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A B S T R A C T   

As climate change brings reduced sea ice cover and longer ice-free summers to the Arctic, northern Canada is 
experiencing an increase in shipping and industrial activity in this sensitive region. Disappearing sea ice, 
therefore, makes the Arctic region susceptible to accidental releases of different types of oil and fuel pollution 
resulting in a pressing need for the development of appropriate scientific knowledge necessary to inform regu
latory policy formulation. 

In this study, we examine the microstructure of the surficial layers of sea ice exposed to oil using X-ray 
microtomography. Through analysis, 3D imaging of the spatial distribution of the ice's components (brine, air, 
and oil) were made. Additional quantitative information regarding the size, proximity, orientation, and geometry 
of oil inclusions were computed to ascertain discernable relationships between oil and the other components of 
the ice. Our results indicate implications for airborne remote sensing and bioremediation of the upper sea ice 
layers.   

1. Introduction 

Within the Arctic, anthropogenic global warming has led to 
continual decreases in sea-ice extent, thickness, and changes in ice type 
(IPCC, 2014; AMAP, 2017). Shipping and oil exploration are, therefore, 
becoming increasingly more feasible, thereby increasing the potential of 
crude oil or fuel being spilled into the marine environment (AMAP, 
2010; Schenk, 2011; Smith and Stephenson, 2013; Harsem et al., 2011). 
This impending possibility has generated a need for the development of 
oil detection and mitigation techniques suitable for ice-covered waters 
(Fritt-Rasmussen et al., 2015; Brown and Fingas, 2003; Brekke et al., 
2014; Wilkinson et al., 2015; Bradford et al., 2015; Firoozy et al., 2017; 
Hubert and Stern, GENICE). 

Sea ice is a heterogeneous porous media consisting of an ice matrix 

that is embedded with liquid brine inclusions, solid salts, and air bub
bles. The presence of brine networks and air inclusions strongly influ
ence the electromagnetic properties of the ice, thus impacting incident 
electromagnetic responses used in remote sensing detection and char
acterization (Fingas and Brown, 2007). Notably, the brine inclusions are 
often sites of biological activity (Fritsen et al., 1994; Krembs et al., 2000; 
Vancoppenolle et al., 2013). The abundance, distribution, and structure 
of brine and air inclusions are strongly dependent on the temperature 
and salinity of the sea ice. Its thermodynamic history, as well as its 
surface features (e.g., snowfall, frost flowers, and surface roughness) 
also play a major role (Cox and Weeks, 1983; Weeks and Ackley, 1986; 
Galley et al., 2015). As sea ice has the potential for oil entrainment 
(Petrich et al., 2013; Maus et al., 2015; Oggier et al., 2019), the inclusion 
of oil inside the ice matrix will influence the temperature and salinity of 
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the ice and therefore the presence and morphology of the brine and air 
inclusions (e.g., Payne et al., 1991a; O'Sadnick et al., 2017). 

Remote sensing of oil in and on sea ice based on dielectric difference 
is well established in the literature (e.g., Puestow et al., 2013; Brekke 
et al., 2014; Firoozy et al., 2017; Firoozy et al., 2018). From past work, it 
was concluded that it is possible to detect the bulk oil content embedded 
within the surface of sea ice, using active radar, through the reduction of 
sea ice salinity caused by brine displacement from upward oil migration 
through brine channels (Desmond et al., 2019a; Saltymakova et al., 
2020). This reduction of salinity lowers the dielectrics and thus the radar 
signature of sea ice, allowing for a detectable change. Furthermore, 
physical simulations have been linked to remote sensing of oil- 
contaminated sea ice previously (e.g., Neusitzer et al., 2018a; Des
mond et al., 2019a; Isleifson et al., 2020; Firoozy et al., 2018). In 
particular, modelling the Normalized Radar Cross-Section (NRCS) of sea 
ice has been a common practice. The physics of the energy interactions 
based on real or simulated dielectric differences of oil, brine, and sea ice 
apply similarly to microwave remote sensing and x-ray tomography. 

A moderate amount of research on oil behaviour in sea ice has been 
conducted over the last few decades (e.g., 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; 
Maus et al., 2015; Petrich et al., 2013; Afenyo et al., 2016a; Afenyo et al., 
2016b; Payne et al., 1991a; Payne et al., 1991b; Oggier et al., 2019). 
Much of this research has focused on bulk physical movement ten
dencies (macroscopic behaviour) and less on microscopic behaviour 
within the ice. In order to properly establish detection technologies and 
mitigation potential (Firoozy et al., 2017; Neusitzer et al., 2018a; Fir
oozy et al., 2018; Hubert and Stern, GENICE), a better understanding of 
the movements and interactions of oil in a sea ice environment on a 
microscopic scale is required. To this end, we present a methodology 
employing enhanced computed microtomography X-ray imaging for 
analyzing the microstructure of oil-contaminated sea ice. 

Micro-Computed Tomography (μ-CT) X-ray imaging is a non- 
destructive radiographic technique which examines materials by 
creating images of density contrast. As dense materials and higher 
atomic numbers result in greater X-ray attenuation, an image of the 
target of interest can be created (Duliu, 1999). The resultant image is 
represented in grayscale whereby darker tones indicate a material of 
lower density (e.g. air) and lighter tones indicate higher density mate
rials or phases (e.g., brine). Since μ-CT is capable of high-resolution 
three-dimensional characterization of the internal features of porous 
media, it has been advantageous for examining the brine and air com
ponents of sea ice microstructure (e.g., Crabeck et al., 2016; Golden 
et al., 2007; Lieb-Lappen et al., 2017; Maus et al., 2013; Maus et al., 
2015; Obbard et al., 2009; Pringle et al., 2009; Frantz et al., 2019). Little 
X-ray work, however, has been conducted on oil-contaminated sea ice 
(Courville et al., 2017; Bazilchuk, 2018; Salomon et al., 2017). Oil and 
ice have similar densities producing little contrast in the resultant μ-CT- 
image (Salomon et al., 2017). Furthermore, small volume fractions of oil 
relative to the ice can also hinder the distinction between the two 
phases. Herein we introduce a novel method for the enhanced imaging 
of oil in sea ice in which we evaluate its qualitative and quantitative 
capabilities for assessing the oil inclusions and its implications for both 
remote sensing and bioremediation of oil-contaminated sea ice. 

This study builds on the past X-ray work noted above. In particular, 
Salomon et al. (2017) performed a general analysis on the distribution of 
oil in the porous space of columnar sea ice. These authors noted that the 
absorption contrast between oil and ice was insufficient for automatic 
segmentation. Segmentation was therefore performed manually by 
tracing each visible oil inclusion within each 2D-slice. This method of 
analyzing oil inclusions was deemed to be exceedingly time consuming 
and unrealistic for the investigation of numerous samples. Other works 
such as (Courville et al., 2017; Maus et al., 2013) have incorporated the 
use of μ-CT for the purpose of investigating the microstructure of sea ice 
(e.g., skeletal layer at the water-ice interface) to better understand oil 

migration through brine channels (i.e., oil infiltration, porosity and 
permeability). These works were used to improve the modelling of 1) oil 
entrainment in sea ice (Maus et al., 2015), 2) fluid flow in porous media 
(Oggier et al., 2019), and 3) waterborne sensor performance (e.g., sonar) 
in different oil in ice scenarios (Courville et al., 2017). Overall, these 
works have focused on the bulk migration of oil through columnar sea 
ice and the remote sensing detection from under and within ice. 

In our study, we developed a methodology for the improved detec
tion of oil by μ-CT, facilitating a faster image processing through auto
matic segmentation. Our focus lies on the frazil/inter-frazil ice layer of 
sea ice (upper regions) with an emphasis on oil distribution and prox
imity to air and brine, as well as the geometry of all inclusions. The 
implications of these results are discussed in the context of 1) airborne 
remote detection (e.g., radar) of oil-contaminated sea ice, which is 
influenced by the shape, volume, distribution, and orientation of sea 
inclusions (Ulaby and Long, 2014); and 2) bioremediation of oil-in-ice 
which is dependent on the proximity of oil and brine (Vergeynst et al., 
2018). In the Northern Arctic, an oil spill is more likely to occur during 
fall freeze-up with a heightened shipping or industrial activity than mid- 
winter (Martin, 1979; Oggier et al., 2019; BBC News, 2020). Therefore, 
the presence of oil in the top part of the sea ice profile is a likely scenario. 
The findings reported in this paper will be useful for 1) the development 
of remote sensing algorithms required to detect oil within the surficial 
sea ice and 2) the development of scientific knowledge required for the 
planning and coordination of proper mitigation response efforts (e.g., 
bioremediation) suitable for ice covered waters. 

2. Materials and methods 

2.1. Source of X-ray samples 

Three annual artificial oil-in-ice mesocosm experiments were con
ducted at the University of Manitoba (UofM) Sea-ice Environmental 
Research Facility (SERF) during 2016-2018. From these experiments, 
crude oil-contaminated ice cores were sampled as described in the 
following works: Desmond et al. (2019b, 2021), Saltymakova et al. 
(2019, 2020), and Neusitzer et al. (2018b). 

Each of the three oil-in-ice mesocosm experiments, from which our 
samples are derived, exhibited conditions that closely resemble natural 
sea ice thermodynamic states indicative of Arctic marine waters; that is, 
the temperature increased towards the water column and the bulk 
salinity demonstrated a normal C-shape profile. Furthermore, most of 
the oil that was injected below the ice was found to have migrated to
wards the ice surface due to the warm ice temperatures (i.e., ≥− 5 ◦C) 
(Eicken, 2003; Petrich and Eicken, 2010) and lower density of the oil 
(860 kg/m3) relative to that of seawater/brine (>1020 kg/m3). 

Due to variation in atmospheric temperature and snow precipitation 
during the different experiments (2016, 2017, 2018), the extent of sea 
ice growth varied for each experiment. The maximum ice thickness over 
the course of the three experiments was ~60 cm. A general ice stratig
raphy analysis was conducted using cores extracted from the ice. Cores 
were examined visually and photographed to qualitatively determine ice 
layering and type (i.e., granular or columnar) and were later sliced into 
horizontal thick sections and vertical thick/thin sections. Crossed opti
cal polarizers were used to analyze the ice microstructure of a relatively 
clean sample (no visible oil) taken from the SERF 2018 experiment 
(Desmond et al., 2021). Example photographs depicting the alternations 
of granular and columnar ice can be seen in Figs. 1 and S1. The influence 
of oil on sea ice and the potential for the growth of additional granular 
layers has previously been reported by (Martin, 1979). Most of the X-ray 
samples investigated herein were taken from locations which were 
saturated with oil and visually resembled granular or inter-granular ice. 
A further assessment of the ice type (granular/inter-granular or 
columnar) corresponding to the X-ray samples is discussed in Section 
3.2.1 based on μ-CT computed inclusion orientations. 
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2.2. Preparation of the X-ray samples before scanning 

X-ray samples were carefully cut with a boning saw into either cy
lindrical or rectangular prism sections, with 3 cm diameters/widths and 

2-3 cm heights, from the top and middle sections of 10 separate oil- 
contaminated ice cores from the 2016-2018 experiments. These sub
sections were then stored in a freezer at -20 ◦C until ready for μ-CT 
analysis. A list of the investigated X-ray samples, their correspondent ice 

Fig. 1. Example photos of thick sections and a thin section of sea ice from an oil-in-ice mesocosm depicting alternating granular and columnar layers (Desmond 
et al., 2021). 

Table 1 
In situ μ-CT sea ice characteristics pertaining to a subset of the X-ray samples.  

Ice core ID Inferred ice type Ice core section ice depth 
(cm) 

Chamber temperature 
(◦C) 

Bulk Salinity 
(psu) 

% brine 
volumea 

Oil volume 
(mL)b 

Mar. 1/16 Core 8 Top Frazil (transitional) 0 to 2.3  -14.8  7.4  2.8  <0.01 
Mar. 1/16 Core 10 Middle Frazil (transitional) 5 to 7  -14.8  5.7  2.2  0.30 
Feb. 10/17 Core 9 Top Frazil (transitional) 0 to 2.9  -14.8  12.4  4.8  0.07 
Feb. 10/17 Core 9 Mid Frazil (transitional) 5 to 7.8  -14.8  10.6  4.1  0.30 
Mar. 14/17 Core 16 Pancake 

(transitional) 
0 to 3  -14.8  18.0  6.9  0.03 

Feb. 7/18 Top Site 3 Core 1 Frazil (transitional) 0 to 2.8  -14.8  5.96  2.3  0.15 
Feb. 7/18 Middle Site 3 Core 1 Frazil (transitional) 7.6 to 10.6  -14.8  8.6  3.3  0.25 
Feb. 7/18 Middle Site 3 Core 2 Frazil (transitional) 8.8 to 11.3  -14.8  12.6  4.9  <0.01 
Feb. 26/18 Top Site 3 Core 3 Frazil (transitional) 0 to 2.4  -14.8  2.0  0.8  0.15 
Feb. 26/18 Top Site 3 Core 3 Frazil (transitional) 0 to 2.4  -9.9  2.0  1.1  0.15 
Mar. 16/18 Top Site 3 Core 2 Frazil (transitional) 0 to 2.8  -14.8  2.7  1.0  0.25 
Mar. 16/18 Top Site 3 Core 2 Frazil (transitional) 0 to 2.8  -9.8  2.7  1.5  0.25 
Mar. 16/18 Top Site 3 Core 2 Frazil (transitional) 0 to 2.8  -5.4  2.7  2.6  0.25 
Mar. 16/18 Middle Site 3 Core 

2 
Frazil (transitional) 10.4 to 13.2  -4.7  1.8  2.0  0.30  

a % brine volume derived from Frankenstein and Garner, 1967. 
b Oil volume experimentally determined according to Section 2.3. 
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core depth, and their physical properties (see Sections 2.3 and 2.4.3) are 
provided in Table 1. 

The μ-CT scanning of the samples took place at different tempera
tures (-15 ◦C, -10 ◦C, -6 ◦C, -5 ◦C, and -4.8 ◦C, see Table 1). Prior to X-ray 
analysis, each sample previously stored at -20 ◦C was left inside a tem
perature controlled cold room for 24-h at the intended scanning tem
perature (Table 1). In order to mimic the natural heat flux from the 
ocean to the atmosphere, allowing brine inclusions to expand along the 
vertical direction (z-axis), each X-ray sample was placed on a metal plate 
with their sides encased in Styrofoam (Fig. 2). After 24 hour equilibra
tion in the temperature-controlled room, the entire sample reached the 
targeted scanning temperature. 

2.3. Experimentally determined volume fractions 

After μ-CT analysis, each sub-sectioned X-ray sample was melted 
inside their respective polypropylene tube at room temperature. Each 
melted X-ray sample was then measured volumetrically using a gradu
ated cylinder. The crude oil was then separated from the melted sea ice 
using a Vortex Mixer (VWR) and Hexanes (Fisher Scientific, Optima 
Grade) as solvent. The collected oil fractions were placed inside a new 
polypropylene tube and concentrated by fully reducing the solvent to 
dryness through natural room temperature evaporation. The volumes of 
the remaining oil samples were then measured by placing an empty 
polypropylene tube adjacent to the oil filled tube and filling it with 
known amounts of water, using 10-100 μL pipettes, until both volumes 
were level with one another. The validity of this method was checked 
through a blind test using water, in a separate polypropylene tube, to 
measure known amounts of crude oil. The results of this blind test are 
shown in Table 2, in which all volumes were found to be accurately 
measured. 

2.4. Analysis by Micro-Computed Tomography (μ-CT) X-ray 

2.4.1. Scanning 
A Bruker SKYSCAN 1174 Compact Micro-CT system was placed in

side a temperature controlled cold room (held at -15/-10/-6/-5/-4.8 ◦C 
according to Table 1) and used to analyze sea ice microstructure. 
Scanning at temperatures warmer than -4.5 ◦C resulted in degradation of 
the samples by surface melt. Thermocouples were placed inside the μ-CT 
sample chamber to record the in-situ ice temperature during scanning 
(Fig. 3) and typically read +0.2 ◦C relative to the ambient condition 
when the X-ray source was on. Samples were placed in polypropylene 
tubes (Fig. S2), mounted on a rotating stage in the μ-CT (Fig. 3), and 
rotated a full 180◦, in 0.4◦ increments, averaging frames of 4, with the 
μ-CT running at 50 kV and 800 μA. An aluminum filter (0.50 mm) was 
placed in front of the X-ray source during the scan. Individual scans took 
approximately 3 h. The final image contained 1304 × 1024 pixels with a 
pixel size and slice thickness of 29 μm. After the scan, the projected 
radiograph was reconstructed into two-dimensional grayscale slices 

stacked in the z-direction (corresponding to the vertical direction of the 
original ice core) using Bruker software (NRecon). During the recon
struction step, each voxel was assigned a grayscale value between 0 and 
255 corresponding to a CT value. A CT value is expressed in Hounsfield 
Units (HU), representing the degree of X-Ray attenuation, whereby 
denser materials and higher atomic numbers result in greater X-ray 
attenuation (Duliu, 1999). Data reconstruction also included the 
removal of ring-artifacts, beam-hardening, post-alignment and Gaussian 
smoothing to reduce the noise (i.e., Ketcham and Carlson, 2001). 

2.4.2. Image processing 
For any quantitative or qualitative result derived from a binary 

image, the most crucial step in the imaging technique is the proper 
segmentation of the grayscale image into individual windows or phases 
(e.g., oil, air, brine). In this study, the segmentation process consists of 
finding the CT-Value, a digital number between 0 and 255, for the ice 
matrix, the brine, air, and oil inclusions. Optimal thresholds can be 
determined by eye or automatically based on information contained in 
the image histogram (Iassonov et al., 2009; Sezgin and Sankur, 2004). 

Since air, brine and ice are mediums with different densities, they are 
easily distinguished by CT X-ray. To distinguish the air and brine from 
the ice matrix we used the histogram-based method called CL-Otsu 
(Crabeck et al., 2016; Iassonov et al., 2009) which separated the back
ground (i.e. ice) and foreground voxels (i.e. air/brine) by approximating 
the histogram with a combination of two or more statistical distribu
tions. The results of each segmentation method were visually evaluated 
by comparing the raw and segmented images. Finally, the volume 
fractions of the ice, brine, and air were quantified based on the selected 
thresholds. 

2.4.2.1. Enhanced imaging of oil. Ice and oil have similar CT-values due 
to their similar density, rendering oil inclusions hardly detectable by the 
human visual system. Both manual and automated histogram-based 
threshold selections fail to differentiate these two phases from one 
another. To identify the CT- oil signature in sea ice, we analyzed two test 
samples (Fig. 4A and B) with a known volume of crude oil and corn oil in 
pure ice (i.e., ice formed from distilled water) with the CT. For the first 
test sample (Fig. 4A), a vertically downward hole (3.75 mm diameter) 

Fig. 2. Example of how X-ray samples were placed on a metal plate and encased in styrofoam prior to placement inside the μ-CT chamber for scanning.  

Table 2 
Results of blind test assessing accuracy of method used to experimentally mea
sure the oil volumes of the X-ray samples. Note ‘true volume’ pertains to known 
amounts of crude oil placed inside polypropylene tubes.  

Trial # True V (mL) H2O (mL) 

V1  0.9  0.9 
V2  0.5  0.5 
V3  0.2  0.2 
V4  0.09  0.08 
V5  0.05  0.04 
V6  0.02  0.02  

D.S. Desmond et al.                                                                                                                                                                                                                            



Marine Pollution Bulletin 173 (2021) 112996

5

was drilled in a cylindrical section of pure ice (2.3 cm height × 2.1 cm 
diameter) and 120 μL of Tundra crude oil was injected into the hole with 
a micropipette. Similarly, for the second test sample (Fig. 4B), two 
vertically downward holes were drilled in a cylindrical section of pure 
ice in which 100 μL of Mazola corn oil was injected into the right cavity 
and 50 μL of Tundra crude oil was injected into the left cavity. The 
spiked samples were then analyzed inside the μ-CT chamber with the use 
of a polypropylene tube (Falcon, Corning). 

As shown in Fig. 4A and B, we can visually distinguish the oil from 
the other components (i.e., air and ice). Furthermore, the CT-value of 
the crude oil was observed to be very similar to the polypropylene tube 
used to hold the sample. The density of polypropylene is known to be 
860 kg/m3 and the crude oil used in our experiments had an initial 
density of 855 (8) kg/m3 (Desmond et al., 2019c). Fig. 4D shows the CT- 
values between the crude oil and the polypropylene tube over the index 
range of 120-150 and 106-136, respectively. While their respective CT- 
values are similar to one another, the crude oil CT-values are 10% to 
15% higher. 

A sea ice sample (Feb. 7 Mid S3C1) (Table 1), taken during the 2018 
oil-in-ice mesocosm experiment, was sub-sectioned for analysis by μ-CT 
and placed in a polypropylene tube (Fig. 5A). Observation of the con
structed histogram (Fig. 5B) shows that it is difficult to detect dispersed 
oil due to the overwhelming ice volume fraction. The polypropylene 
tube was used as a “benchmark” for the oil index location, keeping in 
mind that the Tundra crude oil has a slightly higher CT-value (Fig. 4D); 
that is, the CT-signature of the polypropylene tube was used as a seg
mentation threshold allowing for an enhanced detection of oil in sea ice. 
This allowed for an easier assignment of the proper CT-value signature 
of the ice matrix and oil inclusions. It is important to note that the ranges 
of CT-value for the different media are not constant from sample to 
sample (e.g., Figs. 4D, 5B, Table 3). Consequently, great care must be 
taken in choosing appropriate thresholds for each respective sample. 
The human visual system was also used to verify the selection of 

accurate thresholds (CT-values) (e.g., Fig. 5C) by inspecting a variety of 
oil inclusions in different sample slices. 

From these results, we can infer that it is possible to detect a 
dispersed amount of oil. Encasing the ice with a material possessing a 
similar density to that of the oil of interest allows for a magnified im
aging of the oil inclusions within the sea ice microstructure and the 
selection of a proper segmentation threshold. 

2.4.3. Threshold optimization 
A source of error that exists while processing a CT X-ray image occurs 

during the selection of thresholds due to a lack of knowledge of the 
optimal segmentation result. To verify the validity of the thresholds for 
brine, CT-derived brine volumes were compared to brine volumes 
computed using the state equations of Frankenstein and Garner (1967). 
Frankenstein and Garner (1967) state equations use in-situ temperature 
(here CT-chamber temperature) and bulk ice salinity to compute the 
brine and ice volume fractions. Bulk ice salinities of each X-ray sample 
were measured with a conductivity meter (Orion Star A212 – Thermo 
Scientific) on the collected saltwater fractions, previously obtained by 
separation from the oil. The accuracy of CT-derived fractions (air, brine) 
and their agreement with values derived from state equations have 
previously been investigated (Crabeck et al., 2016; Salomon et al., 
2017). In case of a mismatch between CT-derived and state equation 
derived brine and ice volume fractions, the thresholds were adjusted to 
reach agreement (Table 4). Similarly, the CT-derived oil volume was 
compared to the experimentally measured oil volume. The threshold 
was finely adjusted to reach agreement if the CT-derived oil volume 
mismatched the experimental oil volume (Table 4). 

A second source of error is linked to the resolution of the CT-image 
which is always insufficient to resolve every object and its boundary. 
When an inclusion is smaller than the spatial resolution of the image, it 
appears as a mixed pixel. In this study, the major source of mixed pixels 
is at the boundary of ice and air (e.g., in air pockets) resulting in an 

Fig. 3. Sub-sectioned X-ray sample placed inside a polypropylene Falcon tube and subsequently mounted on a rotating sample stage within the μ-CT chamber with 
installed thermocouples. 
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averaged CT-value similar to that of the Tundra crude oil, which can 
lead to a false positive of oil volume. This source of error is minimized 
while X-ray samples contain appreciable volumes of oil. In this study, we 
focused our analyses on samples which contained ≥150 μL oil or 2.14% 
oil/ice vol (Table 1), which reduced the impact of false positives on the 
CT-derived volume. The human visual system was also used to verify the 
selection of accurate thresholds (CT-values) by inspecting and 

comparing several individual inclusions and their boundaries on raw 
and segmented images. 

2.5. Proximity of oil and brine inclusions analysis 

To quantify the extent of boundary overlap or interface connection 
between the oil and brine inclusions, the segmented brine and oil 

Fig. 4. Panel A shows a raw transversal in the XZ direction of a test sample contained in a polypropylene tube in which crude oil was injected. Panel B shows a second 
test sample contained in a polypropylene tube in which both crude and corn oil was injected. The density contrast of the different medium (ice, crude oil, corn oil and 
polypropylene tube) are shown in the color bar. Panel C shows a transversal slice of the test sample in panel A. Panel D shows a CT histogram of the medium 
highlighted in panel C. The histogram combined the data over a stack of 147 slices. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 5. Panel (A) shows a raw transversal slice of an oil-contaminated ice sample (Feb. 7/18 Middle S3C1) contained in a polypropylene tube. In this image, brine 
appears in white and very light grey, air bubbles appear in black, and oil inclusions appear in dark grey. Panel (B) shows histograms delineating the light blue and 
dark blue lines shown in the panel A image. Panel (C) shows the ice matrix in green, and the oil and polypropylene tube pixels in red, selected using the Ct-value of oil 
from the panel B histogram. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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components for each respective horizontal slice (XY-plane) of three 
representative X-ray samples were exported as individual PNG images. 

Images were processed in MATLAB 2020a to determine the pairwise 
pixel overlap and fraction of interface connection between horizontal 
slice pairs of oil and brine. A percentage of boundary overlap between 
the oil and brine was calculated based on the overlap of pixels from the 

oil and brine inclusions from each image set. The overlap percentages 
obtained for each horizontal slice of the representative X-ray samples 
were then displayed as box plots for oil-brine overlap. Interface 
connection was determined using a function to check pixels bordering a 
pixel of interest in both lateral and diagonal directions, calculated as a 
percentage over the calculated perimeter of the feature being checked 
against. For example, the interface percent between brine and oil was 
calculated by determining the total oil pixels bordering all brine pixels, 
and dividing the resulting value by the total perimeter or border of all 
brine features. These results were used to help assess the potential for 
bioremediation of oil in sea ice. 

2.6. Individual object analysis of sea ice inclusions 

The geometry, orientation, and size of the sea ice inclusions (i.e., oil, 
air, and brine) were determined from quantitative analysis of the x- ray 
microtomography scans. Averaged (standard deviation) 3D Individual 
Object Analyses (IOA) of sphericity (Ψ), structure model index (SMI), 
orientation (theta), and major diameter were conducted for a subset of 
the 2015-2018 X-ray samples. Sphericity (Ψ) is a measure of how 
spherical a 3D object is, with an index ranging from 0 to 1 (perfect 
sphere). This parameter is defined by (Wadell, 1935). SMI indicates the 
relative prevalence of rods and plates in a 3D structure and involves a 
measurement of surface convex curvature (Hildebrand and Rüegsegger, 
1997). An ideal plate, cylinder and sphere have SMI values of 0, 3 and 4, 
respectively. A structure between the ideal state of a plate and cylinder 
will have a SMI value between 0 and 3. Orientation (theta) is defined as 
the angle of an individual 3D object oriented between 0◦ (horizontal XY- 
plane) and 90◦ (vertical Z-plane). For instance, an ellipsoid with an 
angle theta equal to 90 degrees would have its major axis along the 
vertical z-direction, and an angle theta equal to 0 degrees would 
correspond to an ellipsoid with its major axis within the XY-Plane. Major 
diameter is the distance between the two most distant pixels in a 3D 
object. The calculated parameters of sphericity (Ψ), SMI, orientation 
(theta), and major diameter are tabulated for a subset of the investigated 
X-ray samples (Table 3). Inclusions with a size similar to the spatial 
resolution of the image were excluded from the statistical analyses 
provided in Table 3. When the inclusion has the size of a pixel, it means 
that the inclusion is smaller than the pixel and that the spatial resolution 
of the CT-image is insufficient to characterize its geometry. 

Specifically, the calculated orientations were used to assess the 
randomness or degree of vertical alignment of oriented inclusions as a 
means of assessing sea ice type (granular, columnar). Major diameters of 
each inclusion type were calculated to determine the size of their fea
tures. Sphericity (Ψ) and SMI were used to infer the geometry of in
clusions in conjunction with Eqs. (1)–(2) (Li et al., 2012). 

Ψcylinder =
(1.5w)2

3

w + 0.5
(1)    

where Ψ – sphericity (as defined above); w – aspect ratio of the height (z- 
direction) divided by the major axial length (XY-plane). 

Table 3 
Averaged (stdev) 3D individual object analysis of sphericity and structure model 
index (SMI) for a subset of 2015-2018 X-ray samples.  

Sample (ambient T) Media (CT 
thresholds) 

Sphericity SMI 

Mar. 1/16 C10 Mid (-15 ◦C) Oil (80-120) 0.75 (15) 2.74 (62) 
Air (0-57) 0.75 (12) 2.86 (35) 
Brine (178-255) 0.78 (10) 2.93 (25) 

Feb. 10/17 C9 5-7.5 cm (-15 ◦C) Oil (60-94) 0.71 (17) 2.57 (63) 
Air (0-27) 0.74 (13) 2.78 (37) 
Brine (182-255) 0.74 (11) 2.81 (25) 

Feb. 7/18 Top S3C1 (-15 ◦C) Oil (121-148) 0.69 (16) 2.50 (40) 
Air (0-74) 0.72 (14) 2.68 (40) 
Brine (242-255) 0.77 (11) 3.00 (25) 

Feb. 7/18 Mid S3C1 (-15 ◦C) Oil (62-87) 0.71 (17) 2.52 (56) 
Air (0-41) 0.72 (15) 2.63 (41) 
Brine (167-255) 0.79 (11) 3.09 (28) 

Feb. 7/18 Mid S3C2 (-15 ◦C) Air (0-35) 0.68 (46) 2.87 (47) 
Brine (170-255) 0.77 (11) 2.97 (28) 

Feb. 26/18 Top S3C3 (-15 ◦C) Oil (81-107) 0.70 (17) 2.49 (56) 
Air (0-48) 0.72 (15) 2.60 (40) 
Brine (167-255) 0.79 (09) 2.95 (25) 

Feb. 26/18 Top S3C3 (-10 ◦C) Oil (86-119) 0.72 (18) 2.55 (70) 
Air (0-48) 0.71 (15) 2.58 (41) 
Brine (175-255) 0.79 (09) 2.96 (24) 

Feb. 26/18 Top2 S3C3 (-5 ◦C) Air (0-53) 0.72 (14) 2.63 (42) 
Brine (189-255) 0.78 (10) 2.87 (25) 

Mar. 16/18 Top S3C2 (-15 ◦C) Oil (67-107) 0.74 (17) 2.66 (69) 
Air (0-43) 0.73 (15) 2.72 (46) 
Brine (166-255) 0.78 (10) 2.93 (24) 

Mar. 16/18 Top S3C2 (-10 ◦C) Oil (71-107) 0.68 (22) 2.37 (96) 
Air (0-47) 0.75 (14) 2.76 (42) 
Brine (171-255) 0.78 (10) 2.96 (24) 

Mar. 16/18 Top S3C2 (-6 ◦C) Oil (76-110) 0.77 (13) 2.80 (55) 
Air (0-49) 0.73 (14) 2.67 (41) 
Brine (155-255) 0.73 (14) 2.95 (25) 

Mar. 16/18 Mid S3C2 (-4.8 ◦C) Oil (87-114) 0.70 (17) 2.49 (59) 
Air (0-43) 0.74 (15) 2.75 (50) 
Brine (189-255) 0.77 (11) 2.93 (25) 

Total average Oil 0.72 (17) 2.57 (63) 
Air 0.73 (17) 2.71 (42) 
Brine 0.77 (11) 2.95 (25) 

Total average is the average of all average (stdev) values above for the oil, air, 
and brine inclusions respectively. 

Table 4 
Comparison of CT-derived and experimentally determined volumes for the 
media of brine, pure ice, and crude oil for sea ice sample “Feb. 7/18 Middle 
S3C1” (see Table 1 and Fig. 5).  

Media CT-derived volume (mL) Experimental volume (mL) 

Brine (index 167-223)  0.264  0.265 
Pure ice (index 100-167)  7.539  7.400 
Crude oil (index 62-87)  0.198  0.200  

Ψspheroid =
π(w)2

3

2
∫ π/2

0

∫π/2

0

wcosφ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

sin2φ + cos2ϴcos2φ +

(
1

w2

)

sin2ϴcos2φ

√

dφdϴ

(2)   
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2.7. Remote sensing modelling: application of inclusion geometry analysis 

To demonstrate the use of the inferred inclusion geometry to a 
remote sensing application, we incorporated our results in a modelling 
study on the Normalized Radar Cross-Section (NRCS) of sea ice based on 
physical measurements (Desmond et al., 2019b) and compared to 
experimentally determined NRCS (Neusitzer et al., 2018a; Firoozy et al., 
2018). Wave scattering and consequently the electromagnetic footprint 
of the profiles measured by satellite or on-site radar systems are related 
to the incidence angle, surface roughness, volume fractions of all the 
components of sea ice (ice, brine, air, oil), and permittivity (dielectric) 
profile including real and imaginary parts (Ulaby and Long, 2014). 
Generally speaking, the brine volume fraction has the greatest impact on 
the NRCS of the sea ice, assuming the incidence angle remains constant. 
The equivalent permittivity of a complex material such as sea ice is 
related to the complex permittivity (dielectrics) of the individual sub
stances, their volume fractions, their spatial distributions, and their 
orientations relative to the direction of the incident electric-field vector. 
The substance with the highest volume fraction is regarded as the host 
material, or continuous medium, and the other substances are regarded 
as inclusions (Ulaby and Long, 2014). Popular dielectric mixture for
mulas for heterogenous materials include the Tinga-Voss-Blossey (TVB) 
(Ulaby and Long, 2014; Tinga et al., 1973) and Polder–van Santen/de 
Loor (PVS) (Ulaby and Long, 2014; Polder and van Santen, 1946; De 
Loor, 1968) models. These models consider the inclusions to be ellip
soidal particles of identical shape and size, randomly oriented with 
respect to the direction of the electric field of the incident wave. Vari
ations of ellipsoidal particles include 1) prolate spheroid with x = y 
(symmetric about the z-axis) and z > x; 2) sphere with x = y = z; 3) 
oblate spheroid with x = y and z < x; 4) circular disk inclusions for thin 
circular disks with x = y and z ≪ x; and 5) needle inclusions for long, 
narrow needles with x = y and z ≫ x. Herein, we model and compare the 
sea ice inclusions as circular disks (based on the results of our inclusion 
geometry analysis). 

2.7.1. Modelling approach 
The Normalized Radar Cross-Section (NRCS) of the sea ice was 

simulated from the complex permittivity profiles of the physical samples 
collected throughout the experiment (Desmond et al., 2019b) (Table 5). 
The permittivity profiles of the ice were modelled at 5.5 GHz using the 
quasi two-phase Tinga-Voss-Blossey (TVB) and Polder–van Santen/de 
Loor (PVS) mixture models following (Neusitzer et al., 2018a; Firoozy 
et al., 2018). The PVS and TVB model assumes that the mixture is 
comprised of randomly oriented inclusions (e.g., oil, air, brine) sur
rounded by the host material (i.e., pure ice). In this formulation, the 
inclusions are considered to be separate within the host material. The 
Integral Equation Model (I2EM) (Fung et al., 2002; Ulaby and Long, 
2014) was utilized to simulate the monostatic NRCS of the sea ice from 
the modelled dielectric profiles. As the I2EM assumes a half-space with a 
rough interface, the permittivity profiles were reduced to an effective 
permittivity as a half-space by taking the first 2.5 cm of the modelled 
dielectric depth profiles based on their calculated NRCS penetration 
depth (Ulaby and Long, 2014) (Tables 6 and 7). Simulations were run at 

the same frequencies and incidence angles as the experimental condi
tions seen in (Neusitzer et al., 2018a; Firoozy et al., 2017). Relevant 
root-mean-square (RMS) heights and correlation lengths from Table 8 
were used for the roughness parameters of the NRCS simulation. Surface 
roughness is an integral parameter concerning microwave scattering 
from sea ice. 

3. Results and discussion 

3.1. Qualitative analysis 

3.1.1. Oil behaviour and movement tendencies in sea ice: oil distribution 
and location 

Horizontal/vertical cross-sections of the samples were obtained 
through X-ray imaging and are shown in Figs. 5A, 6, S3–S4. These cross- 
sections illustrate oil distribution within the ice, indicating that the oil 
included within the ice was quite dispersed and tended to surround the 
perimeter of air inclusions. Many exclusive pockets of oil were also 
observed. Further observation of these figures shows that the brine was 
separate from the oil within the ice, with minimal interface contact. This 

Table 5 
Comparisons between modelled and experimental NRCS (dB) for various sampling times (Desmond et al., 2019a; Neusitzer et al., 2018a).  

Sampling dates Ice conditions Surface roughness inputs 
(cm) 

Incidence angle 
(◦) 

Experimental TVB/ 
Circdisc 

PVS/ 
Circdisc 

Jan. 18/16 12:00 
PM 

Relatively rough Full bloom, small snow 
grains 

rms = 0.39, L = 0.965  56◦ -7.52  -9.80  -9.66 

Jan. 19/16 12:00 
PM 

Relatively rough Full bloom, small snow 
grains 

rms = 0.39, L = 0.965  56◦ -9.52  -11.50  -11.50 

Jan. 20/16 9:00 AM Relatively rough Full bloom, small snow 
grains 

rms = 0.39, L = 0.965  56◦ -8.36  -10.65  -10.55 

Feb. 12/16 1:15 PM Relatively 
smooth 

No accumulation rms = 0.261, L = 0.307  57◦ -20.78  -21.60  -21.20  

Table 6 
Calculated NRCS penetration depths (cm) of the circular disk dielectric mixture 
model of sea ice for various sampling times (Desmond et al., 2019a; Neusitzer 
et al., 2018a).  

Sampling dates TVB/Circdisc PVS/Circdisc 

Jan. 18/16, 12:00 PM  0.5857  0.5653 
Jan. 19/16, 12:00 PM  0.8442  0.8439 
Jan. 20/16, 9:00 AM  0.7077  0.6881 
Feb. 12/16, 1:15 PM  0.6806  0.6034  

Table 7 
Calculated effective permittivities “seen” by the I2EM NRCS model of the cir
cular disk dielectric mixture model of sea ice for various sampling times (Des
mond et al., 2019a; Neusitzer et al., 2018a).  

Sampling dates TVB/Circdisc PVS/Circdisc 

Jan. 18/16, 12:00 PM 7.1584–4.1153i 7.3169–4.3180i 
Jan. 19/16, 12:00 PM 5.4315–2.4542i 5.4230–2.4534i 
Jan. 20/16, 9:00 AM 6.2074–3.1475i 6.2991–3.2650i 
Feb. 12/16, 1:15 PM 7.3223–3.5459i 7.7769–4.1435i  

Table 8 
RMS heights and correlation lengths (L) of relatively smooth and rough ice 
obtained using LiDAR.   

Observed ice 
characteristics 

RMS height 
(cm) 

Stdev 
(cm) 

L 
(cm) 

Firoozy et al., 
2018 

Smooth ice, no 
accumulation  

0.261  0.001  0.307 

Firoozy et al., 
2017 

Frost flowers, small snow 
grains  

0.39  0.088  0.965 

Stdev is the standard deviation of RMS height. 
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result is likely due to the natural separation of oil and water owing to 
differences in density and hydrophobic character; that is, the oil 
percolated through brine channels progressively pushing out and 
replacing the brine, and subsequently the oil became encapsulated 
within the ice (Petrich et al., 2013; Maus et al., 2015; Desmond et al., 
2019a; Saltymakova et al., 2020). From Figs. 6 and S4, most oil accu
mulation is observed towards the top of each X-ray sample, respectively. 
In these areas of high oil concentration, less brine is present in contrast 
to the bottom of each sample which is richer in brine. This separation of 
brine is further demonstrated by Fig. 7, in which the average interface 
contact percentage between the brine and oil for the investigated X-ray 
samples was calculated to be less than 0.13%. It is worth noting that the 
samples investigated in Fig. 7 were analyzed by μ-CT at -15 ◦C. It is 
expected that oil-brine contact would increase at warm temperatures 
approaching 0 ◦C. However, due to the resolution limitations of the μ-CT 
instrument at warm temperatures and the possibility of sample melt 
during scanning, we were unable to extensively investigate samples at 
warmer temperatures. 

3.1.2. Mitigation potential 
Based on the aforementioned 2015-2018 oil-in-ice mesocosm ex

periments, the bulk of the oil was found to be encapsulated in the upper 
layers of the sea ice (Desmond et al., 2019a, 2019b, 2019c, 2021; Salt
ymakova et al., 2020), separate from the brine (Figs. 5A, 6–7, S3–S4). 
Brine and seawater are the media in which oil-degrading bacteria can 
thrive, containing the essential nutrients required to catalyze the 
biodegradation reaction (Vergeynst et al., 2018; Boetius et al., 2015; 
Prince and Walters, 2016). Significant biodegradation can only result 
when the bulk of the oil is in direct contact with brine or sea water, such 
as at the base of the sea ice or in the presence of a melt pond (Vergeynst 
et al., 2018). The fact that oil remains separate from brine and attempts 
to concentrate towards the surface may act to decrease the likelihood of 
microbial bacteria from interacting with the surfaced oil, as there is a 
larger bacterial population towards the sea ice base and within brine 
compared to vacant ice interstices (Boetius et al., 2015; Boccadoro et al., 
2018). However, under warm ice temperatures (i.e., ≥− 5 ◦C), there is 
greater potential for active brine to be in physical contact with or 
adjacent to oil surrounding ice interstices owing to the large increase 
and expansion of brine (Eicken, 2003; Petrich and Eicken, 2010); this 
may allow for a partial degradation of the bulk oil encapsulated within 
surficial ice. 

Dissolution of lighter oil concentrations in brine (Saltymakova et al., 
2020; Desmond et al., 2019b; Payne et al., 1991b), containing oil- 
degrading bacteria (Brakstad et al., 2008; Delille et al., 1997), may 
show greater potential for bioremediation of crude oil in the Arctic. The 
lighter fractions of crude oil are known to be toxic to marine life 
(Anderson et al., 1974), and the success of its bioremediation will be 
crucial in the case of an oil spill. We expect that bioremediation will 
effectively grow with a decrease in the concentration of crude oil in the 
ice as the dissolution efficiency increases (Saltymakova et al., 2020; 
Desmond et al., 2019b). We also expect that the bulk oil encapsulated in 
the ice to be less weathered in comparison to open water (Saltymakova 
et al., 2020; Desmond et al., 2021), and will be prone to biodegradation 
during the spring-summer season, when the oil can come into direct 
contact with the ocean (Martin, 1979). 

3.2. Quantitative analysis 

3.2.1. Orientation, size, and geometry of inclusions 
Based on the 3D IOA, all inclusions were found to be somewhat 

randomly oriented within the samples with orientation angles theta 
ranging from 0 to 90◦ (Fig. 8c). Air bubbles and oil inclusions show two 
modes (0 and 90◦), while brine shows a very slight 90◦ mode and is more 

Fig. 6. The 3D decomposition of top sections of sea ice cores from SERF 2018 in 
which oil, air, and brine are represented in red, blue, and white respectively. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 7. Percentage of oil and brine boundary overlap (interface connection) for 
a subset of X-ray samples. 

D.S. Desmond et al.                                                                                                                                                                                                                            



Marine Pollution Bulletin 173 (2021) 112996

10

pronouncedly defined by random orientation (typical of granular ice) 
(Eicken, 2003; Galley et al., 2015). 

Based on the calculated major diameters of all inclusion types, 
feature sizes for all three of the artificial oil-in-ice mesocosm experi
ments (Section 2.1) were less than 1 mm (Fig. 8a and b). The majority of 
brine inclusions analyzed have a major diameter ranging from 0.1 to 0.3 
mm. Similarly, Lieblappen et al. (2018) reported brine structure thick
nesses of less than 0.2 mm. Air inclusions have a larger range of diameter 
with 75% of the air bubbles having diameters smaller than 0.4 mm. 
Fig. 8b shows the distribution of CT-derived major diameters of oil in
clusions for various samples. From this figure we see that 1) the size of 
the oil inclusions was similar during the different experiments (2016, 
2017, 2018), 2) sea ice temperature did not impact the size of the oil 
inclusions, 3) the inclusion size of oil does not vary with depth (top and 
middle sections are the same), and 4) more than 25% of the oil in
clusions were smaller than 0.1 mm, and only 25% were larger than 0.2 
mm. 

The CT-derived sphericities of the oil, air, and brine inclusions were 
0.72 (17), 0.73 (17), and 0.77 (11) on average (stdev), respectively 
(Table 3). Their typical SMI values were on average (stdev) 2.57 (63), 
2.71 (42), and 2.95 (25), respectively (Table 3). Our SMI results for brine 
are similar to those reported in Lieblappen et al. (2018), who also 
observed SMI values slightly below 3 for brine pockets. Based on the 
calculated SMI values, we know that the average inclusion best re
sembles ideal cylinders, rather than ideal plates or spheres, and that the 
inclusions are less than ideal (i.e., <SMI = 3). Based on the calculated 
sphericity values (Ψ = 0.72, 0.73, 0.77) we can infer that the inclusions 
resemble a cylinder of height (h) / diameter (d) = (0.3, 0.3, 0.4) (w) (Eq. 
(1) (herein); Fig. 1, Li et al., 2012). By definition, a cylinder with h / d <
(1 = ideal) is considered a disk. 

If we instead consider the average geometry of inclusions to be an 
oblong ellipsoid (or an oblate spheroid for simplicity), as they appear 
visually in Figs. 5A, 6, and S3–S4, and in other literature such as (Galley 
et al., 2015), results in w = h / d = 0.3 using Ψ = 0.75 (Eq. (2) (herein); 
Fig. 19, Li et al., 2012). 

In either case, whether we consider the average inclusions as a 

cylinder or more realistically as an oblate ellipsoid, based on the 
computed sphericity and SMI values, we can conclude that the average 
inclusion most closely resembles a disk or oblate spheroid of marginal 
thickness with h / d = 0.3-0.4. 

As a means of demonstration, we modelled the dielectrics of the 2016 
SERF sea ice (Desmond et al., 2019b) with circular disk inclusions, and 
subsequently simulated the resultant Normalized Radar Cross-Section 
(NRCS) from the sea ice dielectrics. The modelled NRCS was then 
compared with experimental NRCS (see Sections 2.7 and 3.2.2 for more 
details). 

3.2.2. Remote sensing potential 
Table 5 compares experimental and simulated NRCS, whereby the 

simulated results correspond to sea ice inclusions modelled as randomly 
oriented circular disks (Section 3.2.1). All simulated results show a 
lower NRCS compared to experimental. Ice conditions with no accu
mulation show the best agreement with less than 1 dB difference. There 
is comparatively lesser agreement (~2 dB) between experimental and 
simulated NRCS for ice cover with accumulation; in particular, the 
presence of fully-developed frost flowers. Reasons for this include 1) the 
fact that frost flowers have not been studied extensively and are not fully 
understood (Isleifson et al., 2014), and 2) that brine expulsion during 
frost flower formation may not have been properly accounted for in the 
dielectric modelling, as surface ice scrapings were not taken for surface 
salinity measurements. Instead, the bulk salinity from the first 2.5 cm of 
each ice core was measured, which may have resulted in a slight sys
tematic decrease in simulated NRCS compared to experimental. 

The calculated penetration depth for the circular disk inclusions 
were found to be surficial and within the 1st cm of the upper sea ice layer 
(Table 6), which is fitting as the NRCS (I2EM) model used assumes 
surface scattering. Furthermore, in a naturally grown sea ice environ
ment such as in the Northern Arctic, significantly thicker layers of 
granular ice are observed on the surface of sea ice (>5 cm) compared to 
artificially grown sea ice in microcosm/mesocosm tanks (Galley et al., 
2015; Ehn et al., 2007; Isleifson et al., 2010). Consequently, modelling 
sea ice inclusions as randomly oriented ellipsoidal particles is quite 

Fig. 8. The panel (a) shows IQR box plot for the distribution of CT-derived major diameter of all oil, brine and air inclusions analyzed. The panel (b) shows IQR box 
plot for the distribution of CT-derived major diameter of oil inclusions for various samples from the different experiment (2016, 2017, 2018). The box is defined by 
the first and third quartiles of the distribution, the line in the box is the median. The panel (c) shows the histogram of the orientation angles (theta) for all the oil, 
brine and air inclusions analyzed. 
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applicable for airborne sensors which probe the sea ice surface 
(composed of randomly oriented crystals). Overall, these results suggest 
that the inclusions of surficial sea ice (granular/inter-granular) can be 
modelled by the profile of disks. 

To confirm our findings, future work should include 1) the mea
surement of surficial sea ice dielectrics with the use of a dielectric probe 
for direct comparison with modelled dielectrics; and 2) a more thorough 
comparison between modelled and experimental NRCS at various inci
dence angles, incorporating LiDAR measurements corresponding to each 
physical sampling date. We also note that future studies should involve 
the modelling of oblate spheroid inclusions. It is important to establish 
which dielectric model(s) best describe sea ice as it has implications for 
remotely inferring both the oil type (light, medium, heavy) and 
magnitude of spilled oil through the use of an inversion algorithm (e.g., 
Firoozy et al., 2017; Firoozy et al., 2018), allowing for swifter planning 
of an appropriate mitigation response. 

Lastly, based on Section 3.1.1, we know that oil has the tendency to 
displace and remain separate from brine within surficial sea ice as well 
as in its depth profile (Figs. 5A, 6–7, S3–S4) (Desmond et al., 2019a; 
Saltymakova et al., 2020). The lowering of sea ice salinity caused by the 
oil's presence can result in a reduction of the NRCS and may be 
eminently detectable in the case of a real-world oil spill (Firoozy et al., 
2017; Firoozy et al., 2018). 

4. Conclusion 

X-ray computed microtomography was used to assess the qualitative 
and quantitative capabilities for examining oil-contaminated sea ice 
(granular/inter-granular). Use of polypropylene tubes were found to 
enhance the capacity for imaging crude oil-in-ice, as they possess a 
similar density to the crude oil used in this study (~860 kg/m3). We 
postulate that polyethylene tubes (960 kg/m3) would enhance the im
aging of heavier crude oils-in-ice. It is worth noting the limitation of our 
proposed method which requires large quantities of oil in sea ice (e.g., 
>2.1% oil/ice vol.) to alleviate false positives arising from mixed pixels. 
Future X-ray work should improve and build on this work. 

Through our investigations, oil was found to distribute throughout 
the ice to an extent and tended to occupy the perimeter of large vacant 
pockets or completely occupy smaller void pockets and remained 
separate from the brine. Based on the oil distribution and proximity 
relative to brine within the upper layers of sea ice, the success of 
bioremediation is expected to be insignificant for the bulk oil, but would 
likely be most significant for the lighter and potentially more toxic water 
soluble oil constituents which dissolved in the brine and became sub
sequently driven into the water column upon warm conditions. The bulk 
oil may be preserved within the upper layers of the ice until spring thaw, 
where it could be potentially biodegraded. 

Based on the CT-derived sphericities and SMI values of the sea ice 
constituents, it was determined that the oil, air, and brine inclusions 
closely resemble the geometry of an elliptic disk or oblate spheroid. 
Based on this discovery, standard remote sensing modelling techniques 
were used to simulate the NRCS of sea ice representing inclusions as 
circular disks. These simulations were then compared to experimental 
NRCS, demonstrating the applicability of our modelling approach. 
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