 

and Resultant Effect on Sea Ice Dielectrics  

____________________________________________ 

3.1 Abstract 

There has been increasing urgency to develop methods for detecting oil in sea ice 

owing to the effects of climate change in the Arctic. For this reason, a multidisciplinary study 

of crude oil behavior in a sea ice environment was conducted at the University of Manitoba 

(UofM) Sea-ice Environmental Research Facility (SERF) from January 15 to March 1, 2016, 

to observe changes made to the oils composition and the resultant effect it had on the physical 

properties of the ice, and more specifically on sea ice dielectrics, an important parameter 

utilized in the remote sensing of sea ice. A medium-light crude oil was injected underneath 

young sea ice and was sampled over a three-week time span with consequent analysis using 

multidimensional gas chromatography high resolution time of flight mass spectrometry 

(GCxGC-HR-TOF-MS) providing a spatial and temporal mapping of the oil composition and 

respective concentrations within the snow, sea ice, and water column below. Additionally, 

Resonance Perturbation was used to measure oil permittivities for oil-contaminated sea ice 

and the Quasi Two-Phase Tinga-Voss-Blossey Mixture Model for contaminated sea ice as a 

four-phase mixture (TVB-4) allowed for the calculation of sea ice dielectrics. Overall, 2.5% 

of the identified hydrocarbons (HCs) and heterocyclic compounds were found to be dissolved 

in the water column, 19% were lost due to evaporation, 8.5% adhered to the snowfall above, 

and 70% remained in the ice. Changes in oil composition, due to weathering (i.e., 
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evaporation, dissolution, and partitioning within sea ice) led to an overall decrease of oil 

permittivity, thermal conductivity, and density. Furthermore, the bulk presence of oil-in-ice 

was observed to increase the temperature and lower the salinity of the sea ice, both of which 

are dependent variables of sea ice dielectrics. Overall, these changes resulted in the lowering 

of sea ice dielectrics, when taken as a whole system (i.e., ice, brine, air, and oil), detectable 

by remote sensing systems. 

3.2 Introduction 

Within the Arctic, human-induced warming has led to a persistent decrease in sea-ice 

extent and type (Macdonald, 1988; Lashof, 1989; Jones and Henderson-Sellers, 1990; Walsh 

et al., 2005). Consequently, shipping and oil exploration in the Arctic is becoming 

increasingly more feasible, allowing for a potential increase of crude oil or fuel being spilled 

into the marine environment (AMAP Assessment 2007; Harsem et al., 2011; Schenk, 2011; 

Smith and Stephenson, 2013). This rising risk poses a threat to marine ecosystems and local 

inhabitants due to the oils toxic nature and persistence (Wiese et al., 2004; Fritt-Rasmussen 

et al., 2015). Hence, there exists an urgency to develop methods for detecting oil spilled in 

Arctic waters, thus allowing for fast response times to mitigate and minimize the extent of 

damage.  

Remote sensing systems have been used to assist in locating and tracking oil for 

forensic purposes for over 47 years (Swaby and Forziati, 1969). However, sensors for 

detecting oil in or under ice and snow are currently inadequate, and only a few novel remote 

sensing technologies show potential for oil spill detection in the ice-covered sea (Brown and 

Fingas, 2003; Brekke et al., 2014; Wilkinson et al., 2015; Bradford et al., 2015; Firoozy et 
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al., 2017a). Sea ice is a heterogeneous porous media consisting of an ice matrix in which is 

embedded liquid brine inclusions and air bubbles. The presence of a brine network and air 

inclusions greatly complicate the interactions and movements governing oil within the sea 

ice cover (Fingas and Brown, 2007). Furthermore, weathered oil can have significantly 

different chemical properties relative to its parent mixture. Major short-term weathering 

processes such as evaporation, dispersion, and emulsification govern the overall physical 

behavior of the surface slick (e.g., viscosity and volume density) and the mass balance of the 

oil spill. Longer term processes such as dissolution, biodegradation, and photo-oxidation will 

alter the structure and molecular weight (MW) of individual compounds which, in turn, will 

affect their vapor pressures (Simecek-Beatty and Lehr, 2007; Stout and Wang, 2007). In an 

Arctic setting, the rates of evaporation and dissolution will be significantly different relative 

to a warmer climate; as the air and water temperatures are lower in the Arctic, evaporation 

rates will be slower and potentially negligible if the oil is either underneath or encapsulated 

within the ice (Fingas and Hollebone, 2003; Brandvik and Faksness, 2009). Furthermore, 

dissolution processes may become more important, due to the impedance of evaporation, as 

more of the volatile components which are also water soluble may have an increased 

tendency to partition into the water column (Faksness et al., 2008). These processes are 

essential in the understanding of how oil chemistry and physics, as it pertains to the 

interaction of oil and ice over time, may alter or impact representative electromagnetic 

radiation and acoustic signatures of remote sensing technologies. 

Over the years, there has been a limited number of studies conducted on the 

interactions and behaviors of crude oil and sea ice (e.g. Fingas and Hollebone, 2003; Faksness 
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et al., 2008; Brandvik et al., 2009; faksness et al., 2011; Nemirovskaya, 2014; Scheibye et 

al., 2017). Notably, few studies have investigated the effect of oil on sea ice dielectrics 

(complex permittivity) (Brown and Fingas, 2003; Brekke et al., 2014; Firoozy et al., 2017b; 

Neusitzer et al., 2018); an important parameter associated with various remote sensing 

technologies such as active radar, which utilizes the normalized radar cross section of sea ice 

(dependent on sea ice dielectrics), for oil spill detection (Brown and Fingas, 2003; Firoozy 

et al., 2017b; Neusitzer et al., 2018). More research is therefore required to fully grasp the 

physical and chemical processes and impacts of oil in a sea ice environment both on a 

macroscopic as well as a microscopic scale. The Arctic ice pack is known to be a complex 

environment integrating several components (e.g., snow, first-year ice, multi-year ice, and 

seawater), each with their respective dielectric constants (1 to 2, 3 to ~5, ~3, and ~80 

respectively) (Fingas and Brown, 2007). In light of this, it is speculated that inclusion of 

crude oil (dielectric constant of 2 to 3) (Fingas and Brown, 2007) will lower the overall sea 

ice dielectrics directly through its initial presence and indirectly through a subsequent change 

of sea ice temperature and salinity, both of which are essential parameters of dielectrics. It is 

further postulated that the weathering effects of evaporation, dissolution, and partitioning 

within sea ice will cause an overall decrease in the concentration of crude oil’s denser and 

more polar constituents, lowering the oil’s dielectrics and potentially further decreasing the 

dielectrics of the oil-contaminated sea ice. To better understand the impact of oil on sea ice 

dielectrics, an artificial oil-in-ice mesocosm experiment was designed, in which the physical 

migration of light crude oil in sea ice (e.g., percolation and migration through brine channels 
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and ice cracks) as well as its chemical fractionation resulting of weathering processing 

tendencies, within, and below the sea ice were monitored.  

3.3 Materials and Methods 

The following subsections describe the conduction of the oil-in-ice mesocosm 

experiment; that is, the setup of the experiment apparatus and intended objectives, sampling 

and sample preparation procedures, instrumental methods and settings, processing of 

temperature, salinity, and volume profiles of the ice, and the associated theory behind 

quantum mechanical calculations used in this experiment as well as for the modelling of 

relative dielectrics (relative complex permittivity). This study focuses on changes made to 

the top ice (first 7.5 cm as opposed to the whole vertical cross-section) due to the limited 

penetration depth of interrogating microwaves (Firoozy et al., 2017a) of active radar. 

3.3.1 Experiment Apparatus and Overview 

An artificial oil-in-ice mesocosm experiment was conducted at the University of 

Manitoba (UofM) Sea-ice Environmental Research Facility (SERF) from January 15 to 

March 1, 2016. An open-ended 3 m diameter by 1 m deep insulated fiberglass tank with 

sampling ports built into its side at 10 cm intervals (vertically spaced) was used to facilitate 

the artificial oil-in-ice experiments (Fig. 3.1A) (Firoozy et al., 2017a, Neusitzer et al., 2018). 

This test tank was customized and built by STRUCTURAL Composite Technologies Ltd 

Winnipeg, MB. Initially, the fiberglass tank was filled with artificial seawater, derived from 

local source groundwater with the addition of sea salts (NaCl, MgCl2, MgSO4, CaCl2, and 

NaBr), to a salinity of 32 parts per thousand (ppt). The tank was equipped with a heating coil, 

thermistor string, and temperature data logger. The thermocouple string, frozen into the ice, 
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was used to measure the in-situ ice temperature profile at intervals of 2.5 cm, from top to 

bottom, every 15 minutes.  

The experiment consisted of two phases, control and contaminated, over the period 

from January 15 to 21 and February 8 to March 1, respectively. However, the weather 

conditions (e.g., air temperature, snowfall) were different during the two phases (Fig. 3.2) 

(Neusitzer et al., 2018). To account for this difference, the SERF main pool (Fig. 3.1B) 

(Isleifson et al. 2014) was used as a secondary control for the duration of the experiment. Air 

temperature below 0 oC allowed ice growth for each phase (Fig. 3.2). During phase 1, the sea 

ice grew to an approximate thickness of 30 cm and was subsequently melted to open water 

with the use of a glycol heater. During phase 2, once ice thickness reached approximately 6.5 

cm, 20 L of a light-medium crude oil (Petroleum Crude Oil (Sour) from Tundra Oil & Gas 

Partnership) was injected into the water column from the tanks bottom midsection. The oil 

was then free to interact and migrate upwards through the sea water, sea ice, and potential 

snow cover.  
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(a)  

(b)  

Fig. 3.1 Insulated fiberglass tank used to facilitate the artificial oil-in-ice mesocosm (A).depicting 

the oil evolution and alteration of the ice surface during the second phase of the experiment 

(Neusitzer et al., 2018). The Main SERF pool (B) is positioned directly in front of the sentinel 

satellite imaging platform which is situated directly in front of the oil pool. 
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Fig. 3.2 Temporal profile of the recorded temperatures for a vertical cross section of the test tank 

(oil pool) pertaining to the water column, sea ice, and air above from January 15 to March 1, 2016. 

The break in the temperature profile from January 21 to February 8 pertains to the transition period 

between phases one and two. 
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3.3.2 Sampling and Sample Preparation 

Sampling of sea ice was conducted during both phases of the experiment. Over the 

course of the first phase, nine control ice cores were taken with a 9 cm diameter core barrel 

at distributed locations; on each of January 16 and 17 two cores were taken, and through 

January 18 to 22 individual cores were taken each day. Similarly, 17 contaminated ice cores 

were taken at various locations during phase 2; one core was taken on February 12, four on 

February 18 and 12 cores on March 1. Snow samples were also collected from each core site, 

before the retrieval of their respective ice core, where and when applicable. Additionally, on 

March 1, water samples (~600 mL each) at various depths were taken from the sampling 

ports (Fig. 3.1A), and surface water samples (~10 mL each) were retrieved at sites where 

contaminated cores were removed. In addition to the sampling of snow, sea ice and water, 

three field blanks were taken in which one contained hexanes, another distilled water, and 

the last artificial sea water. Immediately after sampling, each ice core was sliced into three 

even sections (i.e., bottom, middle, and top) (an exception of two cores cut either in halves 

or quarters) with a sterilized saw, before placement inside their own respective sterilized 

glass sample jars or sealable plastic sample bags and were subsequently vacuum sealed and 

placed in a freezer for storage to avoid sample degradation. All samples were then melted at 

room temperature before sample preparation and analysis. 

Once melted, each of the snow, water, sectioned cores, and field blanks were 

measured volumetrically. For each sample, the crude oil was separated from the melted sea 

ice and snow using a separatory funnel and hexanes (Fisher Scientific, Optima Grade) as 

solvent. Before separation, samples were spiked with deuterated polycyclic aromatic 
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hydrocarbon (PAH) recovery standards (WELLINGTON LABORATORIES, 98.0 %) and 

perdeuterated n-alkanes standards (Fisherbrand, 98%) to ascertain the associated losses 

through separation and subsequent volume reduction. The collected oil fractions were 

concentrated by fully reducing the solvent to dryness with the use of rotary and nitrogen 

evaporators. The remaining oil samples were then measured volumetrically. Additionally, 

three lab blanks (i.e., hexanes, distilled water, and artificial salt water) were prepared in the 

same manner. 

3.3.3 Instrumental Analysis by GCxGC-HR-TOF-MS 

As crude oils contain thousands of hydrocarbons (HCs), each differing in chemical 

functionality, the use of analytical instruments capable of separating and quantifying highly 

complex mixtures are required. Prepared oil samples and blanks were diluted with Hexanes 

prior to analysis on a Pegasus multidimensional gas chromatography high resolution time of 

flight mass spectrometry (GCxGC-HR-TOF-MS, LECO) system using a one-dimensional 

setup with a RESTEK Rxi-PAH capillary column (60 m length, 0.25 mm internal diameter, 

0.10 um film thickness) and a carrier gas of nitrogen with a flow rate of 1.40 mL/min. The 

primary oven temperature was initially 80°C, with an isotherm of 1.5 minutes, followed by 

a consequent temperature increase to 120°C with a rate of 20°C/min, then a further increase 

to 250°C at 3°C/min and finally, the GC oven temperature was programmed to 300°C at a 

rate of 2°C/min. The mass spectrometer conditions consisted of an electron energy of 70 eV, 

an ion source temperature of 300°C, a mass range between 50-305 m/z, and an operational 

TOF resolution of 25 000. Identification, quantification (Q), and semi-quantification (SQ) of 

the individual HCs were performed using PAH (Cambridge, 98%) and alkane recovery 
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standards (Restek, 98%) and the NIST standard reference data. Crude oil compounds which 

were not present in the standards were calculated against their closest compound from the 

standard. For example, the concentration of dimethyl naphthalene homologues were 

calculated against 1,6-dimethylnaphthalene, present in the standard. Cyclopentanes, 

cyclohexanes, alkylbenzenes, steranes, and terpenes were calculated w.r.t. their closest 

standard n-alkane peak due to their closer response factor to the investigated analytes 

compared to PAHs. Relative percentages of identified compounds were made based on their 

measured concentrations. Through the course of this experiment, the snow, ice, and water 

samples collected were analyzed for their resulting oil composition; that is, their alkane, 

cycloalkane, aromatic, and sulfur/oxygen heterocyclic content were mapped in order to 

observe the physical and chemical tendencies of the oil in ice and its effect on sea ice 

dielectrics. A full list of the investigated compounds (330), their target ions, and whether 

they were Q or SQ can be found in the Supplementary Section (Section 5.1, Table S3.1). 

3.3.3.1 Quality Assurance/Control 

Quality assurance was monitored in four ways. (1) The GCxGC-HR-TOF-MS system 

was tuned and validated before and after a sequence of standard/sample runs as well as 

between each set of 6-8 standards/samples. (2) Ten point standard curves were made from 

PAH and alkane standards yielding R2 values of 0.99 for both PAHs and alkanes. (3) All 

measured analytes had a signal-to-noise ratio greater than 6 and were interpolated within the 

range of generated standard curves. The recovery yields (average ~60%) ˂100% were 

corrected using the aforementioned internal standards (4) Lab and field blanks exhibited 
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background solely when probing for the identified compounds of the oil with respective 

target ions.  

3.3.4 Analysis by Infrared Spectroscopy 

Attenuated Total Reflection (ATR) Infrared Spectroscopy (IR) was used to 

qualitatively assess the effects of photo-oxidation for a subset of the prepared oil samples 

(i.e., one middle and top section from the February 12th core, three snow samples from 

February 18th core sites, and 12 top sections of the March 1st cores). A thin layer of each oil 

sample was placed directly on the ATR (Alpha-P, Bruker) diamond cell and was analyzed 

with a 2 cm-1 resolution over a 4000-374 cm-1 range. An air background subtraction was 

performed on all measured spectra. Due to the variance of the oil’s thin films, the measured 

absorbance spectrum of each sample was scaled w.r.t. it’s largest absorbance value. Averaged 

IR spectra from contaminated ice (March 1st) and snow (February 18th) are presented in 

Section 3.4.2.3. The standard deviation of each respective data point is typically two orders 

of magnitude lower than their averaged scaled absorbance’s. All individual IR spectra can be 

seen in the Supplementary Section (Section 5.1, Figs. S3.1-S3.2).  

3.3.5 Dielectric Measurement: Resonance Perturbation Method 

Resonance Perturbation, a Cavity Perturbation Method presented in (Chen et al., 

2005), was used to measure the relative oil permittivities (dielectric constant) of 22 of the 

oil-contaminated ice core samples to determine any changes, due to weathering, from the 

initial technical mixture. The dimensions of the custom cavity (Gregory Bridges, Advanced 

RF Systems Lab) and samples used in the setup are (W=86mm, H=43 mm, L=262mm) and 

(O/D=2mm, I/D=1mm, H=43mm) respectively. Schematics of the cavity and the samples 
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can be seen in the Supplementary Section (Section 5.1, Figs. S3.3-S3.4). Plots of the |S11| 

data (the electromagnetic reflection coefficient at the input to the cavity) for the resonant 

peak corresponding to the TE101 mode (frequency range 1.826-1.830 GHz) propagating 

within the cavity were constructed (e.g., Section 5.1, Fig. S3.5). Relative permittivities for 

the weathered crude oil samples were calculated from their respective |S11| data using 

Equations 3.1-3.2. 

3.1      ψ = [sin(mπ/2)sin((pπ/d) ∗ 100 mm)]2 

3.2      ε′r = (1 − 2)[(fs − f0)/ f0][VC/4 ψVS] 

where π – mathematical constant; m and ρ – correspond to mode Tem0p; VS– oil sample 

volume; VC – resonant cavity volume; fs – frequency of oil sample in glass tube at 

corresponding |S11| data minimum; f0 –  frequency of empty glass tube at corresponding 

|S11| data minimum. Equation 3.1 provides 𝜓, a correction factor for TEm0p modes, and 

Equation 3.2 solves for 𝜀𝑟′, the real component of relative complex permittivity. 

3.3.5.1 Quality Assurance/Control 

Precise measurements of the cavity and sample volume is required to calculate 

accurate relative permittivity values based on Equation 3.2. Pyrex glass tubing was used for 

oil sample containment inside the resonant cavity. As manufactured tubing, drawn from 

molten glass, is not precise and varies in wall thickness, its inner and outer diameters can 

fluctuate over a 1-meter span. Furthermore, minute changes in the glass wall thickness (e.g., 

0.1 mm) can affect the degree of losses associated with measurement in the resonant cavity. 

To avoid inaccuracy in results due to inconsistency in glassware dimensions, each glass tube 

was measured twice, with and without its oil sample, assuring an exact response from the 
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resonant cavity. Furthermore, reproducibility of measured data (e.g., fs and f0) was assessed 

by re-measurement of several samples over the span of a month. A relative percent difference 

of less than 0.003% was found for each re-measurement, resulting in a negligible uncertainty 

on the order of 10-11 for calculated permittivities. Manual measurements of the inner 

diameters of the glass tubes were also taken with an inverted light microscope (Leica DMIL 

LED) equipped with an ocular ruler with 0.1 mm spacing. The measured inner diameters of 

the glass tubes ranged from 0.93 to 1.05 mm. An assigned uncertainty of 0.02 mm in the 

ability to read the ocular ruler results in an uncertainty in the hundredths place of calculated 

permittivities. The calculated oil permittivities along with their measurement uncertainty are 

provided in Section 3.4.2.3. 

3.3.6 Processing of Temperature, Salinity, and Volume Data 

Bulk ice salinity of control and oil-contaminated samples were measured with a 

conductivity meter (Orion Star A212 – Thermo Scientific). Using total volumes (VT), bulk 

salinities (S), and temperatures (T) measured for each respective ice core section, the 

respective brine volumes (VB) were calculated using Equations 3.3-3.7 (Cox and Weeks, 

1983; Lepparanta and Manninen, 1988).  

3.3   Di = 917– 0.1404 ∗ T 

3.4   F1 = −4.732 − 22.4 ∗ T − 0.6397 ∗ T2 − 0.01074 ∗ T3 

3.5    F2 = 0.08903 − 0.01763 ∗ T − 5.33 ∗ 10−4 ∗ T2 − 8.801 ∗ 10−6 ∗ T3 

3.6   VB/V = [(Di/1000) ∗ S]/[F1(T) − (Di/1000) ∗ S ∗ F2(T)] 

3.7   %VB = VB/V ∗ 100% 
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where Di – density of pure ice; F1 and  F2 – auxiliary functions; VB/V – brine volume fraction; 

%VB – percent brine volume. 

The relative percentage of crude oil and its components found to be in the ice, water 

column, snow, and those found to have evaporated were calculated using Equations 3.8-3.10 

based on the measured volume fractions and masses of the water, ice, and snow samples as 

well as the concentrations measured by GCxGC-HR-TOF-MS. 

       3.8        𝑉𝑜𝑖𝑙 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑛𝑜𝑤 = 𝑉𝑜𝑖𝑙 𝑖𝑛 1 𝑚𝑙 𝑜𝑓 𝑚𝑒𝑙𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 ∗ 𝜋 ∗ 𝑅2
𝑝𝑜𝑜𝑙 ∗ 𝐻 ∗ 0.777 

       3.9        𝑉𝑜𝑖𝑙 𝑖𝑛 𝑡ℎ𝑒 𝑖𝑐𝑒 = 𝑉𝑜𝑖𝑙 𝑖𝑛 1 𝑚𝑙 𝑜𝑓 𝑚𝑒𝑙𝑡𝑒𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 ∗ 𝜋 ∗ 𝑅2
𝑝𝑜𝑜𝑙 ∗ 𝐻 ∗ 0.92 

3.10     𝑉𝑜𝑖𝑙 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑 = 𝑉𝑜𝑖𝑙 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 − 𝑉𝑜𝑖𝑙 𝑖𝑛 𝑡ℎ𝑒 𝑖𝑐𝑒 − 𝑉𝑜𝑖𝑙 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 − 𝑉𝑜𝑖𝑙 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑛𝑜𝑤 

where Voil in the snow, Voil in the ice, Voil evaporated– volume of oil present in the snow, ice, and which 

evaporated respectively The volume of dissolved oil in the water column was calculated by 

multiplying the volume of oil in 1ml of water sample by the total volume of water in the pool 

taking into account the average ice thickness. Similarly, the volume of oil migrated up into 

(or adhered under) the snow was calculated by use of Equation 3.8 where H is the average 

snow thickness (1.9 cm), 0.777 is an average ratio between the density of the snow and water, 

R refers to the tank radius, and π is the mathematical constant. In the same manner, the 

amount of oil remaining in the ice was calculated using Equation 3.9 where H is the average 

ice thickness of 18 cm, and 0.92 is an average ratio between the density of the ice and water. 

Lastly, evaporation loss was calculated using the simple approach of Equation 3.10. 

A simple, yet reasonably accurate, correlation (Equation 3.11) (Aboul-Seoud and 

Moharam, 1999), requiring specific gravity as the primary input was used to predict the 

thermal conductivities of the extracted oil’s, from oil-contaminated ice core samples, to 
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determine any changes in the thermal resistivity of the ice, due to changes in oil 

composition, throughout the mentioned experiments. Specific gravity was calculated, using 

the measured densities of the oil samples and known density of water, at room temperature. 

The ambient room temperature of the lab, in which the oil masses were measured, was used 

as the respective input temperature.  

An adapted expression for calculating the thermal conductivity of oil-contaminated 

sea ice (appropriate for First Year Ice) (Equations 3.11-3.13) (Pringle et al., 2007; 

Montaron, 2012) was used to estimate the thermal conductivities of two contaminated 

phase ice cores (first 7.5 cm), both taken on February 18, 2016, differing significantly in 

their oil volume fractions, to assess the impact of oil magnitude on sea ice thermal 

conductivity. Note that the volume of oil by the oil pool thermocouple string was similar to 

that of the contaminated core consisting of a high volume fraction and the temperatures 

recorded at the sampling time were used as the input temperatures for this core, concerning 

Equation 3.12. In contrast, the temperatures recorded from the main pool thermocouple 

string (secondary control) were used to formulate the input for the core with a very low oil 

volume fraction (rationale in Section 3.4.2.1). 

3.11    𝑘𝑜𝑖𝑙 = 2.540312(γ/Ɵ)0.5 − 0.0144485 

3.12    𝑘𝑠𝑒𝑎 𝑖𝑐𝑒 = (D/Di ) (2.11 − 0.011 ∗ T + 0.09 (S/T) (D − Di ) / 1000) 

3.13    𝑘𝑜𝑖𝑙−𝑖𝑛−𝑖𝑐𝑒 = 𝑘𝑜𝑖𝑙 ∗ (𝑉𝑜𝑖𝑙/𝑉) + 𝑘𝑠𝑒𝑎 𝑖𝑐𝑒 ∗ (𝑉𝑠𝑒𝑎 𝑖𝑐𝑒/𝑉) 

where koil (W/mK) – oil thermal conductivity; γ – specific gravity of the oil; Ɵ (K) – 

temperature; ksea ice (W/mK) – sea ice thermal conductivity; Di (kg/m3) – density of pure ice 
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(Equation 3.3); D (kg/m3) – density of sea ice (experimentally measured); S (ppt) – bulk 

salinity; T (oC) – temperature; koil-in-ice (W/mK) – oil-contaminated sea ice thermal 

conductivity; Voil/V – oil volume fraction; Vsea ice/V – sea ice volume fraction. 

3.3.7 Modelling of Complex Permittivity (Dielectrics) 

Dielectric profiles of contaminated top ice core sections were modeled using the 

Quasi Two-Phase Tinga-Voss-Blossey Mixture Model for contaminated sea ice as a four-

phase mixture (TVB-4) given by Equation 3.14 (Neusitzer et al., 2018; Firoozy et al., 2017b) 

using the measured bulk salinities, temperatures, and volume fractions (ice, brine, oil, air) of 

the ice, and were modeled at 5.5 GHz, the frequency used for the radar scatterometer and 

sentinel satellite imaging platforms used during this experiment (Firoozy et al., 2017a). This 

was done to compare the dielectrics of sea ice with low to high volume fractions of crude oil 

as well as to relate trends in dielectrics with other variables of interest. Note that 𝜀ice and 

𝜀brine are calculated from temperature and bulk salinity measurements as described by 

(Ulaby and Long, 2014).  

3.14      𝜀𝑚𝑖𝑥 = 𝜀𝑎𝑖𝑟,𝑖𝑐𝑒,𝑜𝑖𝑙 +
3𝑣𝑏𝑟𝑖𝑛𝑒𝜀𝑎𝑖𝑟,𝑖𝑐𝑒,𝑜𝑖𝑙(𝜀𝑏𝑟𝑖𝑛𝑒 − 𝜀𝑎𝑖𝑟,𝑖𝑐𝑒,𝑜𝑖𝑙)

2𝜀𝑎𝑖𝑟,𝑖𝑐𝑒,𝑜𝑖𝑙 + 𝜀𝑏𝑟𝑖𝑛𝑒 − 𝑣𝑏𝑟𝑖𝑛𝑒(𝜀𝑏𝑟𝑖𝑛𝑒 − 𝜀𝑎𝑖𝑟,𝑖𝑐𝑒,𝑜𝑖𝑙)
 

3.3.8 Computational Chemistry 

A computational model was employed to simulate the effects of evaporation and 

dissolution through the calculation of the solubility of 189 compounds in salty water 

(seawater and melted sea ice) and their vapor pressures. Calculations for a representative 

subset of compounds found in the oil used for this experiment are provided in Table 3.1 and 

are used for qualitative support. A full set of calculations are provided in the Supplementary 
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Section (Section 5.1, Table S3.2). The water solubility (Swater), liquid solute vapor pressure 

(Vp), and the octanol/water partition coefficient (log Kow) for compounds of interest were 

computed with a popular implicit solvation model, ADF2016 COSMO-RS (COnductor like 

Screening MOdel for Realistic Solvents) (Klamt et al., 1998; Louwen et al. 2008; Pye et al., 

2009). A geometry optimization was first performed using ADF before executing the ADF 

COSMO calculation using the general parameter preset. The values obtained for Vp were 

w.r.t. the average temperature measured at the air-ice interface during sampling while the 

values obtained for log Kow and Swater were w.r.t the average temperature measured at the 

water-ice interface. The linear relationship between log Kow and the Setchenow constant 

(Ksalt) of a compound in a sodium chloride solution (Equation 3.15), formulated by Ni and 

Yalkowsky, 2003, was used to calculate Ksalt for each respective compound of interest. An 

alternative method for calculating Ksalt with improved accuracy is proposed by (Yu and Yu, 

2013). Use of log Kow and Swater then allowed for calculating the solubility of a compound in 

sea water (Ssalt) using the re-arranged empirical Setschenow formula, shown by Equation 

3.16, expressing the salting-out effect (Berkowitz et al., 2008). The salinity (mol/L) used in 

Equation 3.16 was based on known values from measurements. The COSMO-SAC 

(Segmented Activity Coefficients) model (Xiong et al., 2014) can also be used to calculate 

partition coefficients and vapor pressures. 

3.15      Ksalt  =  0.04 ∗  log 𝐾ow  +  0.114 

3.16      Ssalt  =  Swater  ∗  10−Ksalt∗Salinity 

In order to assess the partitioning of the oil’s composition within the ice, 

correlations derived from the measured concentrations (Section 3.3.3) of individual 
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molecules and their various molecular properties (i.e., molecular volume, log Kow, 

molecular mass, Vp, and Swater) were used to assess the changes in oil composition spatially 

(i.e., vertical migration) and temporally within the ice as well as gauge the influence of 

these different properties. For this task, each measured concentration was scaled with 

respect to the total volume of its respective melted ice core sample (i.e., melted sea ice and 

oil). The relative percentage of each respective compound, found in a particular core, with 

respect to its own individual concentrations within the top, middle, and bottom sections of 

the ice were then plotted against their own respective molecular property. The molecular 

properties used in the correlations were estimated using both EPI Suite 4.1 and 

Molinspiration Property Calculation Service (www.molinspiration.com). ChemDraw Prime 

15.0 was used to draw the Lewis structures of each compound and their derived 

isomeric/canonical SMILES strings inputted into both EPI Suite and Molinspiration 

programs. The Modified Grain method, KOWWIN v. 1.68, and WATERNT models 

embedded in EPI Suite were used to estimate Vp, Log Kow, and Swater, respectively. 

Molecular volume was estimated using Molinspiration. 

3.3.9 Creation of Contour Plots 

Contour maps of oil volume, snow thickness, sea ice dielectrics, brine volume fraction 

(%), and compound ratios were built using the modified Shepard’s method in Surfer software. 

These plots are based on March 1st sample measurements addressed in the former 

subsections. 
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3.4 Results and Discussion 

The results shown in the following subsections were used to formulate an 

understanding of the oil-in-ice mechanics and to observe the extent of impact it had on the 

dielectrics of sea ice. The results demonstrate the link between chemical composition and 

physical properties. 

3.4.1 Chemical Composition 

3.4.1.1 Dissolution of the Crude Oil 

From the initial oil injection on February 8, at the tanks bottom center, to the last 

sampling date of March 1, 2.5 % of the HCs and heteroaromatic compounds were found to 

be dissolved in the water column (Table 3.2) (based solely on the polar constituents 

quantifiable by GC). The most abundant compounds found to be in the water are PAHs; in 

particular, naphthalene, methyl-, dimethyl-, and trimethylnaphthalenes. Naphthalenes are 

characterized by a relatively high solubility (Faksness et al., 2008), which decreases with the 

number of methyl groups or the length of alkyl chain (Table 3.1). This property is 

demonstrated by the compound ratio of 1,6-dimethylnaphthalene/1,3,6,7-

tetramethylnaphthalene which is significantly higher in the water samples compared to the 

technical oil mixture, ice, and snow samples (Table 3.3). Amongst the alkylbenzenes, 

methylalkylbenzenes, and aryl isoprenoids, only low MW compounds (C13-C19) were present 

in the water column (Fig. 3.3). This is due to the lower solubilities of compounds containing 

long alkyl chains (Table 3.1). Furthermore, the Aryl Isoprenoids Ratio (AIR) (Schwark and 

Frimmel, 2004) C13-C17/C18-C22 is almost 20 times higher in water than in the technical oil 

mixture (Table 3.3), clearly indicating a predominance of low MW compounds. The 
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heteroaromatic compounds dibenzothiophene, methyl-, dimethyldibenzothiophene, 

benzo(b)naphthothiophene, dibenzofuran, methyl-, dimethldibenzothiopenes were identified 

and measured in crude oil. Unsubstituted dibenzothiophene and dibenzofuran represent the 

largest part of heteroaromatic compounds found in the water column due to their high 

solubility (Table 3.1). Aliphatic HCs such as alkanes, alkylcyclopentanes, and 

alkylcyclohexanes were not found in the water (Table 3.2). 

Table 3.1 Calculated salt water solubilities (mg/L) at -2.45°C and vapor pressures (bar) at -7.0225 

°C for a representative subset of compounds found in crude oil using ADF COSMO-RS 

Compounds Solubility, mg/L Vapor pressure, Bar 

Relatively soluble 

Naphthalene 117.50 0.0001 

1-Methylnaphthalene 36.35 - 

1-Ethylnaphthalene 9.77 - 

1-n-Propylnaphthalene 2.75 - 

1-n-Butylnaphthalene 0.67 - 

1-n-Pentylnaphthalene 0.03 - 

1-n-Hexylnaphthalene 0.14 - 

n-Propylbenzene 26.25 0.0008 

Tert-butylbenzene 19.95 0.0005 

Dibenzofuran 27.28 - 

Dibenzothiophene 16.22 - 

Cyclohexane 63.78 0.0595 

Relatively Insoluble 

Octane 0.73 0.0080 

Nonane 0.20 0.0023 

Decane 0.04 0.0005 

n-Butylcyclopentane 0.95 0.0013 

n-Butylcyclohexane 0.35 0.0008 
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Table 3.2 Estimated relative percentage of compounds which migrated in the snow, froze in the ice, 

dissolved in the water, and evaporated. 

Compounds Snow % Ice % Water % Evaporation 

% 

Total 8.52 70.20 2.50 18.78 

Alkanes (acyclic) 8.26 73.49 – 18.26 

n-Alkylcyclopentanes 8.77 64.86 – 26.37 

n-Alkylcyclohexanes 6.62 60.65 – 32.73 

Methylalkylcyclohexane 11.82 59.97 – 28.21 

n-Alkylbenzenes 17.52 67.75 11.36 3.37 

Methylalkylbenzenes 10.64 67.32 12.18 9.86 

Aryl isoprenoids 8.27 64.95 13.73 13.05 

PAHs 5.36 54.90 21.26 18.49 

ƩNaphthalenes 4.11 54.42 27.65 13.82 

Naphthalene 1.49 37.60 13.77 47.14 

Methylnaphthalenes 1.75 41.76 28.43 28.05 

Dimethylnaphthalenes 2.51 48.82 38.58 10.09 

Trimethylnaphthalenes 4.21 56.91 27.76 11.11 

Tetramethylnaphthalenes 7.22 60.81 8.44 23.52 

Pentamethylnaphthalenes 9.37 63.96 1.48 25.20 

Heteroaromatic 11.43 71.43 4.73 12.41 

 

Table 3.3 Chemical composition of technical oil mixture, and average composition of crude oil found 

in the snow, ice, and water in rel. % 

Compounds Technical oil mixture Snow Ice Water 

Alkanes (acyclic) 70.40 68.22 73.69 – 

n-Alkylcyclopentanes 2.22 2.29 2.05 – 

n-Alkylcyclohexanes 4.56 3.54 3.93 – 

Methyl Alkylcyclohexanes 6.37 8.84 5.44 – 

n-Alkylbenzenes 1.01 2.07 0.97 4.58 

Methyl Alkylbenzenes 3.85 4.81 3.69 18.77 

Aryl Isoprenoids 4.82 4.68 4.46 26.50 

AIR 2.93 1.01 2.62 58.32 

PAHs 5.71 3.59 4.46 48.55 

1,6-dimethylnaphthalene/ 

1,3,6,7-tetramethylnaphthalene 
3.36 1.32 2.90 11.60 
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Fig. 3.3 Representative chromatograms of n-alkylbenzenes m/z 92.0621 
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3.4.1.2 Chemical Composition of the Oil in Ice 

After being subjected to weathering processes, 70% of identified compounds 

remained in the ice (Table 3.2). Furthermore, partitioning of the oil due to evaporation and 

dissolution resulted in a change in the oils composition in the ice relative to the technical oil 

mixture (Table 3.3). The weathered oil lost most of its low MW and water-soluble 

compounds. More specifically, weathering affected 24% of alkanes up to C25; the 

concentration of alkylbenzenes decreased more than 32% in the range C12- C19 (Fig. 3.3); 

alkylcyclohexanes and alkylcyclopentanes lost around 40% of lighter compounds from C13 

to C21. Similarly, the same trend was seen with the composition of remnant PAHs in the ice, 

showing a correlation between concentration and alkylation degree (Table 3.2). These lighter 

compounds are more subjected to changes as they have relatively high solubilities and vapor 

pressures (Table 3.1). Furthermore, lower MW compounds are more mobile and have greater 

potential for upwards migration to the top of the ice, allowing for evaporation. 

3.4.1.3 Chemical Composition of the Oil in Snow 

Snow cover contained 8.5% of the identified compounds (Table 3.2). Overall, the 

composition of the oil in the snow changed moderately relative to the technical oil mixture 

(Table 3.3) and all differences observed could be attributed to evaporation, as the snow 

surface interface was in direct contact with the air. Regarding alkylbenzenes, snow samples 

show a loss of low MW compounds in comparison to crude oil recovered from the ice (Fig. 

3.3). Relative to the technical oil mixture, the percentages of alkylbenzenes, 

methylalkylbenzenes, and alkylcyclopentanes in the snow are higher, which could be 

attributed to the lower vapor pressures of these compounds compared to their unalkylated 
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analogues (Table 3.1). The percentage of alkylcyclohexanes in the snow relative to the 

technical mixture, however, does not follow the same trend. The observed AIR values for the 

snow samples are lower in comparison to the ice cores and technical oil mixture (Table 3.3) 

and could be attributed to evaporation. 

3.4.1.4 Oil Evaporation 

In total, 18% of the identified compounds were found to have evaporated into the 

atmosphere. Aliphatic compounds – alkanes, alkylcyclohexanes, and alkylcyclopentanes are 

characterized by the highest evaporation percentages (Table 3.2) due to their higher vapor 

pressures and lower solubilities (Table 3.1). Conversely, a lower evaporation percentage can 

be seen for the PAHs due to their lower vapor pressures and higher solubilities, allowing for 

a greater tendency for dissolution. Contrary to the other PAHs, evaporation of unsubstituted 

naphthalene prevails despite its high solubility. This may be due to its high mobility, based 

on MW and size, and capability for migration up through the ice and subsequent evaporation 

before dissolution. This hypothesis is supported by the low percentage of unsubstituted 

naphthalene remaining in the ice and snow which increases with the number of methyl 

substitutions; that is, an increasing number of methyl substitutions decreases the tendency to 

evaporate leading to more methyl substituted naphthalenes observed in the ice and snow 

(Table 3.2). Moreover, methyl-, dimethyl-, trimethylnaphthalenes were observed to have 

higher dissolution resulting from their lower mobility, yet still relatively high solubility 

(Table 3.1). Tetra-and pentamethylnaphthalene were found in the water in relatively smaller 

amounts owing to their lower solubility. 
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3.4.1.5 Partitioning within Sea Ice 

In addition to external partitioning of the oil’s composition, due to evaporation and 

dissolution, internal partitioning within the ice can also occur. Partitioning of molecules 

within sea ice likely depends on a variety of variables such as the length that the oil 

constituents must travel to reach the top of the ice, the diameter of brine channels, the shape 

and size of the molecules and their mass, volatility, and affinity for brine. Figure 3.4 shows 

the vertically distributed concentration profiles (individual compounds) of a sampled core 

from the first sampling date (Feb. 12) and last sampling date (Mar. 1) plotted against their 

molar masses. Observation of the respective correlations show a higher concentration of 

lighter compounds in the top section of the ice and a lower concentration in the middle and 

bottom sections. Furthermore, there is less separation (x-axis) between the top, middle, and 

bottom correlations seen for the March 1st core compared to the February 12th core. This 

increase in overlap is a result of temporal proximity/remoteness between the oil injection 

date (Feb. 8) and the two sampling dates (Feb. 12, Mar. 1). Much warmer ambient conditions 

followed after the first sampling date (Feb. 12-Feb. 27) (Fig. 3.2), allowing for equilibration 

and movement of compounds between the sections of the warmer ice. In contrast, the cooler 

ambient conditions seen between February 8th and 12th likely allowed for good separation 

(smaller brine channel diameters) and subsequent encapsulation. 

In order to assess the influence of various properties (i.e., molecular volume, octanol-

water partition coefficient, molecular mass, vapor pressure, water solubility) on the 

partitioning of oil-in-ice, linear regressions between these properties and the vertically 

distributed concentrations (e.g., Fig. 3.4) were calculated and tabulated in Table 3.4 for a 
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subset of cores sampled throughout the experiment. Observation shows that the top and 

bottom section of the ice have the best associations, while the middle sections are either less 

significant or neutral. This may be a result of migration distance traveled by the oil 

constituents with respect to ice thickness during oil injection (~6.5 cm). In addition to vapor 

pressure, molecular mass and volume were found to have the best associations. Based on 

this, we speculate that molecular density would likely be the most prominent variable 

concerning partitioning. However, due to a lack of literature of the investigated compounds, 

a proper set of experimental densities could not be found. Similarly, their densities could not 

be derived theoretically due to a lack of experimental values required for their calculation 

(API Technical Data Book, 2016). The scatter plots pertaining to Table 3.4 can be seen in 

the Supplementary Section (Section 5.1, Fig. S3.6-3.11). 
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Fig. 3.4 Partitioning of the oil constituents found within the top, middle, and bottom sections of 

the ice 
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Table 3.4 Partitioning of Crude Oil: Association Strength (R2 Linear) of Various Properties Spatially 

and Temporally 

Sample Section V (A3) Log Kow 
MW  

(g/mol) 

Ln Vp 

(mmHg) 

Ln Sw 

(mg/L) 

12-Feb Core 1  Top (0-2.5 cm) 0.50 0.46 0.61 0.66 0.43 

12-Feb Core 1 Mid (2.5-7.5 cm) 0.37 0.39 0.44 0.49 0.34 

12-Feb Core 1 Bot (7.5-14 cm) 0.49 0.40 0.64 0.65 0.41 

18-Feb Core 4 Top (0-7.5 cm) 0.42 0.41 0.46 0.28 0.25 

18-Feb Core 4 Mid (7.5-15 cm) 0.09 0.09 0.08 0.02 0.01 

18-Feb Core 4 Bot (15-22 cm) 0.10 0.10 0.12 0.13 0.15 

1-Mar Core 1 Top (0-2.5 cm) 0.12 0.12 0.12 0.10 0.12 

1-Mar Core 1 Mid (2.5-10) 0.25 0.21 0.35 0.45 0.26 

1-Mar Core 1 Bot (10-11 cm) 0.31 0.28 0.37 0.35 0.30 

1-Mar Core 2 Top (0-5 cm) 0.12 0.11 0.12 0.06 0.09 

1-Mar Core 2 Mid (5-12.5 cm) 0.01 0.01 0.00 0.02 0.01 

1-Mar Core 2 Bot (12.5-19.8 cm) 0.03 0.03 0.05 0.09 0.06 

1-Mar Core 4 Top (0-5 cm) 0.16 0.17 0.22 0.37 0.16 

1-Mar Core 4 Mid-Top (5-10 cm) 0.04 0.06 0.07 0.19 0.05 

1-Mar Core 4 Mid-Bot (10-12.5 cm) 0.04 0.02 0.07 0.11 0.01 

1-Mar Core 4 Bot (12.5-18 cm) 0.31 0.29 0.35 0.26 0.30 

1-Mar Core 10 Top (0-2.5 cm) 0.41 0.40 0.43 0.23 0.31 

1-Mar Core 10 Mid (2.5-7.5 cm) 0.02 0.02 0.01 0.00 0.03 

1-Mar Core 10 Bot (7.5-10 cm) 0.58 0.54 0.64 0.41 0.38 

1-Mar Core 12 Top (0-10 cm) 0.23 0.21 0.27 0.23 0.19 

1-Mar Core 12 Bot (10-20.1 cm) 0.23 0.21 0.27 0.23 0.19 

*where MW – molecular weight (molar mass); V – molecular volume; Kow – octanol-

water partition coefficient; Vp – vapor pressure; Sw – water solubility 
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3.4.2 Changes in Physical Properties 

3.4.2.1 Effect of Oil on Sea Ice Temperature, Salinity, and Dielectrics 

A greater pension for upward migration rather than lateral movement was exhibited 

by the oil causing a horizontal spatial heterogeneity of the oil-in-ice (Fig. 3.5A, Fig. 3.6A). 

Overall, the bulk of the oil throughout the pool migrated upwards to the top of the ice, through 

brine channels, air pockets, and any accessible cracks within the ice and via infiltration up 

through the sides of the tank emulating what might be observed in fractured ice (Fig. 3.1). 

The buoyancy exhibited by the oil is attributed to its relatively low density (˂1.0 g/mL for 

each sample, typically) compared to the seawater and brine. 

The presence of the oil on the surface and within the ice (Fig. 3.6A) was found to 

influence the temperature of the ice and snow significantly and can be attributed to an 

increase in the absorption of sunlight (decreased albedo) and the thermal insulating properties 

of the oil. From Fig. 3.5A; it can be seen that the snow is thicker near less contaminated areas 

where the concentration of oil is low and vice versa. Similarly, a relatively strong negative 

correlation (R2=0.75) between ice thickness (vertical) of sampled contaminated ice and the 

oil volume fraction contained within can be seen from Fig. 3.5B, suggesting a significant 

impedance of ice growth. From Fig. 3.6B it can be seen that the temperature profile of the 

ice (oil pool) was significantly warmer during the oil-contaminated phase (February to 

March) compared to its control (January). This temperature change could partly be due to the 

effect of crude oil on sea ice. However, as the ambient temperature was significantly warmer 

during the second phase of the experiment (Fig. 3.2), a proper assessment cannot be made 

based solely on Fig. 3.6B. Using the measured temperature profile of the secondary control 
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(main pool) a reasonable comparison of ice temperature can be made between oil presence 

and lack thereof (Fig. 3.7). Three distinct differences between the two pools must be 

considered before making a valid comparison; (1) as the main pool contains a larger water 

body than the oil pool, it will have a longer temperature equilibration time; (2) due to 

differences in ice thickness, their temperature gradients will differ; and (3) the main pool is 

underground (warmer) while the oil pool is above ground (cooler). During a rapid cooling 

period (e.g., Feb. 27 to 29) (Fig. 3.2), the oil pool would undoubtedly be biased towards being 

colder than the main pool due to its smaller size and above ground location. Despite this bias, 

an observed increase in the temperature of the oil pool can still be seen during fast cooling 

rates (e.g., Fig. 3.7). Furthermore, to minimize error resulting from differing temperature 

gradients, observation of their profiles were restricted to the first 2.5 cm of ice.  

From Figure 3.7, a larger temperature discrepancy between both pools can be seen 

during the daytime compared to night owing to the absorption of sunlight by the oil 

(decreased sea ice albedo). Additionally, the presence of oil acted to reduce the thermal 

conductivity of the sea ice (Table 3.5). Based on the temperature discrepancy between both 

pools on Feb. 24 (end of cooling period) at Sunlight Peak (Supplementary Section 5.1, Fig., 

S3.12), an input temperature of +3.5 oC relative to the oil pool temperature was used to 

estimate the thermal conductivity of Core 2 relative to Core 4 (Feb. 18) shown in Table 3.5 

(see Section 3.3.6 for details on calculation). 

From Fig. 3.6C it can be seen that the salinity profile of the ice (oil pool) was 

significantly lower during the contaminated phase of the experiment compared to the control 

period, especially at the top of the ice. A drop in salinity could be attributed to either or both 
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of brine expulsion from brine channels by replacement with oil and brine drainage due to the 

opening of brine channels owing to the rise in ice temperature. As salinity is a function of 

temperature, this change would also be partly due to the increase of air temperature. Due to 

the infiltration of oil from the sides of the pool as well as the magnitude of oil found in the 

ice, the potential for brine drainage would likely have been more significant than brine 

expulsion. This is supported by the moderately weak association (R2=0.46) between the bulk 

salinity and oil volume fraction of the top sections of the sampled sea ice (Table 3.6). If brine 

expulsion were significant, a stronger association (R2=0.82, Saltymakova et al., in prep) 

would be expected due to the systematic loss of salinity which occurs with increasing oil 

volume fraction.  

The dielectric profile of the top of the ice shows a close correlation with % brine 

volume (brine fraction) (Fig. 3.8, Table 3.6) in which a drop in brine volume leads to a 

decrease in dielectrics. Assuming a greater brine volume corresponds to a greater amount of 

brine present (i.e., higher brine salinity, lower oil volume), the overall permittivity of the ice 

would be relatively high as brine has a dielectric constant of approximately 80 (Fingas and 

Brown, 2007. This result would then support our finding of reduced salinity due to oil 

presence. 

Overall, the presence of oil-in-ice increased the temperature and lowered the salinity 

of the ice, thereby reducing its dielectrics. Initially, the measured sea ice dielectrics, at the 

top of the ice, before oil injection was 5.2+1i (Firoozy et al., 2017), which is higher than the 

dielectrics of the oil-contaminated ice seen in Fig. 3.8 and Table 3.6 by correspondence. The 
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effect of oil magnitude on sea ice dielectrics can be seen in Fig. 3.9 showing a steady decrease 

of the averaged dielectric profile with greater oil volume fractions.  

(A)  

(B)  

Fig. 3.5A Distribution of total oil volume in the ice (Left) and snow thickness on top of the ice (Right). 

The sampled March 1st cores are numbered and are represented by dots. The maps were built using 

the modified Shepard's method in Surfer software. Fig. 3.5B Correlation between ice core thickness 

and oil volume fraction for all sampled oil-contaminated ice (February 8th-March 1st) 
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(A) 

  
(B) 

  

(C)   

 
 

 

Fig. 3.6 Average oil volume (A) temperature (B) and bulk salinity (C) profiles for control ice (phase 1) and contaminated ice (phase 2) 

with standard deviation error bars. 
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Fig. 3.7 Diurnal time series plots (Feb. 28) of the recorded temperature profiles for the first 2.5 cm of sea ice from both the oil pool and 

main pool (secondary control). 
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Fig. 3.8 The distribution of relative permittivity (TVB-4), % brine volume, and Naphthalene/1,3,6,7-tetramethylnaphthalene ratio in the 

top section of the ice. The March 1st core sites are marked with dots and bold numbers. The maps were built using the modified Shepard's 

method in Surfer software. 

 

Table 3.5 Sea Ice Thermal Conductivity at Daytime – Sunlight Peak Hours 

 % Voil Koil-in-ice 

18-Feb Core 2 0.005 2.21 (DMelted) 

18-Feb Core 4 3 1.91 (DMelted) 

18-Feb Core 2 0.005 1.92 (DSolid) 

18-Feb Core 4 3 1.77 (DSolid) 

*where DMelted/DSolid – melted/solid sea ice density used in calc. 

Table 3.6 Linear Regressions between sea ice dielectrics, bulk salinity, and oil volume fraction of the top sections of the sampled sea ice 

Correlations R2 (Linear) 

Re(εr, sea ice) vs. Im(εr, sea ice) 0.95 

Re(εr, sea ice) vs. Bulk S (ppt) 0.88 

(Voil/V) vs. Bulk S (ppt) 0.46 
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Fig. 3.9 Average sea ice dielectrics of the top sections of core samples with high to low oil volume 

fractions using the TVB-4 mixture model and concentration of crude oil in the ice. 

6.3

2.9

2.1

0.3

3.35

3.4

3.45

3.5

3.55

3.6

3.65

3.7

3.75

3.8

3.85

3.9

High mid-High mid-Low Low

Average Oil Volume Fraction (%) Average Dielectrics (Re)

3%

2%

0.2%

6.3

2.9

2.1

0.3

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

High mid-High mid-Low Low

Average Oil Volume Fraction (%) Average Dielectrics (Im)

3%

2%

0.2%



118 

3.4.2.2 Degree of Change on the Density of Oil due to Weathering 

Based on the results presented in Section 3.4.1, internal partitioning of the oil’s constituents 

within sea ice concentrates lighter compounds at the top of the ice and heavier compounds at the 

middle and bottom sections. Additionally, external partitioning via dissolution and evaporation 

reduce the more soluble and volatile components of the oil (e.g., aromatics as well as lower 

molecular weight alkanes, cycloalkanes, and PAHs). From literature, it is known that aromatics 

typically have larger densities than paraffins (i.e., alkanes and cycloalkanes), that the densities of n-

alkanes as well as alky cyclopentantes and alkyl cyclohexanes increase with chain length, and that 

the densities of alkyl benzenes and alkyl naphthalene’s decrease with chain length (The Engineering 

Toolbox, 2017; Chemical databases: ChemSynthesis, PubChem, ChemSpider, NIST). 

The overall density of a complex mixture can be described by a summation of its individual 

densities which are weighted by their mass fractions similar to a weighted average (API Technical 

Data Book, 2016). Therefore the density of the oil within the snow, top, middle, and bottom 

sections of the ice can be described by their overall change in chemical composition. Furthermore, 

the oil of interest is composed of ~70% acyclic alkanes (Table 3.3) and so changes which target the 

n- and iso-alkanes may predominate. Lastly, as the oil was either encapsulated within ice or adhered 

underneath snow, the effects of evaporation may have been weakened and dissolution processes 

more significant; although this cannot be completely substantiated as a thorough investigation into 

the polar fraction was not conducted herein.  

Overall, the average oil densities found for the technical mixture, snow, top, middle, and 

bottom portions of the ice are 0.90, 0.76, 0.84, 0.88, and 0.78 g/mL respectively. Unlike warm 

marine conditions which consistently act to increase the overall density (National Academies of 

Sciences, 2016), the densities found herein were found to be lower than the initial mixture. 
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3.4.2.3 Degree of Change on the Permittivity of Oil due to Weathering 

Overall, 22 crude oil samples were measured for their relative permittivities 

(dielectric constants); 14 samples derived from top ice core sections, four from snow samples 

taken from respective core sites, three from the middle of ice core sections, and only one 

from a bottom ice core section due to insufficient oil required for the permittivity 

measurements. After being subjected to weathering processes, the permittivities for most of 

the measured samples became lower than the original technical mixture (2.25) and ranged 

from 1.81 to 2.30 (Table 3.7). Note that the measured technical mixture was aged and its 

initial permittivity is expected to be closer to 2.41 (Neusitzer, 2017). The observed decrease 

in oil permittivity can be attributed to the weathering processes of dissolution, internal 

partitioning within sea ice, and possibly evaporation, which act to concentrate the less dense 

and more hydrophobic (less polarizable) components of the oil, thereby lowering its electrical 

and thermal conductivity (Table 3.8). Furthermore, the presence of variable snow cover 

through the experiment (photos provided in Supplementary Section, Section 5.1, Fig. S3.13) 

diminished the effect of photo-oxidation of the oil-in-ice and oil adhered beneath snow. 

Unlike dissolution processes, photo-oxidation would act to increase the density and polarity 

of the oil through photochemical transformations. A lack of IR absorbance in bands 

associated with photo-oxidation (e.g., C=O at ~1774 cm-1, C=C at ~1600 cm-1, and C-O at 

~1250 cm-1) can be seen from the IR spectra of the February and March oil samples (Fig. 

3.10) compared to the technical oil mixture (Section 5.1, Fig., S3.2), and (Stout and Wang, 

2016; Frescorivera, et al. 2007; Saltymakova et al., in prep). The difference in permittivity 

from sample to sample is a result of weathering susceptibility. On average, the oil found in 
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the snow had the lowest permittivity (1.99), followed by the top and bottom sections of the 

ice (2.08). The mid-section of the ice was found to have the highest permittivity (2.17). These 

values are in agreement with the changes in oil composition discussed in Section 3.4.1 in 

which the more polarizable compounds of the oil (e.g., aromatic and heterocyclic) were 

depleted in the snow and at the top and bottom sections of the ice due to dissolution, internal 

partitioning, and evaporation processes. Furthermore, on an individual core basis (i.e., cores 

1, 3, and 4, Feb. 18/16; cores 1, 9, and 10, Mar. 1/16), a similar trend is seen in which middle 

sections have the highest oil permittivity, followed by their bottom, top, and snow sections. 

Exceptions to this can be seen for Cores 3 and 4 in which their snow sections have slightly 

higher permittivities than their top sections (possibly owing to a marginal degree of photo-

oxidation).  

These values given for the weathered oil permittivities vary considerably and will act 

to directly lower the overall dielectrics of sea ice when taken as a system. More so, a change 

in the oil’s permittivity and thermal conductivity, brought on by its change in composition 

(Table 3.8) can have an indirect influence on the physical properties of sea ice. For example, 

a lowered thermal conductivity (improved thermal insulator) would result in an enhanced 

increase of sea ice temperature. Additionally, changes in the oil’s composition would affect 

oil density, buoyancy, and viscosity influencing its movement in the Arctic environment 

which would, in turn, impact the salinity of the ice and potential for remote detection.  
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Table 3.7 Permittivity (Re) measurements of February and March snow and ice samples at frequency 

range TE101 

Samples Core # Section Re(εr, oil) 

1-Mar 10 Top 1.81(3) 

18-Feb 1 Snow 1.83(4) 

1-Mar 12 Top 1.87(4) 

18-Feb 4 Top 1.95(4) 

18-Feb 3 Top 1.98(4) 

1-Mar 9 Top 1.99(4) 

1-Mar 5 Top 2.01(4) 

18-Feb 3 Snow 2.03(5) 

18-Feb 4 Snow 2.05(4) 

1-Mar 9 Snow 2.06(4) 

1-Mar 10 Mid 2.08(5) 

18-Feb 4 Bot 2.08(4) 

1-Mar 1 Top 2.11(5) 

1-Mar 11 Top 2.14(5) 

18-Feb 1 Top 2.15(5) 

1-Mar 4 Top 2.16(5) 

18-Feb 4 Mid 2.17(5) 

12-Feb 1 Top 2.19(5) 

1-Mar 3 Top 2.21(5) 

Technical oil mixture 2.25(5) 

1-Mar 1 Mid 2.26(5) 

1-Mar 7 Top 2.28(6) 

1-Mar 2 Top 2.30(6) 

Average Snow-Section 1.99 

Average Top-Section 2.08 

Average Mid-Section 2.17 

Bottom-Section 2.08 
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Fig. 3.10 Averaged infrared spectra of oil samples derived from top sections of sampled ice from 

March 1st and snow samples taken February 18.  

 

Table 3.8 Association between the averaged relative permittivities and thermal conductivities of oil 

derived from the top, middle, and bottom sections of the sampled sea ice 

Crude Oil Re(εr, oil) Koil (mW.mK) Doil (g/mL) 

Technical Mixture 2.25 126 0.90 

Average Snow Section 1.99 115 0.76 

Average Top Section 2.08 121 0.84 

Average Mid-Section 2.17 124 0.88 

Average Bottom 

Section 

2.08 117 0.78 

R2 (Linear) 0.89  
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3.4.3 Chemical Migration and Tendencies of Soluble Components 

Determination of patterns and relationships seen in this section were conducted by 

comparison of Spearman's rank correlation coefficient. Observation of Fig. 3.8 shows a 

negative correlation between % brine volume and the compound ratio of 

Naphthalene/1,3,6,7-tetramethylnaphthalene; that is, as the brine volume decreases towards 

the ice surface, an increase in this compound ratio can be seen at the top of the ice. In other 

words, the areas in which the brine volume is smaller, the percentage of light and water 

soluble components is greater, possibly owing to their increased upwards mobility and 

smaller size, allowing them to permeate through narrower channels. In contrast, when the 

brine volume is larger, a lower percentage of light and soluble components can be found at 

the top of the ice, possibly due to increased dissolution of water-soluble components from 

the surface to the water column below. At elevated temperatures, expansion of brine channels 

allows for the increased dissolution of lighter and more soluble components such as PAHs. 

As PAHs dissolve in the brine and water formed due to melting of the ice, they are flushed 

out through the open brine channels and air pockets. Confirmation of this hypothesis can be 

seen by the presence of light PAHs and alkylbenzenes in the water column (Fig. 3.3 and 

Table 3.2).  

This phenomenon is also illustrated by the agreement between decalin, the ratio of 1-

alkyl-2-methylbenzenes C13/C14 and the amount of oil in the top ice section, (Fig. 3.11). Both 

decalin and 1-alkyl-2-methylbenzenes are found in the water column (Table 3.2) and their 

ability to dissolve is proportional to the interface area between the oil components and brine. 

Therefore, increased contact between the oil and brine within the ice will allow for larger 
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amounts of the water-soluble components to dissolve and migrate downwards into the water 

column. Consequently, if the oil concentration is relatively small, dissolution quickens due 

to less internal interactions of oil components and more external interactions with the solvent. 

As such, areas that have smaller amounts of crude oil have a lower content of water-soluble 

components. Additional evidence to support this hypothesis will be presented in a subsequent 

paper featuring the use of X-ray Compact Micro-Computed Tomography for examining 

incorporated oil inclusions of sea ice microstructure. 

 

Fig. 3.11 Maps of distribution of decalin, 1-alkyl-2-methylbenzenes C13/C14 ratio and oil volume in 

the top 2.5 cm of the March 1st samples 
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3.5 Conclusion 

This paper presented a case study on the behavior of crude oil in a sea ice environment 

to observe the changes made to the oils composition and the resultant effect it had on the 

physical properties of the ice, and more specifically on sea ice dielectrics. For this purpose, 

oil was injected underneath the young sea ice and was sampled over a three-week time span.  

Immediately, upon oil injection, the chemical composition of the oil started to change 

due to the dissolution of water soluble components and the evaporation of volatile 

components. The resultant percent of dissolved compounds found in the water column is 

relatively high, comparative to an open water scenario, due to the presence of ice cover, 

which hindered the evaporation of volatile components. As a result, 2.5% of the identified 

HCs and heterocyclic compounds were dissolved, mostly within light PAHs, low MW 

alkylbenzenes and aryl isoprenoids, enabled by their higher solubilities. Evaporation also 

significantly modified the oils composition and led to a loss of almost 19% HCs, including 

some of the more water soluble compounds, despite the presence of the ice. It is speculated 

that this effect was caused by the high mobility of unsubstituted compounds, allowing for the 

potential of surface penetration to the surface and subsequent evaporation over dissolution 

into the water column. Overall, 70.2% of the identified HCs were found in the ice and 8.52% 

in the snow and their composition indicates a lower percentage of PAHs, alkylcyclohexanes, 

and alkylclopentanes compared to the original technical oil mixture. These changes were 

caused by both high dissolution and evaporation, which eliminated the lighter compounds. 

Additionally, snow lost more volatile components due to its greater interface area with the 

atmosphere. 
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During the experiment, oil penetrated to the surface of the ice causing melting of the 

overlying snow. It was observed that the volume of the snow remaining on top of the ice was 

inversely related to the total volume of the oil content found in the investigated area. 

Similarly, impedance of ice growth was found to be increased in areas with higher oil volume 

fractions. This was most likely due to the oils ability to absorb sunlight energy, consequently 

reducing the albedo of the ice, thereby increasing the temperature of the surrounding area. 

Furthermore, this rise in temperature could have caused an opening of the brine channels, 

pushing brine out into the water. This brine volume reduction led to a recession in the 

permittivity of sea ice, and this change was impacted to a larger degree with greater amounts 

of oil present. 

Due to the ice melting caused by increases in temperature, light PAHs dissolved in 

the formed water and were subsequently flushed out through opened brine channels and air 

pockets. This phenomenon is illustrated by (1) the close inverse correlation between brine 

volume and the percentage of light PAHs, (2) the light PAHs present in the water column, 

and (3) the connection between the relative percentage of water-soluble compounds and the 

volume of the oil present in the ice. The ability to dissolve oil components in melted sea ice 

could be considered as a function of interface interaction between oil components and solvent 

brine, which increases with lowered amounts of oil in the ice.  

Overall, these changes led to a noticeable decrease in sea ice dielectrics, mainly 

through a change in the sea ice temperature and salinity, which can be potentially detectable 

by remote sensors. Additionally, changes in the oils chemical composition, due to 

weathering, showed potential for further influencing the physical properties of the ice, 
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augmenting the movement tendencies of oil as well as its permittivity, thermal conductivity, 

and density. Processes such as dissolution, partitioning within sea ice, and evaporation (in 

part) overall acted to lower the permittivity of oil, thereby lowering its electrical conductivity 

and enhancing its thermal properties, which would further warm the ice. These compositional 

changes due to competing weathering processes have the potential for both positive and 

negative feedback loops of the overall sea ice permittivity, taken as a whole system.  
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4 Conclusion 

____________________________________________ 

4.1 Summary of Findings 

From completion of the corn and crude oil experiments, we confirmed that a change 

in ice temperature and salinity took place through the inclusion of oil which can resultantly 

impact the sea ice complex permittivity (dielectrics) and NRCS. We confirmed that greater 

amounts of oil impacted these physical properties to a larger degree. Internal partitioning of 

the oil in sea ice, based on molecular weight and other properties, was observed and the 

overall movement of oil was deemed to be driven primarily by density and the temperature 

of the sea ice, analogous to the generic bulk salinity trend. Furthermore, external partitioning 

of the lighter and more soluble components from the ice caused by evaporation and 

dissolution was observed for the crude oil experiment. Overall, the changes in oil 

composition through weathering led to a lowering of the oil’s relative permittivity, thermal 

conductivity, and density, further influencing the dielectrics of sea ice. 

4.2 Improvements 

Shortcomings of this research included the inability to confirm as to what extent the 

difference in thermal conductivities of oils (e.g., corn and crude) impact sea ice temperature. 

This failure was a result of both experiments not being conducted with the same conditions 

disallowing for a fair assessment of ice temperature change between the two oils. Secondly, 

the effects of photo-oxidation and biodegradation on sea ice permittivity were not taken into 
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account. As the corn oil experiment was conducted in a sheltered cold room, there was no 

presence of solar radiation. Similarly, the presence of snow cover over the duration of the 

crude oil experiment impeded the potential for photo-oxidation. Additionally, since the 

artificial seawater used during both experiments did not contain appreciable microbial 

bacteria, proper assessments of these weathering processes could not be made. Thirdly, a 

deeper analysis of polar oil constituents could have been made with the additional use of 

LCxLC-HR-TOF-MS in combination with GCxGC-HR-TOF-MS to more fully map the oil’s 

composition spatially and temporally. Fourthly, reliance on semi-quantification methods 

could have been reduced with the use of more external standards, thereby reducing the error 

associated with indirect quantification of analytes. Finally, statistical analyses, such as t-tests, 

were used to compare the means of control and oil-contaminated profiles. These types of 

statistical analyses assume a normal population distribution. Furthermore, depending on the 

sample size, a sampling distribution which is symmetric (<16), moderately skewed (>15, 

<40), unimodal (<41), and without outliers (N+) is required. To alleviate these constraints 

which are not necessarily satisfied by the population means presented herein, the Fisher-

Pitman permutation test is an attractive alternative for analyzing differences among 

independent samples with unequal variances (Berry and Mielke Jr, 2002). These 

shortcomings will be addressed in future work.  

4.3 Future Work 

Several projects aimed to advance oil spill detection and mitigation methods, 

applicable to Arctic waters, have begun. These projects include 1) studying the effect of 

various oils, with different thermal conductivities and dielectrics, on sea ice temperature, 
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salinity, and complex permittivity to assess and observe the extent of change between one 

another, 2) the development and improvement of chemical modelling of weathering 

processes associated with oil-in-ice scenarios, 3) the development of methods for simulating 

in situ burning of various oil-in-ice scenarios, and 4) the development of Geospatial 

technologies, combined with microbiome mapping, to deliver integrated real-time risk 

assessments and vulnerability mapping (Hubert and Stern, GENICE).  
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5 Appendix 

____________________________________________ 

5.1 Supplementary Tables and Figures 

Table S2.1 Depth Ranges of Corn Oil Contaminated Ice Core Sections  

Samples Sections 

Cold Room Temperature-(20 oC) 

Core 1  Top (0-3 cm) 

Core 1 Mid (3-6 cm) 

Core 1 Bot (6-10 cm) 

Cold Room Temperature (-20 oC) 

Core 2 Top (0-2 cm) 

Core 2 Mid (2-5 cm) 

Core 2 Bot ( 5-8-cm) 

Cold Room Temperature (-20 oC) 

Core 3 Top (0-2 cm) 

Core 3 Mid (2-5) 

Core 3 Bot (5-8.5 cm) 

Cold Room Temperature (-15 oC) 

Core 4 Top (0-3 cm) 

Core 4 Bot (3-6.5 cm) 

Cold Room Temperature (-15 oC) 

Core 5 Top (0-2 cm) 

Core 5 Mid (2-5 cm) 

Core 5 Bot (5-7.5 cm) 

Cold Room Temperature (-15 oC) 

Core 6 Top (0-2.5 cm) 

Core 6 Mid (2.5-7.5 cm) 

Core 6 Bot (7.5-10 cm) 

Cold Room Temperature (-10 oC) 

Core 7 Top (0-3 cm) 

Core 7 Bot (3-7 cm) 
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Table S3.1 Compounds investigated with GCxGC-TOF-MS system 

Compounds Target Ion Q/SQ 

Undecane 71.0861 Q 

Dodecane 71.0861 Q 

Tridecane 71.0861 Q 

Tetradecane 71.0861 Q 

Pentadecane 71.0861 Q 

Hexadecane 71.0861 Q 

Heptadecane 71.0861 Q 

Octadecane 71.0861 Q 

Nonadecane 71.0861 Q 

Eiscosane 71.0861 Q 

Heneicosane 71.0861 Q 

Docosane 71.0861 Q 

Tricosane 71.0861 Q 

Tetracosane 71.0861 Q 

Pentacosane 71.0861 Q 

Hexacosane 71.0861 Q 

Heptacosane 71.0861 Q 

Octacosane 71.0861 Q 

Nonacosane 71.0861 Q 

Triacontane 71.0861 Q 

Hentriacontane 71.0861 Q 

Dotriacontane 71.0861 Q 

Tritriacontane 71.0861 Q 

Tetratriacontane 71.0861 Q 

Pentatriacontane 71.0861 Q 

Hexatriacontane 71.0861 Q 

Phytane 71.0861 SQ 

Pristane 71.0861 SQ 

2,6,10-trimethylpentadecane 71.0861 SQ 

2,6,10-trimethyltridecane 71.0861 SQ 

2,6,10-trimethyldodecane 71.0861 SQ 

2,6,10-trimethylundecane 71.0861 SQ 

C13 Alkylcyclopentane 68.0626 SQ 

C12 Alkylcyclohexane 82.0783 SQ 

C14 Alkylcyclopentane 68.0626 SQ 

C13 Alkylcyclohexane 82.0783 SQ 

C15 Alkylcyclopentane 68.0626 SQ 

C14 Alkylcyclohexane 82.0783 SQ 
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Table S3.1 Continued   

C14 2 MethylAlkylcyclohexane 97.1017 SQ 

C14 3 MethylAlkylcyclohexane 97.1017 SQ 

C14 4 MethylAlkylcyclohexane 97.1017 SQ 

C16 Alkylcyclopentane 68.0626 SQ 

C15 Alkylcyclohexane 82.0783 SQ 

C15 1 MethylAlkylcyclohexane 97.1017 SQ 

C15 2 MethylAlkylcyclohexane 97.1017 SQ 

C15 3 MethylAlkylcyclohexane 97.1017 SQ 

C15 4 MethylAlkylcyclohexane 97.1017 SQ 

C17 Alkylcyclopentane 68.0626 SQ 

C16 Alkylcyclohexane 82.0783 SQ 

C16 1 MethylAlkylcyclohexane 97.1017 SQ 

C16 2 MethylAlkylcyclohexane 97.1017 SQ 

C16 3 MethylAlkylcyclohexane 97.1017 SQ 

C16 4 MethylAlkylcyclohexane 97.1017 SQ 

C18 Alkylcyclopentane 68.0626 SQ 

C17 Alkylcyclohexane 82.0783 SQ 

C17 1 MethylAlkylcyclohexane 97.1017 SQ 

C17 2 MethylAlkylcyclohexane 97.1017 SQ 

C17 3 MethylAlkylcyclohexane 97.1017 SQ 

C17 4 MethylAlkylcyclohexane 97.1017 SQ 

C19 Alkylcyclopentane 68.0626 SQ 

C18 Alkylcyclohexane 82.0783 SQ 

C18 1 MethylAlkylcyclohexane 97.1017 SQ 

C18 2 MethylAlkylcyclohexane 97.1017 SQ 

C18 3 MethylAlkylcyclohexane 97.1017 SQ 

C18 4 MethylAlkylcyclohexane 97.1017 SQ 

C20 Alkylcyclopentane 68.0626 SQ 

C19 Alkylcyclohexane 82.0783 SQ 

C19 1 MethylAlkylcyclohexane 97.1017 SQ 

C19 2 MethylAlkylcyclohexane 97.1017 SQ 

C19 4 MethylAlkylcyclohexane 97.1017 SQ 

C21 Alkylcyclopentane 68.0626 SQ 

C20 Alkylcyclohexane 82.0783 SQ 

C20 1 MethylAlkylcyclohexane 97.1017 SQ 

C20 2 MethylAlkylcyclohexane 97.1017 SQ 

C20 4 MethylAlkylcyclohexane 97.1017 SQ 

C22 Alkylcyclopentane 68.0626 SQ 

C21 Alkylcyclohexane 82.0783 SQ 
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C23 Alkylcyclopentane 68.0626 SQ 

C22 Alkylcyclohexane 82.0783 SQ 

C24 Alkylcyclopentane 68.0626 SQ 

C23 Alkylcyclohexane 82.0783 SQ 

C25 Alkylcyclopentane 68.0626 SQ 

C24 Alkylcyclohexane 82.0783 SQ 

C25 Alkylcyclohexane 82.0783 SQ 

C14 1 MethylAlkylcyclohexane 97.1017 SQ 

C13 1 MethylAlkylcyclohexane 97.1017 SQ 

C13 2 MethylAlkylcyclohexane 97.1017 SQ 

C13 3 MethylAlkylcyclohexane 97.1017 SQ 

C13 4 MethylAlkylcyclohexane 97.1017 SQ 

C20 3 MethylAlkylcyclohexane 97.1017 SQ 

C21 1 MethylAlkylcyclohexane 97.1017 SQ 

C21 2 MethylAlkylcyclohexane 97.1017 SQ 

C21 4 MethylAlkylcyclohexane 97.1017 SQ 

C21 3 MethylAlkylcyclohexane 97.1017 SQ 

C19 3 MethylAlkylcyclohexane 97.1017 SQ 

Tricyclic Terpane C20 191.18 SQ 

Tricyclic Terpane C21 191.18 SQ 

Tricyclic Terpane C23 191.18 SQ 

Tricyclic Terpane C24 191.18 SQ 

Tricyclic Terpane C25 191.18 SQ 

Tricyclic Terpane C26 191.18 SQ 

Tricyclic Terpane C26:2 191.18 SQ 

Tetracyclic Terpane C24 191.18 SQ 

Tricyclic Terpane C28 191.18 SQ 

Tricyclic Terpane C28:2 191.18 SQ 

Tricyclic Terpane C29 191.18 SQ 

Tricyclic Terpane C29:2 191.18 SQ 

Trisnorneohopane C27 191.18 SQ 

Trisnorhopane C27 191.18 SQ 

Norhopane C29 191.18 SQ 

Diahopane C30 191.18 SQ 

Hopane C30 191.18 SQ 

Homohopane C31 S 191.18 SQ 

Homohopane C31 R 191.18 SQ 

Homohopane C32 S 191.18 SQ 

Homohopane C32 R 191.18 SQ 
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Tricyclicterpane C30 191.18 SQ 

Tricyclicterpane C30:2 191.18 SQ 

Methylalkylbenzol(m-) C13 106.0783 SQ 

Methylalkylbenzol(p-) C13 105.0704 SQ 

Alkylbenzol C13 92.0626 SQ 

Methylalkylbenzol(o-) C13 105.0704 SQ 

Methylalkylbenzol(m-) C14 106.0783 SQ 

Methylalkylbenzol(p-) C14 105.0704 SQ 

Alkylbenzol C14 92.0626 SQ 

Methylalkylbenzol(o-) C14 105.0704 SQ 

Methylalkylbenzol(m-) C15 106.0783 SQ 

Methylalkylbenzol(p-) C15 105.0704 SQ 

Alkylbenzol C15 92.0626 SQ 

Methylalkylbenzol(o-) C15 105.0704 SQ 

Methylalkylbenzol(m-) C16 106.0783 SQ 

Methylalkylbenzol(p-) C16 105.0704 SQ 

Alkylbenzol C16 92.0626 SQ 

Methylalkylbenzol(o-) C16 105.0704 SQ 

Methylalkylbenzol(m-) C17 106.0783 SQ 

Methylalkylbenzol(p-) C17 105.0704 SQ 

Alkylbenzol C17 92.0626 SQ 

Methylalkylbenzol(o-) C17 105.0704 SQ 

Methylalkylbenzol(m-) C18 106.0783 SQ 

Methylalkylbenzol(p-) C18 105.0704 SQ 

Alkylbenzol C18 92.0626 SQ 

Methylalkylbenzol(o-) C18 105.0704 SQ 

Methylalkylbenzol(m-) C19 106.0783 SQ 

Methylalkylbenzol(p-) C19 105.0704 SQ 

Alkylbenzol C19 92.0626 SQ 

Methylalkylbenzol(o-) C19 105.0704 SQ 

Methylalkylbenzol(m-) C20 106.0783 SQ 

Methylalkylbenzol(p-) C20 105.0704 SQ 

Alkylbenzol C20 92.0626 SQ 

Methylalkylbenzol(o-) C20 105.0704 SQ 

Methylalkylbenzol(m-) C21 106.0783 SQ 

Alkylbenzol C21 92.0626 SQ 

Methylalkylbenzol(p-) C21 105.0704 SQ 

Methylalkylbenzol(o-) C21 105.0704 SQ 

Methylalkylbenzol(m-) C22 106.0783 SQ 
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Methylalkylbenzol(p-) C22 105.0704 SQ 

Alkylbenzol C22 92.0626 SQ 

Methylalkylbenzol(o-) C22 105.0704 SQ 

Methylalkylbenzol(m-) C23 106.0783 SQ 

Methylalkylbenzol(p-) C23 105.0704 SQ 

Alkylbenzol C23 92.0626 SQ 

Methylalkylbenzol(o-) C23 105.0704 SQ 

Methylalkylbenzol(m-) C24 106.0783 SQ 

Methylalkylbenzol(p-) C24 105.0704 SQ 

Alkylbenzol C24 92.0626 SQ 

Methylalkylbenzol(o-) C24 105.0704 SQ 

Methylalkylbenzol(m-) C25 106.0783 SQ 

Methylalkylbenzol(p-) C25 105.0704 SQ 

Alkylbenzol C25 92.0626 SQ 

Methylalkylbenzol(o-) C25 105.0704 SQ 

Methylalkylbenzol(m-) C26 106.0783 SQ 

Methylalkylbenzol(p-) C26 105.0704 SQ 

Alkylbenzol C26 92.0626 SQ 

Methylalkylbenzol(o-) C26 105.0704 SQ 

Aryl isoprenoid C13 133.1017 SQ 

Aryl isoprenoid C14 133.1017 SQ 

Aryl isoprenoid C15 133.1017 SQ 

Aryl isoprenoid C16 133.1017 SQ 

Aryl isoprenoid C17 133.1017 SQ 

Aryl isoprenoid C18 133.1017 SQ 

Aryl isoprenoid C19 133.1017 SQ 

Aryl isoprenoid C20 133.1017 SQ 

Aryl isoprenoid C21 133.1017 SQ 

Aryl isoprenoid C22 133.1017 SQ 

C20 Pregnane (Triaromatic steranes) 231.1174 SQ 

C21 20-Methylpregnane (Triaromatic steranes) 231.1174 SQ 

C26 Cholestane 20S (Triaromatic steranes) 231.1174 SQ 

C26 Cholestane 20R+C27 ergostane 20S (Triaromatic steranes) 231.1174 SQ 

C28 Stigmastane 20S (Triaromatic steranes) 231.1174 SQ 

C27 Ergostane 20R (Triaromatic steranes) 231.1174 SQ 

C28 stigmastane 20R 231.1174 SQ 

C22 Ethylpregnanes 20S (Triaromatic steranes) 231.1174 SQ 

C22 Ethylpregnanes 20R (Triaromatic steranes) 231.1174 SQ 

Naphthalene 128.0626 Q 
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Acenaphthene 154.0783 Q 

Acenaphthylene 152.0626 Q 

Anthracene 178.0783 Q 

Phenanthrene 178.0783 Q 

Benz[a]anthracene 228.0939 Q 

Chrysene 228.0939 Q 

Benzo[a]pyrene 252.0939 Q 

Benzo[b]fluoranthhene 252.0939 Q 

Benzo[k]fluoranthene 252.0939 Q 

Benzo[g,h,i]perylene 276.0939 Q 

Dibenz[a,h]anthracene 278.1096 Q 

Fluorene 166.0783 Q 

Indeno[1,2,3-c,d]pyrene 276.0939 Q 

Fluoranthene 202.0783 Q 

Pyrene 202.0783 Q 

D8 Napthalene 136.1128 Q 

D10 Acenaphthene 164.141 Q 

D8 Acenaphthylene 160.1128 Q 

D10 Fluorene 176.141 Q 

D10 Phenanthrene 188.141 Q 

D10 Fluoranthene 212.141 Q 

D10 Pyrene 212.141 Q 

D12 Benz[a]anthracene 240.1692 Q 

D12 Chrysene 240.1692 Q 

D12 Benzo[a]pyrene 264.1692 Q 

D12 Benzo[b]fluoranthhene 264.1692 Q 

D12 Benzo[k]fluoranthene 264.1692 Q 

D12 Benzo[g,h,i]perylene 288.1692 Q 

D12 Indeno[1,2,3-c,d]pyrene 288.1692 Q 

D14 Dibenz[a,h]anthracene 292.1974 Q 

D12 Perylene 264.1692 Q 

1-Methylnaphthalene 142.0783 Q 

1,6-Dimethylnaphthalene 156.0939 Q 

2,3,5-Trimethylnaphthalene 170.1096 Q 

2-Methylphenanthrene 192.0939 Q 

3,6-dimethylphenanthrene 206.1096 Q 

Retene 234.1409 Q 

1-Methylpyrene 216.0939 Q 

2-Methylnaphthalene 142.0783 SQ 
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Biphenyl 154.0783 SQ 

3-Methylphenanthrene 192.0939 SQ 

4-Methylphenanthrene 192.0939 SQ 

9-Methylphenanthrene 192.0939 SQ 

1-Methylphenanthrene 192.0939 SQ 

2-Methylanthracene 192.0939 Q 

2-Methylpyrene 216.0939 SQ 

4-Methylpyrene 216.0939 SQ 

Benzo[e]pyrene 252.0939 Q 

Dibenz[a,j]anthracene 278.1096 Q 

Benzo[b]chrysene 278.1096 Q 

Picene 278.1096 Q 

Benzo[j]fluoranthene 252.0939 Q 

Benzo[a]fluoranthene 252.0939 Q 

Perylene 252.0939 SQ 

Triphenylene 228.0939 SQ 

Acephenanthrylene 202.0783 SQ 

2,6-Dimethylnaphthalene 156.0939 SQ 

2,7-Dimethylnaphthalene 156.0939 SQ 

1,3-Dimethylnaphthalene 156.0939 SQ 

1,7-Dimethylnaphthalene 156.0939 SQ 

1,4-Dimethylnaphthalene 156.0939 SQ 

2,3-Dimethylnaphthalene 156.0939 SQ 

1,5-Dimethylnaphthalene 156.0939 SQ 

1,2-Dimethylnaphthalene 156.0939 SQ 

3-Methylbiphenyl 168.0939 SQ 

4-Methylbiphenyl 168.0939 SQ 

8-Methylfluoranthene 216.0939 SQ 

7-Methylfluoranthene 216.0939 SQ 

2-Methylfluoranthene  216.0939 SQ 

Benzo[a]fluorene 216.0939 Q 

1/3-Methylfluoranthene 216.0939 SQ 

Benzo[b]fluorene 216.0939 Q 

Benzo[c]fluorene 216.0939 Q 

Dibenz[a,c]anthracene 278.1096 Q 

1,3,7-Trimethylnaphthalene 170.1096 SQ 

1,3,6-Trimethylnaphthalene 170.1096 SQ 

1,3,5/1,4,6-Trimethylnaphthalene 170.1096 SQ 

2,3,6-Trimethylnaphthalene 170.1096 SQ 
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1,2,6-Trimethylnaphthalene 170.1096 SQ 

3-Ethylphenanthrene 206.1096 SQ 

1,8-Dimethylphenanthrene 206.1096 SQ 

1,2-Dimethylphenanthrene 206.1096 SQ 

9,2-Dimethylphenanthrene 206.1096 SQ 

1-Ethylphenanthrene 206.1096 SQ 

3,5-/2,6-Dimethylphenanthrene 206.1096 SQ 

2,7-Dimethylphenanthrene 206.1096 SQ 

1,3-/3,9-/2,10-/3,10-Dimethylphenanthrene 206.1096 SQ 

2,5-/2,9-/1,6-Dimethylphenanthrene 206.1096 SQ 

1,7-Dimethylphenanthrene 206.1096 SQ 

1,9-/4,9-/4,10-Dimethylphenanthrene 206.1096 SQ 

Dibenzothiophene 184.0347 SQ 

4-Methyldibenzothiophene 198.0503 SQ 

2-Methyldibenzothiophene 198.0503 SQ 

3-Methyldibenzothiophene 198.0503 SQ 

1-Methyldibenzothiophene 198.0503 SQ 

1,3,6,7-Tetramethylnaphthalene 184.1252 SQ 

1,2,4,6-Tetramethylnaphthalene 184.1252 SQ 

1,2,4,7-Tetramethylnaphthalene 184.1252 SQ 

1,4,6,7-/1,2,5,7-Tetramethylnaphthalene 184.1252 SQ 

2,3,6,7-Tetramethylnaphthalene 184.1252 SQ 

1,2,6,7-Tetramethylnaphthalene 184.1252 SQ 

1,2,3,6-Tetramethylnaphthalene 184.1252 SQ 

1,2,5,6-/1,2,3,5-Tetramethylnaphthalene 184.1252 SQ 

1,2,4,6,7-pentamethylnaphthalene 198.1409 SQ 

1,2,3,5,7-pentamethylnaphthalene 198.1409 SQ 

1,2,3,6,7-pentamethylnaphthalene 198.1409 SQ 

1,2,3,5,6-pentamethylnaphthalene 198.1409 SQ 

4-Ethyldibenzothiophene 212.066 SQ 

4,6-Dimethyldibenzothiophene 212.066 SQ 

2,4-Dimethyldibenzothiophene 212.066 SQ 

2,6-Dimethyldibenzothiophene 212.066 SQ 

3,6-Dimethyldibenzothiophene 212.066 SQ 

2,8-Dimethyldibenzothiophene 212.066 SQ 

2,7/3,7-Dimethyldibenzothiophene 212.066 SQ 

1,4-Dimethyldibenzothiophene 212.066 SQ 

1,6-Dimethyldibenzothiophene 212.066 SQ 

1,8-Dimethyldibenzothiophene 212.066 SQ 
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1,3/3,4-Dimethyldibenzothiophene 212.066 SQ 

2,3-/1,9-Dimethyldibenzothiophene 212.066 SQ 

1,2-Dimethyldibenzothiophene 212.066 SQ 

4-Ethyl-6-Methyldibenzothiophene 226.0816 SQ 

2,4,6-trimethyldibenzothiophene 226.0816 SQ 

2,4,7/2,4,8-trimethyldibenzothiophene 226.0816 SQ 

1,4,6-trimethyldibenzothiophene 226.0816 SQ 

1,4,8-trimethyldibenzothiophene 226.0816 SQ 

3,4,6-trimethyldibenzothiophene 226.0816 SQ 

1,4,7-Trimethyldibenzothiophene 226.0816 SQ 

2,6,7-Trimethyldibenzothiophene 226.0816 SQ 

1,3,7-Trimethyldibenzothiophene 226.0816 SQ 

?/3,4,7-Trimethyldibenzothiophene 226.0816 SQ 

2,3,7/1,2,4-Trimethyldibenzothiophene 226.0816 SQ 

1,2,8/1,2,7-Trimethyldibenzothiophene 226.0816 SQ 

2,2-dimethylbiphenyl 182.1096 SQ 

2,3'-dimethylbiphenyl 182.1096 SQ 

2,5-dimethylbiphenyl 182.1096 SQ 

2,4-dimethylbiphenyl 182.1096 SQ 

2,4'-dimethylbiphenyl 182.1096 SQ 

3-Methyldiphenylmethane 182.1096 SQ 

2-Methyldiphenylmethane 182.1096 SQ 

4-Methyldiphenylmethane 182.1096 SQ 

3-Ethylbiphenyl 182.1096 SQ 

3,5-dimethylbiphenyl 182.1096 SQ 

3,3'-dimethylbiphenyl 182.1096 SQ 

4-Ethylbiphenyl 182.1096 SQ 

3,4'-dimethylbiphenyl 182.1096 SQ 

4,4'-dimethylbiphenyl 182.1096 SQ 

3,4-dimethylbiphenyl 182.1096 SQ 

2-Methylbiphenyl 168.0939 SQ 

Diphenylmethane 168.0939 SQ 

2,3-dimethylbiphenyl 182.1096 SQ 

4-Methyldibenzofuran 182.0732 SQ 

2-Methyldibenzofuran 182.0732 SQ 

3-Methyldibenzofuran 182.0732 SQ 

1-Methyldibenzofuran 182.0732 SQ 

1 Dimethyldibenzofuran 196.0888 SQ 

2 Dimethyldibenzofuran 196.0888 SQ 
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3 Dimethyldibenzofuran 196.0888 SQ 

4 Dimethyldibenzofuran 196.0888 SQ 

5 Dimethyldibenzofuran 196.0888 SQ 

6 Dimethyldibenzofuran 196.0888 SQ 

7 Dimethyldibenzofuran 196.0888 SQ 

2,1-Benzo[b]naphthothiophene 234.0503 SQ 

1,2-Benzo[b]naphthothiophene 234.0503 SQ 

2,3-Benzo[b]naphthothiophene 234.0503 SQ 

Decalin 138.1409 SQ 

1 methyldecaline 152.1565 SQ 

2 methyldecaline 152.1565 SQ 

1 Dimethyldecaline 166.1722 SQ 

2 Dimethyldecaline 166.1722 SQ 

3 Dimethyldecaline 166.1722 SQ 

4 Dimethyldecaline 166.1722 SQ 

5 Dimethyldecaline 166.1722 SQ 

6 Dimethyldecaline 166.1722 SQ 

7 Dimethyldecaline 166.1722 SQ 

1,3,5,7-Tetramethylnaphthalene 184.1252 SQ 

Dibenzofuran 168.0575 SQ 
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Table S3.2 Calculated salt-water solubilites (mg/L) at -2.45°C and vapor pressures (bar) at -

7.0225 °C for compounds found in crude oil using ADF COSMO-RS 

log Kow Ksalt (L/mol) Swater (g/L) Ssalt (mg/L) Vp (Bar)  Compound 

3.00295989 0.234118396 0.26202775 185.8998715 0.23778711 Cyclopentane                     

1.41740088 0.170696035 10.18482285 7929.899019 0.1223032 Furan                            

1.10016385 0.158006554 30.37592943 24094.80507 0.07307729 2,3-Dihydrofuran                 

3.50937544 0.254375018 0.08484384 58.43247648 0.06980307 Methylcyclopentane               

3.46986736 0.252794694 0.09239127 63.77803569 0.05953776 Cyclohexane                      

0.60607075 0.13824283              high high 0.05413586 2,5-Dihydrofuran                 

2.21925523 0.202770209 1.82955358 1359.054886 0.04027755 Benzene                          

1.88679942 0.189471977 4.38866082 3324.230659 0.02982362 Thiophene                        

3.83658936 0.267463574 0.04278838 28.90853319 0.02777269 1,1-Dimethylcyclopentane         

3.8999207 0.269996828 0.03609362 24.29504328 0.02608888 cis-1,2-Dimethylcyclopentane     

3.94243708 0.271697483 0.03249145 21.81591761 0.02332994 trans-1,3-Dimethylcyclopentane   

3.97408954 0.272963582 0.0299147 20.04854647 0.02249854 trans-1,2-Dimethylcyclopentane   

4.0448487 0.275793948 0.02483722 16.57673783 0.02009801 Ethylcyclopentane                

3.92198957 0.270879583 0.03378721 22.71315672 0.01929054 Methylcyclohexane                

4.04808264 0.275923306 0.02469099 16.4760167 0.01926573 cis-1,3-Dimethylcyclopentane     

4.22424551 0.28296982 0.01806376 11.92985617 0.01064982 1,1,2-Trimethylcyclopentane      

2.78877077 0.225550831 0.51481522 369.8608231 0.00990621 Toluene                          

2.22391432 0.202956573 1.95881483 1454.677044 0.0092664 Tetrahydrothiophene              

4.17716903 0.281086761 0.02031493 13.45368848 0.00874307 1,1-Dimethylcyclohexane          

4.21428749 0.2825715 0.01845482 12.19524378 0.00850825 cis-1,3-Dimethylcyclohexane      

4.36275624 0.28851025 0.01257039 8.234705939 0.00839212 1-Methyl-1-ethylcyclopentane     

5.2982239 0.325928956 0.00116984 0.725438362 0.00801082 Octane                           

4.37867022 0.289146809 0.01210614 7.923183681 0.00785186 1,1,3-Trimethylcyclopentane      

2.50164817 0.214065927 1.08300031 791.2764114 0.0075409 2-Methylthiophene                

4.44678444 0.291871378 0.01012448 6.599818127 0.00743442 Isopropylcyclopentane            

2.52215603 0.214886241 1.06177477 774.8358885 0.00717321 3-Methylthiophene                

4.28576675 0.28543067 0.01533663 10.09229921 0.00711142 trans-1,4-Dimethylcyclohexane    

4.32427661 0.286971064 0.01378112 9.048235379 0.00693559 trans-1,2-Dimethylcyclohexane    

4.34514274 0.28780571 0.01304588 8.555025695 0.00660849 cis-1,2-Dimethylcyclohexane      

4.34328762 0.287731505 0.01319048 8.650790335 0.00643788 trans-1,3-Dimethylcyclohexane    

4.35011454 0.288004582 0.01297564 8.506484218 0.00632831 cis-1,4-Dimethylcyclohexane      

4.47622879 0.293049152 0.00928762 6.043851223 0.00527697 Ethylcyclohexane                 

4.65254572 0.300101829 0.0059669 3.842974439 0.00492723 n-Propylcyclopentane             

5.62394214 0.338957686 0.00057466 0.349614429 0.00338938 3-Methyloctane                   

5.64105354 0.339642142 0.00054992 0.334227428 0.00327995 4-Methyloctane                   

3.33482067 0.247392827 0.15232636 105.9875252 0.00307152 Ethylbenzene                     

5.67396497 0.340958599 0.00050603 0.306959176 0.00304924 2-Methyloctane                   
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3.22741541 0.243096616 0.19408072 135.8931517 0.00286973 o-Xylene                         

3.37529912 0.249011965 0.13787037 95.70170791 0.00266595 p-Xylene                         

4.73329993 0.303331997 0.005523 3.54027552 0.00234944 1-trans-3,5-Trimethylcyclohexane 

3.4074135 0.25029654 0.12707282 88.04070237 0.00234082 m-Xylene                         

5.83221593 0.347288637 0.00033578 0.201803507 0.00230564 Nonane                           

4.86733515 0.308693406 0.00384555 2.445720126 0.00196158 Isopropylcyclohexane             

5.03044764 0.315217906 0.00252874 1.592935477 0.00144044 n-Propylcyclohexane              

5.99838646 0.353935458 0.00024644 0.146673924 0.00128376 2,4-Dimethyloctane               

5.23266422 0.323306569 0.00152023 0.946352818 0.00127247 n-Butylcyclopentane              

6.01470511 0.354588204 0.00023545 0.139998953 0.00127205 2,3-Dimethyloctane               

6.02657109 0.355062844 0.00022983 0.136562229 0.00115981 2,2-Dimethyloctane               

5.06548011 0.316619204 0.00258346 1.624065389 0.0011285 1,1-Diethylcyclohexane           

6.07023411 0.356809364 0.00020511 0.121562233 0.00109192 2,6-Dimethyloctane               

6.08956635 0.357582654 0.00019463 0.115220365 0.0010664 2,5-Dimethyloctane               

5.0844214 0.317376856 0.00247867 1.556460368 0.00099591 1,2,3,4-Tetramethylcyclohexane   

6.13489142 0.359395657 0.00017379 0.102610043 0.00096031 2,7-Dimethyloctane               

3.7383161 0.263532644 0.06164473 41.88891143 0.00095905 o-Ethyltoluene                   

3.68246488 0.261298595 0.07009471 47.78711694 0.00092793 1,2,3-Trimethylbenzene           

6.21303192 0.362521277 0.00014171 0.083286658 0.00086346 5-Methylnonane                   

6.21806055 0.362722422 0.00013991 0.082204505 0.00085194 3-Methylnonane                   

3.50293677 0.254117471 0.10129255 69.78715063 0.00081982 cis-1-Propenylbenzene            

5.18512005 0.321404802 0.00191382 1.194691478 0.00079827 tert-Butylcyclohexane            

6.25170775 0.36406831 0.00012835 0.075263737 0.00079768 4-Methylnonane                   

3.92578202 0.271031281 0.03906098 26.25256317 0.00079593 n-Propylbenzene                  

3.92393902 0.270957561 0.03951675 26.56175311 0.00076583 m-Ethyltoluene                   

3.83710023 0.267484009 0.04853371 32.78919025 0.00076064 1,2,4-Trimethylbenzene           

3.97413735 0.272965494 0.03506832 23.50238752 0.00072836 p-Ethyltoluene                   

6.32324056 0.366929622 0.00010688 0.062411482 0.00068504 2-Methylnonane                   

5.35811858 0.328324743 0.00121155 0.748669161 0.00064811 sec-Butylcyclohexane             

5.45813531 0.332325412 0.00094059 0.577832078 0.00050314 Isobutylcyclohexane              

4.07094369 0.276837748 0.02993806 19.9505618 0.00046846 tert-Butylbenzene                

6.53942212 0.375576885 0.00006117 0.035269608 0.00045157 Decane                           

4.96211371 0.312484548 0.00324912 2.054944727 0.0003768 trans-Decahydronaphthalene       

4.94036013 0.311614405 0.00345437 2.18754646 0.00037519 cis-Decahydronaphthalene         

4.31809348 0.286723739 0.01650464 10.84034012 0.00035489 Isobutylbenzene                  

5.65539911 0.340215964 0.00056828 0.345095724 0.00033832 n-Butylcyclohexane               

4.161531 0.28046124 0.02374101 15.73705675 0.00030848 2-Ethyl-m-xylene                 

4.31309295 0.286523718 0.01655678 10.87777543 0.00030426 sec-Butylbenzene                 

4.17698212 0.281079285 0.02281996 15.1128258 0.00029798 1,2,3,4-Tetramethylbenzene       
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4.29853746 0.285941498 0.01709073 11.23816839 0.00029688 o-Diethylbenzene                 

4.29411637 0.285764655 0.01705545 11.2178778 0.00026675 1-Methyl-2-n-propylbenzene       

4.24801129 0.283920452 0.01917725 12.64759924 0.00026296 3-Ethyl-o-xylene                 

4.33797978 0.287519191 0.01549653 10.16634474 0.00025754 2-Ethyl-p-xylene                 

4.36130127 0.288452051 0.01462182 9.579389516 0.0002456 4-Ethyl-m-xylene                 

4.3195755 0.28678302 0.01617223 10.62108823 0.00024059 1,2,3,5-Tetramethylbenzene       

4.39177339 0.289670936 0.01367134 8.940697344 0.00023242 1,2,4,5-Tetramethylbenzene       

4.49054409 0.293621764 0.01066381 6.93357362 0.00023204 p-Diethylbenzene                 

4.47134567 0.292853827 0.01116121 7.265156501 0.00022992 m-Diethylbenzene                 

4.40328485 0.290131394 0.01316046 8.600787057 0.00022017 4-Ethyl-o-xylene                 

4.51758474 0.29470339 0.00989397 6.42283296 0.00020622 n-Butylbenzene                   

4.53716473 0.295486589 0.00945149 6.128548642 0.00019087 1-Methyl-3-n-propylbenzene       

4.54875263 0.295950105 0.00922874 5.980047567 0.00018445 5-Ethyl-m-xylene                 

4.58067715 0.297227086 0.00851766 5.508957818 0.00018236 1-Methyl-4-n-propylbenzene       

3.93818236 0.271527294 0.04204555 28.23792578 0.0001665 1,2,3,4-Tetrahydronaphthalene    

3.33036582 0.247214633 0.16883396 117.504082 0.00014513 Naphthalene                      

7.03108668 0.395243467 0.00001922 0.010766967 0.00014195 Undecane                         

3.0866813 0.237467252 0.32985227 232.8729208 0.00011765 Benzothiophene                   

3.38708071 0.249483228 0.1430649 99.23886287 0.00010413 2-Methylbenzofuran               

1.92548777 0.191019511              high high 0.00009936 Phenol                           

4.69131385 0.301652554 0.00702897 4.516718725 0.00009715 Pentamethylbenzene               

4.75290283 0.304116113 0.00600098 3.842243944 0.00009104 1-Ethyl-2-isopropylbenzene       

6.42112104 0.370844842 0.0000893 0.051847355 0.0000806 n-Hexylcyclopentane              

2.52896018 0.215158407 56.32476081 41086.9013 0.00005302 2-Methylphenol                   

5.13387211 0.319354884 0.00232529 1.455918375 0.00005115 n-Pentylbenzene                  

7.46911879 0.412764752 0.0000069 0.003767324 0.00004748 3-Methylundecane                 

3.82729937 0.267091975 0.05377055 36.34806502 0.00004054 1-Methylnaphthalene              

3.24342394 0.243736958 17.0694458 11940.62002 0.00003589 o-Ethylphenol                    

7.62818211 0.419127284 0.00000458 0.002477412 0.00003532 Dodecane                         

5.1892759 0.321571036 0.00222184 1.386633261 0.00003366 Hexamethylbenzene                

3.92047655 0.270819062 0.04275722 28.74571806 0.00003143 2-Methylnaphthalene              

5.27434473 0.324973789 0.00178524 1.108610111 0.00003123 p-tert-Butyl_ethylbenzene        

5.2886651 0.325546604 0.00171181 1.062118716 0.00002585 1,2,3-Triethylbenzene            

5.35630129 0.328252052 0.00146134 0.903121452 0.00002476 p-Diisopropylbenzene             

2.42126158 0.210850463 39.80637489 29221.30597 0.00002407 4-Methylphenol                   

5.40606499 0.3302426 0.00128293 0.790551965 0.00002239 m-Diisopropylbenzene             

7.02842011 0.395136804 0.00002072 0.011609077 0.00001976 n-Heptylcyclopentane             

5.68034704 0.341213882 0.00064552 0.391427662 0.00001504 1,3,5-Triethylbenzene            

5.75983784 0.344393514 0.00052788 0.318604921 0.00001245 n-Hexylbenzene                   
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4.3857567 0.289430268 0.01493749 9.77217364 0.00001205 1-Ethylnaphthalene               

4.02120383 0.274848153 0.03556953 23.77258557 0.00001112 Acenaphthene                     

3.76435569 0.264574228 0.0667733 45.30464807 0.00001081 Acenaphthalene                   

4.44777757 0.291911103 0.0127794 8.329988675 0.00001001 2-Ethylnaphthalene               

2.97465836 0.232986334 11.25302033 7996.900878 0.00000995 m-Ethylphenol                    

4.86874276 0.30874971 0.00494979 3.147742652 0.00000856 Cyclohexylbenzene                

2.98770996 0.233508398 10.61164148 7535.338543 0.00000845 p-Ethylphenol                    

8.26575336 0.444630134 9.80E-07 0.000510558 0.00000816 Tridecane                        

4.51865384 0.294746154 0.01066554 6.923276206 0.0000075 2,6-Dimethylnaphthalene          

4.51319849 0.29452794 0.01075023 6.980483534 0.00000728 2,7-Dimethylnaphthalene          

7.99528782 0.433811513 0.00000251 0.001328791 0.00000701 2,2,4,4,6,8,8-Heptamethylnonane  

4.02552093 0.275020837 0.03133469 20.93696579 0.00000567 Biphenyl                         

7.62447666 0.418979066 0.00000492 0.002661903 0.00000495 n-Octylcyclopentane              

6.05814411 0.356325764 0.00029026 0.172149967 0.0000042 1,4-Di-tert-butylbenzene         

3.98502992 0.273401197 0.04073683 27.28392402 0.0000039 Dibenzofuran                     

4.91957973 0.310783189 0.00434232 2.75321109 0.00000374 1-n-Propylnaphthalene            

6.34495515 0.367798206 0.00013145 0.076661196 0.00000327 n-Heptylbenzene                  

4.09322691 0.277729076 0.02740815 18.24079109 0.00000218 Fluorene                         

6.42735132 0.371094053 0.00011458 0.066500557 0.00000217 1,2,3,5-Tetraethylbenzene        

8.92285085 0.470914034 1.98E-07 9.93817E-05 0.00000179 Tetradecane                      

4.47381437 0.292952575 0.01023554 6.661646441 0.0000014 Diphenylmethane                  

3.68788459 0.261515384 2.01130708 1370.774242 0.00000136 4-tert-Butylphenol               

8.2351037 0.443404148 0.00000112 0.000584646 0.00000121 n-Nonylcyclopentane              

5.50843923 0.334337569 0.00109043 0.667909927 0.00000098 1-n-Butylnaphthalene             

6.98271635 0.393308654 0.00002851 0.016016557 0.00000076 n-Octylbenzene                   

4.2421998 0.283687992 0.02458574 16.22008263 0.00000071 Dibenzothiophene                 

4.37319353 0.288927741 0.01664492 10.89720772 0.00000063 Phenanthrene                     

4.42845467 0.291138187 0.01408435 9.191002581 0.00000059 Anthracene                       

4.87577859 0.309031144 0.00418984 2.663365004 0.00000048 1,1-Diphenylethane               

9.5063954 0.494255816 4.83E-08 2.34044E-05 0.00000047 Pentadecane                      

7.13509653 0.399403861 0.00002212 0.012316183 0.00000033 Pentaethylbenzene                

8.85990979 0.468396392 2.46E-07 0.000123683 0.00000028 n-Decylcyclopentane              

4.92215137 0.310886055 0.00339184 2.150243018 0.00000028 1,2-Diphenylethane               

6.13549088 0.359419635 0.00024244 0.143137719 0.00000023 1-n-Pentylnaphthalene            

7.56523778 0.416609511 0.00000705 0.003827586 0.0000002 n-Nonylbenzene                   

10.1267174 0.519068694 1.06E-08 4.97095E-06 0.00000011 Hexadecane                       

4.82248072 0.306899229 0.00642876 4.099377367 0.00000009 Pyrene                           

9.25514264 0.484205706 9.54E-08 4.68915E-05 0.00000008 n-Decylcyclohexane               

6.74421066 0.383768426 0.00005677 0.032341884 0.00000006 1-n-Hexylnaphthalene             
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Table S3.2 Continued 

4.82649266 0.307059706 0.00603315 3.846206786 0.00000006 Fluoranthene                     

7.93125224 0.43125009 0.00000333 0.001769531 0.00000005 Hexaethylbenzene                 

8.10535548 0.438214219 0.00000194 0.001020426 0.00000005 n-Decylbenzene                   

5.1860176 0.321440704 0.00231042 1.442190906 0.00000004 1-Phenylnaphthalene              

5.27473149 0.32498926 0.06183583 38.39835067 0.00000004 p-tert-Octylphenol               

10.731057 0.543242281 2.44E-09 1.09886E-06 0.00000003 Heptadecane                      

10.0620677 0.516482709 1.32E-08 6.17398E-06 0.00000002  n-Dodecylcyclopentane            

8.77200913 0.464880365 3.85E-07 0.000194884 0.00000001 n-Undecylbenzene                 

11.2847825 0.565391298 6.35E-10 2.77028E-07 0.00000001 Octadecane                       

6.23071425 0.36322857 0.00014377 0.084409798 0 1,1,2-Triphenylethane            

12.4703647 0.612814588 3.63E-11 1.47887E-08 0 n-Hexadecylcyclopentane          

11.33132 0.567252799 5.87E-10 2.55617E-07 0 n-Tetradecylcyclopentane         

10.6532906 0.540131622 3.11E-09 1.40906E-06 0 n-Tridecylcyclopentane           

10.0030449 0.514121794 1.92E-08 9.04814E-06 0 n-Tridecylbenzene                

10.5350136 0.535400546 5.35E-09 2.43926E-06 0 n-Tetradecylbenzene              

11.2040026 0.562160104 1.04E-09 4.56092E-07 0 n-Pentadecylbenzene              

13.0015078 0.634060311 1.28E-11 5.05429E-09 0 n-Octadecylbenzene               

11.7212837 0.582851346 2.93E-10 1.24578E-07 0 n-Hexadecylbenzene               

12.3535067 0.608140266 6.22E-11 2.55045E-08 0 n-Heptadecylbenzene              

9.39621281 0.489848512 8.40E-08 4.09592E-05 0 n-Dodecylbenzene                 

9.15039115 0.480015646 1.73E-07 8.56517E-05 0 1-n-Decylnaphthalene             

8.57018505 0.456807402 7.04E-07 0.000360397 0 1-n-Nonylnaphthalene             

11.9094299 0.590377196 1.37E-10 5.7833E-08 0 Nonadecane                       

13.6618739 0.660474955 1.88E-12 7.15085E-10 0 Docosane                         

12.4778156 0.613112626 3.43E-11 1.39572E-08 0 Eicosane                         

13.1612011 0.640448044 6.38E-12 2.49432E-09 0 n-Henicosane                     

16.7203218 0.782812871 1.01E-15 3.19846E-13 0 n-Heptacosane                    

16.0485793 0.75594317 5.31E-15 1.75407E-12 0 n-Hexacosane                     

15.4943975 0.733775901 2.07E-14 7.05961E-12 0 n-Pentacosane                    

14.8312029 0.707248117 1.06E-13 3.77492E-11 0 n-Tetracosane                    

14.2979236 0.685916944 3.93E-13 1.43703E-10 0 n-Tricosane                      

5.42447016 0.330978806 0.00151133 0.930289258 0 Chrysene                         

7.45877815 0.412351126 0.00000944 0.005157262 0 Tetraphenylmethane               

5.99996371 0.353998548 0.00027486 0.163573551 0 Triphenylmethane                 
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Fig. S2.1 Effect of oil on sea ice temperature at -20oC.  
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Fig. S2.2 Effect of oil on sea ice temperature at -15oC. 
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Fig. S2.3 Effect of oil on sea ice temperature at -10oC. 
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Fig. S2.4 Effect of oil on bulk salinity at -20oC. 
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Fig. S2.5 Effect of oil on bulk salinity at -15oC. 
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Fig. S2.6 Effect of oil on bulk salinity at -10oC. 
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Fig. S2.7 Effect of oil on sea ice thermal conductivity at -20oC. 
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Fig. S2.8 Effect of oil on sea ice thermal conductivity at -15oC. 

  



160 

 

Fig. S2.9 Effect of oil on sea ice thermal conductivity at -10oC. 
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Fig. S2.10 Effect of temperature on brine volume of oil-contaminated sea ice. 
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Fig. S2.11 Re(permittivity) for PVS-3 mixture model averaged over the -20, -15, and -10oC 

conditions. 
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Fig. S2.12 Im(permittivity) for PVS-3 mixture model averaged over the -20, -15, and -10oC 

conditions. 
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Fig. S2.13 Re(permittivity) for TVB-3 mixture model averaged over the -20, -15, and -10oC 

conditions. 
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Fig. S2.14 Im(permittivity) for TVB-3 mixture model averaged over the -20, -15, and -10oC 

conditions. 
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Fig. S2.15 Re(permittivity) for PVS-3 mixture model at the -20oC condition. 
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Fig. S2.16 Im(permittivity) for PVS-3 mixture model at the -20oC condition. 
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Fig. S2.17 Re(permittivity) for TVB-3 mixture model at the -20oC condition. 
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Fig. S2.18 Im(permittivity) for TVB-3 mixture model at the -20oC condition. 
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Fig. S2.19 Re(permittivity) for PVS-3 mixture model at the -15oC condition. 
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Fig. S2.20 Im(permittivity) for PVS-3 mixture model at the -15oC condition. 
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Fig. S2.21 Re(permittivity) for TVB-3 mixture model at the -15oC condition. 
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Fig. S2.22 Im(permittivity) for TVB-3 mixture model at the -15oC condition. 
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Fig. S2.23 Re(permittivity) for PVS-3 and TVB-3 mixture models at the -10oC condition. 
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Fig. S2.24 Im(permittivity) for PVS-3 and TVB-3 mixture models at the -10oC condition. 
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Fig. S2.25 Simulated NRCS (dB) using the TVB-3 mixture model [5.5 GHz] averaged over the -20, 

-15, and -10oC conditions. 
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Fig. S2.26 Individual fatty acid concentrations for corn oil contaminated core 1. 
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Fig. S2.27 Individual fatty acid concentrations for corn oil contaminated core 3. 
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Fig. S2.28 Individual fatty acid concentrations for corn oil contaminated core 5. 
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Fig. S2.29 Individual fatty acid concentrations for corn oil contaminated core 6. 
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Fig. S2.30 Individual fatty acid concentrations for corn oil contaminated core 7. 
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Fig. S2.31 Total oil volume of corn oil contaminated cores 1 and 2. 
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Fig. S2.32 Total oil volume of corn oil contaminated cores 3 and 4. 
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Fig. S2.33 Total oil volume of corn oil contaminated cores 5 and 6. 
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Fig. S2.34 Total oil volume of corn oil contaminated core 7. 
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(a)  

(b)  

Fig. S3.1 ATR IR Spectra of February (a) snow section and (b) ice section oil Samples 
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Fig. S3.2 ATR IR Spectra of (a) March top sections oil samples and (b) technical oil mixture 
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Fig. S3.3 Schematic of Resonance Perturbation Apparatus 
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Fig. S3.4 Schematic of oil sample in glass tube to be placed in the resonance perturbation cavity 
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Fig. S3.5 TE101 |S11|Plot 
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Fig. S3.6 Partitioning by molecular weight and octanol-water partition coefficient 
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Fig. S3.7 Partitioning by molecular volume and vapor pressure 
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Fig. S3.8 Partitioning by water solubility and salt water (35 ppt) solubility  
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Fig. S3.9 Partitioning of the oil constituents found in Core 4 (Feb. 18) and Core 2 (Mar. 1) 
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Fig. S3.10 Partitioning of the oil constituents found in Core 2 and Core 4 (Mar. 1) 
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Fig. S3.11 Partitioning of the oil constituents found in Core 10 and Core 12 (Mar. 1) 
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Fig. S3.12 Diurnal temperature profile of the Main and Oil Pool 
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Feb. 16/16 

 

Feb. 17/17 

 

Feb. 18/16 

 

Feb. 23/16 

 

Mar. 1/16 

 

Fig. S3.13 Photos of Oil Pool throughout the Experiment showcasing Variable Snow Cover 
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Fig. S3.14 Oil volumes contained in sampled cores 
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Fig. S3.15 Subset 1 of oil volumes contained in sampled cores 
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Fig. S3.16 Subset 2 of oil volumes contained in sampled cores 
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5.2 Additional Contributions to the Literature 

In addition to the manuscripts that comprise Chapters 2 and 3, several refereed journal 

and conference papers were published throughout the course of the research presented herein. 

These contributions to the literature are listed below. 

Desmond, D., Neusitzer, T., Lemes, M., Xidos, J., Firoozy, N., Stern, G., Barber, D., 

and Mojabi, P., 2016. “Examining the weathering processes and interactions of corn oil in 

sea ice,” in Proceedings of the ArcticNet Annual Scientific Meeting, Winnipeg, MB, CA. 

Desmond, D., Chirkova, D., Neusitzer, T., Firoozy, N., Barber, D., Stern, G., 2017. 

"Oil Behavior in Sea Ice: Changes in Chemical Composition and Resultant Effect on Sea Ice 

Permittivity," in Proceedings of the ArcticNet Annual Scientific Meeting, Québec City, QC, 

CA. 

Desmond, D.S., Crabeck, O., Lemes, M., Neusitzer, T.D., Rysgaard, S., Barber, 

D.G., and Stern, G.A.  "Investigation into the Geometry and Distribution of Oil Inclusions in 

Sea Ice using non-destructive X-ray Tomography." [Pending Submission]. 

Desmond, D.S., Xidos, J., Schreckenbach, G., Barber, D.G., and Stern, G.A. 

"Methods for Predicting Partitioning and Fate of Petroleum Hydrocarbons and NSO 

compounds in Sea Ice." [Pending Submission]. 

Desmond, D.S., Chirkova, D., Synder, N., Zhantang, X., Neusitzer, T.D., G., Barber, 

D.G., and Stern, G.A. "Extent of Impact of Photo-oxidation and Biodegradation on the 

Permittivity of Oil-Contaminated Sea Ice." [Pending Submission]. 

Chirkova, D., Desmond, D.S., Firoozy, N., Neusitzer, T.D., Lemes, M., Barber, D.G., 

and Stern, G.A., 2017. "Chemical Partitioning of Crude Oil in Sea Ice and its implementation 

for real-time risk assessments and vulnerability mapping," in Proceedings of the ArcticNet 

Annual Scientific Meeting, Québec City, QC, CA. 
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Chirkova, D., Desmond, D.S., Firoozy, N., Neusitzer, T.D., Lemes, M., Barber, D.G., 

and Stern, G.A. "Chemical Partitioning of Crude Oil in Sea Ice at different scenarios.” 

[Pending Submission]. 

Firoozy, N., Neusitzer, T., Desmond, D.S., Tiede, T., Lemes, M., Landy, J., Mojabi, 

P., Rysgaard, S., Stern, G., Barber, D.G., 2017. "An Electromagnetic Detection Case Study 

on Crude Oil Injection in a Young Sea Ice Environment." IEEE Transactions on Geoscience 

and Remote Sensing. 

Firoozy, N., Neusitzer, T., Desmond, D.S., Tiede, T., Lemes, M., Landy, J., Stern, 

G., Mojabi, P., Rysgaard, S., Barber, D.G., 2017. “An experimental study of microwave 

remote sensing of oil-contaminated young sea ice,” in proceedings of the XXXIInd General 

Assembly and Scientific Symposium of the International Union of Radio Science, Montreal, 

QC, CA. 

Firoozy, N., Neusitzer, T., Chirkova, D., Desmond, D., Lemes, M., Landy, J., 

Mojabi, P., Rysgaard, S., Stern, G., and Barber, D.G., 2017b. "A Controlled Experiment on 

Oil Release Beneath Thin Sea Ice and its Electromagnetic Detection." (n.d.): n. pag. [In 

Press].  

Neusitzer, T.D., Firoozy, N., Tiede, T.M., Desmond, D.S., Lemes, M., Stern, G.A., 

Rysgaard, S., Mojabi, P., and Barber, D.G., 2018. "Examining the Impact of a Crude Oil Spill 

on the Permittivity Profile and Normalized Radar Cross-Section of Young Sea Ice." IEEE 

TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING 56, pp. 921-936, 

doi:10.1109/tgrs.2017.2756843.  

Neusitzer, T., Firoozy, N., Tiede, T., Desmond, D., Mojabi, P., Barber, D., Lemes, 

M., and Stern, G., 2016. “Investigating the complex permittivity profile of oil-contaminated 

sea ice,” in Proceedings of the ArcticNet Annual Scientific Meeting, Winnipeg, MB, CA. 


