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Abstract

Sea ice plays an essential role in polar ecosystems as a habitat for organisms at the base 

of the food web. Receding Arctic perennial sea ice, potential oil and gas reserves, and increasing 

industrial activities in the Arctic are likely to increase oil extraction and transport in the maritime 

Arctic. Despite a decrease in summer sea ice extent, Arctic waters remain covered with sea ice 

for much of the year, increasing the risk of an oil spill in and under Arctic sea ice. This dissertation 

addresses the need for a quantitative understanding of the timing of and constraints on oil 

mobilization through the full seasonal cycle as well as the resulting oil distribution within the ice 

cover. All of these factors have major implications for spill clean-up efforts and habitat damage 

assessments. In Chapter 1, I assemble sea ice physical properties derived from long-term 

observations to characterize sea ice seasonal development stages. In Chapter 2, guided by 

results from three sets of oil-in-ice tank experiments, I present a semi-empirical multistage oil 

migration model linked to sea ice seasonal stages. I also find that ice stratigraphy plays a major 

role in oil movement, with granular ice hindering oil movement. In Chapter 3, I quantify the 

microstructural differences between granular and columnar ice texture. While both pore spaces 

have similar pore and throat size distribution, the higher tortuosity of granular ice increases the 

distance oil and brine have to travel by up to 30% to cover the same vertical distance as in 

columnar ice. With a less connected pore space, granular ice permeability is estimated as one 

order of magnitude smaller than that of columnar ice during winter and at the onset of spring 

warming. Chapter 4 introduces a simple 1D vertical model with a small set of initial conditions to 

describe oil movement along a connected pore pathway, I constrain the oil flow by accounting for 

the lateral displacement of brine into the surrounding ice volume to improve prediction of the 

timing and distribution of oil-in-ice flow. Future coupling of this model to a model of ice growth and 

melt may help inform oil spill response and clean-up operations, and improve the understanding 

of oil migration in the context of natural resource damage assessments.
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Chapter 1: General introduction

1.1 Motivation

Large, undiscovered oil and gas deposits in the Arctic have driven hydrocarbon 

exploration and industry interests over the past decade (Spring et al., 2011). While Shell 

announced the abandonment of drilling operations in the Alaskan Arctic in 2016, smaller operators 

continue exploration and development of oil and gas reserves on Alaska's Arctic coast, such as 

the Liberty deposit (Liberty Energy Project, 2017). Decreasing sea ice extent has prompted 

increases in Arctic maritime traffic including Arctic tourist cruises (AMAP, 2007; Eguíluz et al.,

2016) . Even though the length of the open-water season is increasing each year (Barnhart et al., 

2015; Markus et al., 2009), Arctic waters will remain ice-covered for much of the year in the 

foreseeable future. Any increase in human activity such as shipping or oil and gas development 

in the Arctic marine environment increases the possibility of accidental oil spills (Wilkinson et al.,

2017) . Therefore, the ability to effectively respond to oil spills in marine Arctic environments 

remains a priority.

Several studies have highlighted the negative impact of oil components in the water on 

the fauna (Atlas et al., 2011; Dilliplaine et al., 2020; Faksness et al., 2012; Gardiner et al., 2013). 

Since the development of the Prudhoe Bay oil field, cleaning protocols to respond to an Arctic oil 

spill have been developed (Alaska Clean Seas, 2017; Bejarano et al., 2014; Wilkinson et al., 

2017), though the lack of information about the fate of oil-in-ice covered water makes establishing 

guidelines challenging. With increased interest in Arctic hydrocarbon development, scientific 

research focusing on oil spill response in icy waters has also increased. Different studies have 

evaluated mechanical and chemical oil removal methods (Dickins et al., 2006; S0rstr0m, 2008). 

Detection of the presence of oil-in-ice is discussed by Wilkinson et al. (2007) and Dickens et al. 

(2008) and was central to an experiment at the Cold Region Research Engineering and 

Laboratory facilities in 2016 (Pegau et al., 2016).
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Sea ice is a porous matrix of pure ice and brine-filled pores, whose size and connectivity 

increase with temperature (Eicken, 2003). Early oil-in-ice studies demonstrated that oil released 

under ice during winter swiftly penetrated the porous ice bottommost layer and was entrapped in 

the growing ice. With spring warming, increasing connectivity was found to foster migration of oil 

towards the ice surface (NORCOR, 1975). Similar behavior was documented in later experiments 

(Karlsson, 2009; Oggier et al., 2020b; Petrich and Arntsen, 2013). Oil migration in sea ice is well 

described qualitatively, but despite recent progress, no quantitative description of the percolation 

mechanism and constraining factors exists (Fingas and Hollebone, 2003; Karlsson et al., 2011; 

Pegau et al., 2016; Petrich et al., 2019; Reed et al., 1999).

Oil migration in sea ice takes place as two-phase immiscible flow in a porous medium. 

Complex physical processes underlying such flow render the simulation at the micro-scale of a 

large volume computationally expensive. A similar problem is encountered in petroleum 

engineering when modeling oil extraction from a reservoir (Bear, 1972; Blunt et al., 2013). 

Describing the immiscibility of the water and oil fraction, as well as understanding the wettability 

of the reservoir is crucial for oil recovery and remains a challenge (Abdallah et al., 2007). An 

important difference between reservoir percolation and sea ice is the fact that sedimentary rock 

matrices do not change substantially on short time scales, whereas sea ice is undergoing constant 

transformations at the pore scale as a result of temperature variations and the seasonal cycle 

(Golden et al., 2007; Oggier and Eicken, 2020). Drastic change happens in ice microstructure: 

the mostly dispersed, disjunct pores during the cold season transform into a highly connected 

pore space during the ablation season. Because of these challenges, development of a 

parametric model that represents some of these complex processes in a simplified form is an 

important near-term goal to improve the understanding of and respond to oil spills in ice.

The work presented in this thesis builds on prior work by defining constraining parameters 

for oil movement in sea ice, with respect to its seasonal evolution. I focus on sea ice stratigraphy 
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and microstructure evolution to evaluate the potential for oil movement, drawing on 

microstructural analysis and developing a model framework to quantify oil entrainment and 

percolation as a function of time and ice properties. The goal of this work is to support decision 

making and guidance for oil spill responders, e.g., in determining the most suitable time frame for 

the clean-up response and the choice of the method applied. In a broader context, the biological 

implications of my analysis and observations will also support natural resource damage 

assessment, as conducted in the U.S. by the National Oceanic and Atmospheric Administration 

in the aftermath of any spill. The development of an oil migration model would also greatly 

enhance both large-scale oil spill trajectory forecasting and small-scale emergency planning for 

first responders.

1.2 Background

1.2.1 A receding summer ice cover

In recent decades, summer Arctic sea ice extent has decreased at a rate of 13% per 

decade relative to the 1981 to 2010 average, losing approximately 3 million km2. Not only has 

perennial sea ice extent been dramatically reduced, the ice is also thinning and ice volume has 

decreased by 75% since 1979. Some studies predict an ice-free Arctic (sea ice coverage 

<1 million km2) by mid-century (Overland and Wang, 2013, Figure 1.1). Harsem et al. (2013) 

predict 3 additional ice-free months per year by 2040 in the Chukchi and Beaufort seas.

An ice-free ocean is not necessarily free of ice floes all year. First, “ice-free” typically refers 

to an ice cover area fraction below 15%. Second, the concept of an ice-free Arctic Ocean mostly 

refers to the absence of ice during the summer months. Despite rapid changes in the sea ice 

cover, including the replacement of multiyear by first-year ice, pieces of ice large and strong 

enough to damage a vessel will still be floating in the Arctic Ocean during summer months for the 

foreseeable future. Moreover, sea ice will continue to form during the winter months, melting and

3



Figure 1.1—Projected Arctic sea ice decline, as predicted under different Representative 
Concentration Pathway (RCP) emission scenarios. Colored lines denote the CMIP5 model 
average for each RCP scenario, while the shaded areas denote ranges for each scenario. The 
dotted gray line and gray shaded area indicate the average and range of historical hindcasts. 
The thick black line corresponds to observations from 1953-2012 (National Climate 
Assessment after Stroeve et al. 2012).

fragmenting later in summer as part of the seasonal cycle. Consequently, sea ice will remain a 

major hazard in the Arctic Ocean for the decades to come throughout the year.

1.2.2 Resource development and shipping in the Arctic

The rapid decrease of the summer sea ice cover is opening large areas of the Arctic Ocean 

to human activities. Resource development, in particular oil and gas, and maritime transport are 

most likely to be linked to an accidental oil spill.

1.2.2.1 Oil and gas reserves in the Arctic

A substantial fraction of the world's undiscovered oil and gas reserves lie within the Arctic 

Circle. The most recent assessment by the United States Geological Survey in 2008 estimated 

4



that more than 90 billion barrels of undiscovered crude oil and as much as 1136 trillion cubic feet 

of undiscovered natural gas lie below the sea floor (Gautier et al., 2009). More than 60% of these 

resources are believed to be concentrated in a few major areas: Chukchi Sea (Alaska, USA)— 

accounting for a third of undiscovered resources—, Pechora and Lower Ob Basin (Russia), North 

Barents Sea (Norway) and along the Greenland coast (Figure 1.2).

Since December 2013, Gazprom has been exploiting the Prirazlomnoye oil field 60 km 

offshore in the Pechora Sea in the Russian Arctic. The first Arctic-class ice-resistant oil platform 

was engineered specially to withstand the 240 days per year during which sea ice is present at 

Prirazlomnoye (Zubakin et al., 2015). In 2006, an area between Baffin Bay and the Davis Strait 

Figure 1.2—Estimates of undiscovered oil in the Arctic (Bird et al., 2008).
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off the West Coast of Greenland was opened for leasing. After the success of the self-referendum 

about Greenland's independence, Greenlanders see hydrocarbon development as a key step 

towards full political independence. In the future, this may include Greenland's East Coast, where 

an estimated 32 billion barrels remain undiscovered. In Alaska, extraction began in 1977 in the 

Prudhoe Bay oil field, the largest in North America. Since the beginning, the production has been 

mostly land-based (AMAP, 2007). Offshore sites include North Star Island and Endicott, an 

artificial island 12 km off the coast and 12 miles northwest of Prudhoe Bay. While exploration in 

the Chukchi Sea has been discontinued, the Beaufort Sea is subject to significant exploration and 

new developments, including the announcement of a 6 billion barrel discovery beneath Smith 

Bay, halfway between Utqiagvik, previously Barrow, and Prudhoe Bay (Caelus Energy LLC, 

2017). In August 2017, the Liberty Island Project, led by Hilcorp Alaska LLC, requested permits 

to build an artificial island about 6 miles offshore, 20 miles east of Prudhoe Bay. The project is 

expected to proceed pending permitting by the federal Bureau of Ocean Energy Management 

and legal challenges after the release of a draft environmental impact assessment (Hilcorp Alaska 

LLC, 2015).

1.2.2.2 Maritime Shipping and Cruises

Currently, the greatest density of commercial ship traffic in the Arctic region - as defined 

by political and regulatory boundaries which encompass the Bering Sea - is in the North Pacific 

sector. Neglecting fisheries activity, bulk cargo and container ships are the most common vessels, 

following the Great Circle Route across the Aleutian Islands through Unimak pass (Arctic Council, 

2009; Silber and Adams, 2019). According to Eguíluz et al. (2016), whose definition of the Arctic 

- similar to the one of the International Maritime Organization - does not include the Bering Sea, 

the largest number of vessels are sailing in the Barents, Norwegian and Kara Seas. It is predicted 

that through 2020, most Arctic shipping will be in support of increased natural resource 

development, such as hydrocarbons and fisheries, and contribute to regional trading between
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Figure 1.3—Various current and potential future Arctic shipping routes following the decrease 
of Summer sea ice extent. NWP is the North-West Passage, TPR the Transpolar Route and 
NSR the Northern Sea Route.

Arctic communities (Arctic Council, 2009). Recent studies emphasize the development of trans

Arctic shipping lanes, such as the Northern Sea Route and the North-West Passage, which could 

decrease the length of important trade routes by up to 50% (AMAP, 2007; Eguíluz et al., 2016;

Smith and Stephenson, 2013; U.S. Committee on the Marine Transportation System, 2019). The 

Northern Sea Route along the Russian coast is likely to be the most relevant new route through 

mid-century, whereas the Northwest Passage may open up enough for regular passage by the 

second part of the century.

The once unnavigable Arctic region not only opened up for shipping, but also for high-end 

tourism and cruising. In summer 2016, the Crystal Serenity set sail for a month-long cruise from 

Seward to New York City, via the Canadian Archipelago (Dennis and Mooney, 2016). The number 

of sailing boats and cruising vessels navigating successfully the North-West passage has been 

on the rise since.
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1.2.3 Sea ice as a habitat

The sea ice cover hosts a diverse sympagic biological community which sustains 

productive food webs (e.g. Figure 1.4) and provides subsistence food around the Arctic 

(Gradinger et al., 2010). The associated biomass concentration can be up to 3 orders of 

magnitude higher than in the water column (Manes and Gradinger, 2009). Ice-associated primary 

production yields from 3 to more than 50% of the total production in the Arctic (Gosselin et al., 

1997). Limited by light availability, ice algae become a significant food source in early spring, 

blooming earlier than phytoplankton in the underlaying water column. As the ice melts, the 

sympagic community is released into the water column supporting both benthic and pelagic 

communities (Boetius et al., 2013; Dieckmann and Hellmer, 2003).

Organisms such as bacteria, algae and meiofauna, grow in abundance in the brine 

channels and pore space in the lowermost part of the ice cover. Near the ice/water interface, the 

conditions are the most habitable, as temperature and brine salinity are less stressful for the biota

Figure 1.4—Typical Coastal Arctic food web (Arctic Monitoring and Assessment Programme 
(AMAP, 2012).
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Figure 1.5—Sea ice stratigraphy: (a) schematic of sea ice stratigraphy (after Eicken, n.d.); 
Horizontal cross-section view through polarized filter of (b) granular sea ice and (c) columnar 
sea ice. Diameter of the cross-section is 9 cm.

and the higher connectivity of the pore space allows for nutrient exchange with the underlying 

water column (Arrigo, 2016; Caron et al., 2017).

Concentrated at the ice/water interface, sympagic biota are particularly vulnerable to an 

under-ice oil spill. Studies have shown that crude oil is harmful for biota, oil decreases meiofauna 

abundance and limits algal growth (Brakstad et al., 2008; Cross, 1987). The specific response to 

oil exposure is not only highly dependent on the species but also on the oil exposure parameters. 

Inhibition and stimulation of algal growth has been observed depending solely on concentration 

and origin of the oil, and algae species. Oil-degrading bacteria proliferate quickly after oil 

exposure, but growth can be limited by nutrient competition (Bragg et al., 1994; McFarlin et al., 

2014).

1.2.4 Sea ice growth, structure and properties

Sea ice is a porous material composed of a matrix of pure ice crystals incorporating liquid 

brine inclusions and air pockets. Under quiescent conditions, ice grows downward from the ocean 

surface, with a microstructure affected by the growth conditions. Sea ice exhibits strong 
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seasonality in its microstructure and properties, which are linked to the cooling/warming history 

of the ice (Petrich and Eicken, 2016). The stratigraphy of first-year ice at the end of the growth 

season is shown in Figure 1.5a, as well as the associated temperature and salinity profiles.

1.2.4.1 Ice growth and stratigraphy

Sea ice forms when surface ocean waters freeze. Ice crystals form through heterogeneous 

nucleation on mineral and organic particles in the water column or through snow falling into the 

ocean. Salt is rejected at the growth surface of these freely floating crystals, increasing the salinity 

of the surrounding seawater. As crystals grow and increase in number, the ocean surface covers 

with slush ice, consisting of individual frazil ice crystals. When this initial ice layer solidifies, brine 

droplets are trapped in a matrix of ice. The microstructure of the consolidated frazil ice is referred 

to as a granular ice structure, characterized by small, randomly oriented ice crystals and brine 

entrapped at grain junctions. The associated bulk salinity is 10‰ on average (Weeks, 2010).

Under quiescent conditions, ice grows downward from the surface layer of granular sea 

ice. Vertically oriented ice crystal lamellae grow faster, outgrowing crystals less favorably 

oriented. As the ice grows, the rejected salt is retained in layers of brine in between the ice crystal 

lamellae. As the temperature decreases, most of the brine is expelled at the growth front; salt 

precipitates and the remaining brine segregated into connected channels, then into small pockets 

containing high-salinity brine. This leads to a microstructure dominated by vertically elongated 

grains of much larger size with small inclusions, known as columnar structure. The typical value 

of bulk salinity of columnar sea ice is 5‰ (Petrich and Eicken, 2016).

The bottommost layer at the ice/water interface is known as the skeletal layer. This section 

of ice is characterized by a delicate, high-porosity lamellar structure. Within one ice crystal, the 

parallel lamellae are spaced roughly a few hundred μm apart. An under-ice current will favor 

growth of lamellae perpendicular to the direction of the current, leading to a preferential orientation 

of the growing ice crystals (Petrich and Eicken, 2016). The thickness of the skeletal layer and the 
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interlamellar spacing depend on the ice growth rate (Nakawo and Sinha, 1981). At the ice/water 

interface, bulk sea ice salinity is close to the salinity of the underlying sea water. The salinity value 

decreases exponentially with distance to the ice bottom and reaches about 5‰ above the 

bottommost (skeletal) layer.

1.2.4.2 Sea ice “state variables” and derived physical properties

Assur (1960) developed a phase diagram for sea ice - recently revisited by Vancoppenolle 

et al. (2019) - that describes the volume fraction and composition of the sea ice component 

phases (pure ice, brine, precipitated minerals) as a function of total salt content and temperature. 

Based on this phase diagram and continuity equations, Cox and Weeks (1983) derived semi- 

empirical equations to compute the ice, brine and gas volume fractions based on sea ice in-situ 

temperature, bulk salinity and density measurements. Thus, these three variables are often 

referred to as sea ice “state variables” as they suffice to describe the thermodynamic state of sea 

ice (Petrich and Eicken, 2016).

Any temperature change within sea ice is associated with a change in porosity and hence 

pore microstructure, as well as changes in the salinity and potentially composition of the brine. 

The coupling between temperature and brine salinity not only governs the brine volume fraction, 

but also other physical properties linked to porosity or ice microstructure. Golden et al. (2007) 

derived from experiments a power-law relationship between sea ice permeability and porosity. In 

addition, the equation proposed by Maykut and Untersteiner (1971) to describe the thermal 

conductivity of sea ice as a function of temperature and salinity was improved by Pringle et al. 

(2007) adding a density dependency. Note that the introduction of an additional liquid phase (oil) 

or water-soluble components in the oil may affect the phase equilibria in sea ice. In the absence 

of relevant data and given the immiscibility of oil and brine, this work will rely on the classic phase 

relations in sea ice to estimate volume fractions of brine, ice and salts.
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1.2.4.3 Seasonal evolution of sea ice porosity and properties

First-year sea ice shows strong seasonality in the evolution of ice properties. The transition 

from winter to summer is associated with a change in the direction of the conductive heat transfer 

through the ice. In winter, surface temperatures are colder than the freezing ocean, and upward 

heat conduction drives ice growth. In spring, as air temperature and solar shortwave fluxes 

increase, heat fluxes are directed downward heating the ice from above.

Ice formation and growth have been described above. At the end of the growth season 

before onset of ice warming and melt, pore constriction and segregation during ice thickening and 

cooling result in a low brine volume fraction (2% - 3%) and disconnected pore space (Figure 1.6, 

left). These inclusions form the primary pore space, ranging over several orders of magnitude. In 

columnar ice pore space consists mostly of submillimeter wide elongated brine lamellae and tubes 

(Perovich and Gow, 1996; Pringle et al., 2009). Sea ice permeability drops below 10-12 m2, 

rendering the ice impermeable to brine movement. As long as ice temperatures remain low, the 

primary pore space remains unchanged (Petrich and Eicken, 2016).

Figure 1.6—Lamellar ice growth at the ice-water interface: upon cooling, brine layers become 
pockets. (Kovacs, 1996).
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Figure 1.7—Evolution of the sea ice pore space: as the temperature increases, the total brine 
volume fraction ø increases as a result of pore enlargement.

The sea ice pore space is composed of four brine features: brine layers, tubes, pockets 

and channels. At the ice/water interface, brine present in between ice lamellae forms brine layers 

during the growth (Figure 1.6). Upon cooling of the ice, the brine layers are constricted and 

become tubes. With further cooling, tubes become pockets within the ice crystals (Assur, 1960). 

Those initial features are known as the primary pore space, whereas the secondary pore space 

is defined by structures formed later, in particular cm to dm-sized brine channels (Cole and 

Shapiro, 1998). Brine channels are created as brine that is superheated relative to the lower ice 

layers, enlarging preexisting pathways through dissolution/melt of the surrounding ice matrix.

Upon warming, e.g. solar heating in spring, temperature increases throughout the ice 

cover, leading to enlargement of brine inclusions, dissolution of previously precipitated salts, and 

an increase in ice porosity (Figure 1.7b). Once the pore microstructure undergoes thermally driven 

changes, primary pore space inclusions enlarge (Figure 1.7c). In the secondary pore space brine 

channels continue to enlarge and interconnect as the seasonal cycle progresses.

Combined changes in pore space and pore interconnectivity result in increased 

permeability, rendering brine and potentially oil more mobile. Drawing on analysis of transport 

through sedimentary rocks, Golden et al. (2007) developed a hierarchical model of sea ice 

permeability - self-similar grains surrounded by smaller grains with brine filled porosity. In this
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The critical temperature for interconnectivity between the two opposing faces of a volume 

of ice - allowing for full percolation of brine - was found to be -5 °C for a sea ice bulk salinity of 

5‰, corresponding to a brine volume fraction of 5% (Golden et al., 2007). Later work by Pringle 

et al. (2009) showed that the concept of a percolation threshold needs to take into account ice 

anisotropy and microstructural evolution.

1.2.4.4 Brine movement

During the growth season, most of the brine movement results from natural convection. 

The temperature gradient in growing ice dictates that brine is denser closer to the upper surface. 

Under the effect of gravity, cold brine is expelled at the bottom. Given mass conservation, the 

volume of brine expelled from the ice is replaced by an equivalent volume of seawater entering 

the ice from the ocean. Assuming laminar conditions, flow is governed by Darcy's law and hence 

limited by the ice permeability and the brine viscosity. Heat diffusion in the ice and associated 

phase transitions (salt precipitation) act to dampen brine movement.

During the ice ablation season, snow melt pools at the ice surface, above the ocean level. 

When the ice becomes permeable, meltwater flows through the brine channels, leading to sea ice 

desalination through meltwater flushing (Eicken et al., 2002). Both brine and meltwater advection 

throughout the ice cover, driven mostly by density differences, are important processes to take 

into consideration when studying upward oil movement in sea ice.

1.2.5 Crude oil in sea ice

Should an oil spill occur under or near sea ice, oil will rise, driven by the density contrast 

with seawater, and will infiltrate and interact with the ice cover (Figure 1.8). In this research I focus 

on oil encapsulated during the growth season which later migrates through the ice to the surface.
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model conductivity is described by Archie's law, and permeability k is a function of the brine 

volume fraction Ø:



Figure 1.8—Oil configuration in sea ice. Adapted from Daling et al., 1990 and Allen. A 
(unpublished).

This scenario is the most common in coastal Alaska where spills from under-ice pipelines present 

a potential threat (Alaska Clean Seas, 2017). According to MacNeill and Goodman (1987), this 

case can be extended to oil spilled at the surface that is forced under the ice when drifting ice 

converges.

As human activities in Arctic waters increase, strategic response plans for the event of an 

oil spill in sea ice become increasingly important. To this end, it is crucial to understand how oil 

interacts with sea ice and how this interaction may be influenced by changing ice microstructure 

and physical properties. In this study, I focus primarily on first-year sea ice, grown in quiescent 

conditions, which is mostly the ice encountered in oil production areas in Alaska and regions of 

dense maritime traffic; pancake ice, ridged ice or multiyear ice will not be discussed here.

1.2.5.1 Oil encapsulation in sea ice

After an oil spill under ice during the ice growth season, oil pools in depressions at the ice 

bottom and is quickly encapsulated, with subsequent movement restricted to the skeletal layer 

and large brine channels (Otsuka et al., 2004; Wilkinson et al., 2007). Later in spring, oil is 

mobilized and migrates upward, invading the secondary pore space (Dickins, 2011; Glaeser and 

Vance, 1972; NORCOR, 1975).
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Any oil under the ice penetrates swiftly into the skeletal layer and infiltrates sea ice with a 

porosity as low as 10%; oil saturation of the pore space occurs at porosities of above 15% 

(Karlsson et al., 2011; Otsuka et al., 2004). Oil will be encapsulated rapidly in the growing ice, 

within 12 to 48 hours (Fingas and Hollebone, 2003). It is generally assumed that oil penetration 

depth ranges between 0.1 and 0.25 m, increasing with warmer seasonal temperatures (Petrich et 

al., 2013). During the spring/melt season, as the interconnectivity and volume fraction of the 

porosity increases, oil migrates deeper into the ice cover. As the ice deteriorates, oil occupies the 

interstices within and between the ice crystals (Martin, 1979; NORCOR, 1975; Wolfe and Hoult, 

1974). In saturated ice oil can weigh in between 4.5%w - 7%w of the sea ice mass (Karlsson et 

al., 2011; Otsuka et al., 2004).

Recent research has targeted the detection of oil within sea ice employing a range of 

airborne and underwater sensors (Wilkinson et al., 2007), but mostly ignoring oil migration. A few 

experimental studies have focused on the movement of oil-in-ice (Karlsson et al., 2011; Oggier et 

al., 2020b; Pegau et al., 2016; Petrich et al., 2013; Salomon et al., 2016). Even for the simplest 

case of oil encapsulated inside the ice, results have highlighted the complexity of the relevant 

processes.

Although bulk sea ice porosity affects oil movement, entrainment and migration are more 

likely to be controlled by other parameters: oil layer thickness, pore space geometry (e.g. pore 

size, presence and size of pore throats/necks), and macroscale sea ice processes (e.g. 

desalination, brine convection) (Dickins 1992). Recent experimental studies have focused on the 

microscale interaction between oil and sea ice to determine what governs the migration process 

(Dickins 2011; Maus et al. 2013; Salomon et al. 2016).

1.2.5.2 Driving forces

Figure 1.9 is a schematic representation of the system observed. Trapped below the ice, 

buoyancy forces drive the upward movement of oil. As the oil moves within the ice matrix, it has 
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to overcome the hydrostatic pressure of the brine present in the pore space, and the capillarity 

pressure of the pore space itself. The capillary pressure initially acts as an energy barrier, allowing 

the oil to invade pores of a given diameter as a function of the oil lens thickness. With the change 

in pore geometry as the oil migrates upwards, changes in capillary forces may either facilitate the 

flow when pore size increases or hinder the flow in the presence of necking.

Quantitative descriptions of the two-phase flow in brine channels are lacking. Either the 

oil and brine exchange happen within the same channel, with a two-phase flow of oil moving up 

in one section and brine moving down in the other section. Or the oil moves upward in a channel, 

flowing through the whole section, and the brine which previously occupied the section is either 

displaced upward in the channel or moved through the ice matrix to another channel or to the 

surface.

In the simplified sea ice model (Figure 1.9), with a thick oil lens, the potential energy of 

the oil is large enough to overcome the hydrostatic pressure and expel the brine onto the ice 

surface. By continuity, the flow of oil and brine are identical, and their rate would be somewhat

Figure 1.9—Idealized sea ice cover with oil lens underneath. The granular layer is neglected 
and the brine channels are represented as vertical tubes of uniform diameter. hi: ice thickness, 
ho, oil lens thickness; hf, freeboard; D: brine channel diameter; ho,i oil penetration depth. ρ and 
μ are the density and viscosity for each phase (ice, brine, oil).
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proportional to the pore diameter and the viscosity of the more viscous phase. A more realistic 

pore space structure has larger brine channels in the columnar sea ice, decreasing in size away 

from the oil/ice interface and an upper layer of granular ice with a more tortuous pore space.

Oil percolating upward from the under-ice lens to the surface first has to move through the 

columnar ice. The oil movement is facilitated by the presence of relatively large pore spaces and 

the near-vertical preexisting pathways. Then, the oil has to find a pathway through the granular 

ice, where pore space is more tortuous and pore size variability is greater. For a similar vertical 

migration depth interval, the oil is likely to move over a larger distance, encountering a higher 

number of pore throats on its way through the granular ice, than in the columnar ice.

1.2.5.3 Crude oil properties

Crude oil consists of a mixture of hydrocarbons of various molecular weights and other 

organic compounds. Hydrocarbon compounds are classified into four different categories: 

alkanes (paraffin), acyclic saturated hydrocarbon chains account for 15% to 60%; naphthene, 

monocyclic saturated molecules account for 30% to 60%; aromatics, planar cyclic molecules, 

account for 3% to 40%; and finally, asphalt (bitumen), the heaviest component which accounts 

for the remainder. The relative percentages, which determine the properties of the oil, depend on 

the origin, but can vary as a function of the production stage and location within the reservoir that 

is being tapped.

Physical properties of crude oil vary over a broad range of values. The pour point, which 

describes the temperature at which the oil stops flowing under its own weight, ranges from -75 °C 

to -2 °C (Table 1.1, Environment Canada, 2001). The dynamic viscosity varies from 6 mPa s-1 to 

58 mPa s-1 (Table 1.1, Environment Canada, 2001). Values for oil originating from the Arctic are 

summarized in Table 1.1.

Statistical analysis indicates a lack of readily apparent systematic relationships between 

different properties. Ian Buist with S.L. Ross Environment (personal communication, 2017)
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Table 1.1—Physical properties for Arctic crude oil. All properties presented here have been analyzed at 0% of evaporation (source:
Environment Canada, 2001).____________________________ ’_____________________________________________________

Dynamic Interfacial tension
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Sample year
Density 
(at °C)
g/cm3

viscosity (at 
0 °C)

mPa s
oil/air
mN/m

oil/sea 
water
mN/m

Pour point
°C

API 
gravity1
°API

Origin

ANS (Valdez) 2014 0.889 40.0 27.0 15.9 -18.0 29.8 Alaska
ANS(Valdez) 2010 0.867 28.0 25.6 12.9 -24.0 36.0 Alaska
ANS(Valdez) 2002 0.878 23.2 27.3 22.5 -32.0 30.9 Alaska
ANS (Valdez) 1997 0.888 36.0 27.7 24.4 -30.0 29.8 Alaska
ANS (Prudhoe Bay) 1997 0.883 29.0 27.6 22.3 -55.0 30.6 Alaska
ANS (Middle Pipeline) 1997 0.887 34.0 27.6 19.8 -54.0 29.9 Alaska
ANS (unknown) 1989 0.904 - 28.1 23.8 -8.0 26.8 Alaska
ANS (SOCSEX3) 1992 0.8922 42.0 - - -18.0 25.0 Alaska
Osberg [esd] 0.863 22.0 27.6 22.0 -9.0 34.4 Norway
Heidrun [esd] 0.8942 35.0 29.0 18.4 -45.0 28.6 Norway
Statfjord 0.8478 31.0 28.5 27.6 -3.0 37.8 Norway
Amauligak 0.9014 25.0 30.0 21.1 -66.0 27.4 Canada, Mackenzie Delta
Endicott 0.9258 501.0 29.9 26.1 -2.0 23.0 Alaska
Komineft 1994 0.8545 58.0 28.6 - 12.0 36.7 Siberian Coast
Norman Wells4 0.8581 9.0 24.9 16.5 -85.0 38.4 Canada, interior
Nerlerk 0.9195 29.3 5.2 - 23.9 Canada, McKenzie
Nektoralik 0.9166 28.5 3.4 - 24.5 Canada, McKenzie
Sakhalin 0.8742 6.0 26.1 14.3 -75.0 32.3 Russia, Bering Sea
Odoptu 0.8697 8.0 26.7 23.2 -48.0 32.9 Russia, Bering Sea
1: API gravity is a measure of density. If the API gravity is larger than 10, it is less dense than water. The unit is °API, which is the acronym of 
American Petroleum Institute.
2: ANS, Alaska North Slope.
3: ANS oil used in the 1994/1996 Subsurface Oil in Coarse Sediments Experiment.
4: Norman Wells crude oil was used during the NORCOR experiment.



indicates that no correlation has been found yet between the density, dynamic viscosity and pour 

point. Quantitative relationships between a physical property and a group of compounds have 

been developed.

No overarching empirical equation describes an oil property as a function of its 

composition and/or temperature. However, it has been established that the volatile organic 

compounds (VOC) - corresponding to short hydrocarbon chains - are related somewhat to the 

viscosity. Oil containing a high fraction of VOC has a lower viscosity, as heavier compounds (wax, 

bitumen) dissolve in VOC. In sea ice, it is assumed that VOC are trapped within the oil and do not 

evaporate until oil has surfaced. However, it is not known if oil segregation happens in the oil lens, 

leading to a preferential rise of lighter oil (containing a larger fraction of VOC) during the migration. 

The volatile organic compounds may play a minor role for oil migration. As some compounds are 

water soluble, the associated change in the freezing point depression may contribute to locally 

melt the ice and modify the local microstructure.

In the small diameter pore space of sea ice, at 0 °C, capillary forces dominated the flow, 

as expressed with the capillary number: 

with, μ, the dynamic viscosity, U, the characteristic velocity and γ, the surface tension.

Surface tension accounts for the interaction between the different phases in the system. 

First, it determines which pore diameter oil is able to invade, then it is related to the energy 

consumed to create new contact surfaces between oil/ice and oil/brine as the oil moves upward 

in the pore network.

The viscosity describes the flow of the oil itself under stress. A high viscosity implies that 

the oil is less mobile and is less likely to percolate through a low-permeability layer. However, 
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viscosity increases with colder temperature. The pour point temperature, or simply pour point, is 

defined as the temperature at which the oil becomes too viscous to flow under its own weight. 

The scientific value of the pour point is somewhat limited as it is a binary indicator of oil mobility. 

In the broader context of developing an information product and modelling tool for first responders 

and stakeholders, the pour point should be integrated as it is both easy to measure and is a good 

indicator of potential oil movement. Nonetheless, viscosity at the pour point is so high, that the 

capillary number could increase to well above 1.

The density may appear as a significant parameter, because it is related to driving forces 

of flow. With a density difference between oil and brine ranging from 90 to 170 kg m-3 (calculated 

at 0 °C), buoyancy intensity may double, depending on the oil origin. However, with a small Eotvos 

or Bond number (Eq. 1.4), the oil-ice-brine system is dominated by surface tension rather than 

gravity forces: 

with, Δρ, the density difference between the two phases, g, the gravitational acceleration, L, a 

characteristic length, here the pore diameter and γ, the surface tension.

1.2.5.4 Effect of temperature on oil properties

Oil reacts to temperature changes like most materials: density, viscosity and surface 

tension increase with a drop in temperature. As a general rule, density varies linearly, but viscosity 

varies exponentially with temperature (e.g. NORCOR, 1975; Pegau et al., 2016). In cold ice, the 

combined effects of a low sea ice permeability, higher oil viscosity and a decrease in buoyancy 

forces as oil density increases are sufficient to decrease or even stop oil flow. During the melt 

season, I assume an isothermal temperature profile and hence temperature changes are not as 

relevant for oil properties.
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Table 1.2—Alaska North Slope crude oil properties as analyzed by SL Ross in 2014 (Pegau 
et al., 2016).
Evaporation 
(Volume%)

Density Dynamic Viscosity Interfacial Tension Pour point
(g cm-3) (mPa s) @180 s-1 (N m-1) (°C)
0 °C 20 °C 0 °C 20 °C 0 °C 20 °C -

0.0
23.3

0.889 0.874 40 13 0.0270 0.0159 -18
0.929 0.924 686 91 0.0304 0.0177 -3

Temperature affects the oil in a way that is not necessarily captured when characterizing 

crude oil according to specific measurement standards (e.g. American Society for Testing and 

Measurement Standard or ISO protocol). In crude oil, compound separation occurs naturally. 

Volatile compounds tend to evaporate in a process called weatherization which leads to increases 

in viscosity and pour point. The wax - saturated paraffines - tends to precipitate below a certain 

temperature. According to SL Ross Environmental Research Ltd, wax precipitation starts below 

the pour point (personal communication), but for Alaska North Slope crude oil, wax begins to 

precipitate at temperatures as high at 40.6 °C (Tao Zhu et al., 2008).

Alaska North Slope crude oil properties were characterized by SL Ross. The complete 

analysis is reported in Pegau et al. (2016). Selected properties are shown in Table 1.2. Wax 

precipitation has two effects on oil mobility in sea ice. First, the matrix disruption is associated 

with a decrease in the viscosity (and increase of the pour point). This effect is crucial in our study, 

as the oil may sit encapsulated in cold ice for several weeks before the warming happens. Second, 

solid wax precipitates and can create a gel by trapping some amount of oil within the wax crystal 

gel (Guo et al., 2013). The deposition rate of wax particulates increases with lower viscosity and 

larger density differences between the wax and oil. Wax precipitation and gelation occurring in 

the pore space would plug the channel and hinder oil movement. Potentially, pore widening in 

spring would free the plugged pore space. Most of the deposition would occur in the oil lens, and 

may lead to a complete gel if the wax content is high.
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1.2.5.5 Oil movement in sea ice

Oil-brine immiscible liquid phases in a porous medium have long been studied in 

petroleum engineering, as this problem corresponds to sandstone oil reservoirs which represent 

60% of the world's reservoirs (Bj0rlykke and Jahren, 2010). Numerous numerical modeling 

approaches have been developed to compute multiphase flow in porous media (Chen et al., 2006; 

Helmig, 1997). However, the oil-brine-ice problem increases in complexity when considering the 

seasonal evolution of the pore space as a function of temperature and salinity changes. My 

approach focuses on developing a parameter space which describes the onset of oil migration, 

and defines the characteristic bounds constraining oil flow. Figure 1.10 illustrates such a 

parameter or phase space, with potential threshold values.

The role of variables relevant to understanding and quantifying oil movement in sea ice 

are summarized below:

• The environmental variables define the boundary and initial conditions:

o Temperature has a predominant role in the system as it governs changes in sea ice 

microstructure and material properties;

o The amount of oil released and the oil lens thickness, determine the potential for oil 

migration through buoyancy forces and hydraulic head.

• Quantitative descriptions of sea ice microstructure parameters are essential for the 

description of oil movement:

o The pore size distribution which is related to the presence of necks (or throats) that 

can locally contain the oil, as the capillary pressure increases with smaller pore 

diameter;

o The connectivity of the pore space, both locally to describe brine-oil exchange and 

globally to determine the existence of a pathway throughout the ice cover;
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Figure 1.10—Cartoon of phase space with three independent variables. Tc is the pour point 
temperature under which oil is too viscous to flow, Tf,sw is the freezing point of seawater, hR,c is 
the minimum critical oil lens thickness to build enough buoyancy to initiate upward oil movement 
for a minimum pore diameter Rmin at a given temperature.

o The permeability of the sea ice, to estimate meso-scale oil movement, such as timing

in oil migration.

• The oil properties govern the flow within porous media:

o The surface tension relative to ice and brine, which influences capillary forces; 

o The density, which determines the potential for oil movement;

o The viscosity, to estimate the possibility and timing of oil movement.

1.3 Thesis outline
Addressing the problem of oil spill response and preparedness requires understanding the 

seasonal evolution of sea ice and associated constraints on vertical oil migration, as well as 

predicting the fate of oil in sea ice. This thesis takes a two-fold approach. The first part tries to 

improve the linkage between sea ice seasonal evolution, and constraining factors on vertical oil 

movement (Chapter 2 - 4). The last chapter builds upon these findings to develop a simple 

approach to evaluating the potential for oil movement given limited information about the oil spill 

and state of the sea ice cover.
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Chapter 2 (Oggier et al., 2020a) presents a sea ice climatology for salinity and 

temperature. The study involves a statistical analysis of ice cores collected in Utqiagvik, 

representative of a cold and long growth season, and in Van Mijen Fjord (Svalbard), representing 

short and mild growth season. The resulting statistical summary of climatologically average ice 

conditions is helpful in assessing the performance of ice growth and melt models, helps quantify 

the potential for oil movement during typical sea ice seasonal development stages, and is of 

broader use in research having to draw on ice property data. A case study employing the CICE 

Los Alamos model illustrates this approach.

Chapter 3 (Oggier et al., 2020b) investigates three sets of ice-tank experiments to 

understand ice and oil property constraints on vertical movement of oil through sea ice. In addition 

to the known importance of the seasonal evolution of the microstructure, the ice stratigraphy 

impacted oil distribution within the ice. Interpreting the role of oil of different origin, a semi- 

empirical multi-stage of oil migration and surfacing model is developed.

Chapter 4 (Oggier and Eicken, to be submitted) builds upon the findings of Chapter 3. 

Columnar ice, predominant in the Arctic sea ice cover, is well studied, but quantitative descriptions 

of granular ice pore microstructure are lacking. In the chapter the microstructure of both columnar 

and granular ice textural units is analyzed for three different stages of the seasonal cycle (growth, 

transition and melt). Besides quantifying the differences in pore and throat size distributions, I 

evaluate the potential for vertical oil movement, looking at the presence of connected pathways 

for oil movement, pore space tortuosity and correlation length. Finally, I discuss the oil movement 

with respect to sea ice stratigraphy.

Building upon Chapters 3 and 4, Chapter 5 introduces a simple 1D model which describes 

vertical oil movement. The model is developed to perform with limited information on initial 

conditions, and aims at understanding the importance of constraining factors on oil entrainment 

and percolation. I discuss the limitations of this simple model, and suggest a new model 
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framework that could be used to develop much needed guidance for natural resource damage 

assessments in sea ice and inform spill response protocols and tactics.

1.4 Contributions

The content of this thesis has been published (Chapter 2, 3), to be submitted for review 

(Chapters 4) or is intended for publication (Chapter 5). I am the lead author for the four 

manuscripts, and have conducted or been part of the majority of the fieldwork and experiments 

on which the analysis builds. Substantial contributions have been made by all co-authors in terms 

of drafting the complete manuscripts/chapters, fieldwork and analysis. Hajo Eicken, co-author on 

all manuscripts has made substantial contributions to the overall direction of this work, and 

provided critical guidance throughout the thesis, from planning fieldwork and experiments to 

drafting manuscripts.

Chapter 2 was largely built on two ice core datasets. The dataset for Utqiagvik was 

collected from 1999 onwards by the Sea Ice Group at the University of Alaska Fairbanks (UAF), 

under the lead of Hajo Eicken, while the dataset for Van Mijen Fjord was provided by Knut V. 

Hoyland, at the Norwegian University of Technology (NTNU) and the University Centre in 

Svalbard (UNIS). The modelling was made possible by contributions from Meibing Jin at UAF. 

Chapter 3 includes data from three oil-under-ice experiments. At UAF, the project benefited from 

the Principal Investigator Eric Collins (PI), and co-PIs, Rolf Gradinger, Bodil Bluhm and Hajo 

Eicken (Collins et al., 2017). The field work and experiments at UAF were largely successful 

thanks to Kyle Dilliplaine who completed a M.S. thesis on the biological aspects of this work 

(Dilliplaine, 2017). For the Detection of Oil on-, in-, and-under Ice Project at the Cold Region 

Research and Engineering Laboratory (CRREL) in New Hampshire (Pegau et al., 2016), the 

experiment was led by Scott Pegau (Oil Spill Recovery Institute, Cordova, USA), Jessica Garron 

(UAF) and Leonard Zabilansky (CRREL). Ice cores were collected and processed by Bruce Elder 

(CRREL), Zoe Courville (CRREL), Keran Claffey (CRREL), and myself. Acoustic data were 
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provided and pre-processed by the co-author Jeremy Wilkinson (British Antarctica Survey). Within 

the framework of the Microscale Interaction of Oil with Sea Ice for Detection and Environmental 

Risk Management in Sustainable Operations project (MOSIDEO, Petrich et al., 2018) 

experiments were led at the Hamburgische Schiffbau-Versuchsanstalt (HSVA) by Chris Petrich 

(NORUT, Narvik) and Sonke Maus (NTNU). Sea ice physical data were collected and processed 

by Chris Petrich, Megan O'Sadnick (NORUT, Narvik) and myself.

Chapter 4 was built on an X-ray tomography dataset imaged at the University of Alaska 

Fairbanks by Megan O'Sadnick and myself.

Chapter 5 benefited from the substantial contribution of David Barnes and Martin Truffer 

to develop the oil movement model, and provide guidance in drafting the manuscript.
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Chapter 2: Seasonal and interannual variability of sea ice state variables: Observations and 
predictions for landfast ice in northern Alaska and Svalbard1

1 Oggier, M., Eicken, H., Jin, M., & H0yland, K. (2020). Seasonal and interannual variability of sea ice state 
variables: Observations and predictions for landfast ice in northern Alaska and Svalbard. The 
Cryosphere Discussions, 1-28. https://doi.org/10.5194/tc-2020-52

2.1 Abstract
Validation of sea ice models, representation of sea ice processes in large-scale models, 

and regional planning around ice use and hazards requires climatological ice property data. We 

summarize key ice properties, in particular temperature and salinity, representative of broader 

Arctic conditions, from long-term observations near Utqiagvik, Alaska and Van Mijen Fjord, 

Svalbard. Additionally, we simulate salinity and temperature profiles using the Los Alamos sea 

ice model (CICE) in stand-alone mode, forced with meteorological data for both locations. We 

compare observations and model results by aggregating profiles using a degree day model and 

statistical analysis to create ice property climatologies, which describe the seasonal evolution of 

sea ice. During the growth season, the CICE model accurately replicates ice property evolution 

for both salinity (R = 0.7) and temperature (R = 0.9). While the model initiates ice desalination at 

melt onset, and reproduces the temperature field well through melt (R = 0.9), model salinities later 

tend towards an asymptotic value of 5‰ (R = 0.3). This suggests that the model does not fully 

capture the desalination processes and their impact on ice physico-chemical properties during 

the melt season. Overall, the standard deviation of the model remains similar to the natural sea 

ice variability throughout the season. Despite mismatches during the melt season, the CICE 

model shows promise for simulating the seasonal evolution of salinity and temperature profiles, 

which may serve as proxies for bulk ice properties that constrain transport of heat and mass 

through sea ice. Our findings highlight the necessity for a large number of observations throughout 

the year to create an effective model benchmarking dataset.

38

https://doi.org/10.5194/tc-2020-52


2.2 Introduction
Sea ice controls the interaction between ocean and atmosphere and is a key aspect of 

polar marine ecosystems (Cottier et al., 1999). Heat transport and light transmission across the 

ocean-ice-air interface are controlled by sea ice properties, ice microstructure, and stratigraphy. 

Ice transport properties also govern the sea ice role as a habitat for a broad range of microscopic 

organisms thriving in the bottommost ice layer, which in turn supports zooplankton grazers and 

higher trophic levels (Bluhm and Gradinger, 2008; Gradinger et al., 2010; Horner et al., 1992). 

Increasing industrial and maritime activities in the Arctic have the potential to stress the 

ecosystem. The risk of oil spills is of particular concern, with increasing ship traffic and continued 

interest in offshore hydrocarbon development (Brigham, 2010; Eguíluz et al., 2016; Smith and 

Stephenson, 2013). Information about the state of the sea ice cover, and key sea ice properties 

relevant to transport processes and entrainment of pollutants is critical in this context as well. In 

addition, compilation and synthesis of existing datasets and model simulations can help provide 

important baseline data for a range of studies concerned with air-ocean interaction, and the 

ecological significance of sea ice.

Sea ice is a composite material, with brine trapped within the ice matrix during sea ice 

growth. Under quiescent ice growth conditions typical of the Arctic, a high-porosity skeletal layer 

of a few mm to cm thickness with fully connected mm- to sub-mm pore space makes up the 

bottommost ice (Petrich and Eicken, 2016). In growing sea ice, brine channels several 

centimeters to decimeters in vertical extent develop as a result of convective overturning and 

drainage processes (Cole and Shapiro, 1998; Wells et al., 2011). The brine-filled pore space 

responds to cooling or warming through increases or decreases, respectively, in the brine volume 

fraction. These changes in turn affect pore microstructure and ice permeability, and impact macro

scale behavior (Petrich and Eicken, 2016).

Assur (1960) and Zubov (1963) summarized years of field observations of pioneering 

physical and chemical sea ice property measurements in the Arctic. Thorough analysis of sea ice 
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led to the development of semi-empirical equations describing physical property evolution (Cox 

and Weeks, 1986, 1983; Lepparanta and Manninen, 1988). In addition, studies of the temporal 

evolution and spatial variability of sea ice salinity and property profiles in the Arctic (e.g., Cox & 

Weeks, 1988; Nakawo & Sinha, 1981) and Antarctic (Eicken, 1992; Gough et al., 2012) provided 

further insights into processes impacting the vertical profile of sea ice properties. This work has 

been expanded in recent years through the application of mush layer theory (Feltham et al., 2006; 

Notz and Worster, 2009) and the development of in-situ measurement approaches based on the 

change of sea ice dielectric property, related to the change of pore fraction and microstructure, 

which in turn influences key sea ice transport properties (Jones et al., 2012; O'Sadnick et al., 

2016).

Driven by the need to improve representation of sea ice processes in general circulation 

and Earth system models, more sophisticated sea ice models were developed, aiming in 

particular to represent the seasonal sea ice cycle more accurately (Griewank and Notz, 2015; 

Hunke et al., 2015). The availability of ice property data that captures the full range of variability 

is essential for validation of such modelling efforts. At the same time, mean and variance of key 

ice properties as a function of ice depth are essential in constraining the analysis and simulation 

of biogeochemical or contaminant transport processes in sea ice (Oggier et al., 2020; Steiner et 

al., 2016). However, obtaining sea ice property data representative of the temporal and spatial 

variability are challenging due to the episodic nature of typical field measurement programs, the 

remoteness of field sites, and the lack of a consistent sampling protocol. Sustained observations 

of sea ice property evolution at a single site, where ice conditions are comparable from year to 

year, are scarce.

In this study, we assembled ice properties (temperature, salinity, ice thickness) and 

meteorological data for two landfast ice sites representative of broader Arctic conditions: Utqiagvik 

(formerly Barrow), Alaska, and Van Mijen Fjord, Svalbard. From these data, we derived an ice 
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property climatology along with an evaluation of seasonal and interannual variability. Drawing on 

this data, we assess the ability of a standard Earth system model to replicate key aspects of the 

seasonal cycle as well as interannual variability. We chose the Los Alamos sea ice model (CICE; 

Hunke et al., 2015) for its capability to be run both in fully coupled atmosphere-land global climate 

models and as a standalone model. We evaluated the variability from observations and model 

results, with a focus on properties such as porosity and permeability, which are relevant for 

biogeochemical processes (Miller et al., 2015) and contaminant transport (Maus et al., 2015; 

Petrich et al., 2006).

2.3 Methods
We analyzed ice core data from two different locations, representative of a broader range 

of quiescent growth conditions of Arctic first-year sea ice: Utqiagvik, located at the northern tip of 

Alaska and Van Mijen Fjord on the west coast of the Svalbard Archipelago, 60 km south of 

Longyearbyen. At each location, field measurements and ice sampling were part of sustained ice 

observation programs (Druckenmiller et al., 2009; Ervik et al., 2014; H0yland, 2009). In this study, 

we consider data collected during the ice seasons from 1997/98 through 2017/18.

2.3.1 Study sites

2.3.1.1 Utqiagvik, Alaska

The field sites were located 2 to 5 km southwest of Point Barrow, in a location protected 

from alongshore ice movement and deformation, resulting in a level landfast ice cover growing 

undisturbed throughout the entire length of the landfast ice season (Figure 2.1-a).
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Data were derived from ice cores and in situ measurements of ice and snow thickness, 

and temperature profiles through the depth of the snow and ice cover at a mass balance site 

(MBS) installed from the 2006/07 through the 2015/16 ice seasons (Druckenmiller et al., 2009). 

While the position of the station varied slightly from year to year, the sites were representative of 

level, undeformed, landfast sea ice formed under calm conditions (Figure 2.1). Sampling dates 

were scheduled to capture and follow the fundamental changes in sea ice state throughout the 

winter and spring: young first-year sea ice in January, mature sea ice from April until mid-May, 

and desalination and melt through mid-June. Station locations are shown in Figure 2.1a. Our 

analysis includes 180 ice cores, with 106 cores collected during 42 growth season sampling 

events, and 74 ice cores for a total of 41 melt season sampling events. The National Oceanic and 

Atmospheric Administration (NOAA) records meteorological data at Will Rogers Memorial Airport 

station (PABR) in Utqiagvik. The airport is located approximately 10 km southwest of the MBS 

location. Temperatures between the airport and the coring site are well correlated (Figure 2.2).

Figure 2.1—Location of the two field sites of study with each core sampling location represented 
as by a red circle. (a) in Utqiagvik, the position of the mass balance site (black crosses) and core 
sampling locations (red circles) vary slightly from 2006 to 2018, but remained protected by Point 
Barrow. The PABR weather station (blue circle) is located at local Will Rogers Memorial airport in 
Utqiagvik. (b) in Van Mijen Fjord, sampling sites are spread across Van Mijen Fjord, and the SVEA 
weather station is located at Sveagruva.
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2.3.1.2 Van Mijen Fjord, Svalbard

Ice cores and in-situ temperature measurements were collected at different locations 

(Figure 2.1b) in Van Mijen Fjord during the winter 1998/99 through 2004/05, and in 2006/07, 

2013/14 (Ervik et al., 2014; H0yland, 2009) and 2016. An island partially blocks the mouth of the 

fjord and currents are mostly dominated by tides. In addition, glacial freshwater input from the 

surrounding mountains lowers the salinity of the fjord water (H0yland, 2009). Located on the west 

coast of Svalbard Archipelago, warm Atlantic water from the West Spitsbergen Current also 

influences ice growth conditions in Van Mijen Fjord (Gerland & Hall, 2006). Warm spells with air 

temperatures above 0 °C are not unusual before the onset of melt (Norwegian Meteorological 

Institute, 2016). The ice growth season was overall shorter and warmer than at Utqiagvik. 

Landfast sea ice is representative of undeformed ice grown under calm, mild conditions. The fjord 

is often divided into an outer and inner basin (Kangas, 2000). H0yland (2009) observed an ice 

thickness difference of 0.1 m between the two regions in 2004 and attributed the thinner ice in the 

outer basin to a later freeze-up and higher ocean heat flux. While the exact location of coring sites 

varies between sampling events and from year to year, for the purpose of this study we 

aggregated all ice cores into a dataset representative of the area. Figure 2.1 shows the field 

sampling sites. Our study included 60 ice cores, with 35 cores collected during 22 growth season 

sampling events, and 25 cores collected during 14 melt season sampling events. Meteorological 

data, from the Sveagruva Airfield on the north shore of the fjord, 30 km away from its mouth, were 

provided by the Norwegian Meteorological Institute.
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2.3.2 Field measurements and sample/data processing

2.3.2.1 Ice sampling

Similar sampling protocols were used in Utqiagvik and Van Mijen Fjord. Ice cores were 

obtained with a fiberglass barrel ice corer (9 cm diameter at Utqiagvik and 7 cm diameter in Van 

Mijen Fjord; for details see Eicken et al., 2014). Snow depth, ice thickness, freeboard, and air, 

snow/air, snow/ice temperatures were measured. Temperature profiles were measured by 

inserting a thermistor probe into holes drilled at 5 or 10 cm intervals in an ice core immediately 

after extraction. Measurement precision and accuracy were in the range of 0.05 - 0.1 °C and 

0.1 - 0.3 °C, respectively. Parallel cores were cut into 5 cm (occasionally 2.5 or 10 cm) thick 

horizontal slices after extraction and transferred to a sealed container for melting at room

Figure 2.2—Typical growth of level first-year ice: (a), sea ice (white) and snow (gray) thickness 
measured at the mass balance site in Utqiagvik during the winter 2005/06 relative to the ice 
thickness measured in core holes during field work (green dots). The dotted line represents the 
simulated ice growth using the CICE model and weather data, including air temperatures 
collected at the PABR airport meteorological station (red line) or at the MBS (green line). Ice 
thickness measured in core holes as a function of degree days during the growth season (b) 
and melt season (c). The dashed lines correspond to the minimal and maximal ice thickness by 
100 freezing degree days or 5 thawing degree days during the growth or melt, respectively, as 
simulated by the CICE model for Utqiagvik between 1998 and 2014. Note that the maximum 
number value of FDD in Van Mijen Fjord is about 2000 FDD, while it reaches 4500 FDD in 
Utqiagvik.
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temperature. Bulk salinity was measured with a conductivity probe. The YSI 30 probe (YSI 

Incorporated, Yellow Springs, OH, USA) used in Utqiagvik has a precision and an accuracy 

ranging from 0.05‰ to 0.10‰ and 0.1‰ to 0.2‰, respectively.

In-situ thermistor string measurements (10 cm vertical spacing, EBA Engineering, 

Edmonton, Canada) were available from Van Mijen Fjord for the years 1998 to 2004 to 

supplement ice core temperature measurements. In Utqiagvik, temperature profiles recorded with 

an in-situ thermistor array (10 cm vertical resolution) at the MBS from 2006 through 2016 were 

used to supplement the ice-core measurements. The MBS was an automated station installed 

annually providing 15-or-30-minute interval measurements of ice temperature, thickness 

information for ice and snow, sea-level measurements, temperature and relative humidity of the 

local atmosphere (2 m above sea-level) (Druckenmiller et al., 2009).

2.3.2.2 Ice Core Degree Day Classification

While two thirds of cores were cut into 5 cm sections, segments of different lengths due 

to core breaks or intentional sampling of 10 cm or 2.5 cm segments need to be taken into 

consideration. We first resampled core property depth profiles into 5 cm vertical sections with the 

zero-depth reference set at the ice surface. We used a weighted average interpolation method, 

with the weight given by the overlapping length between the resampled section and each of the 

original sections. To account for ice thickness variations between cores belonging to the same 

class, we then resampled the ice cores using the same method, but setting the zero-depth 

reference at the bottom. Aligning ice cores at the ice-ocean interface reduced the variation in the 

data when analyzing the lower part of the ice cover.

Since ice thickness, salinity and temperature evolved slowly during the growth season, 

cores extracted over a span of a few days were assigned to the same coring event. During the 

melt season, only single-day sampling events were considered.
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Freezing degree days (FDD) calculated from the freeze-up-day to the coring date of a 

given core provided a measure of both the duration and severity of cooling during the growth 

season. For Utqiagvik, we used the locally observed freeze-up date to compute DD for the 

observations, while we used the freeze-up date derived from the CICE model for the simulation, 

defined as the first day of freezing in the uppermost layer without subsequent full melting until 

summer. For Van Mijen Fjord, in absence of local observation, we used the freeze-up date derived 

from the CICE model for both observation and simulations. Similarly, thawing degree days (TDD) 

indicated the extent of warming that the ice cover and the core extracted from it may have 

experienced. The initial time, t0, to compute TDD was set to May 1st for Utqiagvik and April 1st for 

Van Mijen Fjord to exclude brief warm spells before the onset of ice melt. Finally, we grouped the 

ice cores in intervals from 0, -300, -600, -1000, -1500 ... -4500 DD (°C day) during the growth 

season and 0, 5, 10, 15, 25, 50, 100 DD (°C day) during the melt. For each DD interval, we 

computed summary statistics (mean, standard deviation, minimum and maximum) for ice 

properties.

2.3.3 Model Simulations

We used the Los Alamos Sea Ice (CICE) model (Hunke et al., 2015) to simulate ice 

growth/melt and the seasonal changes of the ice internal temperature and salinity profiles. The 

CICE model, designed for fully coupled global climate models, was run in standalone mode, with
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We relied on a degree day (DD) approach to describe the growth or melt stages of sea ice 

for individual core sampling events to quantify the temporal sea ice evolution and to facilitate 

comparison between different years, seasons and locations. We used the daily average air 

temperature, Ta, and defined the freezing, respectively thawing, degree days as the cumulative 

difference using the freezing point of sea water as reference temperature, Tf,sw = -1.8 °C:



an idealized ocean mixed layer under sea ice. The CICE model employed a two-mode brine 

gravity drainage formulation based on mushy-layer theory and shown to simulate the bulk salinity 

with sufficient accuracy throughout the seasonal cycle (Turner et al., 2013; Turner and Hunke, 

2015). Hindcast simulations were forced with 6-hr National Center for Environmental Prediction 

(NCEP) reanalysis data combined with available local observational data. The CICE model was 

run on a single grid cell with 20 ice layers distributed across the ice thickness. The high vertical 

resolution provides a good representation of the steep salinity and temperature gradients near 

the top and bottom ice surface (Hunke, 2014). The model time step is 1 hour. To capture the full 

seasonal cycle a non-zero ocean-to-ice heat flux was introduced during the summer months to 

represent the horizontal advection of heat to the site. The magnitude of this flux was tuned based 

on comparison with observed ice thicknesses and snow depths.

For Utqiagvik, meteorological data were obtained from the National Climate Data Center 

available for Wiley Post-Will Rogers Memorial Airport (PABR), except for precipitation and 

humidity, which were provided by the NCEP reanalysis model. Simulations were run for the 

period 1979 to 2013. In Van Mijen Fjord, forcing data are from 6-hourly NCEP reanalysis, except 

for air temperatures, which were provided by the Norwegian Meteorological Institute at the Svea 

airstrip. The simulation ran for the period 1979 to 2018.

For a direct comparison between the model output and the observations, we extracted 

salinity and temperature profiles from the simulation results for the same date on which an ice 

core was obtained during a field campaign. With a fixed number of layers in the CICE model, layer 

thickness changes as a function of the ice thickness. We resampled the salinity and temperature 

profiles in 5 cm vertical sections, with the zero-depth at the ice surface, and the maximum depth 

at the ice bottom. After grouping the ice cores into different degree-day classes, we computed the 

ice property statistics.
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2.4 Results

2.4.1 Observed seasonal evolution of sea ice

Figure 2.2b shows the ice thickness for Utqiagvik and Van Mijen Fjord during the growth 

season. With up to 4500 FDD, the ice growth season was longer and air temperature lower in 

Utqiagvik than in Van Mijen Fjord, with up to 2500 FDD and thinner ice in Van Mijen Fjord. Thus, 

in terms of ice melt, the main difference between both locations (Figure 2.2c) was the ice 

thickness at the onset of melt. The maximum ice thickness was 1.20 ± 0.07 m in Van Mijen Fjord 

and 1.68 ± 0.11 m at Utqiagvik.

Figure 2.3 illustrates typical salinity and temperature profiles for two particular DD intervals 

at Utqiagvik: 3500 - 4000 FDD for the growth season (a-d) and 10 - 15 TDD for the melt season 

(e-h). Following traditional representation in sea ice, we initially examined ice core data with all 

profiles aligned at the ice surface (Figure 2.3a-b, e-f). Overall, salinity profiles from different years 

showed larger variability in the lower third of the ice cover (Figure 2.3a, e), with maximum salinity 

values above 8‰ at depth within 0.3 m of the ice bottom. By aligning the profiles at the ice-ocean 

interface (Figure 2.3c-d, g-h), this variability is strongly reduced and we clearly see the increase 

of the salinity within the lowest 0.1 m of the ice profile during the growth season (Figure 2.3c).

Figure 2.4 displays the seasonal evolution of salinity and temperature for selected degree 

day (DD) intervals throughout a full seasonal cycle for Utqiagvik. The full seasonal evolution 

including all DD intervals for Utqiagvik and Van Mijen Fjord is available in Appendix A for both 

observations and the CICE model simulations. Within the ice cover, variability was small, falling 

within a median standard deviation of 0.7‰ in Utqiagvik and 0.9‰ in Van Mijen Fjord. Variability 

was larger in the upper 0.15 m and lower 0.2 m of the ice cover (1.2‰ and 1.1‰)
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Figure 2.3—Salinity and temperature profiles and statistical envelope for selected periods of the 
seasonal cycle in Utqiagvik for (a) 3500 - 4000 FDD, typical range of the end of the growth 
season, with the typical C-shaped salinity profile; (b) 10 - 15 TDD typical of a few days after the 
onset of melt, with the typical inverted S-shaped salinity profile. Thin colored profiles correspond 
to different core observations, with colors indicating the year of the coring. The mean envelope, 
i.e. mean ±1 standard deviation, is shown as a thick black line with the gray area with the 
maximum and minimum value at each depth represented by red, respectively blue lines.

During the growth season, the salinity profiles exhibit the characteristic C-shape. The 

average salinity value of 5‰ in the internal columnar ice increases to higher values near the top 

and bottom surface (Figure 2.4a, 3500 - 4000 FDD). Temperature profiles are linear during the 

growth season (Figure 2.4b), constrained at the ice bottom by the freezing temperature of sea 

water, and controlled at the ice surface by surface heat exchange, which typically scales with air 

temperature and is further modulated by the presence of snow. In Utqiagvik, we observed steep 

temperature gradients (ΔT∕ΔH > 10 °C m-1) during the initial phase of the ice growth (1500 - 

2000 FDD). Towards the end of the growth season (3500 - 4000 FDD), the gradients decline as
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Figure 2.4—Seasonal evolution of salinity (a, c) and temperature (b, d) for selected degree day 
intervals at Utqiagvik (a, b) and in Van Mijen Fjord (c, d). See caption for Figure 2.3 for additional 
guidance. The numbers at the bottom of each panel indicate the number of years of samples, 
and total number of samples (in parentheses).
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the ice temperature responds to surface warming. In Van Mijen Fjord, smaller temperature 

gradients (ΔT < 0 °C m-1) were observed throughout the growth season due to the milder climate. 

At the beginning of the melt season, desalination is observed in the upper layer (Figure 2.4a, 0 - 

5 TDD), leading to the inverted S-shaped profile typical of melting ice.

Later in the melt season (Figure 2.4a, 15 - 35 TDD), desalination progresses throughout 

the ice cover: average salinity decreases to an average of 3.7 ± 0.6‰. There are minimum values 

close to 0 near the ice bottom in the 25 - 35 TDD interval (Figure 2.4a). In parallel, meltwater 

flushing through the ice accelerates warming of the ice cover. Finally, the temperature inverts with 

a near linear profile from 0°C at the top to the seawater freezing point at the bottom.

Due to the larger number of measurements at Utqiagvik, DD intervals are comprised of at 

least 4 different years of data. In contrast, only about half of the intervals for Van Mijen Fjord are 

2 or more years (Figure 2.4). In addition, the number of samples for each interval is significantly 

smaller for Van Mijen Fjord than for Utqiagvik, with the exception of the salinity composite profile 

in the 1000 - 1500 FDD interval.

2.4.2 CICE Model Results

The envelope defined by the minimum and maximum simulated ice thickness for Utqiagvik 

is plotted in Figure 2.2b for the period 1998 to 2014. Ice growth observations at Utqiagvik and in 

Van Mijen Fjord fall largely into this interval. Therefore, the model seems to replicate the seasonal 

trend and variability of ice growth correctly. During the melt season, the model tends to 

underestimate the ice thickness, as observations fall closer to the maximum simulated ice 

thickness in Utqiagvik. Figure 2.5a and 2.5b display modelled versus observed ice thickness and 

snow depth, respectively. Overall, the model represents the observed ice thickness fairly well with 

an average R = 0.73 for both locations, R = 0.77 for Utqiagvik, and R = 0.67 for Van Mijen Fjord. 

Considering only the growth season, correlation for ice thickness increases to R = 0.89 for both
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Figure 2.5—Comparison between CICE model simulations and observations: (a) ice thickness, 
(b) snow depth, and (c) evolution of the salinity during the melt season at different depths; the 
salinity error bars indicate 2 standard deviation.

Utqiagvik and Van Mijen Fjord. However, large discrepancies exist for the snow depth (R = 0.27 

for both locations, R = 0.24 in Utqiagvik, R = 0.31 in Van Mijen Fjord).

Figure 2.6 provides the difference in mean salinity and temperature between the model 

and the observations for both locations. Table 2.1 summarizes the correlation coefficients 

between simulation and observation. We divided the ice cover into three layers: the upper layer, 

from the ice surface to 0.15 m depth, which corresponds approximately to a layer of granular ice; 

the lower layer, from the ice-water interface to 0.2 m upwards into the ice cover, corresponding 

to the actively growing layer with higher salinity; and the layer in between which we refer to as the 

interior ice cover.

Overall, the simulated temperature field is strongly correlated with the observations 

(R > 0.80), with the exception of the growth season in Van Mijen Fjord (0.25 < R < 0.5). We 

expected some temperature fluctuation across the intervals (Figure 2.6c, e.g. 1500 - 2000 and 

2000 - 2500 FDD), typically during the growth season, as the ice reacts readily to air temperature
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Figure 2.6—CICE model performance for mean salinity (a-b, e-f) and mean temperature (c-d, 
g-h): difference between model output and observations for Utqiagvik (a-d) and Van Mijen Fjord 
(g-h) during the growth (a, c, e, g) and ice melt (b, d, f, h) seasons. Cross-hashed areas show 
missing data, slash-hashed areas in bottom-aligned cores depict the upper half of the ice cover. 
The number below the column indicates the number of sampling years in the DD intervals.

changes. The differences are larger at the ice surface and decrease away from it, as the ocean 

temperature is almost steady at the ice bottom. During the melt season, the model tends to 

underestimate the temperature (Figure 2.6d, h). In Utqiagvik, there are small positive temperature 

biases during the growth season (+0.1 °C) and negative during the melt (-0.1 °C). In Van Mijen 
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Fjord, the model underestimates the temperature by approximately -1.4 °C, and presents a small 

positive bias during the melt (+0.1 °C). Standard deviations within the model and the observations 

are similar.

The salinity field during the growth season is overall well represented by the model 

(Figure 2.6a, c). Within the ice cover, the simulated salinities are strongly correlated with the 

observations both in Utqiagvik (R = 0.76) and Van Mijen Fjord (R = 0.72). In the upper layer, the 

consistent underestimation of the salinity by the model is associated with a negative bias 

(Table 2.1). In the bottom layer, the model overestimates salinity by up to 10‰ during the growth 

season (Figure 2.6a, b, e, f, upper plots). When the profiles are aligned at the bottom, the vertical 

extent in which the model overestimates the salinity decreases from more than 0.4 m to less than 

0.2 m (Figure 2.6a-b, e-f, lower subplots).

During the melt season, the model failed to capture the salinity field in both locations. The 

difference between the model and the observations increases as the melt season progresses 

(Figure 2.6b, f). The divergence is especially visible in the upper half of the ice cover. Figure 2.5c 

displays the evolution of the salinity during the melt period at three different depths in Utqiagvik. 

In the uppermost layer (0.07 m and 0.17 m from the surface), we observed a rapid decrease of 

salinity from 7‰ to a plateau of 2‰ in fewer than 20 TDD. At the same depth, the model starts 

the desalination with the salinity decreasing slowly from the initial 6‰. However, soon after

Table 2.1—Pearson's correlation coefficient between model output and observation as 
a function of ice depth.

Layer
Utqiagvik
Salinity
Growth Melt

Temperature
Van Mijen Fjord
Salinity Temperature

Growth Melt Growth Melt Growth Melt
upper1 -0.17 0.14 0.97 0.74 -0.59 0.68 0.56 0.97
interior2 0.76 0.23 0.96 0.91 0.72 0.66 0.31 0.64
bottom3 0.56 0.68 0.52 0.68 0.52 0.31 0.33 0.95
Ice cover 0.70 0.98 0.81 0.80
Coefficients shown in bold are significant at the 5% level.
1: upper 0.15 m, computed with profiles aligned at the ice surface.
2: interior layer, computed with weighted average profile aligned at the top/bottom. 
3: bottom 0.2 m, computed with profiles aligned at the ice bottom.
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reaching 4‰ at 10 - 15 TDD, salinity increases again asymptotically to a finite value near 5‰. 

Lower in the ice cover, desalination occurs after 10 - 15 TDD (0.47 m from the ice surface). The 

salinity values decrease from 5‰ to 3.5‰ by 45 - 50 TDD. In the model, the salinity remains 

similar, and tends towards the same asymptotic value as in the upper layer.

In general, the modelled temperature field captures the seasonal variability (Figure 2.6c

d, g-h), with small anomalies (ΔT < 1 °C) and good correlation (R > 0.6), with the exception of the 

growth season in Van Mijen Fjord (R = 0.31). During the melt season, the two model runs tend to 

underestimate the temperature.

Figure 2.7 shows interannual variability between observation and model from the 

winter 1998/99 to 2014/15 at Utqiagvik. Overall freeze-up dates are well correlated between 

model and observations (R = 0.68, p = 0.048). An unusual breakout event happened on 

December 14th 2005. The landfast ice broke from shore and drifted away, leading to the initiation 

of new ice growth. For this particular ice, modelled ice thickness is overestimated relative to the 

observation.

Once the ice reached maximum thickness, model and observation agreed to within 10%

(Figure 2.7b). Pearson's correlation for ice thickness, computed on the entire Utqiagvik dataset, 

Figure 2.7—Differences between model output and observations at Utqiagvik: (a, b, c) and in 
Van Mijen Fjord (d) for (a) freeze-up dates; (b, d) maximum ice thickness, normalized relative 
to observations; (c) snow depth at the maximum ice thickness, normalized relative to 
observations. Blue bars are based on (a) observation made by local experts or (b-c) collected 
ice cores. Red crosses show measurement at the mass balance site.
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is R = 0.87 (< 0.05). The model overestimated ice growth during the winter 2004/05 and 2005/06 

by ~20% and underestimated the growth during the winter 2010/11 and 2011/12. Variability 

between the difference with measurements from the mass balance station (MBS, Figure 2.7b), 

and the ice core lengths remains small.

At maximum ice thickness, model snow depths do not fit the observations well 

(Figure 2.7c). At the end of the growth season, for 8 out of the 16 winters, modeled snow depths 

are either twice or half as large as the observations with large discrepancies between snow depth 

measured by the mass balance station and during the ice core collection. Overall, the modeled 

ice thickness is weakly correlated with the observation (R = 0.32, p < 0.05, Figure 2.5b).

Figure 2.8 depicts the relative error in computing the heat capacity for sea ice between 

modelled and observed temperature as a function of the ice temperature for 5‰ bulk salinity sea 

ice. We used the specific heat capacity as described by Ono's equation (Petrich & Eicken, 2016, 

Equation. 1.25). The sensitivity to temperature of sea ice increases with ice temperature. During

Figure 2.8—Relative error of heat capacity between observation and model for Barrow (x) and 
Svalbard (+). Colored lines indicate error for given temperature difference between observation 
and model of 0.1,0.3, 1.0 or 3.0 °C and bulk salinity of 5‰. Bulk salinity for Utqiagvik samples 
are 4.9 ± 1.2‰ Sensitivity of heat capacity to smaller temperature difference increases with ice 
temperature.
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the melt season, or when temperature is above -5 °C, a small difference in temperature of the 

order of 0.1 to 0.3 °C is enough for the modelled heat capacity to deviate by more than 20%. 

However, at lower temperatures (T < -10°C), a temperature difference between model and 

observation of up to 3 °C becomes negligible (relative error εr < 0.1).

Figure 2.9 depicts the difference of the brine volume fraction between observation and 

model output in terms of natural variability and bias. During a cold growth season with an ice 

porosity of less than 3%, typical of Utqiagvik (Figure 2.8a), the deviation of the brine volume 

fraction from natural variability remains small (SD(Vb,f) < 0.3%). This holds true despite a large 

standard deviation for both salinity (SD(S) = ± 0.9‰) and temperature (SD(T) = ±1.6 °C) with a 

small bias (ΔS = +0.4‰, ΔT = +0.1 °C). Before the onset of melt, in Utqiagvik, or during a milder 

winter in Van Mijen Fjord (Figure 2.8), ice porosity increases up to 5%. In Utqiagvik, despite a

Figure 2.9—Differences from observation of the brine volume fraction as a function of model 
bias and standard deviation for (a) cold growth season with observed salinity S = 5‰, and 
temperature T = -10 °C, (b) mild growth season with observed S = 5‰, and T = -5 °C and (c) 
melt season with observed S = 5‰, and T = -2 °C for Utqiagvik (square) and Van Mijen Fjord 
(circle). The background displays the difference between brine volume fraction of an 
observation Vfb, obs and brine volume fraction Vfb (S, T) for a given salinity S and temperature 
T. The boxes depict the standard deviation from the observation (+, at the plot center). The 
dotted line represents the standard deviation from the modeled ice (white symbol).
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decrease in the standard deviation in the model (SD(S) = ±0.7‰, SD(T) = ±1.0 °C), and an 

identical bias, their combination increases the porosity range by 1% for the model values relative 

to natural sea ice. In Van Mijen Fjord, the range of porosity is similar between the simulation and 

the observation. However, the model bias shifted the porosities to lower values. During the melt 

season with ice porosity > 12% (Figure 2.8c), we computed an identical standard deviation for 

both locations (SD(S) = ±0.7‰ and SD(T) = ±0.3 °C). However, temperature and salinity bias 

increased to ΔS = +1.2‰ and ΔT = -0.4 °C at Utqiagvik, and ΔS = +0.5‰ and ΔT = -0.2 °C in 

Van Mijen Fjord. The range and values of porosity from model output are very similar to the natural 

variability at both sites, though the bias shifted the intrinsic properties of the modelled ice cover.

2.5 Discussion

2.5.1 Discussion of error and uncertainties

2.5.1.1 Observations

The statistical analysis for Utqiagvik was supported by a large dataset composed of 167 

cores evenly spread throughout the season (Figure 2.4a, b). In comparison, we were only able to 

compile data from 60 cores for Van Mijen Fjord, with a majority falling into only three DD intervals 

(Figure 2.4c, d). A large number of profiles and sampling years divided by DD intervals not only 

minimizes the impact of any outlier profiles, but also makes it possible to quantify and explain the 

importance of an outlier in the time series. For example, at Utqiagvik, the early-winter breakout in 

2005/06 led to thinner ice than in other winters. In contrast, the only core classified as the earliest 

stage melt season in Van Mijen Fjord (Figure 2.6f, h) is associated with a cold temperature profile, 

explaining the absence of desalination at the ice surface. Thus, the sea ice climatology for 

Utqiagvik is more complete and representative of the average local ice conditions throughout the 

whole seasonal cycle, than Van Mijen Fjord. In Van Mijen Fjord, the intervals 1000 - 1500 FDD, 

1500 - 2000 FDD, 1500 - 2500 FDD and 15 - 25 TDD contain enough cores to be representative. 
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When comparing model output to observations, we only consider intervals with more than two 

sampling years.

At Utqiagvik, cores were collected in two areas within 10 km of each other. Both sampling 

areas were in protected locations recognized for uniform ice growth (Druckenmiller et al., 2009), 

hence the datasets are very consistent throughout the year. In Van Mijen Fjord, six coring 

locations were spread over 40 km. H0yland (2009) described two different growth regimes: In the 

lower part of the fjord, ice grows thinner due to a larger ocean heat flux; in addition, snow 

contributes to the formation of a combination of superimposed and snow ice on top of the sea ice 

(H0yland, 2009). Accordingly, the variability in ice thickness within a DD interval is much larger in 

Van Mijen Fjord than in Utqiagvik. However, the variabilities in salinity and temperature in Van 

Mijen Fjord are not significantly different from those at Utqiagvik. Consequently, any additional 

data for Van Mijen Fjord would significantly improve the representativeness of data with respect 

to climatology.

Ice cores of different lengths were aggregated in the same group through the DD 

classification. Overall, standard deviation in the same group is less than ± 10% of the average ice 

thickness. By aligning the ice cores at the surface, discrepancies accumulate in the lower third of 

the ice cover: during the winter 1999/2000 and 2009/2010, salinity of approximately 9‰ was 

found in the lower 5 cm sections for ice thicknesses of 1.55 m and 1.35 m, respectively 

(Figure 2.1a). To account for variations in ice thickness and allow direct comparison, Eicken 

(1992) proposed normalizing profiles with respect to the core length. The principal drawback of 

this method is that it disproportionally distorts layers in which large changes of salinity occur non- 

linearly over small vertical distances, typically at both interfaces.

Following the approach of sea ice biologists and recent oil-under-ice experiments (Manes 

and Gradinger, 2009; Oggier et al., 2020), we aligned the ice cores at the ice-ocean interface, 

creating a well-defined L-shaped profile in the lower part of the ice (e.g. Figure 2.3c), but shifting 
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the discrepancies discussed above to the top ice surface. By only considering the upper or lower 

half of the ice cover, depending on the alignment of the ice core at the top or bottom, and focusing 

the analysis accordingly, we provide a more accurate picture of sea ice processes. However, as 

this method required resampling the ice cores from the ice bottom upwards, extreme values were 

smoothed during the process. In 2009, the maximum salinity value measured at the ice bottom 

was 11‰ in the lowest, 3 cm-thick section. After resampling into 5 cm sections from the bottom, 

the value decreased to 9‰ (Figure 2.3a, c). This issue would be easily solved by sectioning the 

ice cores in sections with a vertical 0-reference set at the ice surface for the upper half and at the 

ice bottom for the lower half, with an odd length section at the center of the ice cover.

Systematic errors associated with the coring method impact salinity measurements. Cox 

and Weeks (1974) describe brine drainage associated with core sampling, which depends on the 

porosity and permeability of the sample. During the growth season up to, and including, the onset 

of melt, brine loss is mostly limited to the bottommost 10 cm of ice, with average measured bulk 

salinity of 8‰ to 10‰ (Figure 2.4a, 0 - 4000 FDD and 0 - 5 TDD). Both salinity values and brine 

loss depth correspond to previous observations (Cox and Weeks, 1974; Griewank and Notz, 

2015, 2013; Notz et al., 2005). Using an in-situ impedance instrument, Notz & Worster (2009) 

demonstrated that salinity profiles were continuous through the ice-ocean interface and the bulk 

salinity increased from about 5‰ 10 cm away from the ice-ocean interface to 32‰ 2 cm away 

from the interface, with seawater salinity 34‰. The combination of local temperature and bulk 

salinity near to those of the ocean underneath result in a high brine volume fraction at the growth 

front, which in turn translates to a very porous microstructure. Thus, as the core is collected, a 

non-negligible amount of brine flows out of the core, and leads to a systematic decrease of the 

bulk salinity of ~20‰ in the lower 5 cm, and ~10‰ in the layer above. As this error is related to 

the sampling method, modelled salinity profiles do not suffer from this error, and exhibit higher 

salinity at the ice bottom (see Appendix A, 1b - A.4b). After the onset of melt (Figure 2.4a, 5 - 
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25 TDD), the start of bottom melt and subsequent freshwater flushing explains the decrease of 

average salinity from 8‰ to less than 5‰ at the bottom interface (Eicken et al., 2004; Notz and 

Worster, 2009).

With more than 30 researchers involved in the collection of ice cores in Utqiagvik, 

differences between individual core handling and sample processing approaches may have 

caused different levels of brine loss. Thus, accuracy in measuring the bulk salinity in samples with 

high porosity is likely to vary more from one team to another than in samples with low porosity. 

The standard deviation in our data increases from 1‰ within the ice cover to up to 4‰ in the 

bottommost layer. However, the 69 ice cores collected and analyzed by Gough et al. (2012) 

display small variability (≈ 1‰), including in the lowermost layer (Gough et al., 2012, e.g. Figure 

9a). We estimate that at least 2‰ of the higher variability at the ice bottom may be to differences 

in sample handling.

Uncertainties and errors in temperature measurements are more difficult to quantify. Near 

the freezing point, small changes in temperature have a stronger impact on ice porosity and 

microstructure. Accordingly, small variations in temperature measurements may lead to large 

differences in the associated physical properties. The incorporation of temperature profiles, 

known to be measured from the ice bottom upwards, and not from the coldest to the warmest, 

has a negligible effect during the winter, but may have led to a positive shift of up to 0.2 °C at the 

onset of melt.

Single temperature outliers in a profile are mostly due to fractures in the ice core, which 

can accelerate local temperature changes. The bias value could be either corrected using a 

weighted average between the two neighboring measurements or a median filter on the grouped 

profiles. Other ice cores with non-linear behavior or a temperature outlier not associated with a 

fracture were compared with profiles measured by thermistor strings to verify the profile integrity. 
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In rare cases, after careful review, some profiles were not incorporated in the collection, as we 

suspected measurement errors.

During the melt season, quantifying uncertainties and errors is particularly challenging. 

Profiles with some temperature measurements above 0 °C are good indicators of the lack of 

effective solar radiation shielding during measurements; a heated probe can raise the measured 

temperature by several degrees. However, temperatures between the freezing point of sea water 

(-1.86 °C) and 0 °C are physically plausible.

Temperature variations are small across profiles from the same year (Figure 2.6, e.g. 

2000/01, ΔT = 0.2 °C), though large differences can propagate throughout the ice cover in 

between years (Figure 2.6, e.g. 2000/01 vs. 2006/07 ΔT = 0.3 °C). The convergence of 

temperature profiles to a single seawater temperature during the growth season indicates that 

there was no systematic calibration error in the probe throughout the year (Figure 2.6b,d, 

Figure 2.7b). In addition, the C-shaped temperature profile could only be achieved by warming 

both ice interfaces. Thus, the large standard deviation is representative of interannual variability, 

and uncertainties are comparatively small.

Lack of temperature measurements during the melt season in Van Mijen Fjord does not 

allow for any uncertainty discussion for this location, and we assume the respective issues are 

comparable to Utqiagvik.

While landfast ice will never be the predominant type of ice in the Arctic, the combination 

of an increasing amount of open water (Barnhart et al., 2015) and decrease of perennial ice will 

likely yield a higher ratio of first year ice versus multiyear ice. In addition, deformed ice accounts 

for 50% - 70% by mass according to Flato and Hibler (1995), which translates to level or 

undeformed ice accounting for at least one third, if not more than half of the sea ice extent. As 

such, the findings of our study are and will remain valid for a large part of the Arctic.
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2.5.1.2 Model

In evaluating CICE model performance, small deviations in both temperature and salinity 

become more important as the ice approaches the freezing point of seawater during spring 

warming. In order to discuss model performance, we need to determine the range of acceptable 

differences between observations and simulations with respect to salinity and temperature, and 

their evolution. Warming and phase transition of a material are best related to its specific heat 

capacity, which is defined as the energy required to heat the material by one degree centigrade. 

We assumed that a 10% difference between the heat capacity computed from observations and 

the model is acceptable. According to Figure 2.8, for a 5‰ bulk salinity, the acceptable difference 

in temperature decreases exponentially from about 3 °C at an ice temperature of -15 °C to 0.3 °C 

at -5 °C, and falls below 0.1 °C above -2 °C; for ice at a temperature -5 °C and a bulk salinity 

of 5‰, the acceptable salinity difference is about 0.7‰. Most of the uncertainties in the model 

output are related to the input data. Although uncertainties are difficult to quantify, the simulations 

for Utqiagvik are assumed to be more accurate, as most of the forcing data are available locally. 

In Van Mijen Fjord, only historic temperature data are available at Sveagruva; all other data are 

supplemented from reanalysis. With a grid size of 2.5° x 2.5 °, the area covered by the reanalysis 

data is 3 times as large as Van Mijen Fjord, and about 50 times larger than the area of interest in 

Utqiagvik, and does not capture local variations, especially in rough terrain such as fjords.

We calibrated the model parameters to best replicate the observed ice growth. In the 

absence of historical records, some parameters were defined as constant for each season, 

although they can vary on a daily basis. Overall, the variations are not large enough to strongly 

impact the seasonal evolution. However, in the most recent years, significant bottom-melt 

occurred in Utqiagvik before the end of the growth season (Eicken, 2016). An increased ocean- 

to-ice heat flux is the most likely explanation for those early melt events and our current 
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parameterization is unable to reproduce such events, leading to an overestimation of ice 

thickness.

2.5.2 Sea ice climatology

We were able to assemble a sea ice climatology for salinity and temperature. The 

aggregation by degree days, rather than ice thickness or time, allows for a fully automated 

classification as a function of the seasonal development stages of the ice: growth and melt, with 

sub-categorization by length (growth) or age (melt).

As expected, ice growth can be approximated with a quadratic growth function of FDD, 

with R = 0.83 independent of location (Figure 2.2b, Lepparanta, 1993). Following Petrich et al. 

(2012), specific parameters for each location improve the goodness of the fit to R = 0.89. Main 

differences in ice growth are related to the timing of the freeze-up in each location. Although 

freeze-up occurs at different times of the year, in December in Van Mijen Fjord, and from late 

October to mid-December in Utqiagvik, the average air temperature during freeze-up is similar for 

both locations at -16.5 °C and -17.3 °C, respectively. However, net solar radiation ranges from 

-50 to 0 W m-2, in Ny-Ålesund, Svalbard (Ørbæk et al., 1999; Yamanouchi and Ørbæk, 1995), 

and from 0 to 50 W m-2 in Utqiagvik (Dissing and Wendler, 1998; Maykut and Church, 1973). The 

larger net radiative loss in Van Mijen Fjord initially fosters a higher growth rate (Figure 2.2b). 

Thickening of the ice and snow accumulation quickly decreases the growth rate.

The growth season in Van Mijen Fjord is not only delayed by the milder climate, but also 

ends earlier by about 2 weeks, resulting in only half of the FDD accumulated in Utqiagvik. The 

combination of a shorter growth season and a higher ocean-to-ice heat flux from warm incoming 

Atlantic water (Mauritzen et al., 2013; Schauer, 2004) significantly limits the ice growth to thinner 

ice in Van Mijen Fjord, relative to Utqiagvik. In addition to the difference in maximum ice thickness 

of 0.5 m, fewer observations in Van Mijen Fjord, particularly from the growth season, limit the 

potential for comparison with Utqiagvik.
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2.5.2.1 Utqiagvik

Seasonal evolution of the composite salinity profiles resembles the seminal figure of 

Malmgren (1927) (Figure 2.4a, b). During the growth season, typical C-shape profiles are 

observed at Utqiagvik. Within the internal ice cover, the slow but steady decrease of the salinity 

from 5.9 ± 1.6‰ at 300 - 600 FDD to 4.8 ± 0.5‰ at 4000 - 4500 FDD is attributed to salt loss by 

gravity drainage through brine channels that penetrate the low-permeability ice interior to the 

seawater below (see Cox and Weeks (1974) and Cottier et al. (1999)). In the lower layers with 

higher salinity, and hence greater local permeability, convective overturning is initiated when the 

Rayleigh number becomes supercritical (Wettlaufer et al., 1997) and contributes to the lowering 

of the bulk salinity (Notz and Worster, 2009).

The increase of salinity in the upper layer from 5.8 ± 0.8‰ at 300 - 600 FDD to 

8.9 ± 1.5‰ at 2000 - 2500 FDD may be the result of upward migration of brine through cracks 

and connected pores, as proposed by Ono and Kasai (1985) and Eicken (1992). However, the 

combination of thin ice (0.3 - 0.4 m) and average high bulk salinity of the ice cover (6‰) at 300 - 

600 FDD contributes to a higher brine volume fraction, which in turn favors brine loss through the 

whole vertical extent of the samples. Thus, the bulk salinity, including at the surface, of ice formed 

earlier in the season is likely to be biased towards lower values.

In our analysis, the interannual variability is well represented by the standard deviation. 

We used the median, rather than the mean, of the standard deviation within the internal ice cover 

to minimize the influence of any outliers. For the salinity, the median standard deviation is 0.7‰, 

the same order of magnitude found in previous studies focusing on single-season observations 

(Gough et al., 2012; Tucker et al., 1984; Weeks and Lee, 1962), which suggests low interannual 

variability.

The fan-shaped composite temperature profiles indicate prevalence of a linear 

temperature profile between surface temperature and fixed seawater freezing point temperature 
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at the ice bottom. Colder ice, containing a smaller fraction of liquid brine, has a lower effective 

heat capacity and is more directly coupled to atmospheric conditions. Hence, standard deviations 

are larger near the ice surface and decrease with depth. Temperature at the ice surface can vary 

on the order of several degrees centigrade over a few days (Figure 2.6b, winter 2005/06, 

std = 1.2 °C, in the middle of the ice cover), which is of the same order as the interannual 

variability (Figure 2.4b, median std = 1.3 °C, in the middle of the ice cover). Thus, despite steady 

warming of the winters in Utqiagvik leading to a measured average ice thickness decrease by 

2 cm per year (R2 = 0.31) from 2000 - 2016, potential impacts on the composite temperature, 

such as a positive shift of the mean temperature, or a larger standard deviation, are obscured by 

the signal of the interannual and seasonal variability. Continuous long-term monitoring at key 

locations, such as Utqiagvik, is necessary to quantify the effect of climate change in the Arctic on 

sea ice properties and their interdecadal and interannual variations.

The strong increase in the monthly average of net solar radiation from 50 to 150 W m-2 

from March to April (Dissing and Wendler, 1998) marks the beginning of the melt season, as it 

initiates the warming of the ice cover (Figure 2.4b, e.g. 4000 - 4500 FDD).

At the onset of melt, solar heating in the upper layer allows the brine to melt an increasingly 

larger volume fraction of the surrounding ice. While the phase transition absorbs the energy, no 

heat is transferred deeper within the ice cover, resulting in a loss of the linearity in the temperature 

profile (Figure 2.4c, e.g. 0 - 5 TDD). Increasing ice temperature is associated with an increase of 

the porosity, which in turn leads to an increase of the permeability, up by 2 orders of magnitude 

(Eicken et al., 2002). Initially, meltwater resulting from snow melt spread laterally in the upper 

layer of ice. As the permeability increases within the internal ice cover, freshwater percolates 

downward. Thus, the salinity profile evolving from the C to the inverted S-shape is the result of 

the initial desalination in the upper layer.
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During the melt period, while temperature increases (Figure 2.4c, e.g. 5 - 10 TDD), salinity 

decreases within the ice cover to 3.7 ± 0.6‰. The combination of freshwater flushing throughout 

the ice cover and bottom melt contributes to the loss of the high-salinity layer at the bottom, 

leading to an inverted S-shaped salinity profile, similar to the ?-shape salinity profile described by 

Eicken (1992). Minimum salinity values close to 0‰ in the lower layer (Figure 2.3c, 2 5 -3 TDD) 

indicate freshwater underplating, which occurs when low-density freshwater collects at the ice 

bottom, above the denser seawater. Although this phenomenon is well described (Eicken et al., 

2002), the rare observations at Utqiagvik are not sufficient to visibly impact the composite profiles.

The temperature variability of 0.3 °C, given by the median standard deviation, is similar to 

estimated temperature uncertainties, ranging from 0.2 to 0.4 °C. Compared to the temperature 

range of melting sea ice, roughly from -5 to 0 °C, those values are not negligible. It is of particular 

importance to evaluate the impacts of temperature variability and uncertainties on sea ice 

properties due to the increasing sensitivity to temperature as ice warms (Cox & Weeks, 1986; 

Golden et al., 2007).

2.5.2.2 Van Mijen Fjord

Despite the climatology lacking some DD intervals, seasonal evolution in Van Mijen Fjord 

closely resembles Utqiagvik, with respect to a shorter ice growth season.

During the growth season, the salinity within the center of the ice cover decreases from 

6.7 ± 0.9‰ at 300 - 600 FDD to 4.6 ± 0.8‰ at 2000 - 2500 FDD, with higher salinity at both 

interfaces delineating a C-shape profile (Figure 2.4c). The higher salinities observed in Van Mijen 

Fjord are not significantly different from Utqiagvik (Student's t-test, p = 0.75). The faster growth 

rate observed in Van Mijen Fjord at the beginning of the growth season (Figure 2.2b) may result 

in saltier sea ice. Later the combination of a warmer growth season and a higher ocean-to-ice 

heat flux, from the Gulf Stream and Atlantic water inflow, coupled with a thicker snow cover leads 

to higher ice temperatures than in Utqiagvik (Rudels et al., 2005; Schauer, 2004). The milder and 
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wetter climate of Van Mijen Fjord allows for two processes to modify ice salinity. On the one hand, 

heavier snowfalls locally depress the ice cover, leading to surface flooding and the formation of 

snow ice, a high salinity layer. On the other hand, rain events or refreezing meltwater on the ice 

surface can create a low-salinity layer of superimposed ice (Figure 2.4c, 1000 - 1500 FDD, ice 

surface). While both processes have been observed at Utqiagvik, they are more common in 

Svalbard (Gerland and Hall, 2006; H0yland, 2009). The negative trend in the salinity of the upper 

and central layers during the growth season suggests that warm spells favor the formation of 

superimposed ice rather than snow ice. However, our dataset may be too limited to draw definitive 

conclusions. An assessment of the effects of different types of precipitation throughout the season 

would be necessary to determine which process dominates the change in salinity and quantify 

the occurrence. Such analysis is beyond the scope of this study.

Desalination after the onset of melt is particularly prominent in the upper layers. Thicker 

snow cover and the presence of superimposed ice in Van Mijen Fjord led to an increased amount 

of freshwater available for flushing. Rain events during melt will further lower the salinity in the 

uppermost layer (Figure 2.4c, 15 - 35 FDD, 0 - 0.15 m depth).

2.5.3 Comparison of Field Data and Model Results

Overall, the model is better at recreating patterns similar to discrete observations for 

Utqiagvik than Van Mijen Fjord. While the size of the dataset used to tune each model may explain 

a better parameterization of key processes, we suggest that the milder, more variable climate of 

Van Mijen Fjord is more difficult to replicate in CICE's standalone mode. Utqiagvik, located on the 

shore of the Arctic Ocean, lies far away from the ice edge during most of the growth season, and 

is far removed from weather systems in the North Pacific that could bring moisture and heavy 

snowfall. The Svalbard Archipelago on the other hand remains close to the ice edge most of the 

growth season, and the local weather is directly influenced by storms evolving in the North 

Atlantic. The isolated location of Utqiagvik makes for very similar and reproducible cold growth 
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conditions from one year to another, which yields a very consistent climatology. In contrast, Van 

Mijen Fjord is subject to more complex weather patterns and quickly changing growth conditions, 

which may not be fully captured with a model run on a single cell.

2.5.3.1 Interannual variability

The model captures the general trend of the interannual variability, with the exception of 

the snow cover (Figure 2.2b-c and Figure 2.7). Spatial and temporal heterogeneity of the snow 

makes both observation and modelling challenging (Webster et al., 2018). We observed large 

variations between snow depth measured at the mass balance site and snow pit data gathered 

preceding the core collection (Figure 2.7). We expected the strong correlation for the ice 

thickness, and the observations were used to tune the model parameterization. In addition, ice 

thickness standard deviations are mostly smaller than 10% of the observed ice thickness, which 

is within the same order of magnitude as the bottom roughness of level ice (Weeks, 2010; 

Wilkinson and Wadhams, 2016).

At the beginning of the growth season, differences in the freeze-up date of up to 15 days, 

with a typical average daily temperature of -20 °C, lead to an increase or decrease of about 

250 FDD. We found the impact of such differences to be negligible when aggregating ice cores 

in 500 FDD intervals. Larger differences, as observed during the winter 2005/06, have a 

significant effect on the length of the growth season, with the addition of more than 455 FDD in 

32 days. The unique grid cell on which the sea ice seasonal cycle is simulated is isolated from 

any external influences that impact the seasonal cycle, such as ice movement, drifting snow or 

warm water upwelling. In particular for land-fast ice, the model is not able to capture breakout 

events or late freezing, like during the winter 2005/06. This highlights the need for local freeze-up 

observations, in order to validate the model output and correctly aggregate the ice core data.
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2.5.3.2 Seasonal variability

Overall, seasonal variability is well captured by the model. The temperature field remains 

highly correlated (R = 0.9 in growth and melt season). During the growth season (Figure 2.6c, g), 

the sign changes of the temperature anomaly as a function of FDD intervals is related to the 

weather at the time of the coring, rather than representing an inconsistency in the model. After 

the onset of melt, the temperature is consistently underestimated in Utqiagvik (-0.45 °C) and in 

Van Mijen Fjord (-0.2 °C). The negative bias may be the result of inaccuracies in the calculation 

of the down-welling long-wave radiation and shortwave fluxes, or due to solar heating of the probe. 

Although profiles with clear evidence of solar heating were discarded, it is likely that both factors 

contribute to the underestimation of the temperature field in the model.

During the growth season, the model captures the C-shape of the salinity profiles, as well 

as the average salinity. The weaker correlation in the salinity field (R = 0.7) is mostly driven by 

the difference in bulk salinity at both interfaces (Figure 2.6a, e). In the lower layer, brine loss 

associated with the sampling artificially decreases the bulk salinity of the observation. Thus, the 

modelled salinities are likely to be more representative of the bulk salinity occurring naturally in 

the lowermost layer of the sea ice. The development of in-situ salinity measurement methods 

(Notz et al., 2005) or improvements of the current sampling method are necessary to ultimately 

assess the accuracy of the change in bulk salinity in the lower layer. In contrast, the salinity 

underestimation in the upper layer suggests that the model does not capture upwards brine 

migration, which causes increasing salinity near to the ice surface (Eicken and Lange, 1989; 

Niedrauer and Martin, 1979).

The modelled salinity field during the melt season is weakly correlated with observations 

(R = 0.3). The model failed to fully reproduce desalination, which is governed by multiple complex 

physico-chemical processes. Upon the warming of the ice, brine inclusions grow and become 

interconnected, allowing both meltwater flushing in the upper layer (Untersteiner, 1968) and 
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convective brine overturning in the lower layer (Eicken et al., 2002). In addition, the movement of 

brine and meltwater within the ice cover is associated with changes in bulk salinity, and heat 

transport, which in turn modify ice microstructure and associated transport properties. Despite 

simple descriptions of desalination deemed elusive in the context of earth-system models (Hunke 

et al., 2011), progress has been made to incorporate flooding and flushing into parameterization 

schemes for large-scale models (Griewank & Notz, 2015).

As sea ice state variables, temperature and salinity are used in semi-empirical equations 

describing further physical properties of sea ice (Cox and Weeks, 1983; Petrich and Eicken, 

2016), which play an important role for transport processes (Pringle et al., 2009) and 

biogeochemical exchanges in the Arctic ecosystem (Miller et al., 2015). In the following we briefly 

discuss the impact of model bias and standard deviation on the brine volume fraction—a common 

proxy for permeability and pore connectivity—to quantify potential impacts of model uncertainties 

and natural variability on the computation of sea ice properties at high ice temperatures, where 

temperature sensitivity increases (Golden et al. 2007).

The standard deviation of the model and the observations are similar, both in terms of 

magnitude and seasonal evolution. With the onset of melt, as ice desalinates and warms up, the 

range of salinity and temperature narrows, and the variability decreases. Nonetheless, due to the 

increased temperature sensitivity near the melting point, the remaining combined variability in 

temperature and salinity lead to a significant increase in the possible range of brine volume 

fraction and porosity. In Utqiagvik, the standard deviation of temperature during the growth 

season is 4 times larger than during melt. In contrast, the range of porosity is 4 times larger during 

melt than in the ice growth season (Figure 2.8). In Van Mijen Fjord, the standard deviation of 

temperature decreases by a factor of 3 from growth to melt, while the porosity spread increases 

from 2.5% to 7%. The modelled salinity and temperature, dependent on the location and varying 

from season to season, may lead to a significant difference in the brine volume fraction from the 
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natural variability, such as in Van Mijen Fjord during the growth season (Figure 2.9a, -1.5%). In 

other cases, particularly during the melt season, the difference is almost negligible (Figure 2.9c). 

Model bias is independent of season and location and this impact is more difficult to quantify. Our 

analysis suggests that a model bias remaining below 10% of temperature and salinity results in 

acceptable values of brine volume fraction, with regard to standard deviation and natural 

variability.

2.6 Conclusions
The analysis of more than 160 cores from Utqiagvik allows us to derive a salinity and 

temperature climatology data for first-year sea ice representative of a cold and long growth 

season. Computing composite profiles from salinity and temperature profiles aggregated by 

freezing and thawing degree days yield a statistical representation of the natural variability in the 

different seasonal development stages. Our effort to build a similar dataset for locations defined 

by a shorter and milder growth season was limited by the smaller number of cores available from 

Van Mijen Fjord (60 total). We found that a composite profile should draw upon a minimum of 3 

sampling years, each with at least 2 salinity and 1 temperature profile, to ensure that it is 

representative of average ice conditions.

Cores of different lengths introduced artificial discrepancies when performing statistical 

analysis, which increases with the distance from the zero-reference horizon. Our method of 

dividing the ice cover in half, and aligning the ice cores to the corresponding interface limited such 

problems. However, some information is lost as we had to discretize and average sections of 

different heights. We suggest an alternate field sampling method to be used in the future to 

improve the ice core data quality: the upper half of the core is sectioned with the ice surface 

serving as the reference horizon, while the lower half is sectioned with the ice bottom serving as 

reference horizon. This greatly facilitates direct comparisons between cores. In addition, this 

approach supports observations of both the ice surface, which is of particular importance for 
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remote sensing applications, and the ice bottom, important from a biological perspective and for 

fluid exchange considerations. The impact of the resulting odd length section at the centre of the 

core is negligible, as bulk properties in the ice interior typically vary much less with depth.

At both locations, salinity profiles conform to the typical ice salinity evolution patterns (C 

and S). We show that no significant difference in salinity composite profiles exists between Van 

Mijen Fjord and Utqiagvik with respect to the development stage. From the growth to the melt 

season, salinity in the centre layer decreases from 5.5 ± 0.8‰ to 3.7 ± 0.6‰, similar to commonly 

accepted salinity means and standard deviations. While mean temperatures during the growth 

season are significantly colder in Utqiagvik (-10.1 ± 1.3 °C) than in Van Mijen Fjord 

(-5.0 ± 1.4 °C), temperatures during the melt season are similar (-2.0 ± 0.3 °C at 15 - 35 FDD). 

We compared observed climatologies for each location with the prognostic salinity and 

temperature of the CICE model forced with specific local parameters. Overall, the model 

accurately replicates the sea ice seasonal evolution and the natural variability of the ice thickness 

as well as temperature, and salinity during the growth season. However, based on the analysis 

shown in Figure 2.8, the CICE model failed to capture the progression of sea ice desalination 

during the melt period. The resulting positive salinity bias leads to an overestimation of the 

effective specific heat capacity, which in return alters the calculated surface heat fluxes, and 

impacts sea ice porosity and transport property estimates.

Finally, we show that both the standard deviation and the effect of the model bias depend 

on location and vary from season to season. The combined impact of natural variability and model 

bias increases exponentially as the ice approaches the freezing point of seawater. While current 

models successfully simulate much of the growth season, significant knowledge gaps remain 

concerning the driving processes of the melt season. Simulation and prediction of the seasonal 

evolution of sea ice are of increasing importance to constrain how changes may impact Arctic 

73



climate and ecosystems. Systematic and continuous monitoring of sea ice conditions in different 

climatic zones is needed to improve model performance and process understanding.
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Chapter 3: Crude oil migration in sea ice: Laboratory studies of constraints on oil mobilization 
and seasonal evolution1

1 Oggier, M., Eicken, H., Wilkinson, J. P., Petrich, C., & O'Sadnick, M. (2020). Crude oil migration in sea 
ice: Laboratory studies of constraints on oil mobilization and seasonal evolution. Cold Regions Science 
and Technology, 174(October 2019), 102924. https://doi.org/10.1016/j.coldregions.2019.102924

3.1 Abstract
Rising Arctic maritime activities and hydrocarbon development increase the risk of an oil 

spill in and under Arctic sea ice. Oil spilled under growing sea ice would be encapsulated within 

the ice cover. During spring and early summer, such trapped oil would migrate upwards, 

pervading the ice volume and ultimately pooling at the surface. Current gaps in our understanding 

of these processes have major implications for spill clean-up efforts and habitat damage 

assessments. Guided by results from three sets of ice-tank experiments, we have developed a 

semi-empirical multi-stage oil migration and surfacing model to help predict oil-in-ice behavior 

relevant to spill response. Upon under-ice release, oil saturates the ice skeletal layer, remaining 

largely immobile during the growth season. As intrinsic ice permeability increases above 10-11 m-2 

with the onset of surface melt, oil migrates rapidly through the full depth of the ice cover, primarily 

through the secondary pore space. Then, the ever-increasing connectivity between the pores 

allows the oil to invade the primary pore space. Finally, as the ice deteriorates, oil occupies most 

of the pore space. Stratigraphic analysis revealed that granular ice impedes surfacing of oil in 

cold ice due to the more tortuous pore space. It also showed that the potential for oil movement 

during the growth season is constrained by the availability of migration pathways from the oil/ice 

interface to the surface. In contrast to previous findings, our results indicate that if such oil 

migration pathways are present, significant oil mobilization can occur in cold ice during the growth 

season. Thus, we tracked upward oil migration through large brine channels in cold ice 

(Tice < -5 °C) over vertical distances of up to 30 cm, leading to surfacing of oil, within 24 hours 

after release. During ice melt and deterioration, oil movement is tied to the magnitude of the bulk 
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brine volume fraction and the magnitude of the oil lens reservoir. Development of a predictive oil 

migration model based on these findings will aid spill response planning and detection, and habitat 

damage assessments.

3.2 Introduction
Milder ice conditions and economic drivers have resulted in a substantial increase in 

maritime and hydrocarbon exploration activities in the Arctic (AMAP, 2007; Eguíluz et al., 2016; 

Smith and Stephenson, 2013). While the length of the open-water season has been increasing 

(Barnhart et al., 2015; Markus et al., 2009), Arctic waters remain ice-covered for much of the 

winter and spring—a significant hazard for maritime operations. Any increase in human activity in 

the Arctic marine environment, such as shipping or oil and gas development, increases the danger 

of accidental oil spills (Wilkinson et al., 2017). The Arctic Council has identified the ability to 

respond efficiently to oil spills in marine Arctic environments as a key priority (Arctic Council, 

2013). Spill response and clean-up efforts in ice-covered waters require a thorough understanding 

of crude oil movement within the sea ice and oil/ice interaction (Fingas and Hollebone, 2003; 

Wilkinson et al., 2007). Most importantly, key constraints on oil movement in sea ice need to be 

identified and assessed quantitatively, in particular the dependence of oil migration rate on oil 

properties, and ice microstructure and stratigraphy.

Sea ice is a composite material, with brine trapped within the ice matrix during sea ice 

growth. Under quiescent ice growth conditions typical of the Arctic, a high-porosity skeletal layer 

of a few mm to cm thickness with fully connected mm- to sub-mm pore space makes up the 

bottom-most ice (Petrich and Eicken, 2016). In growing sea ice, brine channels several cm to dm 

in vertical extent develop as a result of convective overturning and drainage processes (Cole and 

Shapiro, 1998; Wells et al., 2011). The brine-filled pore space responds to cooling or warming 

through increases or decreases, respectively, in brine volume fraction. These changes, in turn 

affect pore microstructure and ice permeability (Petrich and Eicken, 2016).
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Previous studies suggest that in the event of an oil spill during the ice-growth season, oil 

pools in depressions at the ice/water interface and is encapsulated within 12 to 48 hours, with 

upward percolation limited to a few centimetres above the oil lens. Subsequent oil movement is 

restricted to the skeletal layer and large diameter brine channels. Only later in spring, with 

increased pore volume and interconnectivity, will the oil be mobilized, invading the bulk pore 

space, eventually pooling at the surface (Fingas and Hollebone, 2003; Martin, 1979; NORCOR, 

1975; Stephen Wolfe and Hoult, 1974). Small-scale laboratory studies have shown that oil 

penetrates sea ice with porosity as low as 10%, with oil accounting for up to 5% of the bulk ice 

volume in oil saturated ice with porosity >15% (Karlsson et al., 2011). Oil penetration depths range 

from 0.05 to 0.1 m during the ice-growth season and increase to 0.15 - 0.30 m in late spring 

(Petrich et al., 2013). Those findings are comparable to oil behavior observed in experiments in 

the natural environment (NORCOR, 1975). Small-scale simulations of brine displacement by oil 

indicate that buoyancy forces due to the oil/brine density difference are sufficient to overcome 

capillary forces within brine channels, driving oil upward (Maus et al., 2015).

While ice porosity may serve as a proxy variable to assess oil migration in sea ice, factors 

such as permeability, oil layer thickness, ice stratigraphy and pore microstructure, and processes 

such as brine convection and meltwater flushing also play a significant role in oil entrainment and 

migration (Maus et al., 2013; NORCOR, 1975). To improve our understanding of the processes 

governing oil-sea ice interactions and predict oil distribution after a spill, these factors must be 

considered over the course of an entire growth-melt cycle and the full vertical extent of the ice 

cover (Dickins, 1992). Here, we present the results of three oil-in-ice laboratory experiments in 

which the entrainment, distribution, and migration of oil was observed throughout the entire 

seasonal cycle and at the full ice thickness scale, to our knowledge for the first time since the 

NORCOR experiment. The three experiments were:

85



1. The Cold Regions Research and Engineering Laboratory (CRREL) large-scale ice tank 

facility: The experiment performed aimed at detection of oil-under-ice through remote 

sensing means (Pegau et al., 2016),

2. A small-scale ice tank facility at University of Alaska Fairbanks (UAF): The mesocosm 

experiment assessed the impacts of crude oil on ice biota (Collins et al., 2017), and

3. The Hamburgische Schiffbau-Versuchsanstalt (HSVA) large-scale ice tank facility: The 

experiment aimed at quantitative prediction of oil movement and distribution in sea ice and 

implications for near surface detectability (Petrich et al., 2018).

While several experiments have been conducted since the early 1970s, the principal 

interests were to investigate oil movement over a large surface area, and assess both oil detection 

and clean-up method (Dickins, 2011). Specifically, we focus on the seasonal evolution of sea ice 

porosity and permeability, as well as ice texture (columnar, granular), and on how these factors 

constrain the oil-sea ice interactions.

In both the CRREL and UAF experiments we released Alaska North Slope (ANS) crude 

oil under mostly columnar ice ranging between 20 and 80 cm in thickness. In the third experiment 

(at HSVA), Norwegian Troll B oil was released under 20 cm of ice with different stratigraphic 

sequences. Unexpectedly, at CRREL and UAF, oil surfaced less than 24 hours after release 

under cold ice (Tice < -5 °C) with brine volume fractions below the threshold typically assumed for 

full-scale connectivity and brine percolation (Vfb = 5%: Golden et al., 2007; Pringle et al., 2009, or 

Vfb = 7%: Arrigo et al., 1993). To our knowledge it was the first-time oil was observed to migrate 

through the entire depth of a cold ice cover.

These findings allow for the exploration of ice permeability, oil availability and the 

importance of sea ice stratigraphy, especially the presence of granular ice, in constraining the 

upward migration of oil through the ice cover. Drawing on the quantitative measurements of oil 

fluxes into the ice matrix, we describe timing and behaviour of oil surfacing with a multi-stage 
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model, which may help to develop a simple oil distribution model to inform spill response and 

support assessments of habitat damage and impacts on sea ice biota.

3.3 Methods

3.3.1 Experiment set-up

Three sets of oil-in-ice experiments (see Table 3.1) were completed between 2014 and 

2015 in different ice tanks, to test different combinations of oil volume released below ice of 

different thickness, referred to as “treatments” below. Ice was grown up to 0.3 m thick in a small 

tank (0.6 m wide, 0.6 m long, 1 m deep) at the Geophysical Institute, University of Alaska 

Fairbanks (UAF; Collins et al., 2017) in 2014 and 2015, each over a 1-month period. At the 

Geophysical Research Facility of the Cold Regions Research and Engineering Laboratory 

(CRREL), Hanover, USA, ice reached a thickness of 0.8 m in a large basin (37 m long, 9 m wide, 

and 2.6 m deep; Pegau et al., 2016),mimicking a full seasonal cycle with ice growth, melt and 

decay over 4 months. In the Arctic Environmental Test Basin (30 m long, 6 m wide, 1.2 m deep) 

of the Hamburgische Schiffbau-Versuchsanstalt (HSVA), Hamburg, Germany, ice reached a 

thickness of 0.3 m, simulating conditions corresponding to the end of the ice-growth season and 

onset of melt over a 3-week period. Alaska North Slope crude oil was used at UAF and CRREL, 

and Norwegian oil Troll B was used at HSVA (Petrich et al., 2018).

Treatment parameters, naming conventions, oil origin, under-ice oil lens thickness, HR, ice 

thickness, Hi, and ice type are summarized in Table 3.1. In the following, treatments with 

Hi < 0.3 m and 0.5 m ≤ Hi at the time of the injection are referred to as thin and thick ice, 

respectively. Oil lenses are categorized as thin for HR < 10 mm, medium for 10 ≤ HR <20 mm and 

thick for 20 mm ≤ HR. Dispersed oil refers to a specific treatment at UAF in which a small amount 

of oil (HR ≤ 1 mm) was dispersed mechanically into fine droplets during the injection. Treatment 

names refer to the type of oil used and the thickness of the ice and the oil lens. For example, A18- 

20c refers to the treatment in which Alaska North Slope oil was released under 18 cm of pure
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Table 3.1—Key parameters of experiments.
Experimen 
t

Treatmen 
t

Hi

(cm)

Hr

(mm)
Hi 

category
Hr 

category
Oil 
type

Ice 
type

UAF A18-20c 18 20 Thin Medium ANS C
A28-5c 28 5 Thin Thin ANS C
A28-1c1 28 <1 Thin Dispersed ANS C
A18-20m 18 20 Thin Medium ANS M

CRREL A16-10c 16 10 Thin Thin ANS C
A26-20c 26 20 Thin Medium ANS C
A29-40c 29 40 Thin Thick ANS C
A54-60c 54 60 Thick Thick ANS C
A68-90c2 68 90 Thick Thick ANS C

HSVA B20-30c 20-22 30-40 Thin Thick Troll B C
B20-30m 20-22 30-40 Thin Thick Troll B M

Hi: ice thickness at oil release; thin: 0 < Hi ≤ 0.3 m; thick: 0.5 m ≤ Hi; medium: 0.3 < Hi ≤ 0.5 m. 
HR: estimated oil lens thickness; thin: 0 < HR ≤ 1 cm; thick: 2 cm ≤ HR; medium: 1 < HR ≤ 2 cm. 
ANS: Alaska North Slope.
C: columnar ice.
M: mixed, granular ice at the surface with columnar ice underneath.
1: Oil mechanically dispersed in fine droplets.
2: Oil injection in 3 steps over 1 h.

columnar ice and reached a final oil lens thickness of 2 cm. Each treatment included a control 

treatment without release of oil. We replicated each treatment twice (N = 2), except for A29-40c 

(N = 1), A68-90c (N = 1), A18-20c (N = 4) and A18-20m (N = 3).

In all experiments, columnar sea ice was grown under quiescent conditions from artificial 

sea water in a temperature-controlled room. For some treatments at UAF and HSVA, granular 

sea ice was initially formed through mixing of the surface layer either by mechanical agitation 

(UAF) or by exposing the surface to artificial wind (HSVA). Treatment was stopped once ice 

formed a 10 cm thick granular layer; subsequent growth was columnar.

At a given ice thickness, Hi, crude oil was injected underneath the ice using a tube inserted 

through a hole drilled in the ice cover. In the UAF and CRREL experiments, oil was cooled down 
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close to the freezing point of seawater to prevent ice bottom melt. Calculations show that melt 

caused by the sensible heat stored in oil is negligible, and hence oil was injected near to sea 

water temperature during the HSVA experiments. During the oil release, care was taken not to 

introduce air bubbles into the system. After oil release, in most cases ice was allowed to grow 

below the oil lens for several days before sampling.

Temperature profiles were recorded at each end of the basin for the CRREL and HSVA 

experiments, using thermistor probes or thermocouple strings frozen into the ice. At UAF, 3 out 

of the 6 tanks were equipped with a probe. Ice surface temperature, water temperature, and 

salinity were recorded daily in each tank with a hand-held digital thermometer, or a conductivity 

probe (6560 Temperature/Conductivity sensors, YSI Incorporated, Yellow Springs, OH, USA).

Figure 3.1—Schematic of the experiment set-up: (a) at UAF; (b) at HSVA, with circular patches 
and (c) at CRREL, patches A and B are rectangular. The containment curtains are supported 
by buoys (yellow).
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3.3.1.1 UAF tests

At UAF, sea ice was grown in insulated tanks (Figure 3.1a) from a 26‰ Instant Ocean® 

aquarium salt solution with the air temperature set to -15 °C. To prevent pressure build-up in the 

tank, a 15 L bladder filled with antifreeze was installed underwater and connected to an outside 

collection vessel with a tube. We avoided the creation of convection cells through weak and 

intermittent mixing with a low-power aquarium pump. Ice sublimation from the top surface was 

limited by a thin transparent PVC sheet. To fine-tune the growth rate, we used a submersible 

heater with adjustable output. In treatment A18-20m, a high circulation pump was installed at 10 

cm depth to create a thickness equivalent to naturally grown sea ice, before being shut off to 

foster columnar growth. At the time of release, oil temperature was between -2 and -1 °C. Each 

treatment had 3 replicates.

3.3.1.2 CRREL tests

At CRREL, 10 oil containment curtains were installed before freeze-up (Figure 3.1b). Each 

treatment consisted of 2 replicates: a rectangular patch A (3 m wide, 2.5 m long) positioned at the 

center of the basin and a smaller square patch B (1.5 m wide) on the side. The control treatment 

was a 15 m by 3 m area of ice outside of the patches. The cold room was kept at -24 °C during 

the ice growth period, with ice grown from a 26 g kg-1 NaCl solution. Some treatments with ice 

thicker than 0.3 m were temporarily covered with insulating foam to inhibit ice growth and create 

a depression at the ice bottom to decrease the potential of oil spreading outside of the patch. The 

hole for oil injection was drilled outside of the patch. Oil cooled to 0 °C was injected into the A 

patch in the morning and into the B patch in the afternoon. Open water was maintained at one 

end of the basin to release pressure build-up by removing ice when the underwater 

instrumentation was immersed. At the conclusion of the experiment, air temperature was 

increased to -2 °C for 14 days, then to 0 °C for the next 8 days and to around 5 °C until the end 

of the experiment to simulate ice melt and decay under spring conditions. A complete description 
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of the set-up is provided by Pegau et al. (2016). Planning the experiment, based on previous 

findings, oil was expected to percolate and reach the surface only during this latter melt phase.

3.3.1.3 HSVA tests

At HSVA, ice was grown from a 30 g kg-1 NaCl solution at -12 °C air temperature. In half 

of the tank, granular ice was grown through forced airflow provided by six WDH-AB10 centrifugal 

fans. Installation of a wind barrier allowed for quiescent growth of columnar ice in the other half 

of the tank. Seventeen circular patches of 1 m diameter were created across both ice stratigraphy 

by temporarily covering the ice surface with foam boards. 7.3 ± 0.6 L of oil were injected into 

eleven cavities formed at the ice bottom, the remaining patches serving as controls. Air 

temperature was kept at -12 °C for 3 days to ensure oil encapsulation. Over the next 6 days, air 

temperature was raised stepwise to -8 °C, -6 °C, -4 °C and -2.5 °C to simulate the onset of 

melt. We sampled the ice no earlier than 14 hours after initiating each temperature increase to 

allow time for the ice to adjust to the changed conditions.

3.3.2 Oil characteristics

ANS crude oil obtained at the injection point ahead of Alaska Pump Station 1 and at a 

tanker terminal on the California Coast was used at UAF and at CRREL, respectively. Physical 

oil properties were characterized for the crude oil used for the CRREL experiment at temperatures

Table 3.2—Selected crude oil properties.
Oil Evaporation

(Volume%)
Density
(g cm -3)

Dynamic 
Viscosity 
(mPa s)

Interfacial Tension
(N m-1)

Pour 
point 
(°C)

0 °C 15 °C 0 °C 20 °C 0 °C 20 °C -
ANS1 0.877 -180.0 0.889 40 13 0.0270 0.0159

< -402
Troll B 0.0 0.8453

0.874
- 63 - - -152

1 Analyzed by SL Ross in 2014 (Pegau et al., 2016).
2 Oil was still moving in an elongated jar when tipped over after cooled to -40 °C.
3 Troll blend analyzed by Statoil 2011.
4 Sample measured on-site.
5 There was no apparent oil movement during processing at -15 °C leading us to believe that the pour 
point of the oil batch was higher.
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of 0 and 20 °C and weatherization degree of 0% evaporation (SL Ross Environmental Research 

Ltd, Ontario, CA). Dynamic viscosity was measured at a shear rate of 180 s-1. The complete 

analysis is reported in Pegau et al. (2016). Fresh 2017 Troll B crude oil obtained from the 

Mongstad terminal was used in the HSVA experiment. Physical properties and composition of a 

Troll blend were given by STATOIL (Statoil, 2011).

3.3.3 Ice sampling

For the UAF and CRREL tests samples were obtained for measurements of bulk salinity, 

temperature and oil volume fraction, as well as in-ice oil distribution. Ice cores of 5 cm (UAF) and 

7.5 cm diameter (CRREL) were recovered with a battery powered barrel ice corer (for details, see 

Eicken et al., 2014). Temperature was measured by inserting a thermistor probe into holes drilled 

at 5 cm intervals in an ice core immediately after extraction. Measurement precision and accuracy 

were in the range of 0.05 - 0.1 °C and 0.1 - 0.3 °C, respectively. For salinity, the cores were cut 

into 2.5 cm (UAF) and 5 cm (CRREL) thick horizontal slices after extraction and transferred to a 

sealed container for melting at room temperature. Bulk salinity was measured with a YSI 30 

conductivity probe (YSI Incorporated, Yellow Springs, OH, USA), with precision and accuracy 

estimated at 0.05‰ to 0.10‰ and 0.1‰ to 0.2‰, respectively. At UAF, oil volume fraction was 

estimated by measuring the volume of oil and water in a vertical, graduated cylinder, with a 

precision of 0.5 ml.

Ice stratigraphy and oil distribution were obtained either from an additional core or a 

vertical slab cut from the ice. Immediately after extraction, cores and slabs were examined visually 

and photographed to determine ice layering and presence of oil. The slabs were later sliced into 

horizontal thick sections and vertical thin sections using a bandsaw. Crossed optical polarizers 

were used to analyze ice microstructure. At UAF, ice was sampled two days before the oil release 

to establish a baseline, and 10 or 13 days after oil injection to observe the oil distribution. At 
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CRREL, the replicate patch was sampled to capture potential oil percolation throughout the melt 

period after termination of ice growth.

At HSVA, ice was sampled once its temperature had reached a new equilibrium after each 

warming phase. Temperature was measured on a 10 x 10 cm square section according to the 

protocol described above. A larger vertical slab (approximately 10 cm wide, 50 cm long) was 

extracted for salinity, oil volume content, and microstructure observations. The slab was cooled 

to -40 °C prior to processing in a laboratory at -15 °C. After removing a 1 cm thick vertical section 

for photography, the slab was cut into 1 to 2 cm thick horizontal sections throughout its vertical 

extent. The horizontal sections were later subsampled in 6 or 7 columns of 5 x 5 cm square 

segments for salinity and oil volume content measurements, with the 1st column centered on the 

oil lens edge. From melted oil-contaminated samples, the oil was extracted with known volumes 

of heptane. The oil concentration in the solvent was then measured using a UV—fluorescence 

meter TD500TM (Turner Designs Hydrocarbon Instruments, Inc). The instrument was calibrated 

to crude oil concentrations prior to analysis according to standard procedures (O'Sadnick et al., 

2017). Bulk salinity was measured on the aqueous part of the sample.

3.3.4 Sea ice properties modeling

Sea ice physical properties were determined from temperature and salinity profiles using 

semi-empirical equations (Cox and Weeks, 1983; Eicken, 2003; Golden et al., 2007). For UAF 

and HSVA experiments, coincident salinity and temperature data were available. For the CRREL 

tests, temperature profiles were matched with ice cores that were within 5% of the measured ice 

thickness (10% if < 3 cores met this criterion). Salinity and temperatures profiles were vertically 

scaled to an identical ice thickness, averaged and then served to calculate brine volume fraction 

and permeability profiles.

It is important to point out that the insulating boards, placed on the ice to produce a 

depression under the ice for oil containment, will impact the thermal profile of the ice. To correct 
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for this we estimated the impact of insulation foam at the ice surface on the temperature field. 

Based on sonar oil lens thickness measurements we approximated the under-ice depression by 

a quadratic function. We computed the temperature field by implementing the heat diffusion 

equation using a finite-element forward model (1 mm grid elements) under the steady-state 

hypothesis. Temperature at the ice/air interface was fixed to -18 °C during the growth period and 

-12°C at the oil release, according to ice surface temperature measurements. Thermal 

conductivity and heat capacity for the overlying ice were calculated from scaled salinity profile 

data as a function of the brine volume fraction. Sea ice physical properties were computed from 

both the model-derived steady-state temperature and salinity fields.

3.3.5 Tracking oil movement

Oil movement was tracked using different approaches at the three experiment sites. At 

UAF, a digital single lens reflex (DSLR) camera captured the ice surface at regular intervals in 

one of the tanks for most treatments. At HSVA, three time-lapse cameras Uovision UV785 

captured the timing of oil surfacing throughout the experiment with a resolution of 1280 x 720 

pixels. Oil movement at CRREL was observed using a combination of above-ice time-lapse 

cameras, underwater cameras and an upward-looking single-beam narrow-band sonar 

(Aquascat 1000, Aquatech Group, Basingstoke, UK). Three time-lapse cameras (G42NG, Stealth 

Cam LLC, Grand Prairie, TX, USA; 1280 x 720 pixels) were installed above the patches for A29- 

40c, A54-60c and A68-90c to capture the oil surfacing patterns. Images helped determine oil 

migration rates based on timing of oil surface appearance and known time of oil release. The 

narrow-beam sonar monitored the thickness of the oil lens under the ice. We recorded the time 

when oil reached the surface at different locations. Surfacing locations were considered distinct if 

separated by at least 0.15 m. To quantify oil migration speed, we calculated the vertical migration 

as the ratio between ice thickness at time of oil release divided by the time required for the oil to 

surface.
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The underwater sensors were mounted on a trolley traveling along the center of the tank 

bottom. The carriage could be positioned under a specific main patch to observe the ice bottom 

before, during, and after oil injection. The narrowband single beam unit was equipped with 4 

transducers (5, 1, 0.5, 0.3 MHz). The transducers had a beam width of 3.75°, or 0.15 m at the 

water surface at 2.22 m distance. The return signal of the sonar pulse was sampled into 256 bins 

of 2.5 or 5 mm. The speed of sound was assumed as 1500 m s-1 for the experiment. With this 

system we estimated the volume of oil infiltrating the ice from the movement of the oil/water 

interface for the oil treatment without encapsulation (A68-90c). The shape of the underwater 

cavity was obtained from trolley traverse data, with the ice bottom approximated by a spline curve. 

The initial location of the ice/water interface and the movement of the oil/water interface was 

obtained from data recorded at 1 Hz for 3 minutes at the center of the cavity. After averaging the 

signal over 3 minutes, the position of the oil/water interface (ice/water before oil release) was 

defined by the signal exceeding a threshold set as the mean plus 5 standard deviations of the 

noise of the instrument. Oil lens thickness was then equated with the difference between the 

oil/water interface position and the initial ice/water interface position, assuming a centro

symmetric cavity and a flat oil-water interface.

Large uncertainties (±2 L m-2) in the computed volume of oil infiltrating into the ice per unit 

area were expected because of the 2.5 mm resolution of the AQUAscat transducer. The 

discretization error in the location of both ice/water and oil/water interface introduced an 

uncertainty of plus or minus one half the resolution bin size. The uncertainties in oil lens thickness, 

obtained by subtracting two independently determined distances, is thus of the order of the bin 

size, and transfers to the volume calculation.

3.4 Results
Below, we present physical property data to support the validity of laboratory studies 

relative to field experiments, and to provide context for the analysis of oil movement in sea ice.
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Subsequently, we address oil migration throughout a simulated seasonal cycle and mobilization 

of oil in cold ice, focusing on the spatial distribution of the oil over time as a function of evolving 

ice properties.

3.4.1 Ice properties

3.4.1.1 Stratigraphy

Ice stratigraphy was similar for all three (CRREL, UAF, and HSVA) columnar ice 

experiments, with a thin layer of granular ice texture up to 3 cm thick at the top and columnar ice 

below (Table 3.3). In mixed ice grown at HSVA, approximately 7 cm of granular ice were underlain 

by a transition layer of 2 - 3 cm thickness and columnar ice underneath. Stratigraphy and contrast 

in texture between granular and columnar ice at HSVA are illustrated in Figure 3.2. Depending on 

ice growth rate, skeletal layer thickness ranged between 1 and 5 cm.

The columnar ice grew mostly undisturbed at CRREL, except for a layer with small air 

bubbles at about 40 cm. Ice crystal diameters of up to 7 cm were observed. At UAF, episodic 

sampling and removal of samples from the ice cover resulted in nucleation of new columnar 

crystals within a stratigraphic horizon corresponding to the ice bottom at the time of sampling.

Figure 3.2—Vertical thick sections across the entire ice thickness down to the excavated oil 
lens for columnar ice (a) with and (b) without a granular surface layer at OR+4 of the HSVA 
experiment. The impact of the granular-columnar transition layer on oil migration patterns is 
evident. Note the termination and lateral migration of oil, referred to here as fanning, at the 
granular/columnar ice interface in the right half of the sample.
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Table 3.3—Summary of ice stratigraphy.
Thickness (cm) UAF A-18 

columnar
UAF A-28 
columnar

UAF A-18 
mixed

CRREL 
columnar

HSVA 
columnar

HSVA 
mixed

Granular sea ice 1 - 2 3 8 - 10 1 - 3 1 - 2 7 - 8
Columnar sea ice1 16 25 12 - 14 16 - 68 21 - 25 12 - 13
Skeletal layer 2 - 4 1 - 2 2 - 5 3 - 5 2 - 5 2 - 5
1: including skeletal layer.

These discontinuities limited ice crystal growth to a maximum size of 3 - 4 centimeters. At the 

time of the oil release, ice crystal size was in the order of 2 cm. At HSVA, columnar ice grew 

undisturbed, with ice crystal diameters up to 4 cm.

3.4.1.2 Salinity

For the three experiments, ice salinity profiles were similar to those of ice grown in a 

natural environment. At the end of the growth phase, profiles exhibited the typical C-shape 

(Figure 3.3a), with an average salinity of 8, 5 and 9 g kg-1 at the top, center and bottom of the ice 

cover, respectively. The salinity profile in the mixed ice was similar, with a slightly lower ice surface 

salinity (7 g kg-1). Differences in ice salinity between multiple cores of one experiment are small 

(ΔS < 1 g kg-1) and fall within the range of natural variability (Gough et al., 2012).

3.4.1.3 Temperature

The experiments simulated the seasonal evolution of natural ice, with ice surface 

temperature (TS) below -10 °C during growth and increasing toward -2 °C during melt. 

Figure 3.3b shows the temperature evolution of ice grown to 0.8 m thickness at CRREL. While 

temperature patterns were similar at UAF and HSVA, because of lower ice thickness (0.2 to 0.3 m, 

respectively) temperature gradients were steeper. At CRREL, sampling and oil injection resulted 

in brief warming of the ice surface up to -8 °C (Figure 3.3b). At UAF, a similar pattern was 

observed, with ice surface temperatures rising to -6 °C during ice coring prior to oil release. 

Numerical simulations of the effect of the surface foam insulation indicate that the resulting lateral 
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offset in the ice temperature field inside the patch within which oil was released is small, with 

isotherms curving minimally upward (Figure 3.4a).

Figure 3.3—Salinity profile at the end of the growth season and ice temperature throughout the 
experiment in clean ice grown at CRREL. (a) Salinity profile at the end of the growth season 
(t = 70 days). Numbers in parentheses specify the number of horizontal sections for salinity 
measurements. (b) The ice growth curve (dotted line) is the 2nd order best fit of the measured 
ice thickness (•). Oil injection timing is indicated by vertical lines. During the growth phase 
(0 - 70 d), ice temperature remained low despite a few brief warming events (D = 17 - 19, 30, 
38, 47 d). After 70 days, surface temperature was increased gradually to -2 °C after 70 days, 
then to 0°C after 84 days and finally around 5 °C to mimic spring decay.

3.4.1.4 Porosity

We consider the porosity equal to the brine volume fraction in clean ice and the sum of oil 

and brine volume fraction for oil contaminated ice. In both cases, brine volume fractions are 

computed from temperature and salinity profiles using the equations of Cox and Weeks (1983) 

and Lepparanta and Manninen (1988). In the ice above the oil release, porosity was below 5% in 

cold ice, increasing to 15% in the lower 10 cm closer to the ice/water interface. Treatment A-26- 

20-c is shown as an example in Figure 3.4b. After the oil injection, the oil acted as an insulating 

layer (Figure 3.4c). Brine volume fraction remained below 5% from the ice surface to 10 cm below 

the oil lens.
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In light of lack of data, but recognizing the limitations of the model, we used the same 

approach for derivation of granular ice permeabilities. During the ice growth phase, permeability 

was low throughout the ice cover, with the exception of the lowermost and uppermost layers 

where higher salinity (and temperature for the ice/water interface) leads to increased porosity 

(Figure 3.4b and c).

Figure 3.5 depicts the evolution of sea ice permeability from the end of the growth period 

at the time of oil release (OR) through the end of the melt period 34 days later (OR+34). To 

compute the 6-hourly porosity, the salinity field was interpolated between coring events and the 

temperature field was averaged for each 6-hour period. Within 3 days following onset of melt 

(OR+7 to OR+10), sea ice permeability increased rapidly (from κ < 10-11 m-2 in the ice interior) by

Figure 3.4—Simulated temperature field: (a), porosity field for A-26-20c at oil release (b), and 
at the end of the growth season (c). Figure 3.4b overlays an ice slab (0.45 m wide) at the correct 
scale that was collected approximately 0.1 m from the wall. Brine channels visible as dark 
features all contain crude oil.
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3.4.1.5 Permeability

The sea ice permeability, κ, was computed as a function of brine volume fraction, φ, using 

a hierarchical percolation model valid for columnar ice (Equation 1, Golden et al., 2007).



up to two orders of magnitude as the ice responded to the warming. After OR+15, ice temperature 

increased at a slower rate trending towards the asymptotic value of sea ice melting point 

(approximately -0.3 °C at for 5 g kg-1 seawater). The subsequent changes in permeability were 

mostly due to brine movement and sea ice desalination, including the low permeability surface 

layer at the end of the experiment.

Figure 3.5—Temperature, permeability and oil percolation for A68-90c from the oil release at 
the end of the growth period through the end of the melt season (middle panel). Warming was 
initiated at OR+7 (red dotted line). (a) Temperature and porosity at selected depths. (b) The 
permeability field was computed from interpolated salinity, collected during coring events (∑) 
and temperature measurements. Panel (c) illustrates oil movement with the cumulative volume 
of oil infiltrating the ice matrix (Vo), the pore space saturation as well as the number of distinct 
surfacing spots. Circled roman numeral indicates the different stages. The porosity field is 
shown in supplemental materials.
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Total porosity data for CRREL and UAF is based on bulk ice salinity measurements in the 

clean ice treatments. We assume similar pore space evolution in terms of bulk porosity for both 

clean ice and oiled ice treatment, but have to recognize that replacement of brine by oil will affect 

pore space evolution. For HSVA, the total porosity is derived from the sum of the brine-filled pore 

space obtained from salinity measurements and oil-filled pore space computed from oil 

concentration. Uncertainties are introduced by brine and oil drainage and loss during sample 

collection.

3.4.2 Oil movement

3.4.2.1 Oil mobilization and movement throughout a simulated seasonal cycle

In the CRREL experiments, treatment A68-90c consisted of oil injection at the end of the 

ice growth period with no subsequent encapsulation of the oil lens. Hence, we were able to 

accurately track the position of the oil/water interface using hydroacoustic techniques from the 

point of oil release (OR) until the end of the experiment. This circumstance allowed for the 

determination of oil fluxes into the ice cover, in conjunction with oil content measurements from 

ice cores and analysis of oil distribution patterns from thick section stratigraphy, an approach that 

to our knowledge has not been pursued in previous studies. The bulk infiltration of oil into the ice 

cover derived from these measurements over time is summarized in the bottom panel of 

Figure 3.5. Also shown are the evolution of ice permeability as a key parameter to constrain 

upward oil percolation, the pore space saturation, and the number of spots where oil appeared at 

the ice surface by percolating upward through pores and in particular brine channels (Figure 3.4b, 

6, 7). A time series of the latter serves as a proxy for oil percolation through the full depth of the 

ice sheet. The pore space saturation by oil is defined as the ratio of oil volume within the pore 

space relative to the total volume of the pore space available for the oil. Postulating that brine, 

and by extension oil, movement is strongly limited below a porosity of 5% (Karlsson et al., 2011; 

Pringle et al., 2009), we computed the total volume of relevant pore space as the cumulative sum 
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starting at the bottom of each section in which the brine volume fraction exceeds 5%. Based on 

this data we recognize five distinct stages of oil entrainment, mobilization, and movement in 

Figure 3.5c.

Stage I: In the first stage, directly after oil release (OR to OR+2), a small amount of oil 

quickly penetrated into the ice (Voil = 2 ± 2 L m-2). This oil infiltration was essentially limited to the 

skeletal layer, as the open and connected pore space facilitates the displacement of the resident 

brine. In addition, a small fraction of the oil was detected at the surface starting at OR+2 

(Figure 3.6, location @).

Stage II: During the second stage, the upward migration of the oil/water interface remained 

below the detection threshold through the end of the growth period (OR+7), indicating that trapped 

oil remained immobile. Nevertheless, despite low ice cover permeability (κ < 10-11 m-2) we 

observed oil surfacing through at least 3 discrete brine channels (Figure 3.6, 2, 3 and 6). 

Similar observations were made for A-29-40c and A-54-60c.

Figure 3.6—Spatial distribution and timing of oil surfacing for A-64-90c. Numbers indicate the 
number of days between oil release and oil surfacing at a specific location. Arrows indicate the 
approximate location where the brine channels, through which oil migrated, emerged at the ice 
surface. At oil release, ice surface temperature was Ts = -14 °C and reached Ts = -9 °C at 
OR+7. With the warming of the air (OR+6), oil movement accelerated. The whitish circular patch 
at the bottom center is refrozen freshwater water dripping from the ceiling-mounted cooling 
panels during defrost cycles.
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Stage III: The third stage begins with the start of the simulated melt season (OR+8 to 

OR+17). Initially a small amount of oil moved upward, before the flow accelerated and the rate 

increased up to an average of Q oil = 1.9 ± 0.1 L m-2 day-1 calculated from OR+10 to OR+17. With 

the associated increase in permeability, oil appeared in numerous, apparently random locations 

at the ice surface (Figure 3.6, 7). Freshwater, originating from the defrost cycle of the cooling 

panels in the ceiling above the ice surface, built up in an ice mound in some areas of the main 

patch (Figure 3.6), thus potentially reducing the amount of oil observed at the surface. The 

number of surfacing spots increased from 7 at OR+7 to more than 30 at OR+9. At the same time 

surface temperature increased from -9 °C to —4 °C. After OR+10, horizontal spreading of the oil 

near and at the surface made it impossible to detect new surfacing spots or distinguish new from 

old spots.

Stage IV: In the fourth stage from OR+18 to OR+27, as the ice became isothermal with 

air temperature held at 0 °C, we observed a decrease in the flow rate down to an average of

1.2 ± 0.1 L m-2 day-1 from OR+17 to OR+27. A decrease of similar magnitude is measured for 

the daily average change in porosity from +1.4% day-1 during stage III to +0.9% day-1 for stage 

IV. The change in the flow rate coincided with oil saturation having increased to 30%, though 

correlation between both quantities is difficult to establish due to the disproportionately large 

increase of porosity as the ice warms above -2 °C.

Stage V: Finally, we recognize a fifth stage commencing as air temperature increased at 

the end of the experiment (OR+28). Oil flow increased to an average of 1.8 L m-2 day-1 from 

OR+27 to the end of the experiment at OR+34. In the decaying ice, oil pooled at the surface (See 

appendix B material, Figure B.12), and invaded intra- and intergranular pore space (Pegau et al., 

2016, Figure B.13)

The HSVA experiment focused on changes during melt onset and yielded similar findings 

for stages 1 to 3. Overall, pore space saturation values rose dramatically once minimum
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Figure 3.7—Evolution of temperature and porosity: (a, b) and permeability and oil volume 
fraction (c, d) as a function of depth and time for (a, c) pure columnar sea ice and (b, d) mixed 
sea ice during the HSVA experiment after the oil release OR. Oil volume fraction was averaged 
over the skeletal layer (0 - 2.5 cm), the columnar ice (2.5 - 10 cm) and the surface layer (either 
columnar or granular, 10 - 17.5 cm). Permeability, in the background, was computed from 
salinity and temperature profiles discretized on a 2.5 cm grid.

permeability had increased above 10-11 m-2 in both columnar and mixed ice (Figure 3.7). The 

evolution of oil volume fraction as a function of depth, averaged across 5 cm sections, is a good 

proxy for oil migration patterns (Figure 3.7).

After oil release during the growth period (OR), oil movement was limited to the lowermost 

5 cm section (stage 1 and 2). Figure 3.2a shows the vertical movement of oil in discrete brine 

channels at OR+4. Following the onset of the warming at OR+4, more oil from the lens infiltrated 

the bottom 5 cm of the ice (beginning of stage 3). At OR+6, the increase in temperature, followed 

by minimum permeability rising above 10-11 m-2, allowed the oil to flow upward and migrate 
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through the ice. At the end of the experiment, significant differences in oil intake were measured 

between mixed ice, Voil,m = 2.60 ± 0.03 L m-2, and columnar ice, Voil,c = 1.40 ± 0.02 L m-2.

3.4.2.2 Oil surfacing in cold ice

ANS crude oil surfaced within 2 to 4 days after the oil release in cold ice (Tice < -5 °C). Oil 

release to the surface in cold ice had not been reported previously (Glaeser and Vance, 1972; 

Karlsson, 2009; NORCOR, 1975; Otsuka et al., 2004; Petrich et al., 2013; Stephen Wolfe and 

Hoult, 1974),. Initial oil movement (stage I) was limited to discrete brine channels connecting the 

oil lens to the ice surface (Figure 3.6). We first observed this behavior during the growth period in 

the thin ice experiment at UAF (A18-20c). Oil surfacing was limited to medium and thicker oil lens 

thickness (HR > 1 cm, A18-20c), and absent for thinner oil lenses (A16-10c, A18-5c, A18-1c). 

During the CRREL experiment - only thick and medium oil lens thickness, oil reached the surface 

within 3 days after each oil release for ice thickness ranging from 20 to 68 cm. As at UAF, no 

surfacing was observed for a thinner oil lens (A16-10c). At HSVA, oil movement was slower 

overall than in the two other experiments. Use of Troll B, rather than ANS crude oil, may explain 

the slower pace in thin ice, despite the thicker oil lens (B20-30c, B20-30m). While oil surfaced at 

a single location in mixed ice at OR+1, overall, the oil reached the surface in different replicates 

at OR+4 in both columnar and mixed ice.

Figure 3.8—Horizontal thick sections showing oil distribution: (a) in the skeletal layer, 1 cm 
above oil/water interface (A-20-30c); (b) in a brine channel with fanning into feeder channels, 
approximately 10 cm above oil/water interface (A-20-30c); (c) vertical thin section of the 
dispersed oil treatment (A-28-1c) (scale bar in cm).
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During the ice growth phase, we observed crude oil within the skeletal layer and in the 

brine channel system (Figure 3.7, Figure 3.8a). Overall, oil volume fraction decreased with 

distance from the oil/ice interface (Figure 3.7). Penetration depths ranged from a few centimeters 

above the skeletal layer to the full depth of the ice cover (A-26-20c and A-23-20c). When in direct 

contact with oil, the space between the ice lamellae of the skeletal layer was homogeneously 

invaded (Figure 3.8a). Above the skeletal layer, oil movement appeared to be limited to brine 

channels, ranging from 2 to 5 mm in diameter (Figure 3.2, Figure 3.8b), in particular those closer 

to the edge of the oil lens (e.g., Figure 3.2). Some fanning, with oil entering smaller tributary 

channels is visible in Figure 3.2a, but most of the feeder channels remained free of oil. The 

horizontal spacing between channels is roughly 1 cm when examining vertical thick sections, with 

fewer than half filled with oil before the end of the growth period.

In the treatments shown in Figure 3.9, we differentiated 4 subsets characterized by the oil 

lens thickness, and the ice developmental stage towards the end of the growth season using a 

Tukey test with a significance level of 0.05.

First, in thin oil treatments (HR < 1.5 cm), oil movement was restricted to the bottommost 

layer with little penetration of brine channels (Figure 3.9, A-28-5c and A-28-1c). In the dispersed 

oil treatment (A-28-1c), oil coalesced in droplets underneath the ice/water interface. Only thin 

droplets were entrained within 1 centimeter of the skeletal layer, and on rare occasions oil moved 

further up into the pore space.

Second, within the medium and thick oil lens treatments (HR > 1.5 cm), oil was entrained 

through the full depth of the skeletal layer estimated at 3 cm (Table 3.3), and oil movement in the 

brine channels was mostly limited to the lower part of the ice, except for three channels filled up 

to the ice surface. A26-20c and A23-20c are representative of a medium ANS oil lens thickness 

at the end of the growth period (stage 2).
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Third, treatments with Troll B oil (B20-30c, B20-30m), despite a thicker oil lens than for 

A26-20c and A23-20c, display moderate oil movement, with an average penetration depth of half 

the ice thickness. In contrast with ANS crude oil, Troll B oil did not penetrate through the full ice 

cover thickness and the penetration depth is homogeneous, independent of the brine channels. 

The skeletal layer, thinner for the HSVA experiment, appears saturated in oil.

Fourth, oil penetration into the skeletal layer for A-29-40c was similar to A-26-20c and A- 

23-20c. However, oil moved deeper into brine channels, with the upper range of the box plot 

matching the location of the ice surface. A-29-40c was sampled just after the onset of melt during 

the CRREL experiment. In the third stage of oil migration, the increase of porosity and associated 

widening of brine channels allow the oil to reach the surface through a larger number of channels.

The vertical migration rate of oil-in-ice shows no clear correlation with ice lens thickness, 

HR, ratio of oil/ice thickness, bulk or effective bulk permeability (Figure 3.10). Vertical migration

Figure 3.9—Oil penetration depth measured upwards from the ice/oil interface for saturated 
brine channels (blue) and skeletal layer (red), with hi the ice thickness. All depths were 
measured at the end of the ice growth period, except for A29-40c, recorded a day after the 
onset of melt but included here as ice porosity was still below 5%. The box shows the median 
with the first and third quartiles and whiskers set at 1.5 interquartile range. Small, singular 
amounts of oil (“outliers”) are marked (o). The vertical dotted line separates treatments with 
different types of oil. Note treatments with Troll B oil had thick oil lenses (B20-30c/m).
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rates tended to be fastest in thin and columnar ice, although values varied significantly between 

treatments (Figure 3.10a, Hi < 20 cm). In treatments with thick oil lenses (HR > 4 cm), faster oil 

migration rates were observed with increasing columnar ice and oil lens thickness (Figure 3.10a, 

A54-60c and A68-90c, dashed circle). Oil surfaced fastest for A29-40c, a treatment with thin ice 

and thick oil lens. The two replicates for these three treatments were part of the same set of 

experiments at CRREL. Due to the small sample size and lack of cross control, interpretation 

should be subject to caution. Under similar ice and oil thickness conditions, the oil surfaced faster 

in columnar than mixed ice stratigraphy, except in one of the 11 B20-30m replicates in which Troll 

B surfaced earlier in a single channel in mixed stratigraphy (Figure 3.10a, compare B20-30m/red • 

to B20-30c/red x).

Figure 3.10—Vertical oil migration rate (cm d-1) 
as a function of (a) ice thickness, (b) ratio of oil to ice thickness, and (c) permeability. Migration 
rate has been computed from the time elapsed between oil release, and the detection of the 1st 
surfacing location (red), detection of the 2nd surfacing location at least 0.2 m away from the first 
one (green), and once oil flow stopped and the surface pools remained in position (blue). The 
dashed ellipse encompasses the treatments with thick oil and ice lenses.

3.4.2.3 Ice stratigraphy and oil movement

We observed striking differences in oil behavior between different sea ice stratigraphic 

units at HSVA (Figure 3.2). During the ice growth phase, upward oil movement was limited to 
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brine channels in columnar ice. In mixed ice, such vertical percolation terminated at the interface 

between columnar and overlying granular ice. Oil penetration depths were limited to about 9 cm 

in mixed ice (Figure 3.9, B20-30m), corresponding to the position of the columnar-granular ice 

transition layer. In pure columnar ice, penetration depths ranged from 6 to 13 cm (Figure 3.9, B20- 

30c). Analysis of bulk oil content largely confirms this pattern (see Figure 3.7). Those results are 

consistent with the mixed ice treatment at UAF (A-18-20m): oil surfacing occurs only once in one 

of the three replicate tanks through the granular ice, though oil movement was extensive through 

the columnar ice underneath.

During the early melt phase, we observed similar patterns of oil movement in the columnar 

ice in vertical thick sections independent of the stratigraphy (See appendix B Figure B.3-B.16). 

Large standard deviations are to be expected in the oil concentration measurements due to the 

heterogeneity of the oil migration and relatively small column area (5 x 5 cm2).

Before the onset of melt, oil was concentrated within the skeletal layer with an average oil 

concentration of 1.09 ± 0.42% (0 - 2.5 cm above the oil/ice interface). We observed some oil 

migration in distinct brine channels in the lower part of the columnar ice, where oil concentration 

reached 0.12 ± 0.13% (2.5 - 10 cm above the oil/ice interface; Figure 3.7c/d, OR+4). Small 

amounts of oil migrated into the subsurface layer with a concentration of 0.0 6 ±0.12% 

(10 - 15 cm above the oil/ice interface) in columnar ice treatments (Figure 3.7d, OR+4), but 

remained below detection level in granular ice (Figure 3.7d, OR+4).

As the ice warmed up at OR+5/6 (Figure 3.7), oil mobilized in the lower half of the ice and 

started invading feeder channels along the main channels (See appendix B, Figure B.5-B8). On 

average, the oil concentration increased twofold both in the skeletal layer (Vf,o = 2.20 ± 1.05%) 

and in the lower columnar ice (Vf,o = 0.45 ± 0.36%), independently of the stratigraphy. In the 

columnar stratigraphy, oil reached the surface in discrete brine channels, with an oil concentration 

of 0.09 ± 0.09% in the subsurface layer. In mixed stratigraphy, observations of lateral spreading
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of the oil below the columnar to granular transition matched the higher oil volume fraction of 

0.45 ± 0.3% in the lower columnar ice relative to 0.19 ± 0.22% in columnar stratigraphy. In the 

granular ice, oil concentration remained low (Vf,o = 0.05 ± 0.08%), despite a visually highly 

impacted ice matrix (See appendix B, Figure B.8).

By the end of the experiment (OR+7), increased permeability throughout the ice column 

corresponded to an increase in oil volume fraction in both columnar (Vf,o = 0.9 ± 0.6%) and mixed 

stratigraphy (Vf,o = 1.5 ± 1.2%). Oil concentration increased in the skeletal layer to as much as 

3.0 ± 0.9% and up to 0.7 ± 0.6% in the lower part of columnar ice (2.5 - 10 cm) We counted a 

surfacing spot density of 170 m-2 in columnar ice and one tenth of that in mixed ice (See appendix 

B, Figure B.13 and B.14). Vertical sections revealed not only extensive horizontal oil spreading 

(See appendix B, Figure B.12), but also very heterogeneous distribution in granular ice. These 

observations correlate with the oil concentration measurements. In the subsurface layer, the oil 

volume fraction was on average higher in granular ice at 1.6 ± 2.4%, versus 0.2 ± 0.6% in 

columnar ice. However, in some samples where the oil did not surface, oil concentration in the 

granular ice was below detection levels. In samples where the oil did surface, concentrations of 

up to 4.8 ± 0.6% were observed.

3.5 Discussion

3.5.1 Comparison of laboratory-grown with natural sea ice

Bulk salinity and temperature profiles of the columnar ice grown during the three 

experiments are representative of natural sea ice growth under quiescent conditions, with the 

characteristic C shape curve with higher salinity at both interfaces, and linear profiles during the 

growth season (Petrich and Eicken, 2016). The typical approach used to grow artificial sea ice in 

small tanks, as at UAF, or large basins, as at CRREL, generates only a thin layer of granular ice 

(< 5 cm) at the surface - much thinner than what is typically observed in natural environments 

(Galley et al., 2015; Weeks, 2010; Zubov, 1963). A thicker granular ice layer can only be obtained 
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through forced mixing of the upper water column resulting in formation of frazil ice during onset 

of freezing. At HSVA, fans simulating wind mixing over leads (Bauer and Martin, 1983), resulted 

in formation of frazil ice that consolidated into a 7 cm granular ice layer. Since this approach fails 

in small tanks lacking sufficient fetch, UAF experiments employed a high circulation pump 

installed at depth to attain the desired granular ice thickness. Thick and thin sections confirm that 

both columnar and granular ice in all treatments was representative of natural ice textures. 

Findings from all three experiments indicate that the timing of oil surfacing is strongly affected by 

the presence of granular ice.

During the CRREL experiment, the presence of the curtains may have affected brine 

movement, in particular close to the curtain. In contrast, ice grew entirely undisturbed at HSVA 

until a few days before oil injection. Although, this may have affected surfacing behavior, the 

observed presence of brine channels longer than 0.5 m (Cole and Shapiro, 1998), and the lack 

of vertical sections excavated at the end of the growth season at CRREL make interpretation 

difficult. A 5-stage conceptual model of oil mobilization and movement through a full seasonal 

cycle.

3.5.2 A 5-stage conceptual model of oil mobilization and movement through a full seasonal cycle

Combined observations from all three experiments show consistent stages of oil 

mobilization and movement through sea ice during a simulated full seasonal cycle. This behavior 

can be understood in terms of sea ice permeability evolution (Figure 3.5), ice stratigraphy 

(Figure 3.7) and type of oil (Figure 3.9). Our analysis is partly limited by ice thickness, with 9 out 

of 11 treatments attaining thicknesses of < 0.3 m at the time of oil release. The large scatter of oil 

migration rates in thin ice (Figure 3.10) is linked to the comparatively large number of thin ice 

treatments and replicates derived from the UAF experiment: despite the consistency of ice 

thickness, variability between tanks in surface temperatures as well as growth and melt conditions 

affected ice microstructure and subsequently oil movement. In contrast, the highly consistent 
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observations from medium and thick ice treatments at CRREL and the different HSVA replicates 

are explained by consistent ice growth and decay conditions throughout the tanks.

Our simple model of upward oil movement in sea ice considers oil buoyancy in water - 

depending on both oil lens thickness and oil density - as the primary driving force. Capillary 

pressure in the pore space, which depends on oil interfacial tension and pore space curvature, 

hinders oil percolation at the microstructural scale (Maus et al., 2015). In addition, we neglected 

that the creation of a new surface between oil and ice as oil displaces brine will restrain oil 

migration. Hence, we further assume that the oil is only able to move through connected pores 

whose size exceeds a critical diameter. Furthermore, for the oil to reach the surface, a pathway 

- defined as a succession of connected pores - must connect the oil lens to the ice surface. As 

oil invades a pristine pore, a corresponding volume of brine is displaced. The expelled brine may 

trigger larger-scale brine movement in the connected pore space, or induce microstructural 

changes to maintain local thermodynamic equilibrium.

Viewed broadly, our observations of oil movement throughout a simulated seasonal cycle 

support the model of oil migration in sea ice as described previously: Oil spilled under ice is quickly 

encapsulated during the ice growth season, and subsequently mobilized during melt, eventually 

moving upward as the ice warms and decays (Karlsson et al., 2011; Martin, 1979). The detailed 

data collected here, in particular oil volume flux measurements (likely a first at this resolution), 

and calculation of ice permeability and oil distribution in relation to ice and pore microstructure, 

allow us to develop a more refined conceptual model of oil movement in ice. Specifically, we 

recognize 5 distinct stages discussed in more depth below in relation to physical and 

microstructural/stratigraphic constraints (Figure 3.5 and 11). Figure 3.11 summarizes the 

impacted pore space, the potential for oil movement and the constraining factors we identified for 

each stage.
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Figure 3.11—Cartoon of the 4 first stages of upward oil migration: (a) Initial entrainment in the 
skeletal layer; (b) Localized upward migration in large channels; (c) Mobilization and incipient 
bulk infiltration; (d) Steady state infiltration. The fifth stage of disintegration of the sea ice cover 
is not pictured. Note the decrease in oil lens thickness as the oil migrates upward into the ice 
matrix. Circled roman numeral indicates the different stage.

3.5.2.1 Stage 1: Initial entrainment and encapsulation

Shortly after the oil release, within three days at most based on analysis of ice slabs, oil 

invades the skeletal layer just above the ice-oil interface as a key aspect of initial oil entrainment. 

The open and highly connected pore space of the skeletal layer (Petrich and Eicken, 2016) allows 

oil to displace resident brine (Figure 3.8a). Horizontal permeability in this bottom-most ice layer, 

one to two orders of magnitude higher than in the vertical direction (Freitag, 1999) remains large 

enough for the brine to circulate, likely to be expelled at the ice/water interface, away from the oil 

lens. Within the first day, the average (and maximum) volume of oil invading the ice of 

1.5 (3.5) L m-2 was easily absorbed by the bottommost 1.5 (3.5) cm of the ice cover, assuming 

an average porosity of 30% and a pore space saturation of 30% (i.e., an oil volume fraction of 

9%). The penetration depth values are in agreement with simulations for natural sea ice pore 

space (Maus et al., 2013). The volume of oil absorbed in the skeletal layer falls within the 

estimation of 0 to 4 L by Petrich et al. (2013) for an oil spill in winter.

113



The lack of further movement of the oil/water interface beginning at OR+3 (Figure 3.5) 

until the end of the growth season indicates that an equilibrium had been reached. Oil stops 

migrating into the ice and the initial phase of oil entrainment ends.

In conjunction with oil entering the skeletal layer, with continued ice growth the oil lens 

was gradually encapsulated by ice encroaching from the edges of the under-ice depression. At 

CRREL, full encapsulation of the oil lens occurred after OR+2 and OR+3, for thin ice 

treatments A26-20c and A29-40c, respectively. In thick ice (A68-90c) ice encroachment was too 

slow to seal off the oil lens by the start of the melt period (OR+6). At HSVA, ice encroachment 

started before OR+4, fully encapsulating the oil lens (3 mm thick) by OR+6. Previous studies have 

reported full encapsulation of a 10 mm thick oil lens within 24 to 48 hours under 160 cm of ice 

(Buist and Dickins, 1983; Dickins, 2011). For droplets and smaller oil lenses (< 1 L), encapsulation 

in less than 12 hours has been observed (Petrich and Arnsten, 2013; Salomon et al., 2016). For 

low Rayleigh numbers as observed here (10-2 - 102, depending on lens geometry), there is no 

convective overturning in the oil lens and heat transfer is through diffusion only. Although the 

timing of oil encapsulation is dependent on the oil lens thickness, thicker ice will slow down the 

encroaching process.

3.5.2.2 Stage 2: Localized upward migration in brine channels

With initial encapsulation complete, the oil/water interface remained fixed in position in 

growing, cold (Tice < -5 °C) sea ice absent further large-scale oil infiltration into the ice column. At 

these temperatures and for sea ice salinity of 5 g kg-1, the vertical bulk permeability remains 

below < 10-11 m2 throughout much of the ice cover, with the exception of the bottommost 10 cm. 

Previous experiments found that under such conditions oil is immobilized and movement confined 

to the 20 cm above the oil/ice interface (Dickins et al., 2006; Karlsson, 2009; Martin, 1979). In our 

study, the extent of vertical oil penetration in brine channels at the end of the growth season was 

greater. In some cases, oil migrated through the full vertical depth of the ice column and surfaced 
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within 2 days of oil release in discrete channels (Figure 3.6). Such oil movement has been 

documented in warmer ice (Tice > -5 °C, (Karlsson et al., 2011; Martin, 1979). Nelson and Allen 

(1981) reported an oil-filled brine channel similar to what we observed but attributed this to an 

unusually thick snow cover having caused the ice to warm to close to spring temperatures, 

although presence of long brine channels has been observed in sea ice grown in a natural 

environment (Cole and Shapiro, 1998).

3.5.2.2.1 Localized mobilization in select brine channels

Despite low ice porosity and permeability, ANS crude oil surfaced through discrete brine 

channels (Figure 3.6). This finding was unexpected: pores are typically only connected at these 

temperatures for porosities above 5% (Pringle et al., 2009), and it is commonly assumed that oil 

is immobilized at bulk porosities below 10% (Petrich et al., 2013). To allow oil invasion into a pore 

such as a brine channel, the pore needs to have an outlet for the displaced brine. Such brine 

displacement furthermore needs to be accommodated throughout the ice cover requiring an open 

and connected pore space. During the CRREL experiment, there was evidence of brine being 

expelled onto the top of the ice cover in the vicinity of surfacing oil. This suggests that brine is 

displaced as the oil invades larger, fully surface-connected channels, but further confirmation 

through in situ measurements (e.g., of the salinity of surfacing fluid) is needed.

Approximating the potential for oil mobilization and movement as a function of the pore 

size distribution and oil lens thickness holds promise (Maus et al., 2015). The Young-Laplace 

equation can be used to infer the minimum pore or channel diameter invaded by oil in a lens of a 

given thickness (Maus et al., 2013). Figure 3.9 suggests the oil lens thickness governs the overall 

penetration height within a brine channel. Initially, a thicker oil lens allows oil to move into smaller 

pore space. Then, hydraulic pressure drops as the oil occupies a larger vertical extent. However, 

once oil reaches the water level, buoyancy forces decrease as the oil lens thins. Despite the 

amount of oil entering the channels likely to be small compared to the oil stored in the lens, a thick
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Table 3.4—Summary of impacted pore space and potential oil intake for each stage.

Stage Oil intake Oil penetration Pore space 
saturation

Impacted pore 
space

Constraining factors for oil 
migration

Stage in seasonal 
cycle

I < 2- 54 L m-2 2 - 5 cm < 5% Large brine 
channels

Low vertical permeability, κv 
Brine channel diameter Winter growth

Il 0.5-1.0 Lm-2 Columnar ice 
thickness < 5% Brine channels 

and feeders;
Existence of migration path 
Low permeability κv< 10-11 m2 Winter growth

Connected
III 2.5 L m-2 day-1 Full ice cover 5 - 30% secondary pore 

space
Low permeability 10-11 m2< κ Onset of melt

IV
30 L m-3

Full ice cover > 30% All available Force balance between oil in Melt seasonpore space lens, ice or at the surface

V
Entire oil volume, migration 
to water/ice surface Full ice cover 30% - 100% All available 

pore space Available pore space Late melt season



oil lens counters the reduction in the driving forces (e.g. A26-20c). For thin lenses (HR < 5 mm), 

the uptake of oil by the skeletal layer may be sufficient to prevent any further infiltration of and 

movement within brine channels (e.g. A28-5c).

We estimated the amount of oil stored in columnar ice brine channels to range from 0.4 to

1 L m-3. While brine tube and channel diameters vary from a few tenths of millimeters up to 5 mm 

(Light et al., 2003; Petrich and Eicken, 2016), only channels with diameters greater than 1 to

2 mm have been observed to be filled with oil (Karlsson, 2009; Martin, 1979; NORCOR, 1975). 

We can obtain an upper bound by assuming 100 brine channels per m2 with an idealized 

cylindrical geometry of 5-mm diameter extending throughout the ice cover (Lake and Lewis, 

1970). Under such conditions, the oil-invadable brine channel porosity contributes at most 

φbs = 0.2% or roughly 1/10th of the total ice porosity in winter (2% < φbs < 5% for our temperature 

range and a salinity of 5‰,). Moreover, fewer than half of the brine channels were filled with oil, 

and oil did not always migrate through the full thickness of the ice cover in each of these. Thus, 

likely only half of the at most 2 L m-3 oil storage capacity for fully saturated brine channels (i.e, 

φbs = 0.2%) is utilized. This is well above the minimum value of 0.04 L m-3 one obtains from the 

observation of 7 surfacing locations observed the treatment A68-90c (Figure 3.6) if we assume a 

5-mm channel diameter.

3.5.2.2.2 Inhibition of oil movement by stratigraphic units of granular ice

Granular ice stratigraphic units hinder oil movement such that oil migrating upward through 

channels in columnar ice is stopped at the granular/columnar interface since channels do not 

extend past this transition in ice texture (Figure 3.2; see appendix B. Figure B.3 - B.12). Any 

granular ice layer, common at the surface of Arctic sea ice (Petrich and Eicken, 2017; Weeks, 

2010) may thus act as a barrier to oil surfacing at least during the ice growth season and the early 

stages of the melt season. This finding has important ramifications for oil spill response and 

detection.
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What is the underlying cause of retardation of oil migration in granular ice? Cole and 

Shapiro (1998) describe brine channels extending through the full thickness of a natural ice cover. 

However, a full-depth cross section from their study indicates that the granular layer was very thin 

(< 5 cm, Figure 3a in Cole and Shapiro, 1998), comparable to quiet ice growth conditions at 

CRREL. Weissenberger et al. (1992) describe the pore space in granular ice as a highly branched 

network of pores across a range of sizes. In contrast, the pore space in columnar ice is 

characterized by straight, vertical, larger brine tubes and channels with fewer horizontal 

connections. Bock and Eicken (2005) determined that primary - but not necessarily secondary, 

such as for brine channels - pore size and connectivity are significantly larger in granular than in 

columnar ice, noting that the link between connectivity and permeability is not fully understood. 

Lieblappen et al. (2018) conclude that columnar ice pore space has a higher vertical connectivity 

and lower tortuosity than granular ice. With smaller grain sizes in granular ice (e.g. thin section, 

see Appendix B, Figure B.15 - B.16), larger pores located at the triple grain junctions are 

connected with smaller, elongated pores along some of the grain boundaries forming a tortuous 

network.

Thus, any path the oil may follow through the granular layer is likely (1) to be longer than 

in a less tortuous network - such as columnar ice - and (2) to pass through a high number of 

small pore spaces at grain necks/throats. Consequently, the thicker the granular layer, the more 

difficult it is for the oil to displace the brine and invade the ice volume. During the growth season, 

small pores closing up due to lower temperatures near the surface further limit movement. As a 

result, the potential for oil movement through ice containing granular and columnar stratigraphic 

units is reduced.

3.5.2.3 Stage 3: Mobilization with incipient bulk infiltration

During the melt season, temperature and porosity increase throughout the ice cover. The 

pore size distribution shifts to larger cross-sections (Bock and Eicken, 2005; Perovich and Gow, 
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1996) and the increase of interconnectivity leads to higher bulk permeability (Petrich and Eicken, 

2016). such changes in microstructure facilitate fluid movement through widening necks/throats 

and new oil or brine transport pathways are created as the expanding pores merge. As porosity 

increases to more than 5%, brine movement begins in the upper ice cover (Golden et al., 2007). 

Pringle et al. (2007) showed that with spring warming and porosity increases pervasive brine 

convection, driven in part by the hydraulic head of brine suspended above the hydrostatic 

equilibrium level in impermeable ice resulted in overturning of brine through the full depth of the 

ice column. such convective activity also likely triggers oil mobilization. As soon as porosity 

becomes larger than 0.05% throughout the ice cover, the volume of oil moving into the ice 

increases significantly to up to 2.5 L m-2 day-1. This corresponds roughly to the bulk percolation 

threshold for oil proposed by Petrich et al. (2013). The observed daily changes in oil surfacing 

and migration rates (Figure 3.5) indicate that there is both continuous oil migration and threshold 

behavior. From stage II to III.

Based on ice porosity thresholds (i.e., 10%), Petrich et al. (2013) predicted oil storage 

capacities in the pore space near the ice-water interface up to 13 L m-2 for relatively warm sea 

ice at Barrow, Alaska at the end of May (ice thickness approx. 1.5 m). However, Maus et al. (2013) 

pointed out that such a porosity threshold, if it exists, should depend on the thickness of the oil 

lens. They concluded that the estimate of Petrich et al. (2013) may be correct for 5 to 20 mm oil 

lens thickness which the estimate was based on, but should be significantly higher for an oil lens 

thickness of, for example, 100 mm. At the end of the incipient bulk infiltration of treatment A68- 

90c, which started with an oil lens thickness of 90 mm, we observed that 20 L m-2 of oil invaded 

the pore space (Figure 3.5). This is consistent with those earlier predictions and adds a data point 

to the otherwise sparse dataset available.

This uptake is equivalent to a volumetric oil content of 2.9% by volume of ice at the end of 

the incipient bulk infiltration. This value falls between the oil content range of 1.2% - 2.6% found 
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by Otsuka et al. (2004) for early melt season and the value of 5.5% typically assumed for warm 

ice late in the melt season (Martin, 1979). Experimental conditions such as ice, Hi, and oil lens 

thickness, HR, as well as the total and normalized amount of oil in the lens, Voil, have a significant 

effect on the total concentration of oil in the ice. We suggest that oil uptake during this stage would 

be similar in purely columnar ice and mixed stratigraphy ice with a granular layer on top. While 

the granular layer hinders oil transport during the growth season, the thermal evolution of the 

granular microstructure allows brine movement soon after the onset of melt. The amount of brine 

pushed to the surface by the oil during the CRREL experiment was not equivalent to the volume 

of oil (20 L m-2), indicating brine rejection at the bottom as the oil moved into the pore space.

3.5.2.3.1 Bulk infiltration in columnar ice

During the early bulk infiltration phase (see Figure 3.5, OR+7-10 and Figure 3.7 OR+5/6), 

a small volume of oil moves into the ice, supporting the idea that oil is mobilized with the onset of 

melt (NORCOR, 1975). Results from the HSVA experiment indicate that oil movement is confined 

to columnar ice (Vfo = 0.33 ± 0.27%) with scarce infiltration of the granular ice 

(Vfo = 0.06 ± 0.08%), Figure 3.7 OR+5/+6). Vertical sections (See appendix B, Figure B.3 - B.12) 

suggest that the oil remains confined to widening vertical brine channels and feeder channels. 

The primary pore space is likely neither connected and/or large enough.

At OR+7, oil had invaded and surfaced through a large number of widening feeders and 

main brine channels (Figure B.13). With a channel density of 170 m-2 and 5-mm diameter, the 

estimated oil intake into the brine channels of 0.67 L m-2 converts to an average oil concentration 

of 0.4 vol-% in columnar ice (excluding the skeletal layer). This value is on the lower side of the 

oil concentration measured directly on the ice sample (Vfo = 0.7 ± 0.5 vol-%, Figure 3.7a). As 

most of the ice matrix in columnar ice remains unoiled, we estimated that the amount of oil moving 

occupying the feeder channels account for half of the amount of oil moving into the brine channels.

120



3.5.2.3.2 Bulk infiltration in granular ice

In granular ice, the heterogeneity of the oil migration visible in Figure 3.7b is associated 

with two distinct modes of oil infiltration. First, despite increased permeability, the granular 

microstructure remains impermeable to oil movement, leading to an absence or low amounts of 

oil (Vfg < 0.2%). Second, oil is able to migrate through the granular microstructure with 

pronounced fanning or branching of infiltration pathways indicating a lack of less tortuous paths 

that are wider. Oil invades a larger fraction of the open, accessible pore space as it finds a 

pathway to the surface, resulting in both a large amount of oil moving into the granular layer in 

the oil volume fraction (Vfo = 4.8 ± 1.6%) if oil reached the surface, or limited in samples exempt 

of oil surfacing (Vfo = 0.1 ± 0.1%). Although the lack of characterization of granular ice limits our 

understanding, we explained the large variability by the presence or the absence of a preferential 

pathway that allows for brine and oil displacement (See appendix B, Figure B.12). At the end of 

incipient bulk infiltration, the combination of these two infiltration modes results in a random 

distribution of oil surfacing locations (See appendix B, Figure B.14).

3.5.2.4 Stage 4: Steady state infiltration with asymptotic saturation of the pore space

In later stages of ice melt, the distinction between brine pores, layers and channels is 

difficult due to the highly interconnected nature of the pore space and the overall increase in pore 

volume (Petrich and Eicken, 2016). While increased permeability enhances oil mobility compared 

to stage 3, we observed a decrease in oil flow rate, likely linked to pore space increasingly 

saturated with oil, or shifts in the force balance between oil present at the surface and remaining 

in the lens.

While surface and mid-depth temperature do not change much between OR+17 and 

OR+27 (Figure 3.5), small changes in temperature have strong effects on brine-filled 

microstructure at such high temperatures. In addition, the saturation is increasing during this 

stage, as expected as more oil migrates upward. We observed major spreading and even pooling 
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of oil at the surface with the warming of the ice. Estimating the amount of oil at the surface is 

difficult, as even a little oil blackens the ice fully. At OR+27, 20 L m-2 of oil remain in the oil lens, 

while roughly 30 L m-2 moved into the ice, corresponding to an average oil content of 4.4 vol-% 

across the entire ice thickness, close to the measured 5.1 vol-% for the NORCOR (1975) 

experiments with comparable oil density.

As oil moves through the ice, buoyancy forces driving upward oil migration decrease 

proportionally to the height of oil above the water (Figure 3.11). The resulting force balance for 

vertical oil movement makes it harder for oil to move upward, hence the vertical oil flow decreases. 

With an average difference in density of 100 kg m-3 between oil and sea water, the maximum oil 

thickness pooling at the ice surface would be approximatively 10% of the original oil lens volume. 

However, horizontal spreading within the pore space near the freeboard level or at the ice surface 

increases the potential for the total volume of oil migrating to the surface (Figure 3.11).

3.5.2.5 Stage 5: Disintegration of the sea ice cover

Towards the end of the melt period, increasing air temperature (OR+27) led to faster ice 

melt. At the surface, temperature may exceed the freezing point of sea water as the ice is fully 

desalinated (Figure 3.5). Accumulation of oil in the uppermost ice layer and oil pooling at the 

surface led to preferential heating of the oiled ice (Pegau et al., 2016). Therefore, oiled ice melts 

faster and pooling in such locations increases. Observations made on melting ice at UAF and 

CRREL after the end of the experiment indicate that rotten ice floes filled with oil are surrounded 

by oil-covered water.

3.5.3 Impact of oil properties

The striking differences of oil penetration into columnar cold ice between ANS and Troll 

B-oil (Figure 3.9) are likely linked to intrinsic oil properties such as pour point and viscosity. 

Generally speaking, oil migrates upwards if buoyancy forces overcome both the hydraulic head 

and capillary forces, the latter depending strongly on pore diameter, surface tension and pour 
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point. In addition, viscosity of oil is important to estimate the timing of the migration. ANS crude 

oil penetrated deeper into the ice (up to the full ice thickness) than Troll B oil, which stopped 

roughly half-way, even though buoyancy would have been greater during the Troll B treatments 

(B20-30c) due to lower density oil and thicker oil lenses. This suggests that density plays a minor 

role for overall flow behavior compared to other oil properties that can decrease capillary forces.

As per the data sheets, viscosity at 20 °C and pour point are similar for both oil types 

(Table 3.2), yet we observed different flow behavior: while the ANS crude oil flowed freely at - 

40 °C, Troll B oil did flow during oil injection at -10 °C but did not flow during sample processing 

at -15 °C. Even disregarding the possibility of differences between individual batches, the 

expected reproducibility of pour point measurements is less than 6 °C (e.g., ASTM International, 

2005), which is not sufficient to make predictions about oil movement at temperatures near the 

stated pour point. In addition, as oils are re-homogenized prior to measurement in the laboratory, 

their properties, may not be representative of oil spills in cold environments, as well as during an 

experiment, that could have experienced shear during transportation or stratification during 

storage.

3.6 Conclusion
Through the combined interpretation of three separate experiments we have identified five 

distinct stages of upward oil migration throughout a full seasonal cycle (Figure 3.11, Table 4.1). 

In the first stage, oil quickly saturates the open and highly connected skeletal layer. In the second 

stage, oil is immobilized as effective bulk permeability remains low until the end of the growth 

season. However, small quantities of oil are able to migrate upward in discrete, large channels. 

In the third stage, at the onset of melt, oil becomes mobilized when permeability increases above 

approximately 10-11 m2. With a large amount of oil moving into the ice, up to 20 L m-2, equivalent 

to 3% oil volume fraction in the ice, as much as 1/3 of the bulk porosity is infiltrated by oil. In the 

fourth stage, slow warming of the ice leads to asymptotic behavior as the bulk porosity increases 
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slowly and oil invades much of the pristine primary and secondary pore space. Finally, rapid 

warming of air temperature prior to complete ice melt leads to a rotten ice microstructure (Frantz 

et al., 2019), in which oil invades most of the inter- and intragranular pore space, and up to 

40 L m-2, equivalent to 6% oil volume fraction within the ice cover.

While our analysis is consistent with previous findings - encapsulated oil during the growth 

season is mobilized in spring (Karlsson et al., 2011; Martin, 1979; NORCOR, 1975), we highlight 

two different mechanisms in oil migration throughout the seasonal cycle. In warm ice (Tice >-5 °C), 

the higher and more interconnected porosity facilitates brine and oil displacement and bulk 

properties of the ice, such as permeability, govern the oil movement (Maus et al., 2015; Petrich 

et al., 2013). In colder ice, oil migration requires the existence of a pathway connecting the oil 

lens to the surface, and is constrained by the existence of necks/throats along this pathway that 

may constrict the flow. Additionally, we highlight the role of sea ice textural units in impeding the 

surfacing of oil, in particular in cold ice. Our analysis suggests that the more tortuous pore space 

of granular ice hinders oil movement, while the presence of large vertical pore features in 

columnar ice facilitates upward oil migration. With the predicted increase of open water in the 

Arctic ocean, the ratio of granular to columnar ice is also likely to increase. Further work is required 

to quantify the impact of the microstructural differences of granular and columnar ice on oil 

transport processes through sea ice.

Both oil lens thickness and oil volume have a noticeable impact on upward oil migration. 

Natural spreading of the oil underneath the level ice leads to an equilibrium thickness ranging 

from 1 to 2 cm (Keevil and Ramseier, 1975; Kovacs et al., 1981; Wilkinson et al., 2016) more than 

the minimal oil lens thickness (HR > 5mm) required for oil penetration into the skeletal layer as per 

our observations. Ice bottom roughness allows oil pooling in cavities up to 9 cm deep (Dickins et 

al, 2011), thus providing enough buoyancy for the oil to also migrate deeper into the ice matrix. 

In stage II and early in stage III, the vertical extent of oil in the brine channels governs the oil flow, 
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as the hydrostatic oil pressure increases with the oil penetration depth. Later (late stage III, stages 

IV, V), the thickness is an important factor, as a large reservoir is required to maintain a sufficient 

buoyancy (V > 20 L m-2 of oil for 0.7 m thick ice) to keep oil moving upwards., once oil reaches 

the water level. In addition, viscous properties of the oil determine its ability to flow at low 

temperatures.

The potential for oil movement within the brine channels in cold ice has important 

environmental impacts. Despite the limited volume of oil, a larger volume of ice than previously 

thought may be affected in the event of an oil spill during the growth season, as oil moved through 

the full extent of columnar ice, rather than being confined to the lower 20 to 30 cm. Our findings 

improve understanding of oil movement through the full depth of the sea ice cover during a 

complete simulated seasonal cycle and may in the future contribute to the development of a 

predictive oil migration model, which will provide timing on oil movement and oil distribution in 

support of operational spill response and assessment (Alaska Clean Seas, 2017). In a broader 

context, integrating an oil distribution model with a large-scale oil spill trajectory forecasting model 

will be a crucial improvement in emergency planning and will support the quantification of harm 

to ice-associated biological communities and ecosystems in the aftermath of any spills, as well 

as benefit natural resource damage assessments (NRDA) and net environmental benefit analyses 

(Bejarano et al., 2014).
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Chapter 4: Seasonal evolution of granular and columnar sea ice pore microstructure and pore 
network connectivity1

4.1 Abstract
Sea ice pore microstructure constrains ice transport properties, affecting fluid flow relevant 

to oil-in-ice transport and biogeochemical processes. Motivated by a lack of pore microstructural 

data, in particular for granular ice and across the seasonal cycle, throat size, tortuosity, 

connectivity, and other microstructural variables were derived from x-ray computed tomography 

for brine-filled pores in seasonal landfast ice off northern Alaska. Data were obtained for granular 

and columnar ice during the ice growth, transition, and melt season. While granular ice exhibits a 

more heterogeneous pore space than columnar ice, pore and throat size distributions are 

comparable. The greater tortuosity of pores in granular (1.2 < τg < 1.7) compared to columnar ice g

(1.0 < τc < 1.1) compounded with a less interconnected pore space translates into lower 

permeability for granular ice during the growth season for a given porosity. The microstructural 

data explain findings of granular ice hindering vertical oil-in-ice transport during ice growth and 

transition stage. With granular ice more frequent in a changing Arctic, data from studies such as 

this are needed to inform improved modeling of porosity-permeability relationships.

4.2 Introduction
Sea ice is an essential component of Earth's climate system and plays an important role 

in polar marine ecosystems (Thomas, 2017). Sea ice serves both as a habitat for a broad range 

of flora and fauna, from microorganisms to higher trophic levels (Bluhm and Gradinger, 2008; 

Gradinger et al., 2010; Horner et al., 1992), and as a platform that accumulates and transports 

dissolved and particulate matter sustaining biological activity (Meiners and Michel, 2017). The 

distinct sea ice microstructure plays a critical role in biogeochemical transformation and cycling

Oggier, M., Eicken, H., Seasonal evolution of granular and columnar sea ice pore microstructure and 
pore network connectivity. Journal of Glaciology (To be submitted December, 2020) 
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(Steiner et al., 2016; Vancoppenolle et al., 2013). In particular, pore microstructure helps control 

nutrient supply to ice microalgal communities, contributing to steep gradients in ice algal biomass 

in the bottommost ice layers (Arrigo, 2014) and near the surface (Ackley and Sullivan, 1994). 

However, the linkages between pore microstructure seasonal evolution and fluxes of nutrients, 

gases and dissolved organic matter are still poorly understood. Lack of relevant pore 

microstructural data for the two most common ice textural classes, granular and columnar ice, to 

help improve permeability-porosity modeling are a particular limitation (Steffen et al., 2018; 

Steiner et al., 2016).

Such pore microstructural data are also relevant in the context of contaminant entrainment 

and transport in sea ice, specifically the percolation of oil. In recent years, growing maritime and 

resource development activities in the Arctic (Eguíluz et al., 2016), have increased the probability 

for oil spills in ice-covered waters (Wilkinson et al., 2015). Potential harmful impacts on Arctic 

ecosystems have placed an emphasis on improved spill response in the Arctic (Arctic Council, 

2013). Understanding the movement of crude oil within sea ice is crucial to improved spill 

response capabilities and to effective clean-up efforts. Recent work by Oggier et al. (2020a) 

highlights the need for pore microstructural data, in particular pore network connectivity, to 

support the prediction of oil movement in sea ice. Furthermore, an empirical 5-stage oil migration 

model drawing on large-scale ice tank experiments (Oggier et al., 2020a) also emphasized the 

need for data on the seasonal evolution of pore microstructure. Measurements for granular ice 

are lacking in particular. As shown by Oggier et al. (2020a), granular ice, typically present in the 

surface ice layers, greatly hinders upward migration and surfacing of crude oil following an under

ice oil release.

Owing to its common occurrence in the upper ice layers, derived from consolidation of 

frazil ice during the early ice-growth stages, granular ice and its microstructure play an important 

role in a number of contexts, such as flooding of sea ice and snow-ice formation (Webster et al., 
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2018) or microwave remote sensing of the ice cover (Lubin and Massom, 2006). Given the lack 

of microstructural data in particular for granular ice, this study aims to quantify its pore 

microstructure relative to that of columnar ice, with a focus on pore-space networks and related 

metrics previously identified as constraining movement of fluids and gases through sea ice, such 

as throat size, connectivity and tortuosity. These microstructural parameters are relevant as well 

for our understanding of the nutrient cycle and biogeochemical processes. Drawing on core 

sampling and ice property characterization of first-year landfast ice in northern Alaska, we explore 

the seasonal evolution of sea ice pore microstructure derived from computed tomography (CT) 

x-ray images. In addition to deriving ice microstructural features of broader interest, we quantify 

variables such as pore connectivity and tortuosity that are central to transport process modelling 

and support development of an oil-in-ice percolation model.

4.3 Background
sea ice pore space microstructure and pore network connectivity impact many of the 

physical and biogeochemical processes within the ice cover (Arrigo, 2016; Eicken et al., 2002; 

Hudier et al., 1995; Vancoppenolle et al., 2007). The size, shape, and spatial arrangement of the 

brine-filled pore space evolves with temperature changes (Petrich and Eicken, 2016). Cooling of 

the ice is associated with freezing of brine, potential salt precipitation and segregation of pores. 

In contrast, warming, whether during winter storm events or in spring towards the end of the ice

growth season, enlarges brine inclusions, increasing connectivity of the pore space (Pringle et 

al., 2009). In spring, when the ice becomes permeable, meltwater percolates through the pore 

space, desalinating the ice cover, but also carrying particulate material and nutrients (Freitag, 

1999; Krembs et al., 2011). The physical properties of the ice are tightly linked with nutrient and 

light availability for microbial communities that colonize the ice bottom layers, where 

environmental conditions are more stable and pore connectivity constrains nutrient supply (Arrigo, 
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2016). The pore space morphology also provides microorganisms with protection from larger 

predators (Krembs et al., 2011).

As sea water cools below its freezing point, small ice crystals form in the upper layers of 

the ocean. The consolidation of such frazil ice once it has floated to the surface, yields ice of 

granular texture with small, isometric, randomly oriented grains with small intergranular brine 

inclusions. Underneath such an ice cover composed of granular ice, quiescent conditions typically 

foster growth of sea ice through accretion, leading to vertically elongated ice crystals known as 

columnar ice (Petrich and Eicken, 2016). Convective overturning of brine in the ice and associated 

drainage processes result in formation of brine channels which extend vertically over several cm 

to dm, with feeder channels extending at 45° (Cole and Shapiro, 1998; Wells et al., 2011).

The pore microstructure of both columnar and granular ice has been described 

qualitatively by Weissenberger et al. (1992) and quantitatively by Perovich and Gow (1991), Bock 

and Eicken (2005), and Crabeck et al. (2016). Most of the Arctic ice cover is composed of 

columnar ice (Weeks, 1998). The seasonal evolution of its pore microstructure is reasonably well 

understood (Cole and Shapiro, 1998; Cottier et al., 1999; Light et al., 2003) and different models 

relating aspects of pore microstructure to ice macroscopic properties have been developed 

(Golden et al., 2007; Jones et al., 2012; Petrich et al., 2006; Steffen et al., 2018). Brine movement 

through columnar ice has been quantified in the context of percolation transitions in a pore 

network (Pringle et al., 2009; Steffen et al., 2018) or mushy-layer theory (Feltham et al., 2006; 

Griewank and Notz, 2013). In contrast, granular ice pore microstructure has received much less 

attention. Despite the substantial contrasts in microstructure - described as tortuous (Lieblappen 

et al., 2018; Weissenberger et al., 1992) relative to columnar ice, quantitative data are lacking. 

The few existing measurements of permeability and resistivity (Freitag, 1999; Freitag and Eicken, 

2003; Kawamura et al., 2006; O'Sadnick et al., 2016) are not sufficient to inform development of 

fluid flow through granular ice. Hence, the presence of granular ice is often either not considered 
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(Golden et al., 2007; Griewank and Notz, 2013) or aggregated with columnar ice in 

representations of ice stratigraphy (Buffo et al., 2018).

4.4 Methods

4.4.1 Sample collection

We collected sea ice samples for microstructure analysis in homogeneous landfast ice at 

Utqiagvik, Alaska, during the winters and springs of 2013 and 2014 (Figure 4.1). The ice is 

representative of Arctic undeformed sea ice, both in terms of microstructure and ice properties 

(Druckenmiller et al., 2009; Oggier et al., 2020a). The samples represent the seasonal cycle from 

the growth period (end of March) through the transition to the melt season (mid-May) and into the 

melt period (mid-June, Figure 4.1). Winter 2014 was warmer than 2013 by about 2 °C on average 

(Eicken, 2016). On site, we measured temperature and in the lab salinity on melted cores, using 

standard methods on co-located ice cores (Oggier et al., 2020a). Brine volume fraction was later 

computed from salinity and temperature profiles (Cox and Weeks, 1983).

Samples for X-ray tomography were centrifuged in a refrigerated centrifuge at in-situ 

temperature for 5 minutes at 1500 rpm immediately after collection, sealed in aluminium foil and 

polyethylene, and then stored at -40 °C for further processing. We selected samples from the 

upper ice cover (0 - 20 cm) of granular texture and samples from the interior (30 - 100 cm) of 

columnar texture. A few samples collected between 20 and 30 cm consisting predominantly but 

not exclusively of granular ice were grouped with the granular samples. The first letter of the 

sample names refers to the ice texture (Granular or Columnar), while the second letter indicates 

the seasonal stage (Growth, Transition or Melt). The letters are followed by an incremental 

number. An asterisk denotes samples without vertical connection. For example, GM-0* refers to 

a sample of granular ice collected during the melt period without vertical connection.

137



Figure 4.1—Location and timing of collection for samples used for X-ray tomography.
Background represents the temperature field measured by thermistor strings at the Utqiagvik 
ice mass balance station (Eicken, 2016).

4.4.2 X-ray computed tomography imaging

Each sample was lathed into a cylinder of 30 mm diameter and 30 mm height in a cold 

room at ambient temperatures of -15 to -20 °C. For the CT-imaging, a Skyscan 1074 portable 

micro-CT was installed in a temperature-controlled sub-chamber of the cold room set at -20 °C. 

During the imaging process, samples were set on a rotating stage and rotated 180° around the 

vertical axis by increments of 0.9°. At each step, an X-ray projection was captured on the 

instrument's 768 x 576 pixel 8-bit camera with a pixel size of 41.5 x 41.5 μm. The X-ray source 

was set to a voltage of 40 keV and a current of 1 mA with an exposure time of about 540 ms 

(O'Sadnick et al., 2016). We used the NRecon software (Bruker microCT, Kontich, Belgium) to 

reconstruct the 3D CT volume. Each volume consists of a large number of discrete cubic 

elements, known as voxels.

During the reconstruction process, each voxel was given a Hounsfield value, measured in 

Hounsfield Units (HU), which corresponds to its average linear X-ray attenuation coefficient μ, a 
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function of the atomic number and the radiation energy (Hounsfield, 1973):

To simplify the calculation, we used a Hounsfield value for brine of 200 HU. We set the 

range of Hounsfield units from 1000 HU to 638 HU, which encompasses air, ice, and brine, and 

neglects any artifacts present at higher values and subsequently converted to values between 0 

and 255. The 3D CT volumes were exported into vertical stacks of 8-bit images. Each image 

represents a horizontal slice of the original ice sample (see supplemental material).

4.4.3 Microstructure analysis

4.4.3.1 Post-processing

Each sample was examined individually. For samples with columnar ice texture, we 

determined the preferential orientation of the brine layer and rotated the sample along its vertical 

axis so that brine layers were parallel to the horizontal x-axis. Crystals in granular ice are 

randomly oriented (Petrich and Eicken, 2016), so this step was skipped for granular samples.

As the surface of the cylindrical ice samples presented defects due to machining, we 

selected a region of interest centered in the sample. We extracted a cuboid with a square base

139

where μw and μa, are the linear absorption coefficients of water and air and, by definition, have 

Hounsfield values of HUa = -1000 HU, and HUw = 0 HU, respectively. Crabeck et al. (2016) and 

Kawamura (1988) find Hounsfield values of -74 HU and -83 HU for ice, respectively. Hounsfield 

values for brine of increasing salinity and precipitated salts vary from 60 HU up to 700 HU. Since 

a voxel may contain different phases, its Hounsfield value depends on the volume fraction of air 

(Vf,a), ice (Vf,i), or brine (Vf,b), with the Hounsfield value of the brine, HUb, given as:



of 375 pixels (15 mm) edge length in the x-y plane, and 450 pixels (18 mm) in the vertical (z) 

direction. We applied a 3D 3-pixel median filter on the selected volume to reduce noise.

To segment the images, we used a threshold based on a mixture model approach 

(Eq. 4.2). Thus, every pixel with less than 50% ice was categorized either as air or brine. During 

the centrifugation process, most of the brine was extracted from the samples. For highly 

connected samples, almost no brine remained in the samples. In this case, we assumed Vf,b = 0, 

leading to an air-ice threshold Huai of -540 HU. Lower values correspond to voxels with more 

than 50% air (Table 4.1). Otherwise, some of the brine remained entrapped in pores disconnected 

from the sample surface. As the connectivity of sea ice decreases with temperature (Pringle et 

al., 2007), a larger fraction of brine remained in colder samples. Under the assumption that the 

fraction of ice is 50%, even a small fraction, e.g. Vf,b = 0.05 (Vf,b = 0.1) of brine instead of air 

increases the air-ice threshold value to -480 HU (-420 HU). To account for the time of year the 

sample was collected and the temperature of the sample, we selected 3 different air-ice 

thresholds (Table 4.1). The ice-brine threshold was set at 50% ice and 50% brine, leading to 

HUib = 60 HU. The final threshold value for each sample was based on a combination of the 

seasonal stage, ice temperature, and bulk salinity. We used the threshold values converted to the 

closest gray-value number to segment each CT volume into binary images by merging air and 

brine phases.

Table 4.1—Estimation of HUai from mixture model as a 
function of sample temperature and period of collection.
Period, Ice temperature Vf,a Vfb Vf,i HUai

Melt, warm, or 0.50 0.00 0.5 -540
Growth, warm 0.60 0.00 0.4 -632
Growth, warm, or 0.45 0.05 0.5 -480
Melt, cold 0.55 0.05 0.4 -580

Growth, cold 0.40 0.10 0.5 -420
0.45 0.15 0.4 -452

Final HU threshold is bold. Vf,a, Vf,b, and Vf,i are volume fractions of 
air, brine, or ice in the voxel.
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4.4.3.2 Pore network extraction and microstructure analysis

In addition to the total and open pore space, we defined the following two subsets of the 

open pore space:

• Vertically connected pore space: connected to both the bottom and the top face of the 

sample, allowing for fluid movement from the bottom to the top across the sample.

• Bottom connected pore space: connected to the bottom of the sample, including pores 

that terminate inside the sample volume and that do not connect to other surfaces.

Further data analysis was carried out using Python 3.8 (van Rossum and Drake, 2009) 

with packages, mainly NumPy (van der Walt et al., 2011), Pandas (McKinney, 2010), Matplotlib 

(Hunter, 2007), and sciPy (Virtanen et al., 2020). For each pore space subset, we computed the 

pore volume fraction as the ratio between the number of voxels belonging to a particular pore 

space subset and the total number of voxels in the sample.

We used the open-source python module Porespy (Gostick et al., 2019) to extract a 

representation of the pore and throat network from a selected pore space, using the sNOW 

(subnetwork of the oversegmented watershed). Initially the pore space was segmented using the 

watershed algorithm developed for sedimentary rocks, which divides the pore space according to 

the measured local thickness (Rabbani et al., 2014). The segmentation yielded a pore space 

divided into regions characterized by the maximal local thickness, which appears as a peak in the 

watershed representation of the pore space. Potential over-segmentation of the pore space in 

non-granular media was addressed in two steps. First, thin extensions connecting large pores 

were merged with one of the neighboring pores according to reanalysis of the local geometry. 

second, large adjacent pore regions were merged when their respective peaks were closer to 

each other than to the nearest voxels of the adjacent ice grains (Gostick, 2017). Each final pore 

region corresponded to a pore, and throats were defined as connections between two pores. The 

size of the pore was defined as the radius of the largest sphere inscribed in the region, without
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overlapping a neighborhood region. The throat length corresponds to the center-to-center 

distance between two pores, less the radius of each pore. The throat radius was then given by 

the radius of the inscribed sphere at the cross-section between the two pores. The distribution of 

the pore size, throat size and length can be computed from the network geometry. In this paper 

we used the term pathway to refer to a succession of connected nodes (pores) and sticks 

(throats). While the SNOW algorithm performs well on sedimentary rocks, the use of the 

watershed algorithm has been applied successfully to other types of porous media ranging from 

granular to fibrous (Banerjee et al., 2019; Jervis et al., 2018). We used the OpenPNM module 

(Gostick et al., 2016) in conjunction with ParaView (Ahrens et al., 2015) to visualize the pore 

space. Each node corresponds to an identified sphere, and a stick to a throat.

Using a PoreSpy subroutine we searched for any pathways connecting pores present on 

the bottom face and the pores present on the top face. The fractional connectivity fc within the 

sample is given by:

Where Nps is the total number of pores present on the start face of the volume, and Npse is 

the number of pores present on the start face of the volume and connected via a path to the 

opposite end face (Pringle et al., 2009). By definition, the fractional connectivity is independent of 

the number of paths and their shape. We computed the fractional connectivity using a cuboid with 

a horizontal extent of 400 x 400 pixels and increasing height from the surface up to the full sample 

height (2 to 375 slices). According to Pringle et al. (2009) an exponential curve of the form 

f = A exp(-z/z0) can be fitted to the data. The value z0 corresponds to the vertical correlation length 

of the sample, where A is a constant. The specific surface area, As, is defined as the ratio between 

the surface of the pore space and the volume of the pore space. It was measured using a PoreSpy 

subroutine, which fits a triangular mesh to smooth the cubic voxels that comprise the discretized 
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The Euclidian distance is the straight-line distance between those points, while the 

geodesic distance is the distance along the shortest path between two points fully contained within 

the pore space. The tortuosity tends to 1 as the pathway becomes more direct across the volume.

This method has been implemented in the python module FibTortuosity (Taillon et al., 

2018), which does not require a significant computation effort. After adapting the module to our 

use, we repeatedly computed the tortuosity value over a cuboid with a horizontal extent of 

400 x 400 pixels, and a vertical extent of 20 slices (LE = 0.8 mm). We repeated the measurement 

for subsamples of increasing vertical length under consideration from 5 to 200 slices, (LE = 8 mm), 

with the start face located every 10 vertical slices from the bottom of the sample.

4.5 Results

4.5.1 Overview of microstructural data

Figure 4.2 shows pairs of 3D volumetric renderings of the pore space for granular and 

columnar ice at different times of the year, representative of the ice growth, transition, and melt 

periods. Striking differences exist between granular (Figure 4.2, left) and columnar (Figure 4.2, 

right) ice texture, in line with the observations of Weissenberger et al. (1992). First, as expected,
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pore space. This method leads to lower specific surface area than the approach of Lieb-Lappen 

et al. (2017) who computed microstructural measures directly from the voxels.

In addition, we measured the tortuosity of the pore space. Several definitions exist for this 

metric describing the complexity of a pathway (Clennell, 1997). In fluid dynamics, the hydraulic 

tortuosity, τh, is used and defined as the ratio of the length along the flow-path divided by the 

distance measured in a straight line in the direction of flow. However, the actual length of the flow

path is difficult to measure without complex flow simulations. In this study, we use the geometric 

tortuosity defined by Gommes et al. (2009) as the ratio between the geodesic distance, LG, and 

Euclidian distance, LE, between two points:



the pore space in columnar ice is preferentially oriented along the vertical z-axis. In the horizontal 

direction, following the rotation of the data set, the brine layers are oriented roughly parallel to the 

x-axis. However, we do not observe any preferential orientation for the granular ice.

Figure 4.2—Three-dimensional visualization of pore microstructure with respect to ice textural 
units (granular or columnar) and stage in the seasonal cycle of a cuboid measuring 16 mm along 
the horizontal edges and 15 mm height. For each sample, the full pore space is depicted on the 
left (a, c, e, g, j and l), and the vertically connected pore space on the right (d, h, j, l). In absence 
of vertically connected pore space, the bottom connected pore space is shown for GG-0* and 
GG-1* (b, d).
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Second, although most pores of columnar ice are disconnected pockets during the growth 

season, all samples but two (CG-0, CT-2) have at least one channel extending through the full 

vertical extent of the sample. In contrast and despite the apparent tightness of the pore network 

in granular ice, the pore space in the granular samples is often poorly connected and 9 out of 12 

samples are not vertically connected.

Third, the pore geometry is vertically elongated in columnar ice, with a cross-section 

significantly smaller than the vertical extent (Figure 4.2c, d). With the warming of the ice, the pores 

become larger but remain mostly long and straight (Figure 4.2g), with a few branches developing 

in the horizontal direction (Figure 4.2h). In granular ice, the pores vary significantly in shape and 

size, with a much smaller aspect ratio (Figure 4.2a). With the warming of the ice, the pore network 

becomes more tortuous (Figure 4.2e), with branching developing in all directions (Figure 4.2f, j).

Figure 4.3 shows an example of the extracted pore and throat network from the original 

pore space. Granular ice exhibits a highly connected network, with self-similarity indicative of 

fractal structure. As expected in columnar ice, the connections are mostly vertically oriented. We 

note that a vast majority of pores one would identify as brine tubes several mm long (Figure 4.2h) 

are formed by a succession of poorly branched pores and throats (Figure 4.3b). Furthermore, we

Figure 4.3—Three-dimensional visualization of the extracted pore network for (a) GT-1* and (b) 
CT-1. The spheres represent pores. The sticks represent throats. The corresponding pore 
space is shown as a transparent overlay.
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identify the presence of a few extreme cases where long tubes are made of a chain of pores, 

connected exclusively to two throats, i.e. without branching (Figure 4.3b).

Figure 4.4a shows the frequency of coordination numbers, Nc, defined as the number of 

pores directly linked by a throat to a given pore. Pores with a coordination number Nc = 1 are of 

no interest from the perspective of connectivity, as they are similar to dead ends in a traffic flow 

through a neighborhood. Nc = 0 is a single, fully disconnected pore. Despite being the most 

common (f > 65%), pores with Nc = 1 are either connected to a pore of the same kind - forming 

a disconnected pair or terminating in an extension of a connected pore network. A chain of pores 

with Nc ≥ 2 is the minimum to create a connected pathway through the sample. Analysis shows 

that pores with a large coordination number (Nc > 4) are often found in larger cavities, which in 

network representation can be constituted of multiple interconnected nodes. Pores with a 

coordination number of Nc = 2 or Nc = 3 are often located either in a convoluted section of the 

pore space in granular ice, or in elongated cavities of columnar ice. While columnar ice tends to 

have more pores with a high coordination number than granular ice, their frequency remains

Figure 4.4—Pore network connectivity: (a) pore frequency of coordination number Nc, and (b) 
pore chain frequency of Lc consecutive pores. A chain of pores is defined as a set of consecutive 
pores with one throat each linking two neighboring pores in the chain. By definition, all pores of 
the chain have a coordination number of Nc=2, excluding any branching.
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overall small (f < 1%). The most noticeable difference is for Nc = 2, which accounts for about 30% 

of the total pore number in columnar ice, about twice as much as in granular ice.

Chains of connected pores are of particular interest from the perspective of transport 

properties. A chain of connected pores consists of a set of pores each linked by a single throat to 

its two neighbors in the chain (Nc = 2). A chain is either terminated with an extremity (Nc = 1), or 

a branching (N c > 2). Figure 4.4b summarizes the frequency of chain length Lc , defined as the 

number of consecutive pores with Nc = 2. Overall, small chains (Lc < 3) are the most frequent in 

both ice textures. The longest chain observed in granular ice is about half of that of columnar ice, 

and accounts for less than 1% of the total pore number. For comparison, 10% of the chains in 

columnar ice are of similar length (5 ≤ Lc ≤ 7), and longer chains (8 ≤ Lc) still account for several 

percent of the chain population. The frequency of those long chains in columnar ice are indications 

of numerous elongated pores, as illustrated in Figure 4.3b.

Figure 4.5—Contribution of closed (Φc), open (Φo) and vertical (Φv) porosity to the total porosity. 
The vertically connected porosity is a subset of the open porosity. The brine volume fraction (Vfb) 
was computed from bulk salinity and temperature profile. The crosses (X) indicate the 
temperature in the middle of the sample. The mean and standard deviation for samples 
representing the growth, transition and melt seasons are displayed at right. Note that for each 
seasonal stage, we organized samples in order of increasing depth. The total porosity of GT-2 
φGT-2 is 32%.
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Figure 4.5 shows the contribution of closed, vertically connected, and open porosity to the 

total porosity, along with the computed brine volume fraction from bulk salinity and temperature. 

The increase in porosity follows the rise in temperature, with the total porosity increasing by a 

factor of four from the growth to the melt season. While closed porosity accounts for more than 

half of the total porosity during the growth season, its contribution decreases as the ice becomes 

more porous. At the same time, the contribution of open and vertically connected porosity 

increases with the advance in seasonal stage. It is important to note that the two most porous 

samples (GT-2 and GM-0*) are both composed of granular ice, and contribute to the visible 

decrease of the average value of vertically connected pore space from the transition to the melt 

season.

The computed brine volume fraction deviates significantly from the porosity inferred from 

the CT imagery for a number of samples considered individually. However, the average values 

for each seasonal stage are similar. Figure 4.5 shows that the difference between measured 

porosity and calculated brine volume fraction is much larger for granular ice than for columnar 

ice. In addition, porosity in columnar ice is always lower than the computed brine volume fraction.

4.5.2 Pore and throat size distributions

4.5.2.1 Pore size distribution

The cumulative distribution function (CDF) of the pore diameter, throat diameter, and 

throat length are shown in Figure 4.6 for the total pore space (Figure 4.6a-f), and the subset of 

vertically connected pore space (Figure 4.6g-i), plotted separately for granular and columnar ice. 

Overall, we observed an increase in pore and throat diameters and lengths with the advance in 

seasonal stage. The values are similar to data obtained by Perovich and Gow (1996, Figure 7). 

With respect to the total pore space, the columnar ice is more homogeneous with a smaller spread 

of both pore and throat diameter, as well as throat length. During the transition and melt seasons, 

pore and throat diameters above 0.3 mm increase strongly in granular ice relative to columnar 
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ice. Figure 4.6g-i suggests that vertically connected pore space is dependent on the largest pore 

and throat diameters, while the throat lengths remain fairly constant.

4.5.2.2 Fractional connectivity

Figure 4.7a shows the decay in fractional connectivity as a function of the height of the 

sample. In columnar ice, we observe the same exponential decay as Pringle et al. (2009) for low- 

porosity (φ < 8%). The correlation length follows a similar power law of the form f = k zα for the 

same porosity range (Figure 4.7b, φ < 8%, dashed line). We expected an asymptotic behavior 

above the percolation threshold, here φc = 8%. For granular ice, we were able to fit the fractional

Figure 4.6—Pore space characteristics of granular and columnar ice as a function of seasonal 
stages for the total pore network for granular (a- c) and columnar (d-f) ice and the vertically 
connected pore space (g-l): (a, d, g) pore diameter, (b, e, h) throat diameter and (c, f, l) throat 
length.
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Figure 4.7—Derivation of vertical correlation length z0 for columnar and granular ice: (a) 
fractional connectivity fc for different porosity ranges. (b) Vertical correlation length z0. The 
dashed and dotted lines are a guide to the eye for columnar and granular ice.

connectivity to an exponential curve. However, the wide spread of the correlation length and 

porosity prevented us from fitting a power law and estimating a percolation threshold for granular 

ice. Nonetheless, it is important to note that the correlation length of granular ice is overall much 

smaller than that of columnar ice, even for high porosity samples (Figure 4.7b, dotted line). Only 

GT-0 shows a correlation length above 2 mm for granular ice. Our data does not indicate that 

either a linear, power-law or exponential function would serve better to fit better the granular ice 

fractional connectivity.

4.5.2.3 Tortuosity

Figure 4.8a shows the distribution of the vertical tortuosity τv as a function of crystal texture 

and seasonal stage computed 0.8 mm high slices of the vertically connected pore space. The 

range of values is asymmetric, which is expected as tortuosity values range from 0 to infinity by 

definition. Overall, the tortuosity median and range are significantly smaller in columnar ice 

(τ v,c = 1.06) than in granular ice (τv,g = 1.20). In addition, the difference tends to decrease with the 
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advance in seasonal stage. However, locally the tortuosity of granular ice can reach extreme 

values of up to 3.38, 2.56 or 1.48 depending on the seasonal stage. In contrast, the maximum 

value reached by columnar ice is 1.26 during the growth season.

For the vertically connected pore space, Figure 4.8b shows the dependence of tortuosity 

on the vertical length under consideration. The differences in tortuosity for different seasonal 

stages and textures are striking: While changes in tortuosity within columnar ice are small (with a 

maximum of +10% during the growth season), the tortuosity increases with the vertical length for 

granular ice. In addition, the interquartile range remains narrow in columnar ice, and increases 

greatly in granular ice. However, we note that tortuosity seems to reach a plateau at roughly 3 mm 

in granular ice, and 7 mm in columnar ice.

Figure 4.8—Tortuosity along the vertical axis as a function of ice texture and seasonal stage: (a) 
Distribution of tortuosity computed for sample segments of 0.8 mm height. The boxplots show 
the median with the first and third quartiles. The whiskers are set at the 5th and 95th percentile. 
For clarity most outliers are omitted, but the maximum tortuosity is indicated by a black cross (x). 
Within each combination, samples are classified as a function of increasing depth. (b) Evolution 
of median tortuosity for all samples of each of the three growth/melt stages plotted against the 
vertical length under consideration. Shaded area includes data between the first and third 
quartiles.
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4.5.2.4 Specific surface area

Figure 4.9 summarizes the specific surface area of the connected pore space. The values 

are at the low end of the range measured by Lieb-Lappen et al. (2017) for their samples' total 

porosity. The omission of closed pores, which tend to have a higher surface-to-volume ratio, shifts 

our distribution to lower specific surface area. While the specific surface area distribution is the 

same for both ice textures (AS = 13 mm-1) during the growth season, the values for granular ice 

(AS = 6 mm-1) are about a third lower than those for columnar ice (AS = 9 mm-1) during the melt 

stage. During the transition stage, variability is large in the distribution for granular ice, covering 

the whole range observed during the growth and melt stage. In contrast, the distribution in 

columnar ice during the transition stage remains similar to that of the growth stages. During the 

advance of the seasonal cycle, the specific surface area decreases for both ice textures.

Figure 4.9—Specific surface area of the connected pore space computed for subsamples of 0.8 
mm height. The boxplots show the median with the first and third quartiles. The whiskers are set 
at the 5th and 95th percentile. The upper and lower facing triangles indicate the maximum and 
minimum value for each sample, respectively.
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4.6 Discussion

4.6.1 Methodological advances and constraints

Although many microstructure analyses rely on thin section microphotography to describe 

pore size distribution (Eicken et al., 2000; Frantz et al., 2019; Perovich and Gow, 1991), this 

destructive method is labor-intensive and mostly only allows for quantification of pore sizes every 

few millimeters (Frantz et al., 2019). The majority of studies drawing on 3D datasets that were 

derived from either magnetic resonance imaging (Bock and Eicken, 2005; Eicken et al., 2000) or 

CT scans (Lieblappen et al., 2018), limit their pore size analysis to slice-by-slice quantification. 

Thus, past studies - with a few exceptions such as work by Pringle et al. (2009) on columnar ice 

single-crystals, lacked information about the three-dimensional shape and connectivity of 

individual brine inclusions throughout the depth of a sample, preventing differentiation between 

pores and throats. By describing the pore space with a node-and-stick model, we are able to 

quantify not only the pore and throat size distribution, but also estimate the throat length 

distribution (Figure 4.6).

Although one expects the throat radii to be much smaller than the pore radii, the measured 

throat radius distribution is barely smaller than the pore size distribution in sea ice, independent 

of the combination of ice textures and type of pore space (e.g. Figure 4.6 a-b, d-e). Considering 

a single pathway, the radii of the spheres inscribed into the pore space that are identified as 

individual pores, are likely larger than the radii of the throats, identified as cylinders connecting 

two pores and fitting within the more confined portion of the pore space in between both pores. 

However, if we consider a pore space that is getting overall smaller, like a feeder of a brine 

channel, the pore radius of a feeder could be smaller than the throat radius of the main brine 

channel, even though they belong to the same pathway. Considering the total pore space, it is 

likely radii of pores corresponding to small, disconnected pockets will be smaller than pore radii 

that are part of much larger brine inclusions. The pore and throat size distributions measured on 

a full sample are not necessarily significantly distinct from one another, which is in line with 
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previous microstructural analysis finding pore sizes to conform to a lognormal or power-law 

distribution (Bock and Eicken, 2005; Perovich and Gow, 1991). At the same time, by explicitly 

segmenting the pore space into throats and pores, and through analysis of key variables 

describing these microstructural inventory elements (Figure 4.6) this study illustrates that 

summary analysis of pore size distribution is not sufficient to gain insight into microstructural 

controls of transport properties.

The stick-and-node or throat-and-pore model was employed to extract connected 

pathways, as applied routinely in the analysis of granular sedimentary rocks such as sandstones 

(Dong and Blunt, 2009; Silin and Patzek, 2006), with grain microstructures somewhat comparable 

to granular ice. However, this method may have limitations in being applied to columnar ice pore 

space. While the SNOW algorithm successfully addresses oversegmentation of non-granular 

microstructure, resolving the elongated pore space of columnar ice, such as brine layers and brine 

tubes, remains a challenge. The algorithm was not designed to merge regions whose watershed 

peaks are farther away from one another than from the solid matrix. Consequently, long chains 

of pores are created in elongated pore space (Figure 4.4b), as well as highly connected nodes in 

narrow planar and tubular pore space, both of which are more common in columnar ice than in 

granular ice. However, in applying the pore-and-throat model consistently for both ice types, the 

derived quantities and insights gained into microstructural contrasts and evolution can inform flow 

and transport modeling in sea ice, while highlighting some of the challenges to extract universally 

applicable measures of pore space microstructure.

The length of the major axis of the ellipsoid fitted to a brine inclusion is commonly used as 

a proxy for the pore size (Eicken et al., 2000; Perovich and Gow, 1991). Thus, the pore size 

distribution is likely to be shifted towards somewhat larger sizes, as it is inferred here from the 

radius of the largest spheres fitted within the pore space. This inscribed sphere radius would be 

smaller than the major axis of an ellipsoid inscribed into the typically non-isometric pore space of 
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columnar ice. The throat size distribution of Lieblappen et al. (2018) is based on the definition of 

the throat size as the length of the minor axis of each inclusion, without differentiating between 

throats and pores. In fact, the length of the minor axis of an ellipsoid is similar to the radius of a 

circle or sphere inscribed in that ellipsoid. Finally, Maus et al. (2015) used the same definition for 

pore size as we did in this study, their throat size distribution was determined using a porosimetry 

algorithm, which returns the pore size distribution extracted from the volume fraction of the pore 

space accessible by spheres of decreasing diameter injected at the top and bottom of the sample. 

Thus, the throat size distribution of Lieblappen et al. (2018) and Maus et al. (2015) do not describe 

throats as constrictions in a pore space connecting two larger pores as we define them in this 

study, but consider any sea ice inclusion as a throat. Finally, bearing in mind that the metrics used 

to describe size distributions vary between studies, and that the size distribution is also dependent 

on the imaging resolution, our pore and throat size distributions and the derived seasonal trends 

are in line with previous work in terms of ice temperature and seasonal stage constraining pore 

microstructure (Eicken et al., 2000; Lieblappen et al., 2018; Maus et al., 2013; Perovich and Gow, 

1991).

The throat length is highly dependent on the chosen pore-throat microstructural model 

and image processing workflow. We chose not to merge chains of pores, although it could be 

argued that a pore chain corresponds to a single pore, where the pore length is the sum of the 

throat lengths and pore diameters and the pore radius is a function of throat and pore radius. In 

addition, the throat length distribution in columnar ice can be compared to the size distribution of 

the major axis of brine inclusions measured in vertical sections of columnar ice (Figure 12 in 

Eicken et al., 2000). This suggests that isolated inclusions in columnar ice are modeled by a pair 

of pores, the second most common type of pores, behind ending pores. While the throat length 

distributions for both columnar and granular ice are similar (Figure 4.6c, f), the presence of longer 
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chains of pores in columnar ice (Figure 4.4b), and higher correlation lengths (Figure 4.7b), 

suggests that columnar ice provides a longer pathway for brine to move through the sample.

4.6.2 Correlation length

In percolation theory, the correlation length is equivalent to the average distance between 

two connected pores. The porosity value at which the correlation length diverges is known as the 

percolation threshold, above which the pore space is consider fully connected. The correlation 

length pattern for columnar ice (Figure 4.7b) is similar to the findings of Pringle et al. (2009), thus 

validating our method. In granular ice, while correlation length does not allow drawing any 

quantitative conclusion about the percolation threshold, the significantly lower correlation 

(zc,g < 2 mm) than for columnar ice of similar porosity is a clear indication that the granular pore 

space is less connected for porosity up to 15%. At higher porosity, further work is required due 

to the small number of high porosity samples. We observed either a pore space becoming 

connected (zc,g > 7 mm), or remaining poorly connected (zc,g < 2 mm) among our samples. The 

latter appears to be paradoxical with respect to the high porosity value (φ > 25%). Based on this 

data we were not able to determine a percolation threshold for granular ice, although we 

hypothesize that it exists between 15 and 25%. Considering that the fluid permeability is limited 

by the connectivity of the pore space, the permeability is somewhat proportional to the correlation 

length. Consequently, the vertical permeability of granular ice should be smaller than that of 

columnar ice (kv,g < kv,c).

However, the permeability of granular sea ice is unknown. While Freitag (1999) measured 

the anisotropy of permeability between the vertical and horizontal direction in granular ice, no 

values were published. For columnar ice, the permeability has been described as a function of 

total brine volume fraction (Golden et al., 2007); however, no such model exists for granular ice.

The power law relationship that links porosity to correlation length (Section 4.5.2.2) can 

be inverted to relate correlation lengths of granular and columnar ice samples of different porosity. 
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Specifically, we observed that the correlation length in granular ice with a porosity of up to 15% 

is z0,g < 2 mm, which corresponds to the correlation length of columnar ice with a porosity of about 

3 to 4%. In addition, our analysis is limited by the sample size which does not capture the 

heterogeneity of the sea ice cover on the decimeter-scale (Weeks and Hibler, 2010). For example, 

while observations attest to the development of cm-wide channels as the porosity increases 

during the transition stage and into the melt season (Petrich and Eicken, 2016), none of our 

samples display such features. Thus, while the vertical permeability in granular ice would be lower 

by up to one order of magnitude relative to that of columnar ice during the growth season, the 

permeability in granular ice is likely to increase quickly with surface warming of the ice, with 

disproportional increases in porosity and pore connectivity in the surface granular ice. Ultimately, 

permeability measurements of granular ice are required to confirm the functional relationships, 

drawing on pore connectivity and pore shape, explored here.

4.6.3 Tortuosity

The tortuosity of columnar ice is as low as expected (1 < τc < 1.1, Figure 4.8a), since the 

tortuosity of straight features is by definition close to 1, and the pore space in columnar ice 

consists mostly of vertically elongated pores (Fig. 2). The larger tortuosity values during the 

growth season are likely the result of lateral and diagonal pore pathways opening up as a result 

of warming and incipient brine drainage. Later in the season, the presence of fully developed brine 

channel networks dominate the decreasing tortuosity of the pore space, also observed 

qualitatively by Cole and Shapiro (1998). Furthermore, the median tortuosity measured with 

increasing length of the volume under consideration remains small (1 < τc < 1.1), and the spread 

is consistently narrow (Δτc ± 0.05, Figure 4.8b). These values are to be expected for an elongated 

and straight geometry, such as brine channels. Simple calculations show that any noticeable kink 

in a rather straight path will drastically increase the tortuosity to values of τ > 1.2. We currently do 

not have an explanation for the higher tortuosity values observed during the melt stage for vertical 
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lengths under consideration larger than 4 mm. However, the differences between the growth and 

transition stage are statistically not significant. Additional samples need to be analyzed to shed 

light on these deviations. The strong agreements between measurements and expectations, 

based on the known geometry of brine channels in columnar ice, validate the methodology 

developed in this study, and lend credence to data obtained for granular ice as well.

In granular ice, the larger tortuosity indicates that fluid moving in the pore space must 

cover on average a distance 30% longer than that in columnar ice to move over the same 

Euclidian distance. In extreme cases, this distance in granular ice is double that in columnar ice 

(τ > 2, Figure 4.8). The large variability in small-scale tortuosity in granular ice (Figure 4.8a) is of 

interest. It indicates that the pore space of granular ice is more complex than that of columnar ice 

at the pore scale level. Sections of the pore scape with large tortuosity values (τ > 1.5) indicative 

of a convoluted pore geometry, may significantly impede fluid flow through the pore space.

The visible decrease in tortuosity with the advance in seasonal cycle is linked to the shift 

in the pore size distribution towards larger values. Protuberances, constrictions, and corners in 

the pore space increase its tortuosity. With a larger surface-to-volume ratio than a straight tube, 

these features will see a greater reduction in tortuosity during ice warming and melt than less 

convoluted pores. Specifically, both pores and throats widen during warming, but constrictions 

within throats also disappear, reducing tortuosity.

As the vertical length under consideration increases, the likelihood that a connected 

pathway contains at least a section of pore space with higher tortuosity increases. The presence 

of a short but very convoluted section is sufficient to increase the overall tortuosity. In addition, a 

sample where the vertical length under consideration corresponds to the correlation length is likely 

to contain pore space sections representative of the small-scale tortuosity distribution. This 

explains the plateau reached in the vertical tortuosity beyond LE = 4 mm. This characteristic length 
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relates to the size of the representative elementary volume (REV), defined as the scale at which 

a metric should be measured to avoid pore-scale heterogeneity (Costanza-Robinson et al., 2011).

The median values have mostly converged at Lτ,c ,c = 7 mm for columnar ice, and 

Lτ,g = 4 mm for granular ice, although the value for granular ice dropped somewhat at Lτ,fl = 6 

mm. The finding for columnar ice is in line with previous observations indicating that columnar ice 

with a brine volume fraction above 5% can be considered permeable (Golden et al., 2007), and 

whose correlation length at such a percolation threshold of 5% is about 7 mm (Pringle et al., 

2009). However, for columnar ice samples at lower porosities and for granular ice samples with 

a porosity below 15%, the derived correlation length (Figure 4.7b) is smaller than the estimated 

characteristic length (Figure 4.8b). In addition, the variability in tortuosity increases with increasing 

length under consideration, as shown by the quartile envelope in Figure 4.8. This suggests that 

measurements of tortuosity that assume a fixed REV conflate the pore-scale tortuosity and the 

larger-scale connectivity of the pore space. This potential concern can be addressed by either 

focusing exclusively on the statistics of pore-scale tortuosity (illustrated by the plot in Figure 4.8a), 

or for derivation of bulk properties employ a variable REV that is a function of the observed 

correlation length.

We resort to the Kozeny-Carman (K-C) relationship to estimate how the broad range of 

measured tortuosities for granular and columnar ice impacts the vertical permeability. Applied 

with success to a range of different materials, especially porous rocks (Bear, 1972; Berg, 2014; 

Paterson, 1983; Schon, 2015), the K-C relationship describes permeability as a function of 

different microstructural parameters. One of its expressions is of particular interest, as the 

permeability, k, depends on the tortuosity τ and the connected porosity φ*:
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where Fs is Kozeny's shape factor to account for differently shaped tubes, varying from 2 to 3 for 

an ellipse-shaped cross-section, and As is the specific surface area of the connected porosity, 

which can be calculated from 3D microstructural imaging data.

Figure 4.10 shows permeabilities derived from the Kozeny-Carman relationship, which are 

about two orders of magnitude higher than permeabilities computed from the semi-empirical 

equation derived from a hierarchical model developed by Golden et al. (2007). In addition, in 

columnar ice, the K-C permeability values overestimate measured permeabilities by a similar 

factor (Freitag, 1999; Pringle et al., 2009). This result is to be expected, as the sample volumes 

over which we measured tortuosity were small, on the order of 1 - 10 mm (Figure 4.8b), and are 

also vertically connected with at least one pathway with a diameter of 40 μm, corresponding to 

the minimal resolution of our X-ray measurement. The height of samples used to measure 

permeability typically ranges from 5 cm (Merkel, 2008) up to 20 cm (Freitag, 1999). This height is 

several times longer than their correlation length, and thus the open and vertically connected 

porosity are likely to be smaller. However, since this finding applies to both columnar and granular 

ice, the ratio of the permeability derived from Kozeny-Carman for columnar and granular ice still 

yields valid insights about microstructural controls of permeability.

Bearing in mind the link between tortuosity and pore-space connectivity, and the 

importance of sampling an REV to avoid the effects of pore scale heterogeneity for porosity and 

specific surface area, we approximated the vertical permeability for both small-scale 

(LE = 0.8 mm) and other characteristic lengths corresponding to the correlation length for the 

different seasonal stages (LE = 2 to LE = 7 mm). While we expected the difference in tortuosity 

between both textures, apparent for each characteristic length, to drive significant differences in 

permeability in relation to porosity and specific surface area, the results were mostly inconclusive.

First, the variability in porosity and specific surface area decreases with larger 

characteristic length (LE > 4 mm), while the variability in tortuosity increases. The opposite trend 
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for the magnitude of variability as a function of the length under consideration contributes to an 

overall consistently large variability in the resulting permeability. Further analysis is required to 

determine if various characteristic lengths are required to describe different sea ice 

microstructural parameters. Second, with respect to seasonal stage, the high variability in porosity 

(Figure 4.5) and specific surface area (Figure 4.9) results in similar permeability values and 

ranges for both ice textures. This latter effect is particularly marked during the period between 

sea ice growth and decay, a critical time for biogeochemical processes (Thomas, 2017). The 

small number of samples collected does not allow us to follow the evolution of microstructure 

during the transition stage in detail. Additional samples, and replicates, would also benefit the 

analysis by limiting the impact of potentially unrepresentative samples, such as GT-2 or GM-0*.

The transition between an effectively impermeable and a largely permeable sea ice cover 

is central to the seasonal evolution of sea ice (Eicken et al., 2002; Pringle et al., 2007; Gradinger 

et al., 2010). The impact of microstructural changes on ice permeability during the transition 

between growth and melt season is poorly studied but key to developing models of fluid transport

Figure 4.10—Permeability derived from the Kozeny-Carman relationship based on 
microstructural data collected in this study with the correlation length Lc=0.8 mm and Kozeny's 
factor Fs=2. The crosses (x) indicate the permeability computed according to the hierarchical 
model: k=3∙ϕ-3-10-8, with ϕ the total porosity φ.
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through sea ice. Here, we discuss this interdependence of microstructure and permeability by 

focusing on the trends of the variables represented in equation (7). At the end of the growth 

season, the specific surface area is similar in both columnar and granular ice (Figure 4.9). Thus, 

only the connected porosity and the tortuosity determine permeability contrasts between the two 

ice types at this stage. The connected porosity is a fraction of the brine volume fraction, which in 

turn is a function of the sea ice bulk salinity and temperature (Cox and Weeks, 1983). For an 

order-of-magnitude estimate of permeability contrasts, we consider granular ice to be confined to 

the top ice layers and columnar ice to constitute the bulk of the underlying ice cover. For typical 

salinity profiles at the end of the growth season (Oggier et al., 2020b), salinities of granular and 

columnar ice are at roughly 10‰ and 5‰, respectively. With a surface temperature of -10 °C, the 

brine volume fraction is about 5% for both ice textures. However, our microstructural data indicate 

that the pore space of granular ice at such temperatures is less connected than that of columnar 

ice and thus has a smaller fraction of connected porosity. Consequently, the K-C permeability for 

granular ice would always be smaller than for columnar ice. With the measured tortuosity values 

(τc = 1.1 and τg = 1.3) and 20% less connected porosity in the columnar ice (Figure 4.5), granular 

ice would be half as permeable as columnar ice.

With the onset of melt the upper ice layers warm and granular ice can quickly become 

much more permeable than columnar ice, as not only the connected porosity in granular ice 

becomes larger than in columnar ice, but the larger tortuosity of granular ice is counterbalanced 

by the decrease in its specific surface area.

Finally, the granular ice structure looks somewhat similar to the highly branched pore 

space that developed in columnar ice in the presence of extrapolymeric substances (Krembs et 

al., 2000; Petrich and Eicken, 2016). While the permeability was not measured directly, Krembs 

et al. (2011) conclude that the increase of spatial complexity of the pore space - as determined 

from the brine inclusion perimeter to length ratio - should lead to a decrease in permeability. This 
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measure of pore complexity is tied to tortuosity, as a larger perimeter can only be achieved in the 

presence of pore protuberances that would increase the tortuosity.

4.6.4 Broader implications for fluid transport in sea ice

Ice texture constraints on tortuosity and connectivity impact fluid flow through sea ice. Put 

simply, an increase in tortuosity will lengthen the pathway followed by any fluid, and a decrease 

in connectivity will lower the number of connected pathways throughout a sample. Consequently, 

the pore space of granular ice with higher tortuosity and lower connectivity is more constricting to 

fluid flow than the less tortuous, more connected pore space of columnar ice.

Arctic sea ice typically consists of an upper layer of granular ice, usually one to a few 

decimeters thick, and originating from the early growth stages of sea ice under more dynamic 

conditions (Petrich and Eicken, 2016; Weeks and Hibler, 2010). This surface layer is typically 

underlain by columnar ice grown through congelation of seawater at the ice bottom. With typical 

annual Arctic sea ice growth of 1.0 to 1.8 m, the impact of the tortuous pore space in the granular 

ice layers remains small considering the total thickness of the columnar ice. However, the 

lengthening of the open-water season (Barnhart et al., 2015; Markus et al., 2009) with greater 

fetch and more dynamic freeze-up conditions may contribute to an increase in the thickness and 

occurrence of granular ice at the expense of columnar ice which requires quiescent growth 

conditions. Consequently, the ratio of granular to columnar ice is likely to increase in the near 

future, with the more tortuous pore space of granular ice becoming of greater importance in 

constraining transport properties of sea ice

In the following, we focus on oil-in-ice transport, specifically the movement of the oil phase 

through the pore space, which constrains macroscopic pervasion of oil in ice. Experiments show 

that if crude oil is spilled under the ice cover during growth season, it quickly rises towards the 

surface and that the presence of granular ice strongly hinders oil movement (Oggier et al., 2020a). 

The microstructural pore data collected in this study can help explain this observation. In columnar 

163



ice, oil movement is limited to vertical channels (Oggier et al., 2020a). The pressure differential, 

driven by the buoyancy difference between oil and sea water, is enough to drive the oil upwards 

with respect to the channel cross-section (Maus et al., 2015; NORCOR, 1975; Oggier et al., 

2020a). The low tortuosity values of columnar ice (< 1.1) do not affect the flow of oil. However, 

the lower connectivity of the pore space (Lc < 2 mm) not only restrains the ability of oil to move, 

but also prevents the displaced brine from moving further. In columnar ice during the growth 

season, the flow is controlled by the vertical sea ice permeability, previously used by Petrich et 

al. (2013) to estimate oil penetration depth.

As the oil reaches the granular/columnar interface, further oil movement in the columnar 

ice depends on how easily the oil, and displaced brine, can move through granular ice. The higher 

tortuosity of granular pore space implies that both oil and brine displaced by invading oil have to 

move over a longer distance to cover the same vertical displacement. According to the Hagen- 

Poiseuille relationship for flow in a tube, 

where R is the pore radius and μ is the dynamic viscosity. If the distance ∆L increases, the flow 

Q has to decrease, since the pressure differential, ∆p, in the system is constant. In addition, we 

need to acknowledge that with oil density close to ice density, expelling oil onto the ice surface 

requires a pressure differential that is typically larger than that provided by the buoyancy of oil 

under the ice. This means that once oil and brine have reached hydrostatic equilibrium, additional 

oil can flow through columnar ice only if oil and displaced brine can spread laterally. Above, we 

showed that the lateral permeability of columnar ice is lower or equal to that of granular ice. 

Hence, the oil can and is likely to move laterally after reaching a granular ice layer at the surface. 

This is consistent with observations made at in large-scale ice tank experiments (Oggier et al., 

2020a). Finally, assuming physical properties to be fairly isotropic in granular ice due to its 

microstructure, the tortuous pore space of granular ice likely controls the oil flow. Further analysis 
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Since the density difference between oil and seawater, Δρ, is constant, the lens thickness has to 

increase by 36% in order for the pressure to increase. At the same time, the capillary pressure, 

pc, in a pore is related to the pressure differential via the Young-Laplace equation (Maus et al., 

2015):
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Where R is the radius of the pore the oil may invade, γ the surface tension between oil and ice, θ 

the contact angle of the oil/ice/sea water system. Since the pore radius is inversely proportional 

to the pressure difference, the required pressure increases by 36% is similar to a decrease in the 

pore radius by 25%. Since such a distinction is not clearly visible between pore and throat size 

distributions (Figure 4.6), we conclude that the impact of tortuosity on oil movement should be 

taken into account when developing pore scale oil movement models.

In sea ice modelling, bulk permeability in sea ice is often described as function of the 

porosity with relationships developed by Freitag (1999) and Golden et al. (2007). However, both 

expressions were derived from columnar ice measurements. In the context of an increasing 

granular-to-columnar-ice ratio due to longer open water seasons and more dynamic ice growth

is required to determine connectivity and tortuosity constraints along a pathway that transitions 

from the vertical migration to lateral spreading.

The movement of oil and displaced brine in both columnar and granular ice pore space is 

confined to the connected pore space. While the tortuosity of granular ice pores plays a major 

role, the variability in pore and throat diameter also has a direct effect on oil flow, as the buoyancy- 

induced pressure differential has to overcome the capillary pressure determined by the pore 

radius. An increase of tortuosity from 1.1 to 1.5 leads to an increase of the distance ΔL by 36%. 

To maintain a constant flow, Q, in equation (4.7), the pressure differential Δp has to increase by 

the same factor. The pressure differential is proportional to the oil lens thickness, HR:



processes in the Arctic, the tortuosity of granular ice pore space may play a more important role 

in brine and meltwater transport. This is especially true for warming events during the winter and 

for the transition season, when the combination of lower salinity and temperature creates an 

impermeable layer within the ice cover, but may allow for large scale lateral movement in the 

surface ice layers.

A detailed analysis of the stick-and-node model used to determine the pore and throat 

size distribution, as well as the correlation length, is beyond the scope of this paper. Nonetheless, 

it is important to point out that a more tortuous pore space increases the probability of 

encountering a constriction limiting the fluid flow, while covering the same vertical or horizontal 

distance. A comprehensive analysis of the pore-to-throat ratio would likely improve the K-C 

permeability approach (Müller-Huber and Schon, 2013), and a statistical description of the 

extracted 3D pore networks to determine the probability of a pathway to merge, split, or remain 

may be a necessary step to fully capture the constraints granular pore space imposes on transport 

processes in sea ice.

4.7 Summary and conclusions
We have presented x-ray computed tomography imaging data showing the seasonal 

evolution of the sea ice pore microstructure for both granular and columnar ice. Pore space was 

imaged at a resolution (40 μm) relevant for both oil-in-ice transport and for biogeochemical 

processes (Krembs et al., 2011). While the 3D reconstructions of the pore space (Figure 4.2) 

display the same contrasts between granular and columnar ice that have previously been 

highlighted by Weissenberger et al. (1992), we quantify these differences through metrics that 

describe the shape, size and connectivity of the pore space for the ice growth, transition and melt 

stage.

We found that, overall, the pore and throat size distributions are not significantly different 

between granular and columnar ice, with the exception of the presence of large spheroidal pores 
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in granular ice, attributed to the presence of air bubbles. However, the vertical pore tortuosity of 

granular ice (1.2 < τg < 1.7) was determined to be significantly larger than that of columnar ice 

(1.0 < Tc < 1.1), which translates into connected pathways that need to be at least 20% longer to 

cover the same vertical distance. In addition, we found that the pore-space correlation length in 

granular ice is significantly smaller than in columnar ice, and the percolation threshold is higher, 

both expressions of the fact that the pore space of granular ice is less connected than that of 

columnar ice.

The combination of these two factors indicates a lower permeability for granular as 

compared to columnar ice. Drawing on the link between permeability and correlation length, and 

interpreting microstructural data through the lens of the Kozeny-Carman relationship, we 

established that the vertical permeability of granular ice is likely to be one order of magnitude 

smaller during the growth stage than that of columnar ice for the same brine volume fraction. 

Macroscopic brine or oil movement models based on bulk permeability would benefit from a better 

description of the permeability in relation to pore microstructure (in particular tortuosity and 

correlation length), for granular and columnar ice as well as other ice textures (platelet ice, mixed 

granular/columnar, etc.). Such work could prepare the ground for more refined oil-in-ice models 

and may also improve representation of the impact of ice texture and ice stratigraphy on heat and 

brine transport through sea ice.

By showing how the presence of the tortuous granular pore space hinders the vertical 

movement of oil-in-ice during the growth and transition stages, we highlight the potential 

importance of this surface layer for other biogeochemical processes or meltwater drainage, whose 

dependence on ice texture is not well understood. The anticipated increase in the proportion of 

granular ice in a changing Arctic with more dynamic ice growth conditions lends additional support 

to the need for such work. Further sampling and data collection are needed, in particular for the 

transition stage, a critical time in the sea ice seasonal cycle. Quantifying the relationship between 

167



microstructure and permeability also requires further work that includes permeability 

measurements and 3d pore-space imaging conducted on the same samples.

While bulk pore tortuosity, connectivity, and permeability measurements can contribute to 

the prediction of macroscopic-scale oil movement, it is also important to understand how the oil 

and the displaced brine move at a pore microscopic scale level. The idealized pore network 

extracted with the stick-and-node model includes information required to further identify 

connected pathways, which are defined in terms of pore-to-throat ratio, tortuosity, and pathway 

length. Rather than performing computationally expensive fluid dynamic simulations on the full 

pore space, modeling the flow along such pathways and using bulk properties as boundary 

conditions may be a promising approach to develop an efficient model that is able to run fast 

enough to be used in oil spill response settings and large-scale models.

Finally, the more tortuous pore space of granular ice resembles the tortuous pore space 

of columnar ice in the presence of exopolymer substances observed by Krembs et al. (2011). 

Such changes near the ice bottom would impact not only oil movement but also nutrient exchange 

and colonization of sea ice by microorganisms. With higher brine viscosities due to exopolymer 

presence (Krembs et al., 2011), our analysis of pore pathway tortuosity and connectivity is hence 

also relevant in the context of understanding nutrient, gas, and microbial transport through the 

lower ice layers. Moreover, this work complements network modeling studies such as that of 

Steffen et al. (2018), that require data describing pore complexity and specifically pore throat 

sizes and distributions to quantify their role in constricting fluid flow through ice.

4.8 Data availability
Data used in this manuscript were produced as part of the Seasonal Ice Zone Observing 

Network (SIZONet). All data are available at the Arctic Data Center (www.arcticdata.io): raw and 

reconstructed tomography (Oggier et al., 2014), mass balance data (Eicken, 2016), ice core 

measurement data (Eicken et al., 2012).

168

http://www.arcticdata.io


4.9 Acknowledgements
The authors acknowledge the National Science Foundation for funding support through 

the CMG Program (OPP- 675 0934683), supplemented by support of the SIZONet Project (OPP- 

0856867) for work in Utqiagvik, as well as a MOSAiC grant (OPP-1735862). We would like to 

thank Megan O'Sadnick, Josh Jones, Andy Mahoney for contributing to sampling and data 

collection. Lea Hartl improved the readability of this paper, her help is much appreciated.

4.10 References
Ackley, S.F., Sullivan, C.W., 1994. Physical controls on the development and characteristics of 

Antarctic sea ice biological communities- a review and synthesis. Deep. Res. Part I 41, 

1583-1604. https://doi.Org/10.1016/0967-0637(94)90062-0

Ahrens, J., Geveci, B., Law, C., 2015. ParaView: An End-User Tool for Large Data 

Visualization. Vis. Handb.

Arctic Council, 2013. Agreement on Cooperation on Marine Oil Pollution Preparedness and 

Response in the Arctic.

Arrigo, K.R., 2016. Sea ice as a habitat for primary producers, in: Thomas, D.N. (Ed.), Sea Ice. 

John Wiley & Sons, Ltd, Chichester, UK, pp. 352-369.

https://doi.org/10.1002/9781118778371.ch14

Arrigo, K.R., 2014. Sea Ice Ecosystems. Ann. Rev. Mar. Sci. 6, 439-467. 

https://doi.org/10.1146/annurev-marine-010213-135103

Banerjee, R., Bevilacqua, N., Mohseninia, A., Wiedemann, B., Wilhelm, F., Scholta, J., Zeis, R., 

2019. Carbon felt electrodes for redox flow battery: Impact of compression on transport 

properties. J. Energy Storage 26, 100997. https://doi.org/10.1016/j.est.2019.100997

Barnhart, K.R., Miller, C.R., Overeem, I., Kay, J.E., 2015. Mapping the future expansion of

Arctic open water. Nat. Clim. Chang. 6, 1-6. https://doi.org/10.1038/nclimate2848

Bear, J., 1972. Dynamics of fluids in porous media. American Elsevier Publishing, New York.

169

https://doi.Org/10.1016/0967-0637(94)90062-0
https://doi.org/10.1002/9781118778371.ch14
https://doi.org/10.1146/annurev-marine-010213-135103
https://doi.org/10.1016/j.est.2019.100997
https://doi.org/10.1038/nclimate2848


Berg, C.F., 2014. Permeability Description by Characteristic Length, Tortuosity, Constriction and 

Porosity. Transp. Porous Media 103, 381-400. https://doi.org/10.1007/s11242-014-0307-6

Bluhm, B.A., Gradinger, R., 2008. Regional Variability in Food Availability. Ecol. Appl. 18, S77- 

S96. https://dx.doi.org/10.1890/06-0562.1

Bock, C., Eicken, H., 2005. A magnetic resonance study of temperature-dependent 

microstructural evolution and self-diffusion of water in Arctic first-year sea ice. Ann. Glaciol. 

40, 179-184. https://doi.org/10.3189/172756405781813645

Buffo, J.J., Schmidt, B.E., Huber, C., 2018. Multiphase Reactive Transport and Platelet Ice 

Accretion in the Sea Ice of McMurdo Sound, Antarctica. J. Geophys. Res. Ocean. 123, 324

345. https://doi.org/10.1002/2017JC013345

Clennell, M. Ben, 1997. Tortuosity: a guide through the maze. Geol. Soc. Spec. Publ. 122, 299

344. https://doi.org/10.1144/GSL.SP.1997.122.01.18

Cole, D.M., Shapiro, L.H., 1998. Observations of brine drainage networks and microstructure of 

first-year sea ice. J. Geophys. Res. Ocean. 103, 21739-21750. 

https://doi.org/10.1029/98JC01264

Costanza-Robinson, M.S., Estabrook, B.D., Fouhey, D.F., 2011. Representative elementary 

volume estimation for porosity, moisture saturation, and air-water interfacial areas in 

unsaturated porous media: Data quality implications. Water Resour. Res. 47, 1-12. 

https://doi.org/10.1029/2010WR009655

Cottier, F., Eicken, H., Wadhams, P., 1999. Linkages between salinity and brine channel 

distribution in young sea ice. J. Geophys. Res. Ocean. 104, 15859-15871. 

https://doi.org/10.1029/1999JC900128

Cox, G.F.N., Weeks, W.F., 1983. Equations for Determining the Gas and Brine Volumes in Sea 

ice Samples. J. Glaciol. 29, 306-316. https://doi.org/10.1017/S0022143000008364

170

https://doi.org/10.1007/s11242-014-0307-6
https://dx.doi.org/10.1890/06-0562.1
https://doi.org/10.3189/172756405781813645
https://doi.org/10.1002/2017JC013345
https://doi.org/10.1144/GSL.SP.1997.122.01.18
https://doi.org/10.1029/98JC01264
https://doi.org/10.1029/2010WR009655
https://doi.org/10.1029/1999JC900128
https://doi.org/10.1017/S0022143000008364


Crabeck, O., Galley, R., Delille, B., Else, B., Geilfus, N.X., Lemes, M., Roches, M. Des, 

Francus, P., Tison, J.L., Rysgaard, S., 2016. Imaging air volume fraction in sea ice using 

non-destructive X-ray tomography. Cryosphere 10, 1125-1145. https://doi.org/10.5194/tc- 

10-1125-2016

Dong, H., Blunt, M.J., 2009. Pore-network extraction from micro-computerized-tomography 

images. Phys. Rev. E 80, 036307. https://doi.org/10.1103/PhysRevE.80.036307

Druckenmiller, M.L., Eicken, H., Johnson, M.A., Pringle, D.J., Williams, C.C., 2009. Toward an 

integrated coastal sea ice observatory: System components and a case study at Barrow, 

Alaska. Cold Reg. Sci. Technol. 56, 61-72. 

https://doi.org/10.1016/j.coldregions.2008.12.003

Eguíluz, V.M., Fernández-Gracia, J., Irigoien, X., Duarte, C.M., 2016. A quantitative assessment 

of Arctic shipping in 2010-2014. Sci. Rep. 6, 30682. https://doi.org/10.1038/srep30682

Eicken, H., 2016. Automated ice mass balance site (SIZONET). 

https://doi.org/doi:10.18739/A2D08X .

Eicken, H., Bock, C., Wittig, R., Miller, H., Poertner, H.-O., 2000. Magnetic resonance imaging 

of sea ice pore fluids: methods and thermal evolution of pore microstructure. Cold Reg. Sci. 

Technol. 31, 207-225. https://doi.org/10.1016/S0165-232X(00)00016-1

Eicken, H., Gradinger, R., Kaufmann, M., Petrich, C., 2012. Sea ice core measurements. 

UCAR/NCAR - CISL - ACADIS. https://doi.org/10.18739/A2XP6V39

Eicken, H., Krouse, H.R., Kadko, D., Perovich, D.K., 2002. Tracer studies of pathways and rates 

of meltwater transport through Arctic summer sea ice. J. Geophys. Res. Ocean. 107, 1-20. 

https://doi.org/10.1029/2000jc000583

Feltham, D.L., Untersteiner, N., Wettlaufer, J.S., Worster, M.G., 2006. Sea ice is a mushy layer. 

Geophys. Res. Lett. 33, L14501. https://doi.org/10.1029/2006GL026290

171

https://doi.org/10.5194/tc-10-1125-2016
https://doi.org/10.1103/PhysRevE.80.036307
https://doi.org/10.1016/j.coldregions.2008.12.003
https://doi.org/10.1038/srep30682
https://doi.org/doi:10.18739/A2D08X
https://doi.org/10.1016/S0165-232X(00)00016-1
https://doi.org/10.18739/A2XP6V39
https://doi.org/10.1029/2000jc000583
https://doi.org/10.1029/2006GL026290


Frantz, C.M., Light, B., Farley, S.M., Carpenter, S., Lieblappen, R.M., Courville, Z., Orellana, M. 

V., Junge, K., 2019. Physical and optical characteristics of heavily melted “rotten” Arctic sea 

ice. Cryosph. 13, 775-793. https://doi.org/10.5194/tc-2018-141

Freitag, J., 1999. The hydraulic properties of Arctic Sea ice - Implications for the small scale 

particle transport. Alfred-Wegener-Institut fur Polar- und Meeresforschung.

Freitag, J., Eicken, H., 2003. Meltwater circulation and permeability of Arctic summer sea ice 

derived from hydrological field experiments. J. Glaciol. 49, 349-358. 

https://doi.org/10.3189/172756503781830601

Golden, K.M., Eicken, H., Heaton, A.L., Miner, J., Pringle, D.J., Zhu, J., 2007. Thermal evolution 

of permeability and microstructure in sea ice. Geophys. Res. Lett. 34, 1-6. 

https://doi.org/10.1029/2007GL030447

Gommes, C.J., Bons, A.-J., Blacher, S., Dunsmuir, J.H., Tsou, A.H., 2009. Practical Methods for 

Measuring the Tortuosity of Porous Materials from Binary or Gray-Tone Tomographic 

Reconstructions. Am. Inst. Chem. Eng. J. 55. https://doi.org/10.1002/aic.1182

Gostick, J., Aghighi, M., Hinebaugh, J., Tranter, T., Hoeh, M.A., Day, H., Spellacy, B., 

Sharqawy, M.H., Bazylak, A., Burns, A., Lehnert, W., Putz, A., 2016. OpenPNM: A Pore 

Network Modeling Package. Comput. Sci. Eng. 18, 60-74. 

https://doi.org/10.1109/MCSE.2016.49

Gostick, J., Khan, Z., Tranter, T., Kok, M., Agnaou, M., Sadeghi, M., Jervis, R., 2019. PoreSpy: 

A Python Toolkit for Quantitative Analysis of Porous Media Images. J. Open Source Softw. 

4, 1296. https://doi.org/10.21105/joss.01296

Gostick, J.T., 2017. Versatile and efficient pore network extraction method using marker-based 

watershed segmentation. Phys. Rev. E 96, 023307. 

https://doi.org/10.1103/PhysRevE.96.023307

172

https://doi.org/10.5194/tc-2018-141
https://doi.org/10.3189/172756503781830601
https://doi.org/10.1029/2007GL030447
https://doi.org/10.1002/aic.1182
https://doi.org/10.1109/MCSE.2016.49
https://doi.org/10.21105/joss.01296
https://doi.org/10.1103/PhysRevE.96.023307


Gradinger, R., Bluhm, B.A., Hopcroft, R.R., Gebruk, A. V., Kosobokova, K., Sirenko, B.,

Wȩslawski, J.M., 2010. Marine Life in the Arctic, in: McIntyre, A.D. (Ed.), Life in the World's 

Oceans. Wiley-Blackwell, Oxford, UK, pp. 183-202.

https://doi.org/10.1002/9781444325508.ch10

Griewank, P.J., Notz, D., 2013. Insights into brine dynamics and sea ice desalination from a 1-D 

model study of gravity drainage. J. Geophys. Res. Ocean. 118, 3370-3386. 

https://doi.org/10.1002/jgrc.20247

Horner, R., Ackley, S., Dieckmann, G., Gulliksen, B., Hoshiai, T., Legendre, L., Melnikov, I., 

Reeburgh, W., Spindler, M., Sullivan, C., 1992. Ecology of sea ice biota. Polar Biol. 12, 417

427. https://doi.org/10.1007/BF00243113

Hounsfield, G.N., 1973. Computerized transverse axial scanning (tomography): Part 1. 

Description of system. Br. J. Radiol. 46, 1016-1022. https://doi.org/10.1259/0007-1285-46- 

552-1016

Hudier, E.J. -J., Ingram, R.G., Shirasawa, K., 1995. Upward flushing of sea water through first 

year ice. Atmosphere-Ocean 33, 569-580. https://doi.org/10.1080/07055900.1995.9649545

Hunter, J.D., 2007. Matplotlib: A 2D graphics environment. Comput. Sci. Eng. 9, 90-95. 

https://doi.org/10.1109/MCSE.2007.55

Jervis, R., Kok, M.D.R., Neville, T.P., Meyer, Q., Brown, L.D., Iacoviello, F., Gostick, J.T., Brett, 

D.J.L., Shearing, P.R., 2018. In situ compression and X-ray computed tomography of flow 

battery electrodes. J. Energy Chem. 27, 1353-1361. 

https://doi.org/10.1016/j.jechem.2018.03.022

Jones, K.A., Ingham, M., Eicken, H., 2012. Modeling the anisotropic brine microstructure in first- 

year Arctic sea ice. J. Geophys. Res. Ocean. 117, C02005. 

https://doi.org/10.1029/2011JC007607

173

https://doi.org/10.1002/9781444325508.ch10
https://doi.org/10.1002/jgrc.20247
https://doi.org/10.1007/BF00243113
https://doi.org/10.1259/0007-1285-46-552-1016
https://doi.org/10.1080/07055900.1995.9649545
https://doi.org/10.1109/MCSE.2007.55
https://doi.org/10.1016/j.jechem.2018.03.022
https://doi.org/10.1029/2011JC007607


Kawamura, T., 1988. Observations of the internal structure of sea ice by X ray computed 

tomography. J. Geophys. Res. 93, 2343. https://doi.org/10.1029/JC093iC03p02343

Kawamura, T., Ishikawa, M., Takatsuka, T., Kojima, S., Shirasawa, K., 2006. Measurements of 

Permeability of Sea Ice. Proc. oh 18th IAHR Int. Symp. Ice 105-112.

Krembs, C., Eicken, H., Deming, J.W., 2011. Exopolymer alteration of physical properties of sea 

ice and implications for ice habitability and biogeochemistry in a warmer Arctic. Proc. Natl. 

Acad. Sci. 108, 3653-3658. https://doi.org/10.1073/pnas.1100701108

Krembs, C., Gradinger, R., Spindler, M., 2000. Implications of brine channel geometry and 

surface area for the interaction of sympagic organisms in Arctic sea ice. J. Exp. Mar. Bio. 

Ecol. 243, 55-80. https://doi.org/10.1016/S0022-0981(99)00111-2

Lieb-Lappen, R.M., Golden, E.J., Obbard, R.W., 2017. Metrics for interpreting the microstructure 

of sea ice using X-ray micro-computed tomography. Cold Reg. Sci. Technol. 138, 24-35. 

https://doi.org/10.1016/j.coldregions.2017.03.001

Lieblappen, R.M., Kumar, D.D., Pauls, S.D., Obbard, R.W., 2018. A network model for 

characterizing brine channels in sea ice. Cryosph. 12, 1013-1026. 

https://doi.org/10.5194/tc-12-1013-2018

Light, B., Maykut, G.A., Grenfell, T.C., 2003. Effects of temperature on the microstructure of 

first-year Arctic sea ice. J. Geophys. Res. Ocean. 108, n/a-n/a. 

https://doi.org/10.1029/2001JC000887

Lubin, D., Massom, R., 2006. Polar Remote Sensing, Springer S. ed, Springer Praxis Books. 

Springer Berlin Heidelberg. https://doi.org/10.1007/3-540-30785-0

Markus, T., Stroeve, J.C., Miller, J., 2009. Recent changes in Arctic sea ice melt onset, 

freezeup, and melt season length. J. Geophys. Res. 114, C12024. 

https://doi.org/10.1029/2009JC005436

174

https://doi.org/10.1029/JC093iC03p02343
https://doi.org/10.1073/pnas.1100701108
https://doi.org/10.1016/S0022-0981(99)00111-2
https://doi.org/10.1016/j.coldregions.2017.03.001
https://doi.org/10.5194/tc-12-1013-2018
https://doi.org/10.1029/2001JC000887
https://doi.org/10.1007/3-540-30785-0
https://doi.org/10.1029/2009JC005436


Maus, S., Becker, J., Leisinger, S., Matzl, M., Schneebeli, M., Wiegmann, A., 2015. Oil 

saturation of the sea ice pore space. Proc. 23st Int. Conf. Port Ocean Eng. under Arct. 

Cond. 1-12.

Maus, S., Leisinger, S., Matzl, M., Schneebeli, M., Wiegmann, A., 2013. Modelling oil 

entrapment in sea ice on the basis of 3d micro-tomographic images. Proc. 22nd Int. Conf. 

Port Ocean Engin. Arct. Cond. 1-10.

McKinney, W., 2010. Data Structures for Statistical Computing in Python. Proc. 9th Python Sci. 

Conf. 1697900, 51-56.

Meiners, K.M., Michel, C., 2017. Dynamics of nutrients, dissolved organic matter and 

exopolymers in sea ice., in: Thomas, D.N. (Ed.), Sea Ice 3rd Ed. Wiley-Blackwell, pp. 415

432.

Merkel, H., 2008. Impact of ice permeability and under-ice water currents on nutrient dynamics 

in Arctic sea ice. University of Alaska Fairbanks.

Müller-Huber, E., Schon, J., 2013. Carbonates with complex pore systems - Modeling of 

permeabilities and application of modified capillary tube models. Soc. Explor. Geophys. Int. 

Expo. 83rd Annu. Meet. SEG 2013 Expand. Geophys. Front. 2587-2591. 

https://doi.org/10.1190/segam2013-0012.1

NORCOR, 1975. The Interaction of Crude Oil With Arctic Sea Ice, Canadian D. ed, Beaufort 

Sea Project Technical Report No. 27. Victoria, BC, Canada.

O'Sadnick, M., Ingham, M., Eicken, H., Pettit, E., 2016. In situ field measurements of the 

temporal evolution of low-frequency sea ice dielectric properties in relation to temperature, 

salinity, and microstructure. Cryosph. 10, 2923-2940. https://doi.org/10.5194/tc-10-2923- 

2016

175

https://doi.org/10.1190/segam2013-0012.1
https://doi.org/10.5194/tc-10-2923-2016


Oggier, M., Eicken, H., Jin, M., H0yland, K., 2020a. Seasonal and interannual variability of sea 

ice state variables: Observations and predictions for landfast ice in northern Alaska and 

Svalbard. Cryosph. Discuss. 1-28. https://doi.org/10.5194/tc-2020-52

Oggier, M., Eicken, H., O'Sadnick, M., 2014. Sea ice tomography data set (2013-2014). 

https://doi.org/https://arcticdata.io/catalog/view/urn%3Auuid%3Ae168b2bd-6dbf-444f-991d-  

271cffda6421

Oggier, M., Eicken, H., Wilkinson, J.P., Petrich, C., O'Sadnick, M., 2020b. Crude oil migration in 

sea ice: Laboratory studies of constraints on oil mobilization and seasonal evolution. Cold 

Reg. Sci. Technol. 174, 102924. https://doi.org/10.1016/j.coldregions.2019.102924

Paterson, M.S., 1983. The equivalent channel model for permeability and resistivity in fluid- 

saturated rock—A re-appraisal. Mech. Mater. 2, 345-352. https://doi.org/10.1016/0167- 

6636(83)90025-X

Perovich, D.K., Gow, A.J., 1996. A quantitative description of sea ice inclusions. J. Geophys. 

Res. Ocean. 101, 18327-18343. https://doi.org/10.1029/96JC01688

Perovich, D.K., Gow, A.J., 1991. A statistical description of the microstructure of young sea ice.

J. Geophys. Res. 96, 16943. https://doi.org/10.1029/91jc01594

Petrich, C., Eicken, H., 2016. Overview of sea ice growth and properties, in: Thomas, D.N. 

(Ed.), Sea Ice. John Wiley & Sons, Ltd, Chichester, UK, pp. 1-41. 

https://doi.org/10.1002/9781118778371.ch1

Petrich, C., Karlsson, J., & Eicken, H., 2013. Porosity of growing sea ice and potential for oil 

entrainment. Cold Regions Science and Technology, 87, 27-32. 

https://doi.org/10.1016/j.coldregions.2012.12.002

176

https://doi.org/10.5194/tc-2020-52
https://doi.org/https://arcticdata.io/catalog/view/urn%253Auuid%253Ae168b2bd-6dbf-444f-991d-271cffda6421
https://doi.org/10.1016/j.coldregions.2019.102924
https://doi.org/10.1016/0167-6636(83)90025-X
https://doi.org/10.1029/96JC01688
https://doi.org/10.1029/91jc01594
https://doi.org/10.1002/9781118778371.ch1
https://doi.org/10.1016/j.coldregions.2012.12.002


Petrich, C., Langhorne, P.J., Sun, Z.F., 2006. Modelling the interrelationships between 

permeability, effective porosity and total porosity in sea ice. Cold Reg. Sci. Technol. 44, 

131-144. https://doi.org/10.1016/j.coldregions.2005.10.001

Pringle, D.J., Eicken, H., Trodahl, H.J., Backstrom, L.G.E., 2007. Thermal conductivity of 

landfast Antarctic and Arctic sea ice. J. Geophys. Res. 112, C04017. 

https://doi.org/10.1029/2006JC003641

Pringle, D.J., Miner, J.E., Eicken, H., Golden, K.M., 2009. Pore space percolation in sea ice 

single crystals. J. Geophys. Res. 114, C12017. https://doi.org/10.1029/2008JC005145

Rabbani, A., Jamshidi, S., Salehi, S., 2014. An automated simple algorithm for realistic pore 

network extraction from micro-tomography images. J. Pet. Sci. Eng. 123, 164-171. 

https://doi.org/10.1016/j.petrol.2014.08.020

Schon, J.H., 2015. Pore Space Properties, in: Developments in Petroleum Science. pp. 21-84. 

https://doi.org/10.1016/B978-0-08-100404-3.00002-0

Silin, D., Patzek, T., 2006. Pore space morphology analysis using maximal inscribed spheres. 

Phys. A Stat. Mech. its Appl. 371, 336-360. https://doi.org/10.1016/j.physa.2006.04.048

Steffen, K.R., Epshteyn, Y., Zhu, J., Bowler, M.J., Deming, J.W., Golden, K.M., 2018. Network 

Modeling of Fluid Transport Through Sea Ice with Entrained Exopolymeric Substances. 

Multiscale Model. Simul. 16, 106-124. https://doi.org/10.1137/17M1117513

Steiner, N., Deal, C., Lannuzel, D., Lavoie, D., Massonnet, F., Miller, L.A., Moreau, S., Popova, 

E., Stefels, J., Tedesco, L., 2016. What sea ice biogeochemical modellers need from 

observers. Elem. Sci. Anthr. 4, 000084. https://doi.org/10.12952/journal.elementa.000084

Taillon, J.A., Pellegrinelli, C., Huang, Y.L., Wachsman, E.D., Salamanca-Riba, L.G., 2018. 

Improving microstructural quantification in FIB/SEM nanotomography. Ultramicroscopy 184, 

24-38. https://doi.org/10.1016/j.ultramic.2017.07.017

177

https://doi.org/10.1016/j.coldregions.2005.10.001
https://doi.org/10.1029/2006JC003641
https://doi.org/10.1029/2008JC005145
https://doi.org/10.1016/j.petrol.2014.08.020
https://doi.org/10.1016/B978-0-08-100404-3.00002-0
https://doi.org/10.1016/j.physa.2006.04.048
https://doi.org/10.1137/17M1117513
https://doi.org/10.12952/journal.elementa.000084
https://doi.org/10.1016/j.ultramic.2017.07.017


Thomas, D.N., 2017. Sea ice (3rd Ed.), 3rd Editio. ed. Wiley-Blackwell.

Vancoppenolle, M., Bitz, C.M., Fichefet, T., 2007. Summer landfast sea ice desalination at Point 

Barrow, Alaska: Modeling and observations. J. Geophys. Res. 112, C04022. 

https://doi.org/10.1029/2006JC003493

Vancoppenolle, M., Meiners, K.M., Michel, C., Bopp, L., Brabant, F., Carnat, G., Delille, B., 

Lannuzel, D., Madec, G., Moreau, S., Tison, J.L., van der Merwe, P., 2013. Role of sea ice 

in global biogeochemical cycles: Emerging views and challenges. Quat. Sci. Rev. 79, 207

230. https://doi.org/10.1016/j.quascirev.2013.04.011

van der Walt, S., Colbert, S.C., Varoquaux, G., 2011. The NumPy array: A structure for efficient 

numerical computation. Comput. Sci. Eng. 13, 22-30. 

https://doi.org/10.1109/MCSE.2011.37

van Rossum, G., Drake, F.L., 2009. Python 3 Reference Manual. CreateSpace, Scotts Valley, 

CA.

178

https://doi.org/10.1029/2006JC003493
https://doi.org/10.1016/j.quascirev.2013.04.011
https://doi.org/10.1109/MCSE.2011.37


Virtanen, P., Gommers, R., Oliphant, T.E., Haberland, M., Reddy, T., Cournapeau, D., Burovski, 

E., Peterson, P., Weckesser, W., Bright, J., van der Walt, S.J., Brett, M., Wilson, J., Millman,

K.J., Mayorov, N., Nelson, A.R.J., Jones, E., Kern, R., Larson, E., Carey, C.J., Polat, i., 

Feng, Y., Moore, E.W., VanderPlas, J., Laxalde, D., Perktold, J., Cimrman, R., Henriksen, I., 

Quintero, E.A., Harris, C.R., Archibald, A.M., Ribeiro, A.H., Pedregosa, F., van Mulbregt, P., 

Vijaykumar, A., Bardelli, A. Pietro, Rothberg, A., Hilboll, A., Kloeckner, A., Scopatz, A., Lee, 

A., Rokem, A., Woods, C.N., Fulton, C., Masson, C., Haggstrom, C., Fitzgerald, C., 

Nicholson, D.A., Hagen, D.R., Pasechnik, D. V., Olivetti, E., Martin, E., Wieser, E., Silva, F., 

Lenders, F., Wilhelm, F., Young, G., Price, G.A., Ingold, G.L., Allen, G.E., Lee, G.R., 

Audren, H., Probst, I., Dietrich, J.P., Silterra, J., Webber, J.T., Slavic, J., Nothman, J., 

Buchner, J., Kulick, J., Schonberger, J.L., de Miranda Cardoso, J.V., Reimer, J., Harrington, 

J., Rodríguez, J.L.C., Nunez-Iglesias, J., Kuczynski, J., Tritz, K., Thoma, M., Newville, M., 

Mmmerer, M., Bolingbroke, M., Tartre, M., Pak, M., Smith, N.J., Nowaczyk, N., Shebanov, 

N., Pavlyk, O., Brodtkorb, P.A., Lee, P., McGibbon, R.T., Feldbauer, R., Lewis, S., Tygier, 

S., Sievert, S., Vigna, S., Peterson, S., More, S., Pudlik, T., Oshima, T., Pingel, T.J., 

Robitaille, T.P., Spura, T., Jones, T.R., Cera, T., Leslie, T., Zito, T., Krauss, T., Upadhyay, 

U., Halchenko, Y.O., Vázquez-Baeza, Y., 2020. SciPy 1.0: fundamental algorithms for 

scientific computing in Python. Nat. Methods 17, 261-272. https://doi.org/10.1038/s41592- 

019-0686-2

Webster, M., Gerland, S., Holland, M., Hunke, E.C., Kwok, R., Lecomte, O., Massom, R., 

Perovich, D.K., Sturm, M., 2018. Snow in the changing sea ice systems. Nat. Clim. Chang. 

8, 946-953. https://doi.org/10.1038/s41558-018-0286-7

Weeks, W.F., 1998. Growth conditions and structure and properties of sea ice. In M. Lepparanta 

(Ed.), Physics of Ice-Covered Seas, Vol. 1. (pp. 25-104). Helsinki: Helsinki University Press. 

179

https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1038/s41558-018-0286-7


Weeks, W.F., 2010. On Sea Ice, University. ed, On Sea Ice. Fairbanks, AK.

Weissenberger, J., Dieckmann, G., Gradinger, R., Spindler, M., 1992. Sea ice: A cast technique 

to examine and analyze brine pockets and channel structure. Limnol. Oceanogr. 37, 179

183. https://doi.org/10.4319/lo.1992.37.1.0179

Wells, A.J., Wettlaufer, J.S., Orszag, S.A., 2011. Brine fluxes from growing sea ice 38, 1-5. 

https://doi.org/10.1029/2010GL046288

Wilkinson, J.P., Boyd, T., Hagen, B., Maksym, T., Pegau, S., Roman, C., Singh, H., Zabilansky,

L.J.,  2015. Detection and quantification of oil under sea ice: The view from below. Cold Reg. 

Sci. Technol. 109, 9-17. https://doi.org/10.1016/j.coldregions.2014.08.004

180

https://doi.org/10.4319/lo.1992.37.1.0179
https://doi.org/10.1029/2010GL046288
https://doi.org/10.1016/j.coldregions.2014.08.004


Chapter 5: Assessing vertical movement of crude oil in the sea ice pore space with a 1-D model

5.1 Abstract
An oil spill in Arctic waters would have dramatic impacts on sensitive Arctic marine 

ecosystems. It is critical to improve spill response capabilities, especially for the challenging case 

of an under-ice oil spill. Advancing the prediction of oil movement through the sea ice pore space 

is critical in guiding spill response and assessing risk to ice-associated biological communities. 

We present a 1-D model of the vertical movement of crude oil through sea ice with an explicit 

representation of the pore microstructure to address this challenge. In order to minimize 

computational costs and ensure timely results - key in an emergency spill response scenario - 

we approximate the complex problem of immiscible two-phase flow in porous media by 

considering Hagen-Poiseuille flow of oil and brine through a single permeable pathway from the 

ice bottom to the ice surface. The model is initialized with descriptors of the state of the ice cover 

and the oil lens below the ice. The migration pathway is defined as a succession of connected 

cylinders, each one representing a throat connecting pores, with a specified length, radius, and 

tortuosity. After solving the equation governing flow analytically for an idealized case, we 

incorporate varying pore space geometry and permeable channel walls to assess the relative 

importance of different factors constraining oil movement. We find that the timing and magnitude 

of oil upward migration is constrained by a complicated balance between buoyancy drivers and 

opposing capillary forces and hydrostatic constraints. The model indicates that oil is unlikely to 

overflow in large quantities at the ice surface during the ice growth season. More important, lateral 

brine loss through permeable channel walls is a necessary condition for oil to be able to reach 

the surface. The importance of brine displacement for oil transport implies that lateral permeability 

and microstructure of the pore space need to be studied in more detail to delineate potential 

feedback mechanisms that can accelerate oil movement through brine convection and seasonal 

temperature changes. Our model successfully replicates observations made during oil-in-ice 
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experiments, but further model refinement and better pore space mapping are required to 

adequately address such processes in a spill response context.

5.2 Introduction
Decreasing sea ice extent (Polyakov et al., 2017) and lengthening of the ice-free season 

(Barnhart et al., 2015) foster growth of maritime traffic and resource development in the Arctic 

(AMAP, 2007; Eguíluz et al., 2016). Despite the prediction of ice-free summers in the Arctic by 

2050 (Wang et al., 2018), sea ice will remain a hazard for maritime operations during winter and 

spring. The marine Arctic environment is often described as sensitive to disturbance, with 

potentially dramatic impacts on the ecosystem in case of an oil spill (Brakstad et al., 2008; Cross, 

1987; Dilliplaine, 2017). The Arctic Council (2013) has identified a critical need to respond 

effectively to oil spills in the Arctic. This is particularly relevant for oil spilled in ice-covered water, 

where the presence of sea ice complicates the response and clean-up efforts (Fingas and 

Hollebone, 2003; Wilkinson et al., 2007).

Sea ice is a composite material with most of the porosity consisting of brine filled channels 

and pores. At the onset of freeze-up, mixing of the upper ocean forms granular ice, characterized 

by the presence of small, randomly oriented ice crystals (Petrich and Eicken, 2016; 

Weissenberger et al., 1992). During the growth season, downward ice growth forms larger 

elongated, vertically oriented crystals, known as columnar ice. Convective overturning and 

drainage of brine create large brine channels, up to several decimeters long (Cole and Shapiro, 

1998; Wells et al., 2011). Sea ice responds to warming and cooling through changes in brine 

volume fraction, which in turn alters pore microstructure and connectivity (Oggier et al., 2020; 

Oggier and Eicken, to be submitted; Pringle et al., 2009). With the onset of surface ice melt, 

increases in both porosity and connectivity result in a highly connected pore space, fostering 

transport processes such as desalination and brine convection (Eicken et al., 2002).
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Should an oil spill occur under ice, oil collects in depressions in the ice bottom (NORCOR, 

1975; Wilkinson et al., 2014), before the oil reservoir is encapsulated within the growing ice 

(Dickins, 2011; Karlsson et al., 2011; Oggier et al., 2020b). The ice above this oil reservoir acts 

as a sink for oil that may follow pathways of connected pores and invade the ice cover. Oggier et 

al. (2020b) describe the multistage evolution of oil movement in seasonally evolving sea ice. 

Initially, oil invades the highly porous skeletal layer in the lowermost centimeters of columnar ice, 

as well as penetrating large-diameter brine channels in cold ice. As the ice warms during the 

transition from winter to spring, the increase in sea ice permeability allows for further vertical oil 

penetration. Eventually, oil reaches the ice surface and pools there. Oil migration is not controlled 

by a single parameter but affected by various constraints, such as the oil lens thickness, the 

amount of spilled oil, the ice thickness, microstructure, and stratigraphy.

Large-scale models predicting the movement and fate of oil spilled in ice-covered waters 

are continuously evolving (Afenyo et al., 2016; Nordam et al., 2019; Wilkinson et al., 2017). 

However, such models are aimed at quantifying the large-scale spatial distribution of oil and lack 

the ability to predict oil encapsulation and oil transport through the vertical extent of a sea ice 

layer. Since the early 1970s, several studies have sought to improve understanding of vertical oil 

movement in natural environments and its seasonal evolution (Martin, 1979; Potter et al., 2012). 

Karlsson et al. (2011) found a permeability threshold for oil movement, later used to estimate the 

oil entrainment in sea ice based on the seasonal evolution of bulk ice porosity (Petrich et al., 

2013). Improvements in numerical modeling and pore space imaging allowed Maus et al. (2015) 

to predict the likelihood of brine displacement by oil on small columnar samples (height < 5 cm), 

relying on a computational fluid dynamics simulation approach. However, most studies focus on 

columnar sea ice and/or limit themselves to a small fraction of the sea ice cover's vertical extent.

Neglecting the seasonal evolution of the sea ice microstructure, oil flow in the sea ice pore 

space is similar to fluid displacement in aquifers and oil reservoirs. Numerical computations based 
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on bulk fluid and rock properties are able to successfully predict large-scale behavior of oil in such 

porous media (Blunt et al., 1992). However, at the pore level, capillarity forces govern fluid 

configuration, wettability and oil mobility, posing challenges to explicit modeling of fluid-fluid 

interaction and displacement at the pore scale (Bear, 1972). Wyckoff and Botset (1936) 

introduced the concept of co-permeability or relative permeability in describing a porous medium 

from the perspective of one of two fluids involved. Thus, the accessible pore space for a particular 

fluid corresponds to the total pore space minus the pore space occupied by the other fluid. 

Subsequently, Leverett (1941) applied the concept of capillary pressure to assess the surface 

tension between immiscible fluids in the pore and its relevance for fluid migration.

Despite much progress in recent decades, the rheology of immiscible two-phase flow in 

porous media at the pore scale remains a poorly understood, complex problem (Al-Gharbi and 

Blunt, 2005; Berg, 2014; Riaz and Tchelepi, 2006; Valavanides, 2018). Various methods have 

been developed to solve the partial differential equations governing such two-phase transport, 

but all come with high computational cost and are time-consuming (Chen et al., 2006; Joekar- 

Niasar and Hassanizadeh, 2012). Resolving oil migration at the pore scale level through the full 

vertical extent would not only require access to high-performance computing clusters, but the time 

and resources needed to run a full simulation would likely also exceed the scope manageable in 

the context of oil-spill response and damage assessment.

These circumstances motivated us to develop an alternative model to evaluate the 

distribution and timing of oil movement throughout the full vertical extent of the sea ice pore space. 

We consider oil movement along a single permeable pathway extending from the ice bottom to 

the ice surface, with initial conditions limited to characteristics of the ice cover, its microstructure, 

and the oil lens geometry. Such a model can be run efficiently in a variety of settings, including 

spill response and assessment. Building on a quantitative description of the sea ice pore space 

using a stick-and-node (also known as throat-and-pore) model by Oggier and Eicken (to be 
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submitted, 2020), we defined the connected pore pathway as a succession of connected cylinders 

with known individual length, l, radius R, and tortuosity, τ, originating at the ice bottom. First, we 

solve the problem analytically by assuming constant physical properties and considering an 

idealized brine channel as a vertical cylinder of constant radius R. Then, we incorporate the effect 

of temperature on physical properties such as density and viscosity for oil and brine to constrain 

oil movement and the impact of varying pore space geometry (throat diameter and tortuosity). 

This allows us to evaluate the importance of varying constraining factors on oil movement, as 

previously identified by Oggier et al. (2020b). We extend our analysis to the case of allowing brine 

resident in the connected channel pathway to percolate through the cylinder wall into the 

surrounding ice. Such a model is suitable to be integrated into a modeling and prediction 

framework encompassing large-scale, coupled models that replicate the seasonal cycle of sea 

ice and can help predict both the timing of oil migration and oil distribution, key information for oil 

spill response.

5.3 Upward oil movement model
Upward oil movement in sea ice is primarily driven by the density difference between oil 

and seawater, and initially proportional to the oil lens thickness (Oggier et al., 2020b). The size 

distribution of the sea ice pore space is small enough for the capillary forces, depending on 

interfacial tension and pore size, to play a critical role in limiting oil movement (Maus et al., 2015). 

In addition, for the oil to invade a given pore, the residing brine has to be displaced into connected 

pores. The displaced brine triggers either a large-scale cascading brine movement in the pore 

space until a corresponding amount of brine is expelled from the ice cover, or enlargement of the 

pore space through melt accommodates the expelled volume of brine. The sketch in Figure 5.1 

depicts an idealized version of the problem with the pore space approximated by a vertical 

cylinder. Here we do not consider heat and salt transport as oil and brine move through the 

channel, such that the microstructure does not change, and the temperature profile is not
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Figure 5.1—Sketch of a simplified model for oil migration in sea ice: (a) the pore space is 
reduced to vertical cylinders, and (b) discretized implementation. The red and green lines are 
typical temperature and bulk salinity profiles through the ice cover.

perturbed as the oil moves up. In addition, we assume that the oil adjusts quickly to the in-situ 

temperature as it rises in the channel.

5.3.1 Hagen-Poiseuille flow

The fastest average vertical oil velocity observed in columnar sea ice is in the order of 

several decimeters per hour (< 10-3 m s-1) (Oggier et al., 2020b). The oil density is about 

ρ0 ≈ 900 kg m-3, its viscosity ranges from 6 to 58 mPa s-1. We used the Reynolds number to 

determine if the flow is laminar:

Where L is a characteristic length, typically about the diameter of the tube (L = 2R). In sea ice, 

brine channels with a 1-cm radius are considered large, and we are interested in the porosity of 

smaller sizes

With Re < 2000, the flow is effectively laminar. Assuming steady-state flow, the movement of a 

laminar viscous fluid in a vertical cylinder is governed by the Hagen-Poiseuille relationship, which
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is derived from the Navier-Stokes equation (See Appendix C.1). The volume flux Q is given by

Where R is the radius of the cylinder, μ is the fluid viscosity, p is the pressure and z is the distance 

along the cylinder. This relationship can be inverted for the pressure gradient, and corrected to 

account for the effect of the fluid weight in a cylinder placed vertically:

With ρ the fluid density, and g the gravitational acceleration. For laminar flow, the fluid properties 

and the geometry depend solely on z. With z = 0 at the bottom of the cylinder, the integration 

leads to:

By continuity within the cylinder, the flow Q cannot depend on z. Integrating equation (5.5) 

to z = ho + hb, which corresponds to the top of the fluid in the channel, with ho the height of oil, 

and hb the height of brine gives:

Here we solve for a two-fluid system: the oil invades a brine-filled channel. The oil moves 

from the bottom of the channel upward, displacing the brine above. The subscripts o and b refer 

to the oil and the brine phase, respectively. For each phase, the flow Q is expressed by modifying 

equation (5.7) with respect to the fluid height:
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By continuity, the flows of oil and brine are equal, Q = Qo = Qb. Knowing the wettability of 

the oil/brine system, the pressure discontinuity at the interface is expressed by Young-Laplace's 

equation: 

where the non-wetting phase, pnw, is the oil, the wetting phase, pw, is the brine. The capillary 

pressure, pc, in a cylinder of radius R is: 

where γ is the surface tension and θ is the contact angle. By convention when considering the 

wettability of each phase, the capillary pressure is defined as positive (pc > 0), and the contact 

angle ranges from 0 ≤ θ ≤ 90°. In the absence of measurements between oil/brine/ice, the 

surface tension between oil and seawater on ice is γ0 = 20 ± 5 mJ m-2 (Konno and Izumiyama, 

2002; Malcolm and Dutton, 1979). One expects oil to be fully non-wetting on ice due to its 

hydrophobic property. Konno and Izumiyama (2002) found evidence that suggests the presence 

of a thin layer of water between the oil and the ice surface, thus 0*=180°, although values ranging 

from 140° to 160° have been measured for sessile drops (Mackay et al., 1976). To follow capillary 

convention when the wettability of the system is known, with θ* > 90°, we use the supplementary 

angle θ0 = 180° - θ*.

Substituting equations (5.8) and (5.9) in equation (5.11), we get the following expression 

with the pressure in the channel po(z) = pb(z) = p(z):

The flow in the channel is finally expressed as

Additionally, the flow rate in the channel is the product of the average velocity vz by the

cross-section:
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With the average velocity given by the velocity of the interface between oil and brine:

With this expression of the flow, we obtain an expression to integrate:

The problem is constrained by the initial condition at oil release, the geometry of the ice 

cover, and bounded by hydrostatic equilibrium at the top and bottom of the channel.

5.3.1.1 Initial conditions

Just prior to oil release, the brine in the pore space is at hydrostatic equilibrium with the 

ocean underneath, thus the height of brine, Hb is known. In addition, we assume the volume of 

released oil, VR, underneath the ice pools entirely in a single cavity.

5.3.1.2 Boundary condition

The geometry of the ice problem is defined by the ice thickness above the oil lens, Hi, its 

draft HD, and the oil lens thickness, HR. At the ice bottom, the oil progressively moves up in the 

channel, the oil lens thickness, hR,o decreases proportionally. The volume previously occupied by 

the oil is replaced by seawater. At the ice/oil interface, the pressure p(z0,t) is at equilibrium:

The thinning of the oil lens hR,o is proportional to the total volume of oil moving into the 

channel, Vo =π R2ho, with respect to the surface area of the channel and the surface area of the 

oil lens, VR = ARHR:
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As the oil moves upward, the resident brine is displaced upward in the channel. Once the 

brine reaches the top of the channel, it overflows on the ice surface, where it spreads horizontally, 

thus:

In case the resident brine is expelled into the sea ice matrix, we can mathematically 

accommodate equation (5.9) by introducing a brine loss function Qloss(z) , which represents the 

flow of brine into the surrounding ice in the brine-filled portion of the cylinder:

With Q0 = Q(0) = cst. Since the resident brine is expelled through the wall of the portion of the 

channel filled with brine from z = ho to z = Hb, we modify equation (5.9):

Finally, we obtain the expression:

One should keep in mind that the brine initially displaced from the channel into the 

surrounding sea ice will in return trigger large-scale brine movement in the ice cover, until an 

amount of brine equivalent to invading oil is displaced from the ice cover. We turn to the non

trivial issue of brine mass balance closure in the next section.

5.3.2 The simple model of a cylindrical brine channel

Generally, equation (5.23) has to be solved numerically, because both the fluid physical 

properties and the radius depend on z. However, it can be solved analytically for a simple case. 

We assume the fluid viscosity and density are constant, and the channel, a cylinder of radius R, 

is fully impermeable, thus Qloss = 0. Those conditions yield
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Where Hb is the initial height of brine in the channel. At the bottom, integrating equation (5.17) 

gives:

In the open channel, at the air/brine surface, the pressure follows the Young-Laplace 

equation:

Where Rhb is the radius at the top of the channel. We assume the brine/air system is similar to the 

sea water/air system, thus the surface tension is about γb = 75.64 ∙ 10-3 N m-1. The contact 

angle is θb = 0, as the brine fully wets the ice. When the brine reaches the surface ho + hb ≤ H∣, 

the channel radius become infinitely large Rhb >>> 1, and the capillary pressure becomes null.

The pressure differential between the top and bottom of the channel yields:

Initially, just before the oil release, the cavity is filled with seawater. The initial brine height, 

Hb , is given by the static equilibrium between the brine hydrostatic pressure and the brine capillary 

pressure:
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All the brine displaced by the oil has to move up and potentially be expelled at the ice 

surface. The cumulative height of brine and oil is, hence, limited by the ice thickness. Equation 

(5.24) has to be solved for:



5.3.2.1 Case 1: ho + hb < Hi and Hb < Hi

Substituting the boundary and initial conditions in equation (5.24) yields the flow velocity:

This equation is of the form: 

with:

Integrating equation (5.33) yields:

With the initial condition t = 0, h0 (0) = 0, we obtain

Finally, we obtain:

5.3.2.2 Case 2: ho + hb ≥ Hi

With the brine reaching the surface, the height of brine hb in the channel is bounded by 

hb = Hi - ho and the brine capillary pressure is zero pc,b = 0. Substituting in equation (5.24) yields:
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The equation is of the form

5.3.2.3 Case 3: Hi = Hb and ho + Hb ≥ Hi

Another solution exists for Case 1 and Case2 when the brine hydraulic head is initially 

equal to the ice thickness. We solve equation (5.24) with the boundary condition ho = 0 at t = 0.
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Since B2-C2ho < 0, ∀ho with r < rc, we use the previous solution (5.46), with the initial condition of

The second solution for C2* if Hb = Hi becomes:

5.3.2.4 Case 4: ho = Hi

The oil has reached the surface, ho = Hi and hb = 0. The oil will flow at the surface until the 

oil reservoir is depleted. With the channel full of oil pc,b = 0 the fluid velocity is expressed with

5.3.3 Numerical implementation

In most cases, the system of equations has to be solved numerically, because physical 

properties of materials depend on temperature, and sea ice is rarely isothermal. We place the 

origin of the coordinate system at the bottom of the channel and measure positive distance 

upwards. The cylindrical channel is discretized into multiple horizontal sections of the same 

thickness. We use the index i to refer to a section located at a distance hi from the bottom of the 

channel, or physical proprieties (μ, ρ) of any of the phases in this layer. Each section is defined 

by its thickness Δhi and radius, ri (Figure 5.1).

Considering the instant t when the oil is about to move into element j, all elements i for 

0 ≤ i < j are filled with oil, and all elements i for j < i ≤ k are filled with brine, with k the index of the 

uppermost element filled with brine. Discretizing equation (5.24) yields the average velocity of the 

oil u0j = ^h-L. in the simple case the radius in each element is the same, r∣ = R, but we have 

already introduced the generalized notation, as later we will consider a pore space geometry with 

variable r(z) (Figure 5.3):
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where Qloss,i = 0 is the term of brine loss in the ice surrounding layer i. As the oil moves up, the

pressures at the bottom, p0, and top, pk of the channel change in relation to the oil lens thickness

hRt, and the radius at the brine surface, rk, respectively:

When the brine reaches the surface, rll. → ∞, thus ptk → patm.

The volumetric flow of oil is expressed by:

The time increment ∆tf required for the oil to fill the element i equals:

For the simple case, in a channel of constant radius (ri = r) and thicknesses (Δhi = Δh), the 

flow rates in each element are equal (ut0 i = ut0), and all the time increments ΔtJ are equal. If the 

radius is not constant and/or the element thicknesses are not constant, then the flow is limited by 

the minimal flow within all the elements, and the time increment required to fill the element j with 

oil is the maximal value of ∆t-.

Running the model with increasing oil penetration depth, hj at each step t leads to the 

thinning of the oil lens and the rise of the brine height in the channel, which in return changes the 

boundary condition p0 and pk. For each oil penetration step ∆htj, the system is solved to find 

∆tt = max (∆tti). Finally, we obtain the temporal evolution of oil penetration by expressing the 

oil penetration depth as a function of the cumulative sum of the variable time increment ∆tt.
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There is no equation describing brine viscosity below the freezing point of seawater.

However, Maus (2007) derived an expression for NaCl brine, μb, at low temperature from 

experimental data:

Figure 5.2—Thermal evolution of Alaska North Slope crude oil physical property: (a) viscosity 
(Personal communication, Scott Loranger, 2019) and (b) density (Pegau et al., 2016).
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Where μw is viscosity of super-cooled water. The equation provides a reasonable fit for a salinity 

of 0 ≤ S ≤ 170 and temperature of -20°C ≤ T ≤ 0 °C . According to Maus, the error of using the 

expression (5.60) for brine viscosity is less than 5%.

5.3.4 Temperature dependence of viscosity and density

The numerical model allows to consider the thermal dependency of the physical 

properties. One can set up an initial temperature and bulk salinity profile varying as a function of 

the depth (Figure 5.1), and compute physical temperature. For the brine, the temperature 

dependence of the density and salinity as a function of the temperature are given by Zubov's 

(Zubov 1963), respectively Assur's (Assur 1960), equations for T > -23 °C:



With R the ideal gas constant and To the oil temperature. Using a least squares approach, we 

found the best fit with the coefficients A = 8.719∙10-14 Pa s and Q = 2.95∙104 K.

Crude oil density varies linearly with temperature (ASTM, D1250-04). Using the data 

provided by Pegau et al. (2016), we found:
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Figure 5.2 shows the evolution of viscosity of Alaska North Slope (ANS) crude oil for 

temperatures ranging from -10 °C up to 20 °C (Personal communication, Scott Loranger, 2019).

We assume that the oil viscosity μo follows an Arrhenius' law:

The temperature within the ice cover depends itself on the depth (Figure 5.1), and the physical 

properties also depend on the depth pb(T) → pb(h), p0(T) → p0(h), and μ0(T) → μ0(h).

5.3.5 Complex pore geometry

In this section, we increase the complexity of the connected pore space by replacing the 

vertical cylinder by a succession of connected cylinders of variable diameters attached along a 

tortuous pathway (Figure 5.3c). One can imagine this skeleton as the simplification of a 

continuous and tortuous pathway with variable diameter (Figure 5.3b). Although no additional 

connectivity and branching is introduced, this depiction is closer to reality, while the geometry 

remains simple. This latter point is important, as the model we aim to develop should be able to 

run quickly and provide insights into fundamental constraints on oil movement in ice. Along the 

pathway, each cylinder, discretized as element i, is defined by:

• a length, li

• a radius, ri = Di/2

• a tortuosity, τi = I-I ≥ 1, with ∆hi the oriented length of the vertical projection of the

element i. If τi ≤ -1 the element is sloping downwards.



Figure 5.3—Towards a more realistic connected pathway: a brine channel is segmented in a 
succession of cylindrical section of given diameter, Di, length, li, and vertical extent Δhi.

The temperature of each element, Ti is given at its center point. The corresponding bulk 

salinity Ssi,i is measured on a vertical section bounded by the lowest and uppermost value 

measured along the centerline. Both Ti and Ssi,i are used to compute bulk ice properties.

The introduction of the tortuosity in the pore network modifies the flow terms in the 

denominator of Eq. (5.23), which now depend on the travel length l(z) rather than Δh(z). However, 

the buoyancy driven pressure term in the numerator still depends only on the vertical extent Δh(z) 

of the element. The variable radius r(z) is already implemented. Adapting the numerical model 

presented earlier by replacing the depth, Δhi, with the travel length, li = τiΔhi, yields:

5.3.6 Brine displacement

In the simplest case, we consider a pathway connecting the oil lens to the ice surface, 

allowing the brine to be displaced upward until it reaches the surface where it spreads (Figure 

5.4a), although few observations have borne out this assumption. Brine expelled at the surface 

198

With the boundary condition remaining the same as specified above, one can solve for a variable 

pore geometry.



has only been observed in oil-under-ice laboratory experiments with thin and warm ice (Oggier et 

al., 2020b). However, in multiple studies, oil was found in the sea ice pore space without indication 

of brine surfacing (NORCOR 1975; Oggier, Eicken, Wilkinson, et al. 2020; Karlsson 2009). This 

suggests that the resident brine, pushed by the oil, is either displaced into adjacent sea ice pore 

space, or the pore space has to undergo significant microstructural changes to accommodate the 

incoming amount of oil.

One can estimate the amount of energy required to melt a large enough volume of the 

adjacent ice to accommodate the volume of brine displaced by oil movement. Knowing the density 

difference between ice (ρi = 0.917 g cm-3) and brine (ρb = 1.069 g cm-3), a volume of ice about 

10 times the volume of brine has to melt. At an initial ice temperature of -5 °C and a bulk salinity 

of Ssi = 5‰, the latent heat of freezing to achieve a sea ice with a bulk salinity of 5‰ at -5 °C is 

Lsi,f = 325 J g-1, while the corresponding effective specific heat capacity is cp = 5.6 J g-1 K-1. 

Accommodating the displacement of 1 ml of brine requires melt of about 10 ml of ice, requiring 

about 3 kJ of heat input. At the same time, oil cooling down from -2 to -5 °C releases a 

negligeable amount of heat, about 44 J, away from the freezing front. Consequently, the phase 

transformation is unlikely to happen. Previously we idealized a brine channel as a vertical cylinder 

with impermeable walls connected to the surface. If the channel is disconnected from the surface 

(Figure 5.4d), oil movement becomes impossible, as the brine can neither be expelled at the 

surface (Figure 5.4a) nor be displaced into the adjacent ice. This description is far from reality, 

where the existence of small channel feeders branching from brine channels in columnar ice (Cole 

and Shapiro, 1998), or highly branched pore space in granular ice (Weissenberger et al., 1992) 

is well documented. Using high-resolution CT imagery, Lieblappen et al. (2017) observed the 

presence of smaller pores and additional connectivity at a scale of 10 μm, which our 40 μm- 

dataset did not resolve. Incorporating a more detailed microstructure in our model not only stands 

in opposition to the goal of keeping the model simple, but would also be counterproductive. The
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Figure 5.4—Schematic of displaced brine: (a) an open-ended channel with impermeable wall 
forces brine to overflow at the ice surface; (b) and (c) permeable walls allow brine to flow into 
the surrounding ice; (c) the brine initially displaced into the bulk ice triggers large-scale brine 
movement, forcing an equivalent volume of brine to be expelled out of the ice cover via a 
downward flow. Both the lateral and downward flow in the sea ice can be approximated by 
Darcy's law.

increasing complexity of the pore network would result in the introduction of smaller pore space.

However, due to the large capillary pressure for crude oil, it is highly unlikely to discover new 

pathways for oil movement with pore radii smaller than 40 μm. While the increasing resolution 

would allow us to map connected pathways in which the brine can be displaced, overall, the 

problem will be shifted towards a smaller scale. The displaced brine problem would not be solved, 

as a mechanism would still be needed to explain where the displaced brine moves once it reaches 

the extremity of each brine displacement pathway.

Sea ice porosity is a measure of the non-ice phases (brine, air, salt), while its permeability 

is a measure of the ease with which brine moves through the liquid filled pore space. Thus, the 

connected porosity is intrinsically tied to the bulk permeability, which has been at the center of 

multiple studies (Eicken et al., 2002; Freitag, 1999; Golden et al., 2007; Merkel, 2008; Oggier and 

Eicken, 2020). Rather than modifying the geometry of our channel by adding connections to allow 
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brine displacement, we now consider the wall of the channel to be permeable, so that some brine 

displaced by the oil can move through the wall (Figure 5.4b).

To parameterize the flow of brine into the bulk ice matrix, we assume that:

• The adjacent ice is free of oil throughout the full extent of the ice cover, as the oil only 

invades the channel.

• The permeability of the wall is proportional to the permeability of the adjacent ice:

• The flow of brine expelled through the sea ice follows Darcy's law, which describes the

laminar flow of liquid through porous media:

with qsi as the flow rate of brine from the channel into the ice, κsι the sea ice permeability, 

μb the dynamic viscosity of the brine, Δps∣ the pressure differential between the channel 

and the adjacent ice, and ΔLsi a characteristic linear dimension.

5.3.6.1 Darcy's Law 

with A(z) the surface area of the channel in contact with the ice. In Darcy's equation, both the 

brine viscosity and the sea ice permeability are known values. In the surrounding sea ice, the in 

situ brine pressure, psi,b, is given by the brine hydraulic pressure head:
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For an incompressible fluid, under the assumption of laminar (Re < 1) and stationary flow, 

Darcy's law can be derived from the Navier-Stokes equation. The brine loss function in equation 

(5.21) is the integral form of Darcy's equation (5.66):

with h as the distance from the ice bottom. We neglect all capillary effects, which depends on the



largely unknown pore size distribution. Within the channel the pressure is then given by:

In the case of our truncated cylindrical channel (Figure 5.4b), the brine is allowed to flow 

laterally over the height of the channel occupied by the brine. One can express the brine loss as: 

with A(h) the surface of the segment in contact with the surrounding ice.

For a single channel, the most likely scenario may be that the brine leaving the channel 

invaded by oil flows into feeder channels in the adjacent ice, and then drains through a different 

brine channel in the columnar ice. In this case, the horizontal distance ΔLsi corresponds to the 

characteristic distance between two brine channels in columnar ice. With a surface density of 

brine channels of about 100 m-2 in sea ice (Cole and Shapiro 1998), ΔLsi = 5 cm. The distance 

between two brine channels is highly variable and could be as large as a few tens of centimeters 

(Petrich and Eicken 2016). Furthermore, in a more general case we can consider that the distance 

ΔLsi corresponds to the distance the brine has to travel horizontally in sea ice until it reaches a 

point which is located outside of the oil lens, where it could travel downward and be expelled at 

the bottom of the ice into the ocean. In that case ΔLsi is of the same order of magnitude as the 

size of the oil lens.

5.3.6.2 Sea ice permeability

Columnar ice is anisotropic, thus the permeability along the three principal directions 

(vertical and horizontal parallel and perpendicular to the brine layers and ice lamellae) is different. 

A semi-empirical equation defined the vertical permeability, κv as a function of the porosity 

(Golden et al., 2007):
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Neglecting the presence of air bubbles, the porosity ϕ equals the brine volume fraction, 

which depends upon the bulk salinity, Ssi, and temperature Tsi:

With A = 3.9 for new ice, and A = 1.6 for first year ice. ϕeff is the effective porosity, which 

corresponds to the open porosity measured on centrifuged samples. Note that independent of ice 

texture, sea ice appears to be effectively impermeable when permeability is smaller than 

κv = 5∙10-14 m2.

We lack such a function for the perpendicular, κ⊥, and parallel, k||, permeability, and few 

studies quantify the permeability in the horizontal direction. Freitag (1999) found that the parallel 

and perpendicular permeability values are up to 2 orders of magnitude smaller than the vertical 

permeability, and that the ratio between parallel and perpendicular is about 6. Later Freitag and 

Eicken (2003) used a ratio of 0.1 between the parallel and vertical permeability.

While granular ice is often considered isotropic, Freitag (1999) found that the vertical 

permeability in granular ice is one order of magnitude larger than the horizontal permeability, with 

the latter isotropic within azimuthal directions. Unfortunately, we are not aware of any data 

available for the permeability of granular ice. It can be inferred from oil-in-ice experiments (Oggier 

et al., 2020b) and pore space analysis (Oggier and Eicken, to be submitted) that the vertical 

permeability in granular ice is about one order of magnitude smaller than that of columnar ice at 

low porosity (φ < 0.05).

5.3.6.3 Numerical implementation

Discretizing equation 5.70, the total brine loss, Qloss,i, at element i, is equal to the sum of 

all the flow of brine expelled from each element, m, ranging from the oil lens to the element i
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Freitag (1999) proposed another expression for the vertical permeability:



(j < m < i):

where the flow rates qb,i follow Darcy's law. Permeability in columnar sea ice is best 

described with three principal components: the vertical permeability, κv, permeability parallel to 

brine layers, κl|, and permeability perpendicular to brine layers, κ⊥; for granular ice κ⊥ = κl1 

(Freitag, 1999; Oggier and Eicken, 2020). While brine is expelled through the entire surface of 

the cylindrical wall, Atot, here we consider the projection of the wall onto the plane perpendicular 

to the principal direction (Figure 5.5). The brine flow for the k-th element is the sum of twice the 

parallel flow, qll,i, and twice the perpendicular flow q⊥,i:

Figure 5.5—Geometry of brine displacement from channel into 
surrounding ice, showing projection of cylindrical surface area onto 
plane perpendicular to principal direction.
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Where the area Ai is the height of the segment Δhi times the channel diameter (Di = 2Ri):

For each element, the flow of brine is expressed by:



The flow velocity becomes:

And the pressure pb,k in the channel is

And the pressure psiιbιk outside of the channel is expressed by the brine hydraulic head:

We only consider brine flowing out of the channel. Thus, when the term pb,k - psi,k < 0, we set

Qb,i = 0. Substituting (5.77-5.80) in (5.64), we can solve numerically. Above the oil/brine interface,

to ensure continuity, the vertical flow of brine in the channel in element k is equals to flow of oil, 

qt0 minus the brine loss q'∣,k:

And the time increment to move vertically fluid through the element k is:

The flow is as fast as the slowest element: ∆tt = max (∆ttk).

Finally, we can consider tortuous pore space: each cylindrical segment is now angled with

an angle of αk:

We use trigonometry to calculate the projected surface for the perpendicular, A⊥, and 

parallel, Alk area:
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The combination of various elements of volume and solving for the time as a function of 

the oil travel distance adds one layer of complexity: the slowest time increment ∆tt does not often 

correspond to an entire volume element. We implemented a routine to subdivide each element in 

order to accommodate for partial movement of oil. However, it became more problematic after 

allowing brine to flow out of the channel, as the time increment converged towards an infinitely 

small period, leading to instability in the numerical model. While the model is currently working, 

and allows for preliminary exploration of different case scenarios, further work is required to 

improve the implementation.

5.4 Methods

5.4.1 Sea ice pore space imaging and analysis

To anchor the numerical model in a realistic representation of sea ice pore space, we used 

samples representative of granular and columnar ice texture collected in undeformed landfast sea 

ice in Utqiagvik during the ice growth, transition and melt seasons of 2013 and 2014 

(Druckenmiller et al., 2009; Oggier et al., 2020a). During each field campaign, an ice core was 

taken for measurements of ice temperature at 5 - 10 cm intervals within 5 minutes of retrieval. A 

second ice core was cut in 5 cm vertical sections, transferred to the field laboratory and melted 

for measurements of bulk sea ice salinity. A third ice core was cut into 5 cm vertical sections for 

x-ray computed tomography imagery at depths ranging from 0 to 30 cm for granular ice and from
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In addition, with the introduction of variable diameter, if the radius of the next element is 

smaller than the previous one Rk > Rk+1, additional surface is created for the brine to be expelled 

upward for an upward sloping throat. For a downwards sloping throat, the additional surface is 

created on the bottom face of the throat k if Rk > Rk+1. The surface area is equal to the large disk 

minus the small disk:



30 cm to the ice bottom for columnar ice. Within 1 - 2 hours after sampling, the core sections 

were centrifuged at 1500 RPMs for 5 minutes at in-situ temperature and stored at -40 °C until 

further processing.

We used micro-computed tomography (μCT) to image each sample at a resolution of 

40 μm following the protocol developed by Oggier and Eicken (2020) and O'Sadnick et al. (2016) 

using a Skyscan 1074 instrument. We used the methodology of Oggier and Eicken (2020) to 

extract a stick-and-ball (throat-and-pore) network for each sample from the binary 3D imagery. 

Finally, we quantified the pore and throat size distribution and extracted the connected pathway 

between the bottom and top of the sample using subroutines of the python module PoreSpy 

(Gostick et al., 2019).

5.4.2 Analytical solutions for oil movement model

Both the analytical solutions (Eq.5.39), 5.50)) and the numerical model (Eq. 5.64) were 

implemented in Python 3.x (van Rossum and Drake, 2009) using the additional packages, NumPy 

(van der Walt et al., 2011), Pandas (McKinney, 2010), Matplotlib (Hunter, 2007), and PySIC, a 

sea ice core analysis module developed by Oggier (2020). The sea ice thickness was set 

arbitrarily to Hi = 100 cm, with a constant temperature of Tsi = -5.0 °C and a bulk salinity of 

Ssi = 5‰. The ice draft of 89.7 cm was computed using a sea ice density of ρsi = 920.3 kg m-3 and 

a seawater density ρsi = 1025.74 kg m-3, corresponding to seawater of 32 g kg-1 salinity at its 

freezing point (Tsw = -1.76°C). In most cases we set the channel radius to R = 2 mm, so that the 

hydraulic brine head is below the ice surface, and also tested output for different radii.

The initial oil lens condition was based on the thickest oil lens scenario of a series of 

experiments conducted in the large-scale ice tank at the Cold Regions Research and Engineering 

Laboratory (CRREL) in Hanover, New Hampshire (Oggier et al., 2020b; Pegau et al., 2016) with 

an oil lens thickness of HR = 10 cm and a reservoir volume of 300 L. We used a second case with 

207



an unrealistically thick oil lens of HR = 90 cm to guarantee the oil movement through the full ice 

cover and then reduced the amount of oil available within the lens.

5.4.3 Numerical implementation

The model was implemented using Euler's method and we designed the model to be 

highly flexible, allowing the user to easily enable or disable any of the built-in parameters. We ran 

the model to independently quantify the impact of the following variables:

• Initial oil lens geometry: HR and Hi.

• Channel geometry: the tortuosity, τ, and throat size, r. We used either a fixed throat sized 

of r = 2 mm, or throat sizes were randomly generated from the throat size distribution 

derived from the sea ice pore space analysis from Oggier and Eicken (to be submitted). 

The tortuosity was either fixed at τ = 1.05 for columnar ice and τ = 2 for granular ice, or 

randomly generated from tortuosity distributions derived from the sea ice pore space 

analysis.

• Sea ice temperature and bulk salinity dictate the viscosity and density of both oil and brine 

and vertical permeability of columnar ice. We either used a fixed temperature of 

Tsi = -5.0 °C and bulk salinity of Ssi = 5‰, or a sea ice temperature and bulk salinity profile 

measured on ice cores collected at the same time as the core for pore space analysis 

(Oggier and Eicken, to be submitted). During the growth season, the linear temperature 

profile allowed for direct scaling down from the original ice thickness (1.36 m) to Hi = 100 

cm. For the scaled salinity profile, in order to preserve the shape of the high salinity layer 

at the top and bottom of the ice (Oggier et al., 2020a), we preserved the top and bottom 

15 cm during the scaling operation and scaled the central part to 70 cm.

• Sea ice stratigraphy: We assumed an ice cover consisting entirely of columnar ice in most 

simulations, but tested the influence of a mixed ice stratigraphy composed of 20 cm of 
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granular ice on top of 80 cm of columnar ice. Such layered stratigraphy affects the 

permeability, tortuosity, and throat radii of the simulated pore space.

• Brine loss: We used ΔL = 0.05 and 50 cm for the horizontal distance the brine has to travel

after being expelled from the channel when the brine loss mechanism is enabled.

We ran the model to simulate oil movement in a single channel extending throughout the 

ice cover. We divided the connected pathway into 1000 segments of equal height and populated 

the pore space properties as described. The model implements time as a function of a distance 

increment set to the length of the segment l = τ∙Δh, with Δh = 0.1 mm. When brine loss is enabled, 

and brine is not able to move upward, the model reverts automatically to the time-driven mode 

with a time increment Δt = 0.1 s.

5.5 Results

5.5.1 Connected pathways

Figure 5.6a and c show the typical pore space for granular and columnar ice just before 

the start of the melt season. The corresponding connected pore skeletons are shown in Figure 

5.6b and d. Pore space in granular ice appeared strikingly much more tortuous than in columnar

Figure 5.6—Three-dimensional visualization of the pore network (a, c) and extracted connected 
pathway (b, d) for granular ice (a, b) and columnar (c, d) ice texture. The cylinders represent 
the throat. The connected pore space is shown as a transparent overlay.
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ice. In addition, the throats showed a larger variation in radius between two consecutive throats 

in granular ice than columnar ice.

Figure 5.7 shows the geometry of the different connected pathways for the pore space of 

the two ice samples of Figure 5.6. In both cases, the connected pore space extended through the 

full height of the sample (h = 15 mm). In columnar ice, the shortest and longest pathways were 

16.1 and 19.2 mm long. By comparison, in granular ice the length of the shortest and longest 

pathway were 28.2 mm and 38.5 mm. This was an increase in distance ranging from 75% to 

100%. Obviously, looking at Figure 5.7, some of the throats in granular ice were significantly larger 

than in columnar ice, but the narrowest throats for each connected pathway were of similar radius 

(R = 0.04 - 0.06 mm).

Figure 5.7—Representation of the throat space of (a) granular and (b) columnar sea ice from 
the shorter (a) to the longer (b). Each rectangular segment represents a throat. The length and 
width of each segment correspond to the length and radius of the throat. The number indicates 
the pore identity on the start face, the letter indicates the pore identity on the end face. The 
vertical black line indicates branching from the shorter pathway.
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5.5.2 Analytical solution

Figure 5.8 shows the maximum oil percolation depth under different scenarios for the initial 

oil lens thickness, HR, and pore radius r:

• Cases A, B: Initially, the oil has to overcome the oil capillary pressure to enter the brine 

channel. The critical radius is given by the Young Laplace equation with a buoyancy driven 

pressure differential (Maus et al., 2015):

If the pore radius is smaller than the critical radius, oil cannot invade the channel.

• Case 3: If the brine hydraulic head is greater than the ice thickness, Hb ≥ Hi, and the oil

can penetrate the pore space, r ≥ rc, then the oil penetrates the full ice cover: ho,max = Hi.

• Case 2: If the brine hydraulic head is smaller than the ice thickness, Hb < Hi, and the oil

can penetrate the pore space, r ≥ rc, then the oil moves within the channel. However, as 

the oil moves in, some brine is displaced above the initial brine equilibrium, which in turn

Figure 5.8—Maximum oil penetration depth as a function of the oil lens thickness and pore 
radius for H∣ = 1 m and Hb = 0.9 m. Below a critical radius, rc, oil does not penetrate the vertical 
tube. For an oil lens of thickness HR, the oil surfaces when the oil penetration depth exceed a 
certain threshold ho,c.
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acts against the buoyancy-driven pressure differential. If the pressure differential can push 

the brine high enough such that ho + Hb ≥ Hi, the oil reaches the surface: ho,max = Hi.

• Case 1: If the pressure differential is too small, then the oil penetration depth is bounded 

by: ho < Hi - Hb.

Cases with Hb ≥ Hi are somewhat trivial, as any oil movement in the channel decreases 

the brine pressure overhead, and oil will flow upward. Figure 5.9 explores different oil spill 

scenarios for Hb ≤ Hi with a set pore radius R = 2 mm, except for Figure 5.9g-h where r = 0.2 mm. 

The figures on the left show the oil penetration depth and thinning of the oil lens as a function of 

time, while figures on the right show the corresponding buoyancy-driven driving pressure 

differential (red) and the retarding pressure differential (green), which consists of the head of the 

brine pushed above the hydrostatic equilibrium level without oil. When the oil lens was too thin 

(case 1), the oil did not reach the critical penetration depth of ho,c = Hi - Hb (Figure 5.9a-d). With 

a thick oil lens (case 2) and a large reservoir, the buoyancy driven pressure differential (red line) 

was large enough to overcome the brine hydraulic pressure (green line) and force the brine to the 

surface, so that the oil was able to reach the surface (Figure 5.9e-h) in less than 1 h. While the 

overhead brine pressure decreased with a smaller pore radius (Figure 5.9g-h), oil moves slowly 

in the channel and reached the surface after a significant amount of time (t = 40 h). With less oil 

available in the reservoir, the oil lens thinned as the oil moved upward (Figure 5.9g-h). When the 

volume of the oil reservoir was of the same order of magnitude as the oil intake in the brine 

channel, the oil lens thickness decreased until it cannot overcome the brine overhead.

5.5.3 Numerical solution

Figure 5.10, 5.11, 5.13 and 5.14 present the results for the numerical simulation under 

various conditions. Figure 5.11 shows physical properties and pore space profiles for typical sea 

ice, including the effect of stratigraphy which affects the permeability, k, and tortuosity, τ, in the 

upper layer (0.8 - 1 m above ice bottom). The sea ice physical properties and pore space profiles
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Figure 5.9—Timing of oil penetration depth (a, c, e, g, i, k), and pressure equilibrium (b, d, f, h, 
j, l) with R =2 mm (a-f, i-l) and R = 02 mm (g-h), for various initial conditions of oil lens thickness 
increasing from 0.1 m (a, b), 0.7 m (c, d) to 0.9 m (e-l), and decreasing volume of oil released 
from V = 1000 L (a-f), 1 L (i-j), 1 mL (k-l).

used to run the simulation can be found as additional materials (See Appendix C.2). There are 

two main reasons for simulating for the simple case of a vertical cylinder of constant diameter. 

First, it allowed us to check the consistency of our results (Figure 5.10) with the analytical solution 

(Figure 5.9). While the overall behavior of the numerical simulation followed the same trends as 

the analytical solution, all simulations consistently predicted the oil to move about 30% faster. 

Second, these cases served as a benchmark reference when introducing more complex 

geometries and physics. We especially focused on the case with HR = 90 cm and R = 2 mm 

(Figure 5.10b), as the oil travelled through the ice cover, which is not the case with HR = 10 cm.
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Figure 5.10—Oil penetration depth (ho) and oil flow (Qo) for the case of a uniform-radius vertical 
cylinder with (a, b, c) R = 2 mm or (d) 0.2 mm, (a, b, d) VR = 300 L or (c) 10-6 L and (a) HR = 10 
cm or (b, c, d) HR = 90 cm. Hi is the ice surface, HD is the water level, hb + ho is the position of 
the brine surface in the channel as a function of time, Hi - Hb corresponds to the oil penetration 
depth when the brine reaches the ice surface. The profile of physical properties and pore space 
geometry can be found in Figure 5.11.

It is important to note that in most cases the oil started to flow at about 10-6 m3 s-1 and the flow 

rate quickly decreased. In the case of surfacing oil, the oil flow reached a minimal value at the 

critical threshold ho,c = Hi - Hb, which corresponded to the brine surface reaching the ice surface. 

After the brine started to overflow, the height of the brine columns kept decreasing, while the oil 

columns increased. The positive feedback loop led to an acceleration of the flow.

Figure 5.12a shows the impact of temperature on the oil penetration depth. While the oil 

was able to travel through an isothermal ice cover at -5 °C under the same conditions (Figure 

5.10c), the oil penetration depth remained below the critical threshold when the ice temperature 

gradient was colder at the surface. The oil lens thickness should be at least 108 cm to overcome 

the hydraulic head for full depth penetration, compared to 88 cm without considering the thermal 

effects. Despite the oil viscosity at the ice bottom being an order of magnitude larger than the 

brine viscosity at the top (Figure 5.11), the taller columns of brine (87 cm) compensated the effect 

and both flow terms in the denominator of equation (5.23) became similar. This suggests that the 

additional hydraulic head from the increase in brine density was enough to slow down and stop
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Figure 5.11—Sea ice physical properties and pore space geometry as a function of 
temperature, salinity and stratigraphy. The sea ice stratigraphy is composed of 20 cm of 
granular ice on top of columnar ice. Original temperature and salinity profiles were collected in 
Utqiagvik in 1.36 m thick landfast ice (Eicken, 2016).

the oil penetration, which was confirmed by further simulations, in which we neglected the 

temperature dependence for either the viscosity or density.

The effects of throat diameter on the oil penetration depth and flow are shown in Figure 

5.12b. It is important to note that the mean in the throat size distribution measured on connected 

pore space in sea ice samples and used to generate pore space used in the simulation was about 

0.6 mm, much smaller than the throat size used for other simulations. First, the maximum oil 

penetration depth of 5 cm in Figure 5.12b was significantly smaller than the penetration depth in 

other simulations (Figure 5.12a, c). This was partially due to the overall smaller pore size in Figure 

5.12b. Second, as the oil and brine successively penetrated throats of different radii, the 

associated changes of the capillary pressure impacted the flow rate, which shows quick 

variations. Third, although we did not investigate this in great detail, the oil moved up about 5 cm, 

but the brine move up about twice as much. This indicates that there is less pore space available 

to invade closer to the colder ice surface than at the bottom. This would be in agreement with the 

decrease of brine volume fraction associated with colder ice.
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Figure 5.12—Oil penetration depth (ho) and oil flow (Qo) when including (a) temperature 
dependence of brine and oil viscosity and density, (b) variable throat radius r; (c) channel 
tortuosity and (d) the cumulative impact of all three. Temperature, throat radius and tortuosity 
profile are shown in Figure 5.11 The other variables are set to (a, c, d) R = 2 mm, (a, b, d) τ = 1, 
Vr = 300 L, Hr = 90 cm, and (a, b, c) a brine and oil temperature of -5 °C. Hi is the ice surface, 
HD is the water level, hb + ho is the position of the brine surface in the channel, Hi - Hb 

corresponds to the oil penetration depth when the brine reaches the ice surface.

The effect of the tortuosity of the granular layer remained small as the oil percolated 

through the full ice cover (Figure 5.12c). However, once the oil reached the transition between 

columnar and granular ice at t = 0.045 h the oil flow started to decrease, which we did not observe 

in other simulations except those with variable tortuosity (τ > 1). Finally, Figure 5.12d displays the 

compounded effects of temperature, throat size, and tortuosity, highlighting the complex behavior 

of oil movement in a more realistic sea ice pore space. In the simulation with all compounded 

effects, the oil penetration depth (2 cm) was smaller than when including only the effect of 

temperature (15 cm) or throat size (5 cm). This suggests that the decreases in oil penetration 

depth we observed when including only the effect of throat size is not only an artefact of smaller 

throat size distribution (R = 0.6 mm) relative to the benchmark simulation (R = 2 mm) but truly 

indicates that throat size affects capillary pressure.

When the oil was exclusively allowed to be displaced upward, an unrealistically thick

(90 cm) oil lens had to pool below the ice bottom for oil to surface, while observation shows that
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Figure 5.13—Effect of lateral brine loss for an oil lens thickness HR = 10 cm: (a) oil penetration 
depth (ho), oil flow (Qo) and lateral brine loss(Qbloss) as a function of time; (b) evolution of 
pressure differential: Δptot is the total pressure differential without the brine loss, pq,loss is the 
contribution of the brine loss term, pb,h>hb is the additional brine overhead and po is the buoyancy 
and capillary-driven pressure; panel (c) shows a snapshot of the pressure field within the ice 
cover (psi) and brine channel (pc), the brine loss in each layer (qb,loss,i) and cumulative value 
(Qbloss). Hi is the ice surface, HD is the water level, hb + ho is the position of the brine surface in 
the channel, Hi - Hb corresponds to the oil penetration depth when the brine reaches the ice 
surface. The simulation parameters were set to R = 2 mm, τ = 1, Vr = 300 L and a brine and 
oil temperature of -5.0 °C. In panel (a) the stepped oil penetration depth and jagged oil flow 
rate are an artefact of the 0.1 mm vertical resolution.

10 cm of oil under 68 cm of columnar ice are sufficient for oil to surface (Oggier et al., 2020b). 

Figure 5.13 and 5.14 show only the effect of allowing brine to be expelled laterally through the 

channel. First, oil was able to surface for a case with a thinner oil lens (Figure 5.13a, HR = 10 cm), 

where it did not previously surface (e.g. Figure 5.10a). However, while oil was able to surface, it 

required a large amount of time (t > 100 h). Second, as the expelled brine had to travel a longer 

distance ΔL, from 5 to 50 cm, the time required for oil to reach the surface increased. However, 

the impact of the longer distance was less significant in cases with a thicker oil lens (HR = 50 cm). 

Here, the time for oil to reach the surface increased by 30%. Additional simulations with an 

increasing lateral distance of up to ΔL = 5 m indicated that the timing did not change significantly. 

For a thinner oil lens (HR = 10 cm), oil reached the surface after 100 h with ΔL = 5 cm (Figure 

217



5.13). Increasing the distance to ΔL = 50 cm in the simulation shows that oil would barely move 

up, but would still be moving after 200 h, but did not reach yet more than 5 cm.

Figure 5.13a shows that oil initially penetrated swiftly up to 1.3 cm (t < 0.1 h), which 

corresponds to the maximal penetration depth if the brine can only be displaced upward in the 

channel. Accordingly, the oil flow dropped quickly by 4 orders of magnitude. While the stepped oil 

penetration depth and highly variable oil flow rate are an artefact of the rough resolution of 0.1 mm 

and 0.1 s, the magnitude remains correct. Figure 5.13b indicates that the brine overhead (pb,h>hb) 

became much larger than the buoyancy-driven pressure (po) and the overall pressure differential 

(Δptot) dropped to zero. In this case, brine could not be pushed upward anymore, but could still be 

expelled into the surrounding ice. While the lateral oil flow was small, it remained fairly constant 

for a long period of time (> 100 h). Thus, the oil penetration depth reached a plateau in Figure 

5.13a. Once enough brine had moved out of the channel such that the oil could reach the critical 

threshold, the buoyancy pressure differential overcame the brine hydraulic head. In return, the 

brine was quickly pushed upward. As soon as it started to overflow, oil had to surface. It is 

important to note that within the ice cover, the pressure differential between the sea ice and the 

channel (Figure 5.13b) was not only small at the ice bottom, but the pressure in the sea ice 

decreased slower than the pressure in the brine channel. The latter implies that the pressure 

differential became negative at some point within the ice cover (z ≈ 30 cm). While we only allowed 

brine to flow from the channel towards the ice, the decrease in pressure differential implies that 

the lateral brine flow (qb,ossi) decreased proportionally, so that the total brine loss (Qloss) was 

bounded, and limited the oil flow (qo).

With a thicker oil lens (Figure 5.14) conditions changed dramatically. The increase of the 

intensity of buoyancy-driven pressure guarantees that the pressure within the brine channel was 

always much larger than the pressure in the sea ice (Figure 5.14c). Accordingly, brine could be 

expelled from the channel throughout the full extent of the brine-filled portion of the channel
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Figure 5.14—Effect of lateral brine loss for an oil lens thickness of HR = 90 cm : (a) oil 
penetration depth (ho), oil flow (Qo) and lateral brine loss(Qbloss) as a function of time; (b) 
evolution of pressure differential: Δptot is the total pressure differential, pq,loss is the contribution 
of the brine loss term, pb,h>hb is the additionnal brine overhead and po is the buoyancy and 
capillary-driven pressure; panel (c) shows a snapshot of the pressure field within the ice cover 
(psi) and brine channel (pc), the brine loss in each layer (qb,loss,i) and cumulative value (Qbloss). 
Hi is the ice surface, HD is the water level, hb + ho is the position of the brine surface in the 
channel, Hi - Hb corresponds to the oil penetration depth when the brine reaches the ice 
surface. The simulation parameters were set to R = 2 mm, τ = 1, Vr = 300 L and a brine and 
oil temperature of -5.0 °C.

(Figure 5.14c), which allowed for a larger total brine loss. In addition, we know that the buoyancy- 

driven pressure alone would fully overcome the brine hydraulic head so that oil would surface 

(Figure 5.10b). In the model, this means that the total brine loss Qb,loss was always smaller than 

the oil flow rate, qo (Figure 5.14a, c). In Figure 5.10b, as the oil moved up in the channel and the 

amount of brine in the channel decreased, the contributing pressure from the brine loss (pq,loss) 

decreased too.

Figure 5.15 shows the simulation results when brine loss was enabled in conjunction with 

realistic sea ice properties (Figure 5.11) and mixed stratigraphy for increasing oil lens thicknesses 

from 1 to 90 cm. Previously we found that enabling brine loss facilitated vertical oil movement, 

while a realistic sea ice pore space and physical properties hindered the oil flow. The results 

clearly indicate the key role of brine loss, as the oil was able to reach the surface in most cases
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Figure 5.15—Oil penetration depth (ho), oil flow (Qo) and lateral brine loss (Qbloss) with the impact 
of stratigraphy, pore space and temperature dependence for oil lens thicknesses varying from 
(a) HR = 90 cm, (b) HR = 20 cm, (c) HR = 10 cm, (d) HR = 5 cm with lateral distance of 
ΔL = 5 cm. Hi is the ice surface, HD is the water level, hb + ho is the position of the brine surface 
in the channel, Hi - Hb corresponds to the oil penetration depth when the brine reaches the ice 
surface.

in under 10 h. As expected, oil moved up faster with a thicker oil lens. In addition, the inclusion of 

a more realistic pore space description and sea ice boundary conditions significantly increased 

the complexity of the oil movement in the channel. Considering Figure 5.15a as an example, first 

the oil quickly invaded the ice bottom up to the critical penetration depth in the absence of lateral 

brine loss (h ≈ 2 cm, Figure 5.12d). Second, for about 1 h, the oil flow was limited to the lateral 

brine flow. At that time, the decrease of the height of brine within the channel indicated that a non- 

negligible amount of brine was expelled into the surrounding sea ice. However, the height of oil 

in the channel was large enough to momentarily overcome the brine hydraulic head, thus the 

brine quickly moved upward (t ≈ 1 - 1.5 h). In return, the pressure within the channel decreased, 

leading to a decrease in the lateral oil flow. Notwithstanding, the increase of hydraulic head was 

such that the brine could not be pushed further up by the buoyancy-driven pressure gradient. 

Following this, brine loss through the channel wall allowed for brine to be replaced by oil (t ≈ 1.5 

- 4 h). Towards the end (t > 4 h), as the brine hydraulic head decreases and the buoyancy-driven 

pressure increases, the brine was pushed to the surface, quickly followed by the oil. Simulations 
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showed that in some cases all the brine could be expelled from the channel before the oil reached 

the surface.

With a small pressure gradient existing between the ice and the channel (Figure 5.13) the 

brine could be expelled only along a small vertical extent in the lowermost section of the pathway. 

As the oil moved upward, the lower boundary of this vertical extent moved up accordingly. At the 

same time, the upper boundary moved upward following the increase in buoyancy-driven 

pressure. For a thin oil lens, the lower boundary was displaced faster than the upper boundary, 

leading to a decrease in the surface area available for lateral brine loss. In some cases (e.g., 

HR < 0.05 cm, Figure 5.15d), the brine loss would come to a stop, halting the oil flow.

5.6 Discussion

5.6.1 Model limitations

We assume that a connected pathway extending from the ice bottom to the top of the ice 

cover exists. Such pathways are unlikely to exist in sea ice during the growth season, which are 

the conditions of our simulation (Figure 5.11). At the macroscale, Cole and Shapiro (1998) found 

that brine channels end within the ice cover of first-year ice, extending typically up to 0.5 m prior 

to the melt season. In addition, microscopic studies by Oggier and Eicken (to be submitted) and 

Pringle et al. (2009) highlight the discontinuity of the pore space in both columnar and granular 

ice during the growth season. To better mimic sea ice, one could use a truncated cylinder or a 

pathway ending within the ice cover and/or define a pressure condition at the top of the channel. 

Both alternatives lead to an increase of the pressure within the channel. This will not only directly 

lower the flow rate by counteracting the buoyancy-driven pressure from the oil, but also decrease 

the pressure differential between the channel and the surrounding ice, which in return, by lowering 

the lateral brine loss, limits the potential flow of oil. Furthermore, setting a pressure condition at 

the top allows one to account for additional overhead pressure due to the accumulation of 

freshwater following a surface melt or rain event.
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The pressure field within the ice is currently given by the hydraulic pressure of the 

surrounding ocean. Thus, for the brine and oil above the sealevel, the pressure in the surrounding 

ice becomes zero. This is in contrast with observations by Eicken et al. (2002) who measured an 

hydraulic head up to 0.2 m for melt ponds in level ice during the early stage of melt when surface 

meltwater production overwhelms discharge of brine and meltwater through the sea ice pore 

space. Later in spring and summer this value decreased to zero. While we are not aware of data 

for brine hydraulic head during the ice growth season, we assume it as several centimeters at 

most with brine rising through capillary forces within the pore space and remaining perched above 

hydrostatic equilibrium due to lower permeability of interior ice layers. Underestimating the 

pressure in the sea ice has direct effects on assessing brine loss, as the latter scales 

proportionally to the pressure differential between the ice and the channel. Since the hydraulic 

head is at most equal to the freeboard, the pressure gradient in the ice could increase up to 10%. 

This could have dramatic effects for thin oil lenses, as the brine loss is limited up to the depth 

where the pressure gradient becomes negative (Figure 5.13, Figure 5.15d).

Although we propose a solution to allow the displaced brine to be expelled from the 

channel, we did not fully close the system. While we consider the surrounding ice as an infinite 

sink, the available brine volume fraction is limited (Cox and Weeks, 1983), and the connected 

porosity is likely to be much smaller (Oggier and Eicken, 2020), especially during the growth 

season. As brine is expelled into the surrounding ice, it induces further brine movement within the 

pore space. Ultimately some brine has to leave the ice cover and downward Darcian flow 

constrained by ice permeability set in. At any height, the vertical flow should be at least equal to 

the total brine loss from the overlying layers (Figure 5.4c); otherwise the brine loss would be 

limited by the magnitude of the vertical flow. In this context it would be interesting to examine the 

impact of gravity drainage (Griewank and Notz, 2015), and estimate if it acts like a downward 

pump that can help pull brine out of the channel. While our approach may seem similar to the 
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estimation of oil penetration depth based on sea ice vertical permeability by Petrich et al. (2013), 

it differs in that the mechanism considered here still allows oil to move upward in the brine 

channel, while the presence of a low permeability layer would limit the oil flow in the sea ice cover. 

Furthermore, as oil can move above a low permeability layer, an oil filled channel could act as a 

pipeline allowing potentially large quantities of oil into the surface layer earlier than previously 

thought upon warming of the upper ice cover at the onset of melt.

We randomly assigned a radius to each element from one of the two throat radius 

distributions as a function of the ice texture. Although this method has been previously used with 

success (Steffen et al., 2018; Zhu et al., 2006), it assumes throats to be independent of each 

other. While this may be true for the very heterogenous granular ice (Figure 5.6b), this assumption 

may not hold in columnar ice, in which a throat of a given throat radius tends to be connected to 

throats of similar radius, forming the typical elongated pore microstructure (Figure 5.6c). In 

addition, pore space geometry in sea ice is highly dependent on the local temperature and bulk 

salinity (Golden et al., 2007; Oggier and Eicken, 2020). Nonetheless in columnar ice, where 

temperature ranges from -2 °C at the ice bottom to -11 °C near to the transition of columnar to 

granular ice (Figure 5.11), we used a single throat size distribution measured for sea ice at -5 °C. 

Thus, the throat sizes within the section of columnar ice located between 0.4 and 0.8 m are likely 

to be overestimated, facilitating the vertical flow of oil. Accordingly, we potentially underestimated 

the throat radius near the ice bottom, which could explain the limited oil penetration depth (up to 

6 cm) for thin layers of oil (HR < 8 cm) in our simulation (Figure 5.15d). A better mapping of the 

sea ice pore space, such as the one introduced by Lieb-Lappen et al. (2017), would not only 

improve the performance of the model, but is also needed to improve our understanding of brine 

movement in the pore space and the effects of biogeochemistry on microstructure.
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5.6.2 Findings from oil movement model

Our results show that a relatively simple oil-in-ice model is able to capture the complexity 

of the oil movement in sea ice and reveals it to be much more complex than previously thought. 

While it is commonly understood that the oil moving upward will pool at the surface, we found that 

when all the oil is confined in a channel, the brine is pushed up above sealevel and starts to build 

a hydraulic head which acts against, and quickly overcomes, the buoyancy forces. In a uniform

radius channel, the critical penetration depth is Hoc = Hi - Hb, which corresponds to the brine 

reaching the surface. The oil lens thickness required to reach this depth ranges from 0.55 to 0.9 m 

for channel radii varying between 0.2 mm and 2 mm. While our model does not take in account 

snow at the surface, the presence of snow on the ice may amplify this phenomenon: As the snow 

absorbs the brine, it could dam flow, which in return would foster further buildup of brine hydraulic 

pressure. In consequence, we had to identify and introduce a mechanism to expel the brine from 

the channel so that oil could move upward with thinner oil lenses, which have been observed to 

cause oil surfacing (Oggier et al., 2020b).

The model simulations show that lateral brine flow out of a channel into the surrounding 

ice is a necessary condition to allow for vertical oil movement in channels for reasonable oil lens 

thickness (5 - 10 cm). Simulations show that oil surfaces after about 10 hours for a 10-cm thick 

oil lens (Figure 5.15c). Both oil lens thickness and timescale for surfacing are in rough agreement 

with observations in the CRREL experiment, during which oil surfaced within a day after release 

through 0.7 m of growing ice (Oggier et al., 2020b, Figure 5). Considering that our model 

overestimates the oil flow and oil kept surfacing in various locations up to 5 days after the oil was 

released in cold ice, our model predictions are in adequate agreement with the observations. In 

contrast to previous estimations of oil penetration depth which aimed at predicting the bulk oil 

migration through the use of vertical permeability thresholds (Petrich et al., 2013), our model was 

able to replicate observations of oil moving through discrete brine channels and tubes over a 

range of pore diameters, including pore networks extracted from micro-CT imaging data of natural 
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ice samples. We are confident that a better description of the sea ice pore space, especially for 

connected pathways with smaller radius, will improve our predictions. Running the model in 

parallel for different channel geometries will allow us to predict oil penetration depth in both large 

brine channels and smaller connected features. A better description of the penetration of oil into 

different size classes of pore space would also be key for oil spill responders and for assessing 

damage to sea ice ecosystems.

Any oil spill scenario involving oil release under the ice cover will lead to a large spread of 

oil under ice and multiple brine tubes or channels will come into contact with an oil lens. 

Developing a framework to integrate our 1D model into a cluster of brine channels in order to 

replicate such behavior is the beyond scope of this study. However, as a first approximation we 

can consider each channel independently and the solution of the broader problem of oil 

penetration into a larger ice volume would be the superposition of each independent solution. In 

each case, the initial and boundary conditions would remain the same, but the distance ΔL the 

expelled brine has to travel would vary. The distance ΔL is the horizonal distance between the 

connected pathway and the side of the oil lens, adjacent to ice that does not have 

counterbalancing pressure from oil penetration. Simulations show that when ΔL increases, the oil 

flow decreases, and the magnitude of this effect scales inversely with the oil lens thickness. 

Consequently, oil near the edge of the oil lens will move upward faster than the oil at the center 

of the lens, which is in agreement with observations made in multiple oil-in-ice experiments, where 

the vertical oil movement happens preferentially along the side of the oil lens, independently of 

the shape of the oil lens (Oggier et al., 2020b). In reality, this effect would be much more important, 

as the oil underplating the ice cover increases the pressure in the connected sea ice pore space 

over the lens, creating a pressure gradient decreasing from the center of the oil lens towards its 

perimeter, thus decreasing the horizontal pressure differential driving the lateral brine flow.
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where U is the flow velocity, L is characteristic length, α the thermal diffusivity. For L = Hi, the 

brine at equilibrium temperature of -5°C, and a velocity on the order of a decimeter per hour, 

Pe ≈ 30. Considering that the thermal diffusivity varies by one order of magnitude for cold or warm 

ice, its temperature dependence would need to be taken in consideration.

As the oil moves in the channel, a small fraction of brine exits the channel just above the 

oil, while the rest of the brine moves up, which in return expels some brine from the channel. 

Consequently, the flow of brine in the channel decreases as a function of the distance, and so will 

the flow velocity. We did not look in detail at the reduction in brine flow. However, as the brine 

velocity decreases, some brine could start to freeze within the channel, reducing the throat radius, 

which in return would lower the flow rate. This could potentially lead to a positive feedback loop 

strongly reducing the potential for oil flow in the channel. With respect to the lateral flow, one could 

consider the change in temperature to be minimal. This is likely true for brine loss in granular ice, 

which exhibits a very heterogenous pore space. In columnar ice, Cole and Shapiro (1998) 

highlight the presence of feeder channels slanted upward. This suggests that the brine could 

potentially move up. However, feeder channels only extend in the vicinity of the main channel. In 

addition, the brine loss at a given depth is constrained by the brine expelled above and below it. 

Thus, we could assume that the brine expelled from the channel does not move significantly in
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Defining the sea ice microstructure in a channel is already a complex subject without 

taking into account any transformation of the sea ice pore space following brine movement and 

heat transport. Therefore, we neglected these factors in the model. Prior to being displaced the 

brine is at its freezing point given by the thermodynamic equilibrium. Should some brine be 

displaced from warmer to colder ice, it would start to freeze if the flow is slow enough for heat to 

be transferred. The Peclet number gives the ratio between diffusive heat and mass transport in a 

fluid:



colder ice and changes in microstructure in the horizontal direction are negligible. Further work is 

required to quantify the impact of potential changes in the microstructure.

Finally, while observation shows that the presence of a granular ice layer hinders the oil 

movement (Oggier et al., 2020b), and the higher tortuosity in granular ice is likely to impact the 

flow in the pore space (Oggier and Eicken, 2020), the tortuosity has little effect in our model 

(Figure 5.12c), as it only decreases the magnitude of the oil flow slightly once the oil reaches the 

granular ice. First, the combination of less constraining boundary conditions near the ice surface, 

and the location of granular ice at the ice surface are likely to decrease the effect of the more 

tortuous pathway: the brine has the double advantage of not accumulating above the sea level, 

and to flow freely in the pore space. Second, we generated an artificial pore space based on 

microstructure data with a vertical resolution of 0.1 mm. The median tortuosity in the tortuosity 

distribution of granular ice is about τ = 1.29, however Figure 5.7a shows that the length of the 

connected pathways is at least twice as long as the vertical extent. While the former is the bulk 

tortuosity measured on 0.8-mm thick subsamples (Oggier and Eicken, 2020), the latter is the local 

tortuosity for a specific pathway. Such difference does not exist for columnar ice ( Figure 5.7b, 

τ = 1.05). The use of a connected pathway extracted from the pore network is likely to affect the 

flow, as the length of the pathway will increase by 50%. However, there is currently little of such 

data available for both columnar and granular ice.

5.7 Summary and conclusion

We developed a model that captures oil movement in sea ice brine channels, which we 

used to explore different scenarios. We found that lateral brine displacement is a necessary 

condition for oil to move upward and the distance the brine has to travel laterally plays a major 

role in constraining the oil flow. A better understanding of the permeability and large-scale pore 

space connectivity in the horizonal direction is important to improve prediction of oil-in-ice 

movement. Furthermore, we found that oil is unlikely to overflow in large quantities at the ice 
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surface, as the sea ice freeboard is of the same order of magnitude as the maximal head 

generated by the buoyancy of the oil in the lens and channel. By incorporating the temperature 

dependance of the physical properties, sea ice stratigraphy, and enabling lateral brine loss in our 

model, we were able to predict the time required for oil to surface. Results were consistent with 

oil-in-ice experiments (Oggier et al., 2020b; Pegau et al., 2016) and can explain both the circular 

pattern of oil surfacing and the preferential oil movement near the edge of the oil lens as observed 

during those experiments.

We demonstrated that oil-in-ice movement cannot be reduced to a simple vertical pressure 

balance, but needs to take into account the lateral pressure distribution within the ice cover. Ice 

permeability and distribution of brine as a function of temperature create an intricate balance 

between in situ pressure differentials. Oil underplating the ice cover perturbs the local hydrostatic 

balance through the addition of the pressure head associated with the buoyant oil lens. At the 

interface between oil and brine, capillary pressure limits oil movement to pore space larger than 

a critical radius. At the same time, the increase in the overlying pressure head of the brine column 

forces brine to move laterally out of the connected pathway into the surrounding ice matrix. Our 

model highlights the need to capture both these effects which act on different scales. Lateral 

permeability and pore space connectivity are not well studied in sea ice, yet, this work shows that 

oil distribution in sea ice cannot be fully understood without such data.

Predictions with the model developed here are limited by sea ice microstructure data. Our 

model requires the geometric description of a connected pathway extending through most of the 

ice cover. Such observations are currently lacking, prompting us to create a synthetic composite 

pathway based on data collected on shorter ice segments. However, the existence of full-depth 

penetrating brine convection in sea ice during the ice growth season (Pringle et al., 2007) implies 

that connected pathways exist. An improved quantitative description of the pore space, and in 

particular of the connected pore space, would not only benefit oil-in-ice modeling, but has 
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applications, e.g., for simulation of key biogeochemical processes that depend on transport 

through sea ice. Such descriptions should not be limited to pore and throat size distributions, but 

build on modeling of pore networks such as by Lieblappen et al. (2018) to integrate variations in 

pore and throat size along connected pore pathways. A detailed description of the pore space 

with respect to the seasonal cycle evolution is key to evaluate the volume of ice and associated 

biota impacted by oil.

While it was previously thought and estimated that oil movement is limited to the lowermost 

layer of the ice cover during the growth season, (NORCOR, 1975; Petrich et al., 2013), the 

observation of oil-filled channels connecting the oil lens to the upper part of the ice cover, and our 

ability to replicate such observations with a simplified pore space model have implications in the 

context of oil spill response and impact assessments. First, a larger amount of sea ice could be 

soiled by oil even before onset of the ice melt season, as brine channels large enough to support 

upward flow are present at a density of about 100 m-2. Second, any episodic surface warming 

event could temporarily increase the permeability in the upper ice layers, which in return would 

allow oil to move upward through previously invaded channels. These channels act as pipelines 

that move oil through the low-permeability interior layers of the ice cover. Consequently, 

integrating the effects of temperature change within the model is key in the broader context of oil 

spill response, in order to predict with accuracy, the timing and magnitude of oil movement and 

distribution.
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Chapter 6: Conclusions-Towards an integrated model of seasonal crude-oil migration in sea 
ice

The simple model developed in Chapter 5 represents a first step in the development of a 

model to predict timing and redistribution of oil in sea ice. Should an oil spill happen in ice-covered 

waters, obtaining accurate and relevant information about sea ice conditions and the oil spilled 

will be critical. Natural spread of oil underneath the ice and the collection of oil in cavities of 

different shapes and depths will potentially lead to oil lens thicknesses varying from millimeters to 

centimeters or more (Wilkinson et al., 2007). In the aftermath of a spill, difficult ice conditions 

and/or inclement Arctic weather may make even basic measurements like ice thicknesses much 

more difficult. Compiled sea ice climatology data could provide a first estimate of local ice 

conditions, until ice growth/melt models hindcast for specific spill conditions. Furthermore, in the 

context of an oil spill, obtaining ice structure data will be challenging, if not impossible, and 

quantifying the microstructure even more so. In this final chapter, I offer conclusions regarding 

oil-in-ice movement. First, I provide specific recommendations for building a framework around 

the 1D oil model and pore microstructure and ice property analysis such that this type information 

is readily available in the broader context of oil spill response and natural resource damage 

assessments. Then I briefly discuss future research to fill the identified knowledge gaps. Finally, 

I share thoughts about oil spill preparedness and resource damage assessments.

6.1 Pore microstructure and oil migration in ice
Oil-in-ice experiments in controlled environments offer an excellent opportunity to identify 

specific challenges of oil recovery efforts in sea ice have to overcome, as well as shedding light 

on the complexity of oil-in-ice movement. This work has demonstrated the importance of collecting 

ice slabs rather than ice cores - the traditional sea ice sampling approach - to obtain better 

insights into the distribution of oil within the sea ice pore space, including the mobilization of oil 

as a result of ice warming.
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While oil was previously considered immobile in cold ice (Karlsson, 2009; NORCOR, 

1975), I show that it can travel in large brine features of the columnar ice (Figure 6.1a). While only 

a small amount of the pore space is impacted (< 5% of total pore space), brine channels are 

densely spaced within the ice (100 m-2, Cole and Shapiro, 1998). I observed oil moving up from 

the ice bottom to the columnar/granular ice interface, indicating that a large volume of sea ice 

could be soiled by oil. While oil under ice could potentially be removed by pumping, cleaning bulk 

sea ice requires melting it or waiting for the bulk of the ice to surface after seasonal warming, 

making clean-up efforts challenging and requiring detailed knowledge of oil migration and 

redistribution within sea ice.

Given the presence of oil filled channels in cold ice, a warming event intense enough to 

trigger warming of the upper ice cover could mobilize the oil earlier than previously thought. The 

associated increase in permeability and porosity in the surface layer allows for fluid movement 

and the oil-filled channels may act as pipelines to carry oil from the ice bottom through the ice 

cover, conveying it effectively to the surface while the bulk ice permeability remains low. As the 

Arctic continues to become milder, mid-winter warming events will be more frequent.

Figure 6.1—Oil movement in sea ice: (a) migration in large brine channel in columnar ice during 
the growth stage; (b) effect of granular ice on oil movement.
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Granular ice with a more tortuous pore space significantly slows the oil flow, causes it to 

spread laterally, and may hence effectively stop upward migration, as discussed in detail in 

Chapters 3 and 4 (Figure 6.1b). With the decrease of Arctic sea ice, the ocean surface may 

become more agitated at the time of freeze-up, which will increase the ratio of granular to 

columnar ice. The increased proportion of granular ice in the ice stratigraphy and its effects on 

fluid flow will impact other processes such as surface flooding, meltwater movement, and 

biogeochemical processes as well. The impacts of a more tortuous pore microstructure on fluid 

flow that were explored quantitatively in Chapter 4 of this thesis are also relevant for fluid flow in 

columnar ice, which has been shown to develop a more tortuous pore space under the influence 

of biogenic exopolymeric substances (EPS, Krembs et al., 2011).

While the seasonal cycle of sea ice is often split into a growth and melt stage, I focused 

on the transition period, a key time at the end of the growth season. This period starts when the 

near-linear ice temperature gradient levels off through warming from the surface downwards, still 

allowing for significant ice growth at the ice bottom. The transition period ends before the onset 

of snow and/or ice surface or bottom melt, whichever occurs first. The warming triggers significant 

changes in permeability and pore connectivity and corresponds to the transition from stage 3 to 

4 in the conceptual model of oil movement through ice (cf. Figure 3.11), during which oil starts to 

migrate from large into small brine features, and finally invades the bulk ice matrix. In the broader 

context of Arctic ecosystems and the role of sea ice as an important habitat, this period is critical 

as the amount of sun required to trigger such changes in the ice also fosters rapid growth of ice- 

associated biota.

Assessing potential environmental damage requires estimates of the volume of ice soiled 

by oil. To do so, understanding how, and where the oil moves preferentially in the pore space is 

essential. Within the pore channels and tubes, the pressure head of the brine columns 

counterbalances the pressure differential driven by the oil buoyancy. For the range of oil lens 
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thicknesses (< 20 cm) expected under level ice, the effects are such that the oil flow quickly 

comes to a stop if brine overlying migrating oil cannot be displaced laterally. Since oil rising along 

the perimeter of the oil lens is able to displace brine into adjacent ice that does not experience 

counterbalanced pressure from oil penetration, in cold ice a smaller amount of oil will move 

upwards from one large oil lens than from multiple smaller oil lenses of the same thickness. In 

this context it is important to realize that the topography of the ice bottom matters not only in 

determining the oil lens thickness, but also the oil lens size distribution, which both impact the 

uptake of oil in cold ice.

The pore network was successfully extracted from micro-computed tomography (CT) 

imaging data (Gostick et al., 2019). Transferring methods developed for sedimentary rocks to sea 

ice microstructure is not straightforward, as columnar and even granular ice texture do not 

necessarily conform to the pore-space morphology of sedimentary rocks for which many of the 

pore space models have been developed. In columnar ice, pore throat lengths were much smaller 

overall than expected and the coordination numbers in granular ice did not match those for 

polycrystalline granular freshwater textures described by Mader (1992). It is important to point out 

that there is no clear definition or classification of pore types and morphologies in sea ice. While 

an elongated channel or tube within columnar ice may appear as a single pore macroscopically, 

e.g., in thick section analysis, the presence of small constrictions along its vertical extent would 

render it as a chain of multiple pores connected by throats based on segmentation of micro-CT 

data. Such segmented pathways describe the tortuosity and constrictions of the channel more 

realistically than a single long pore with no constrictions and a tortuosity of 1, but do not 

necessarily match classic models of columnar ice pore space (e.g., Assur, 1960).

6.2 A framework for seasonal crude-oil migration in sea ice
At the heart of my research work was the development of a model of oil movement in sea 

ice that would also be of value to first responders by providing information on timing and 
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distribution of oil in the aftermath of a spill, or help inform spill preparedness and response 

planning. While the 1D model can be run in standalone mode to explore the effects of various 

constraining factors, several 1D models would need to be run in parallel to mimic oil migration 

above an oil lens. Here I roughly outline how to integrate such simulations into a more general 

framework in order to simulate oil migration across different seasonal sea ice developmental 

stages.

Initially, the framework requires information about the ice and oil lens geometry (Figure 

6.2a). In the best-case scenario, sea ice thickness and draft could be measured on site, as well 

as oil lens thickness. If this is not possible, ice thickness, temperature, and bulk salinity profiles 

can be estimated using a sea ice climatology scaled for the temperature history of a particular 

winter or spring, as outlined in Chapter 2 of this thesis (Oggier et al., 2020). To further constrain 

the initial estimate, an ice growth/melt model (Hunke et al., 2015) could be used to hindcast the 

current ice condition forced with weather data. The spread of the oil under ice is estimated using 

oil spill forecast software specially developed for ice-covered water (Nordam et al., 2019). Using 

descriptions of the bottom of the ice (Wilkinson and Wadhams, 2016), an educated guess would 

have to be made for the size, volume, and shape of the oil lenses.

To account for a range of different pore pathways, the ice above the oil lens should be 

divided into cell arrays (Figure 6.2e), where each cell represents a connected pathway 

surrounded by a given volume of ice. The morphology of the pathway would be derived from pore 

microstructural data similar to what has been derived in Chapter 4 of this thesis (Oggier and 

Eicken, to be submitted). The size of the cell is proportional to the density of connected pathways. 

A typical brine channel density of 100 m-2 gives a cell size of 10 x 10 cm. For each cell, the 

smallest distance to the oil lens ΔL is defined. Knowing the initial condition, at each step each cell 

is forced by temperature, bulk salinity, and the pressure profile. The model outputs the oil 

penetration depth and the brine loss. A feedback loop would solve for the potential brine loss
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Figure 6.2—Proposed integrated oil movement model. (a) Initial spill conditions are determined 
using an oil spill trajectory model. (b) Evolution of sea ice conditions, such as temperature T, 
and bulk salinity S, are provided by sea ice climatology data or sea ice growth/melt model. (c) 
The combination of temperature and salinity allows a user to look up a matching pore geometry 
in a sea ice pore space database. (d) The array of 1D model represented multiple channels 
above an oil lens is forced with the data and (e) outputs timing and distribution of oil in ice. 
Rounded and square boxes correspond to a model output and data, respectively. Hi is the ice 
thickness at the oil spill. T(h) and S(h) are the temperature and bulk salinity profile of the ice 
cover. The ranges of temperature ΔT(h) and salinity ΔS(h) derived from climatology are shown 
as shaded areas.

across the cell array, which would allow for the computation of the oil penetration depth and the 

new pressure profiles at each step.

To mimic the seasonal evolution, either climatology or an ice growth/melt model could be 

used to generate the salinity and temperature profiles required to force the seasonal change in 

the ice array (Figure 6.2b). The insulation properties of the oil layer should be taken in account in 

order to estimate changes in the temperature profile above the oil lens and the potential for growth 

of new ice below the oil lens.

Currently, the requirement of the pore space geometry as model input is the most 

problematic, due to the lack of small-scale microstructure data quantifying the pore space with 
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respect to temperature evolution and stratigraphy. While acquiring such a dataset would be a 

titanic task, over the past decade 3D imagery of sea ice pore space has been at the center of 

several studies (Bock and Eicken, 2005; Lieblappen et al., 2018; Maus et al., 2009; O'Sadnick et 

al., 2016; Oggier and Eicken, to be submitted 2020; Salomon et al., 2016). In most studies, 

imaged sea ice samples were co-located with salinity and temperature profile measurements, as 

well as basic information about the sea ice stratigraphy describing differences in ice texture, such 

as granular, columnar, platelet, superimposed, or snow ice. Thus, the data exist to start building 

a sea ice pore space database, with reanalysis of current data with a set of common metrics to 

describe relevant aspects of the microstructure (Lieblappen et al., 2018; Oggier and Eicken, 

2020).

Such a database would provide all the necessary pore space information for the model. A 

composite pore space profile could be generated by collecting the pore space sample 

corresponding to the closest local bulk salinity, temperature, and stratigraphy present in the 

database (Figure 6.2c). Access to several samples within the same category would allow the 

evaluation of the impact of pore space variability, potentially enhance the results, and help 

quantify the uncertainties. In the absence of corresponding samples, the use of simple 

morphological image processing operations, such as dilation or erosion, to decrease or increase 

the size of individual pockets in order to match a target brine volume fraction could be a method 

to bridge some of the data gaps, as long as the change does not dramatically increase the 

connectivity. Further research is required to assess the validity of this method and quantify the 

errors.

This work mostly focused on the influence of the stratigraphy and pore space 

microstructure on the oil movement in sea ice, although oil properties, such as viscosity, density, 

and pour point play a non-negligible role in the overall oil flow. There are few measurements of 

crude oil physical properties for the temperature range encountered in sea ice and in general at 
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temperatures lower than 15 °C. At low temperature, crude oil viscosity tends to increase 

exponentially (Figure 5.2) until it reaches the pour point. The American Society for Testing and 

Materials (ASTM) D-97 standard specifies that the pour point is reached when no movement is 

detected within 5 seconds of tipping an oil-filled jar on its side (ASTM International, 2005).

In addition, discrepancies have been observed between the pour point given by a technical 

data sheet, measured by a certified company, and the pour point observed in laboratory 

experiments. During an experiment at the Cold Region Research and Engineering Laboratory 

(Oggier et al., 2020; Pegau et al., 2016), Alaska North Slope crude oil was stored in a small jar a 

-30 °C freezer in the CRREL facilities. When tipped, oil flow occurred within a couple of seconds. 

During a second experiment at the University of Alaska Fairbanks (Collins et al., 2017; Oggier et 

al., 2020), after cooling a jar to -80 °C, movement was observed within 5 seconds suggesting a 

pour point lower than -80 °C. However, SL Ross measured a pour point of -18 °C for Alaska 

North Slope Crude in 2014 (Pegau et al., 2016). According to SL Ross (personal communication, 

2017), the discrepancy is likely to be linked to the oil sampling process. When shipping history is 

unknown prior to characterization, the oil is reconditioned in a hot-water bath to dissolve any 

previously precipitated waxes. The question arises how representative values from technical data 

sheets are for oil-in-ice experiments or in the case of an accidental oil spill. When sampling oil 

from a tank, the thermal history - temperature during storage, the stress history, pipeline 

transport, pumping operations - are unknown. Both low temperature and shear stress are known 

to disrupt the matrix and lead to wax precipitation (Da Silva and Coutinho, 2004; Zhao et al., 

2012). Consequently, oil released by accident or during an experiment may not have the exact 

properties of oil characterized in a laboratory according to the standard.

6.3 Oil spill preparedness and damage assessments

The lengthening of the open water season in the Alaskan Arctic (Rolph et al., 2017) 

contributes to major changes in the ice conditions, with significant thinning of the ice measured at 
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Utqiagvik (Eicken, 2016). Spill response preparedness and tactics need to adapt to such changes. 

The technical manual for oil spill response in Alaska was last revised in 2017 (Alaska Clean Seas, 

2017). Some methods introduced in the early version of the manual, involving heavy equipment 

on the sea ice, may potentially become obsolete for much of the ice season in the near future. 

The combination of predicting sea ice climatology, as shown in Chapter 2, and the ability to predict 

upward oil migration with respect to sea ice seasonal development stages, as described in 

Chapter 3, provides the basis for an informed discussion of potential spill scenarios. Such 

scenarios are not only part of the requirements for permitting of oil exploration and production in 

Alaska Arctic waters (Hilcorp Alaska LLC, 2015), but also vital for the continuous improvement of 

oil spill preparedness (Potter et al., 2012).

In addition to oil spill preparedness, assessing the potential damage inflicted by an oil spill 

on the environment is a major concern for Arctic communities, who depend on local subsistence 

resource harvests, and federal agencies, such as the National Oceanic and Atmospheric 

Administration. The latter provides a set of guidelines for natural resource damage analysis 

(NRDA), which aims to assess the success of recovery efforts following the aftermath of a release 

of hazardous materials in the environment. Due to an incomplete understanding of oil movement 

in sea ice, the ever-changing ice conditions, and the potential difficulty of access, 

recommendations and methods are difficult to arrive at and as a result very brief and potentially 

insufficient for an oil spill in sea ice (Bejarano et al., 2014). Using the oil development stages 

presented in Chapter 3, Table 6.1 identifies the parts of the ice cover that will be most impacted 

by a spill and provides guidance on targeted ice sampling to establish a baseline of potentially 

harmed biota, both of which are necessary to plan and evaluate the recovery effort.

Following the Deepwater Horizon oil spill, a large scientific effort led by NOAA was 

conducted to determine the effects of the oil spill on the environment. Building upon the 

experience accumulated during the process, a new framework was developed to assess the
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Table 6.1—Summary of ice impacted by oil as a function of seasonal stage.
Seasonal 
stage

Impacted 
volume

Description Expected 
volume

Growth
Hi < 0.5m

Snow,
Surface layer*

Potential movement of oil up to the surface 
Limited in volume

N/A

Interior ice Small to large movement of oil within the brine channel 
Impacted porosity 5 - 10%

0.5 - 1.0 l m-2

Regrown ice Mostly clean N/A
Growth
Hi > 0.5m

Snow,
Surface layer*

Clean N/A

Interior Small oil movement restricted to brine channels, impacted 
porosity < 5%V⅛

0.5 - 1.0 l m-2

Regrown ice Mostly clean N/A
Transition Surface layer* Haphazard oil surfacing, in limited volumes N/A

Interior Limited movement within the granular ice, impacted 
porosity <10%
Large movement within the columnar ice, impacted 
porosity <30%

2.5 l m-2 day-1
30 l m-3

Regrown ice Potential downward movement following brine convection N/A
Melt Ice surface* Pooling of oil above sea level

Horizontal oil spreading in granular ice at sea level
0.1 Vr

Interior ice Large movement of oil within the full extent of ice cover, 
impacted porosity > 30%

up to 0.9 Vr

Regrown ice Potential downward movement following brine convection N/A

In any oil spill, the lowest 0.05 - 0.10 m of the ice cover would be highly impacted, due to high porosity.
* : ice surface is defined as the upper layer of the ice cover
Hi: estimated ice thickness at the time of the oil release
VR: estimated volume of oil released
Vfb: brine volume fraction ....

ecosystem health of the Gulf of Mexico (Harwell et al., 2019). The current NRDA guideline to 

collect ephemeral data on sea ice does not extend beyond the described data collection in the 

literature (Bejarano et al., 2014). I therefore recommend several field sessions spread over the 

winter to fully capture various aspects of the environment, in order to improve the sampling 

method. In addition, by selecting the location of those sessions in proximity to potential spill 

locations, the field sessions could serve to establish an ecological baseline, and identify key 

organisms to sample in case of an oil spill.
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Appendix A: 
C

h. 2 Additional m
aterials

Figure Α.1—Seasonal evolution of salinity at Utqiagvik during the growth season for (a) observations and (b) CICE model
simulations. Freezing degree days (FDD) refer to the growth season. The mean envelope, i.e. mean ±1 standard deviation,
is shown as the thick black line with the gray area with the minimal and maximal value at each depth represented by the red
and blue line, respectively.



Figure Α.2—Seasonal evolution Of salinity in Utqiagvik during the melt season for (a) observation and (b) CICE model
simulation. Thawing degree days (TDD) refer to the melt season. The mean envelope, i.e. mean ±1 standard
deviation, is shown as the thick black line with the gray area with the minimal and maximal value at each depth
represented by the blue and red line, respectively.



Figure A.3—Seasonal evolution of temperature at Utqiagvik during the growth season for (a) observation and (b) CICE
model simulation. Freezing degree days (FDD) refer to the melt season. The mean envelope, i.e. mean ±1 standard
deviation, is shown as the thick black line with the gray area with the minimal and maximal value at each depth
represented by the blue and red line, respectively.



Figure A.4—Seasonal evolution of temperature at Utqiagvik during the melt season for (a) observation and (b) CICE
model simulation. Thawing degree days (TDD) refer to the melt season. The mean envelope, i.e. mean ±1 standard
deviation, is shown as the thick black line with the gray area with the minimal and maximal value at each depth
represented by the blue and red line, respectively.



Figure A.5—Seasonal evolution Of salinity in Van Mijen Fjord during the growth (FDD) and melt (TDD) seasons for (a)
observation and (b) CICE model simulation. Freezing degree days (FDD) refer to the growth season, while freezing
degree days (TDD) indicate melt season. The mean envelope, i.e. mean ±1 standard deviation, is shown as the thick
black line with the gray area with the minimal and maximal value at each depth represented by the blue and red line,
respectively.



Figure A.6—Seasonal evolution Of temperature in Van Mijen Fjord during the growth (FDD) and melt (TDD) seasons
for (a) observation and (b) CICE model simulation. Freezing degree days (FDD) refer to the growth season, while
freezing degree days (TDD) indicate melt season. The mean envelope, i.e. mean ±1 standard deviation, is shown as
the thick black line with the gray area with the minimal and maximal value at each depth represented by the blue and
red line, respectively.



Appendix B: Ch. 3 Additional materials

B.1  CRREL experiment

Figure B.1—Oil pooling at the surface of A54-60c at 
OR+34 at CRREL
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Figure B.2—Vertical thick section at depth (a) 11 - 22 cm and (b) 22 - 32 cm at 
OR+34 for A54-60-c at CRREL. Note how the oil invaded both inter- and 
intragranular pore space.



B.2 HSVA evolution

Figure B.3—Vertical section in columnar 
stratigraphy at OR+3 at HSVA.

Figure B.4—Vertical section in mixed 
stratigraphy at OR+3 atHSVA.

Figure B.5—Vertical section in columnar 
stratigraphy at OR+4 at HSVA.

Figure B.6—Vertical section in mixed 
stratigraphy at OR+4 at HSVA.

Figure B.7—Vertical section in columnar 
stratigraphy at OR+5 at HSVA.

Figure B.8—Vertical section in mixed 
stratigraphy at OR+5 at HSVA.

Figure B.9—Vertical section in columnar 
stratigraphy at OR+6 at HSVA.

Figure B.10—Vertical section in mixed 
stratigraphy at OR+6 at HSVA.
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Figure B.11—Vertical section in columnar
stratigraphy at OR+7 at HSVA.

Figure B.12—Vertical section in mixed 
stratigraphy at OR+7 at HSVA.

Figure B.13—Ice surface in columnar ice at
OR+7 at HSVA.

Figure B.14—Ice surface in mixed ice at 
OR+7 at HSVA.

Figure B.15—Vertical thin cross section of 
granular sea ice in mixed ice stratigraphy at 
HSVA at OR+0.

Figure B.16—Vertical thin cross section of 
transition granular to columnar sea ice in 
mixed ice stratigraphy at HSVA at OR+0.
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Appendix C: Ch. 5 Additional materials

C.1 Navier-Stokes Derivation

Here we derived Hagen-Poiseuille flow in a vertical cylinder from the Navier-Stokes 

equation, which describes the flow of a viscous liquid:

We assume a stationary, laminar and incompressible flow; thus the acceleration, rotation 

and compressibility terms are zero. For the flow in a vertical cylinder, we express equation (6.1) 

in cylindrical coordinates. Without any external forces other than gravity acting on the fluid, the 

radial velocity is zero (ur = 0). With the pipe oriented vertically, the flow is axisymmetric, the 

angular velocity is zero (uθ = 0), and the vertical velocity is not dependent on θ. The fluid velocity 

has only a vertical component u=uz(z,r). Projecting equation (6.1) along the radial (r), angular (θ) 

and vertical (z) directions yields: 

with μ the viscosity, ρ the density. With the body force fb oriented along the vertical axis, 

fb,r = fb,θ = 0, thus: 

cylindrical coordinates by:
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Under the same assumptions as earlier, we can simplify:

Finally, the vertical component of the Navier-Stokes equation becomes: 

with fb,r = -g, the terrestrial gravity. We integrate twice with respect to r:

At the center of the pipe r = 0, the velocity is finite, thus C1 = 0 as ln(0) is undefined. In 

addition, the no-slip condition at the wall yields:

Substituting in Eq. (6.10) we obtain the velocity profile:

The volume flow rate, Q, is the integral of the velocity over the pipe cross-section:

Rearranging equation (6.17) yields Hagen-Poiseuille flow for a vertical pipe:
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C.2  Sea ice physical property and pore geometry

Figure C.1—Sea ice physical properties and pore space geometry for a cylinder with uniform 
radius embedded in isothermal ice of uniformly columnar texture.

Figure C.2—Sea ice physical properties and pore space geometry for a uniform radius cylinder 
with stratigraphy, note the change in tortuosity (τ) for ice that is isothermal.

Figure C.3—Sea ice physical properties and pore space geometry for a cylinder with uniform 
radius in ice of uniformly columnar texture exhibiting a temperature profile that shows the effects 
of temperature on physical properties.
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Appendix D: Correspondence for use of figure

D.1  Figure 1.1

Re: Use of figure

Subject: Re: Use Offigure
From: Stroeve <stroeve@nsidc.org>
Date: 10/20/20, 9:14 AM
To: Marc Oggier <moggier@alaska.edu>

sure that is fine. Good luck with finishing your thesis!

On Oct 15, 2020, at 7:45 PM1 IMarc Oggier <moggier@alaska.edu> wrote:

Hi Julienne,

I am currently finishing to write my thesis about crude oil and oil spill in the Arctic.

Over the past few years I have been using the following figure depicting the forecasted 
decline of Arctic Sea Ice, adapted from your work. I was hoping to use it in my final 
dissertation. (https://nca2014.globalchange.gov/report/our-changing-climate/melting- 
ice∕graphics∕projected-arctic-sea-ice-decline⅜tab1 -images.

The original work is : Stroeve1 J. C.1 V. Kattsov1 A. Barrett1 M. Serreze1 T. Pavlova1 M. 
Holland, and W. N. Meier, 2012: Trends in Arctic sea ice extent from CMIP5, CMIP3 and 
observations. Geophysical Research Letters, 39, L16502, doi:10.1029/2012GL052676.

I was wondering if there is any copyright on it, if yes, would it be possible to 
use it in my thesis ? Or should I contact GRL ?

Best regards

Marc

Iofl 10/20/20, 10:26 AM
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D.2 Figure 1.5

Permission to reproduce figure

Subject: Permission to reproduce figure
From: Hajo Eicken <heicken@alaska.edu>
Date: 11/8/20, 4:58 PM
To: Marc Oggier <moggier@alaska.edu>

Hi Marc,

with this message I grant you permission to use a sea-ice stratigraphy schematic that I have 
developed for use in courses, presentations and other settings (see attached figure from 
your thesis) for reproduction in your thesis.

With best regards,

Hajo

Hajo Eicken
Director - International Arctic Research Center
Professor of Geophysics
University of AIaska Fairbanks

The International Arctic Research Center is located at Troth Yeddha', on the 
traditional homelands of the Tanana Dene People.

Mailing Address:
POB 757340
Fairbanks, AK 99775-7340
USA
Phone: (907) 474-7280
e-mail: heicken@alaska.edu
homepage: https://uaf-iarc.org/?directory entry=hajo-eicken

fig_05-redux.png

1 of 2 11/9/20, 6:12 PM
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D.3 Figure 1.8

Re: Reproduction of figure in my thesis imap://imap.gmail.com:993/fetch>UID>∕INBOX.

Subject: Re: Reproduction Of figure in my thesis
From: Per Daling <Per.S.Daling@sintef.no>
Date: 11/5/20, 10:50 PM
To: Marc Oggier <moggier@alaska.edu>

Marc.
That’s fine. Good luck with your publication.
Per

Sendt fra min iPhone

5. nov. 2020 kl. 21:17 skrev Marc Oggier <moggier@alaska.edu>

Dear Daling Per Snorre,

I just completed my thesis dissertation about the upward migration of crude oil 
in sea ice, and I am about to submit it for publication. Over the past couple of 
years, I often used your famous depiction of the configuration of oil under-and- 
in ice from Daling et al. (1990, Characterization of crude oils for environmental 
purposes).

In the introduction of my thesis, I partially redrew your schematic for Figure 1.4 
in my thesis (attached).

If the image is associated with any copyright, I hereby request your permission 
to reproduce the figure in my thesis, citing your work.

Best regards,

Marc
<fig_08.png>

1 of 1 11/9/20. 8:22 AM
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