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ABSTRACT

Permafrost strongly affects the movement, storage, and exchange of surface and subsurface
fluids, including light non-aqueous phase liquids (LNAPLs), which once released into the
subsurface pose significant risks to ecosystems and human health. Moreover, climate warming is
expected to modify permafrost conditions, which will, in turn, affect LNAPL migration.
Laboratory studies are required to investigate LNAPL migration in freezing and frozen soils to
protect the environment in a changing climate. Previous laboratory studies mainly focused on the
isolated effects of pore ice and freezing temperatures on LNAPL migration by spilling into frozen
homogeneous soils. In an attempt to reproduce field conditions, a series of intermediate-scale
laboratory experiments were conducted to investigate LNAPL dynamics in the presence of
heterogeneity in geology and water/ice contents. The light transmission method (LTM),
traditionally used in unfrozen soils, was adapted for use in frozen soils and was used to track
LNAPL spills in sand packs with various degrees of heterogeneity in both unfrozen and frozen
conditions.

Results demonstrated that while LNAPL’s response to heterogeneity in frozen soils differ in
comparison to unfrozen soils, heterogeneity remains a critical component for accurate predictions
of the extent of a spill. Engineers working to remediate LNAPL spills in frozen conditions should
perform a detailed soil characterization to locate heterogeneities in both grain size and distribution
as well as ice contents. In the experiments conducted in this study, LNAPL was very sensitive to
such ground features and results suggest that the heterogeneity effect seen in unfrozen soils may
be enhanced in frozen soils at high ice saturation, including thin layers of fine grains which may
become impermeable once frozen. Moreover, in addition to buoyancy and capillary forces, viscous
forces need to be considered when it comes to LNAPL migration in frozen soils. Spills in these
experiments were observed to migrate as wider masses in frozen conditions in comparison to
unfrozen soils, including in zones of residual ice saturation. LNAPL penetration rates also
diminished in frozen soils, which was attributed to an increase in the LNAPL viscosity at low
temperatures as well as partial blockage of pore space by ice causing LNAPL to spread laterally.
Unlike in unfrozen conditions, when LNAPL reached the top of the frozen capillary fringe, it was
completely contained above the ice. Finally, the permafrost table should not automatically be
associated to impermeable barriers to LNAPL migration since it describes the thermal behaviour
of the ground rather than the freeze-thaw state of water and ice. Results demonstrated that only
layers of high ice saturation may completely block LNAPL vertical migration. Combining findings
from this research as well as knowledge acquired in previous studies, a new conceptual model for
LNAPL migration in frozen soils is proposed at the end of this study.



RESUME

Le pergélisol affecte fortement le mouvement, I’accumulation et I'échange des fluides de
surface et souterrains, y compris les liquides non aqueux Iégers (LNAL), qui, une fois rejetés dans
le sol, posent des risques importants pour les écosystémes et la santé humaine. De plus, on estime
que le réchauffement climatique va modifier les conditions du pergélisol, ce qui, a son tour,
affectera la migration des LNALs. Des études en laboratoire sont nécessaires pour étudier la
migration des LNALSs dans les sols gelant et gelés afin de protéger I'environnement dans un climat
changeant. Les études antérieures en laboratoire se sont principalement concentrées sur les effets
isolés de la glace remplissant les pores et des températures de congélation sur la migration des
LNALSs par des déversements dans des sols homogenes gelés. Dans une tentative de reproduire les
conditions de terrain, une série d'expériences de laboratoire a échelle intermédiaire ont été menées
pour étudier les dynamiques des LNALs en présence d'hétérogénéité dans la géologie et les
contenus d’eau ou de glace. La méthode de transmission de la lumiére (MTL), traditionnellement
utilisée dans les sols non gelés, a été adaptée pour une utilisation dans les sols gelés et a été utilisée
pour étudier la migration de LNALSs dans des couches de sable avec divers degrés d'hétérogénéité
dans des conditions non gelées et gelées.

Les résultats ont demontré que méme si la réponse des LNALS a I'hétérogénéité dans les sols
gelés differe de celle des sols non gelés, I'hétérogénéité reste un élément essentiel pour des
prédictions précises de I'étendue d'un déversement. Les ingénieurs travaillant a remédier aux
déversements de LNALSs dans des conditions de gel doivent effectuer une caractérisation détaillée
du sol pour localiser les hétérogénéités dans la taille et la distribution des grains ainsi que dans la
teneur en glace. Dans les expériences menées dans cette étude, les LNALS étaient trés sensibles a
ces caractéristiques du sol et les résultats suggerent que I'effet d'hétérogénéité observé dans les sols
non gelés peut étre intensifié dans les sols gelés a saturation de glace élevée, incluant les fines
couches de grains fins qui peuvent devenir imperméables une fois gelés. De plus, en plus des forces
capillaires et de flottabilité, les forces visqueuses doivent étre prises en compte lorsqu'il s'agit de
la migration des LNALS dans les sols gelés. En effet, les déversements dans ces expériences ont
migré sous forme de masses plus larges dans des conditions gelées par rapport aux sols non gelés,
y compris dans les zones de saturation résiduelle de glace. Les taux de pénétration du LNAL ont
également diminué dans les sols gelés, ce qui a été attribué a une augmentation de la viscosité du
LNAL a basse température ainsi qu'au blocage partiel de I'espace poreux par la glace, provoquant
la propagation latérale du LNAL. Contrairement aux conditions non gelées, lorsque les LNALS ont
atteint le sommet de la zone capillaire gelée, elles étaient complétement contenues au-dessus de la
glace. Engin, la limite du pergélisol ne devrait pas étre automatiquement associée a des barriéres
imperméables a la migration des LNALSs puisqu'elle décrit le comportement thermique du sol plutét
que I'état de gel-dégel de I'eau et de la glace. Les résultats ont démontré que seules les couches de
saturation élevée en glace peuvent complétement bloquer la migration verticale des LNALSs.
Combinant les résultats de cette recherche ainsi que les connaissances acquises dans des études
antérieures, un nouveau modeéle conceptuel pour la migration des LNALSs dans les sols gelés est
proposé a la fin de cette étude.
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CHAPTER 1 INTRODUCTION

1.1 Fluids in Permafrost

Permafrost is ground that is at or below 0 °C for at least two consecutive years. It used to be
conceived as perennially frozen ground (Muller, 1943), but the permafrost definition is currently
based on temperature and not the freeze-thaw state of water in the host medium (Woo, 2012). The
top boundary of permafrost is called the permafrost table, which can be as shallow as tens of
centimeters or as deep as several meters from the ground surface (Walvoord and Kurylyk, 2016).
The bottom boundary of permafrost is called the permafrost base and can be several meters to 10°
m deep (Walvoord and Kurylyk, 2016). The active layer is the seasonally thawed surface layer of
the ground in a permafrost area. Several factors may lead to a freezing point depression of water
(i.e., solutes concentration), therefore, it is possible for the active layer to extend below the
permafrost table (Figure 1.1) (Woo, 2012; Walvoord and Kurylyk, 2016). Furthermore, unfrozen
zones, referred to as taliks, can also exist within permafrost (i.e., below water bodies due to the
high heat capacity of water) (Walvoord and Kurylyk, 2016).

temperature at which most water freezes : 0°C
ground surface <0°C >0°C

ACTIVE LAYER
(seasonally frozen and
thawed)

A 4
[y

PERMAFROST Perennially frozen

(perennially cryotic)

'\{ |cryopeg ~ TALIK
! (perennially
: : : : unfrozen)
perennially non-cryotic :\

FIGURE 1.1: Definition of permafrost and associated features (modified after Woo, 2012).

Because the transition from unfrozen to frozen coincides with a considerable reduction in
hydraulic conductivity for saturated porous media, frozen ground is often conceptualized as an
impermeable barrier preventing infiltration, however, unsaturated frozen and partially frozen
ground may allow for considerable flow through macropores (Walvoord and Kurylyk, 2016). Such
variations in hydraulic conductivity in permafrost terrain strongly affects the movement, storage,
and exchange of surface and subsurface water (Walvoord and Kurylyk, 2016). In turn, subsurface
flow can affect permafrost distribution by increasing the transfer of thermal energy via heat



advection (de Grandpré et al., 2012; Sj6berg et al., 2016; Walvoord and Kurylyk, 2016). This
interplay, along with physical, chemical, and biogeochemical processes, creates complex, and often
nonintuitive, dynamics in permafrost regions (Walvoord and Kurylyk, 2016). Furthermore,
groundwater dynamics in permafrost are expected to change as a result of climate warming.
Climate warming is expected to modify the permafrost distribution, leading to changing hydrologic
conditions, including variations in soil moisture, connectivity of inland waters (i.e., taliks),
streamflow seasonality, and the partitioning of surface and subsurface water (Figure 1.2)
(Walvoord and Kurylyk, 2016). To protect water resources and critical infrastructure, it is essential
to understand groundwater behaviours in permafrost terrain in a changing climate, which requires
multi-disciplinary studies including geotechnical and environmental engineering.
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_ & Lake or river g ‘i li Recharge o Recharge e
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%/ % % / 7 , ///;/;%// (seasonally freezing)
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FIGURE 1.2: Predicted changes in hydrogeologic conditions due to thaw in discontinuous
permafrost for (a) present climate and (b) warmer climate. For the warmer climate (b),
existing closed taliks may become open, facilitating groundwater (GW) movement to
subpermafrost aquifers and thereby drain lakes (left). Increased recharge and enhanced
GW discharge through newly activated aquifers can lead to expanding lakes or river (right)
(Walvoord and Kurylyk, 2016).

In addition to water, other fluids in permafrost terrain behave in a manner not found in
temperate soils (soils that do not experience deep freezing) (Barnes and Chuvilin, 2009). The



presence of ice, the influence of seasonal freeze and thaw cycling, and the typically shallow active
layers found in permafrost environments all impact the movement of fluids (Barnes and Chuvilin,
2009). This includes light non-aqueous phase liquids (LNAPLS), which include petroleum fuels
such as gasoline, diesel, and jet fuel. As a result of climate warming, thaw-activated groundwater
flow will open up new transport pathways, leading to alterations in terrestrial-to-aquatic exchanges
of nutrients and contaminants (i.e., LNAPLs) and will pose new risks to Arctic water supplies,
raising both human and ecosystem health concerns (McKenzie et al., 2021). To understand LNAPL
movement through freezing and frozen soils, it is useful to review its fundamental migration
principles through unfrozen soil (Barnes and Chuvilin, 2009).

1.2 LNAPL
1.2.1 Overview

A wide range of organic liquids are categorized as LNAPLs. LNAPLSs typically comprise a
complex mixture of primarily hydrocarbon organic chemicals with a wide range of physical-
chemical and toxicological properties (Rivett et al., 2014). In the context of groundwater
contamination, LNAPLSs are most often associated with petroleum hydrocarbons (PHCs) such as
gasoline, diesel fuel, heating oil, jet fuel, kerosene, and feedstock such as crude oil (Mumford et
al., 2022). LNAPLs also include organic solvents such as alkanes and aromatics, including benzene
and toluene, which can be found as components in fuels and as compounds used in chemical
manufacturing (Mumford et al., 2022). LNAPLs are amongst the most frequently encountered
organic contaminants in the ground due to their abundant use, accidental release and, perhaps, poor
(historical) disposal (Rivett et al., 2014). LNAPL releases can be associated with a variety of
storage and fluid transfer infrastructure, including above ground and underground storage tanks
and pipelines, as well as fluid handling operations (i.e., manufacturing facilities, refineries,
terminals, filling stations, airports, and military bases) (Rivett et al., 2014; Mumford et al., 2022).

1.2.2 LNAPL Migration in Unfrozen Soils

LNAPLs are hydrophobic organic chemicals that are immiscible with water and are less
dense than water, hence making LNAPL exist as a separate organic liquid phase (when in contact
with water) ‘floating” upon that aqueous-phase liquid (Rivett et al., 2014). Once released to the
subsurface, LNAPL migrates down through the strata as a two-phase flow (LNAPL-air) until it
approaches the unsaturated zone above the water table where it becomes a three-phase flow (water-
LNAPL-air). Once it reaches the top of the capillary fringe, some LNAPL migrates as a two-phase
flow again (water-LNAPL). LNAPL subsurface transport is complex, due to its multi-phase flow
nature, but it is often characterised by an accumulation of LNAPL in the vicinity of the water table
that can migrate laterally or redistribute vertically due to natural or human-induced water table
fluctuations (Rivett et al., 2014).

LNAPL migration is influenced by the size of the release and the fluid’s viscosity (Rivett et
al., 2014). Low viscosity LNAPL releases (such as gasoline) may stabilise within weeks to months,
whereas high viscosity LNAPLSs (such as heating oil or crude oil) may require months to years to
stabilise as they flow more slowly for longer periods (Rivett et al., 2014). LNAPL migration is
very sensitive to both fluid properties (density, viscosity, solubility, vapour pressure, wettability,
and interfacial tension) and porous media properties (porosity, intrinsic permeability, degree of



heterogeneity, and the presence of additional fluids) (Mercer and Cohen, 1990; Poulsen and
Kueper, 1992; Newell et al., 1995; Montoro and Francisca, 2013; Mumford et al., 2022). Horizontal
bedding in the formation results in lateral spreading and retention at textural interfaces (Kechavarzi
et al., 2008). Further, Poulsen and Kueper (1992) reported that an extremely heterogeneous
distribution of non-aqueous phase liquids (NAPLS) can result from NAPL migration through sands
exhibiting only a moderate spatial variability in permeability and capillary characteristics (i.e., mild
heterogeneity). Based on results obtained from a field experiment conducted on an old prograding
shoreline deposit, Poulsen and Kueper (1992) noted that NAPL can migrate parallel to soil bedding
and that certain laminations may or may not contain stringers of residual NAPL. Accurate
predictions of the extent of a NAPL spill in the subsurface therefore rely on proper soil
characterization that identifies local heterogeneities in geology.

Assuming that a porous medium is water-wet (water wets the solid surfaces), the wettability
increases in the order air < LNAPL < water (Leverett, 1941). Consequently, when all three fluids
are present, the smallest pores are occupied by water, the intermediate-size pores are occupied by
LNAPL, and the largest pores are occupied by air (Schroth et al., 1998). However, it depends on
the accessibility of air-LNAPL and LNAPL-water interfaces to pores (it is not uncommon for larger
pores to be surrounded with smaller pores preventing a fluid from entering the larger pores unless
the right capillary pressure is obtained to allow the fluid to first enter the smaller pores) (Mumford
et al., 2022) (Figure 1.3). This concept is useful for the prediction of LNAPL behaviour in the
vicinity of textural interfaces where variability in both permeability and water saturation (Sy) can
occur (Schroth et al., 1998). For example, Schroth et al. (1998) demonstrated that LNAPL
migrating in a fine-grained soil layer is diverted parallel to an interface with a layer of coarse-
grained soil when both layers are at low water saturation (when Sy, ~ 0, LNAPL is the wetting fluid
and occupies the small pores, air is the non-wetting fluid and occupies the large pores, which causes
LNAPL to be contained in the fine-grained soil layer). Further, Schroth et al. (1998) demonstrated
that LNAPL is also diverted parallel to a textural interface in zones of high water saturation,
however, in this case, rather than being diverted along the textural interface, LNAPL diversion
occurs in the upper portion of the zone of high water saturation which supports the LNAPL. Schroth
et al. (1998) demonstrated that only in zones of moderate water saturation does partial penetration
of LNAPL into the coarse-grained layer occur (at the interface, water occupies the small pores and
LNAPL is forced to move into larger pores than it previously occupied during vertical downward
migration).
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FIGURE 1.3: A cartoon of an air-LNAPL-water system in porous media showing free
LNAPL (light pink color), entrapped LNAPL (dark pink color) and residual LNAPL (red
color), which consist of continuous thin LNAPL films and relatively immobile LNAPL in

wedges, with mobile (light blue) and residual water (dark blue) (Mumford et al., 2022).

1.2.3 LNAPL Contamination

LNAPL spills pose significant environmental risks (Domenico and Schwartz, 1998; Mercer
and Cohen, 1990; Pankow and Cherry, 1996; Miller et al., 2004). The migration of LNAPL through
the subsurface can affect surface water by creating oil sheens, impacting aquatic organisms, and
compromising drinking water supplies (Mumford et al., 2022). Further risks include the
partitioning of organic compounds from LNAPL to surrounding groundwater, creating a dissolved-
phase plume that can be transported in the direction of groundwater flow towards drinking water
wells or surface water (Rivett et al., 2014; Mumford et al., 2022). Natural attenuation processes
such as biodegradation can contribute to the mitigation of the contamination (Rivett et al., 2014),
however, biogeochemical reactions with the dissolved organic compounds in the plume can further
reduce groundwater quality through reduction in dissolved oxygen and changes in metal and sulfur
compound speciation (Mumford et al., 2022). In addition, volatile LNAPL constituents can
partition from the LNAPL source zone and penetrate receptors at the ground surface (i.e.,
buildings) and reduce air quality (a process called vapor intrusion) (Rivett et al., 2014; Mumford
et al., 2022).

Even when the bulk of a spill is removed, residual LNAPLS in the ground remain a safety
concern for groundwater supplies. Despite the low aqueous solubilities of organic compounds
found in LNAPLSs, their solubilities can still exceed health advisory levels (Ewing and Berkowitz,
1998). Furthermore, the low solubility of LNAPL components contribute to making them long-



term sources of contamination for groundwater supplies. Recent events in lgaluit provide an
example of such long-term water contamination by LNAPLs. An old underground tank from 1962
buried next to the water treatment plant leaked fuel into the city’s drinking water distribution
system (Aziz, 2022). The city rapidly proceeded to remove the tank; however, despite the fact that
the bulk of the fuel (the source) was removed from the site, the city still experienced issues later
since residual PHCs in the ground entered the water distribution system again a few months after
the initial event. Moreover, a do-not-consume order also went into effect on March 23, 2022, in
Sachs Harbour, Northwest Territories after the Territory's chief public health officer reported a fuel
smell and an oily sheen in water deliveries (cbc.ca, 2022). However, in this case, an oily container
confused for a clean one is what left half of Sachs Harbour without usable tap water for a month
(Carroll, 2022). Both Igaluit and Sachs Harbour are located in the continuous permafrost zone,
adding additional complexities affecting LNAPL migration. Future remediation plans will benefit
from knowledge of the implications of those complexities on LNAPL migration in permafrost
terrain.

1.3 LNAPL in Permafrost

1.3.1 Fuel Spills in the Canadian Arctic

There are several LNAPL-contaminated sites in the Canadian Arctic (e.g., Nadeau, 2019;
Explore North, 2006). As an example, Figure 1.4 is a map highlighting a subset of contaminated
sites in the Northwest Territories alone (Explore North, 2006). Many of those sites have been
reported to have elevated levels of hydrocarbons in soil and groundwater. The list includes the old
Colomac Mine site, which was heavily contaminated from multiple fuel spill incidents over the
years during the mine’s operating lifetime from 1989 to 1997 (Nadeau, 2019). It has since
undergone an extensive cleanup and has been the location of several research studies on LNAPL
migration in permafrost (e.g., Bickerton et al., 2007; lwakun et al., 2007). In addition, there are
arctic Canadian Forces establishments that have been identified as contaminated over the years.
Historically, several barrel caches had been put on Ellesmere Island, Nunavut to supply fuel to
military occupied sites. Over the years, many of those sites were abandoned, which left fuel barrels
and the potential for leakage into the subsurface. For the past 30 years, the Canadian Forces has
been relocating these barrels so that they could be safely and properly disposed of. A few barrel
caches undergoing remediation as part of Operation Nevus can be seen in Figure 1.5. Operation
Nevus is a yearly military operation mainly focused on the maintenance of remote satellite and
communication sites carrying communication signals to Canadian Forces Station Alert (CFS
Alert), but Operation Nevus also provides opportunities to perform concomitant tasks such as fuel
barrel remediation since it brings resources on the ground. However, even though the contaminant
source is being removed from the cache sites, the ground remains contaminated as spills were
observed at most of the locations.
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FIGURE 1.4: Contaminated sites in Northwest Territories, Canada (Explore North, 2006).
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FIGURE 1.5: Abandoned cache sites on Ellesmere Island, Nunavut (Nadeau, 2019).

Today, accidental fuel spills can still occur even with proper preventative measures in place.
For example, Biggar et al. (1998) performed a ground contamination assessment on an old tank



farm site at CFS Alert. The construction of the site included a horizontal foundation fill with
exterior dikes around three sides of it, topped with a 0.9 mm polyester laminate geomembrane,
which was covered with a 30 cm layer of gravel. Despite careful handling during the operational
years, and containment barriers at the time of the berm construction, the investigation revealed
contamination beneath the berm, as well as below the permafrost table. All past, present, and future
anthropogenic activities in the Canadian Artic have risk for fuel spill events, therefore,
understanding the migration of LNAPLSs in a permafrost environment is important to protect arctic
ecosystems and human health.

1.3.2 LNAPL Migration in Frozen Soils

In freezing and frozen soils where water turns to ice, LNAPLs behave differently. First,
LNAPL penetration rates were reported to decrease in frozen soils due to an increase in the
viscosity (Singh and Niven, 2013). In addition, using gravelly sands, Andersland et al. (1996)
reported that dry unfrozen and frozen soils have similar hydraulic conductivities, however
hydraulic conductivities decrease with an increase in ice content. Wiggert et al. (1997) performed
tests to study the interaction between ice saturation and intrinsic permeability and reported that the
permeability decreases nearly linearly with an increase in ice saturation. Consequently, LNAPL
penetration rates also decrease with an increase in ice saturation (McCauley et al., 2002). In the
extreme, high ice saturations may even result in a nearly impermeable ground surface, promoting
surface spread (Barnes and Chuvilin, 2009).

1.3.2.1 LNAPL Experiments in Frozen Homogeneous Soils

To the author’s knowledge, most laboratory experiments involving LNAPL migration in
frozen soils to date were performed on frozen porous media with homogeneous grain distribution
and water/ice contents. Those experiments were helpful in understanding the isolated effects of
pore ice and freezing temperatures on LNAPL migration in different types of frozen homogeneous
sands. For example, Biggar and Neufeld (1996) packed a 30-cm high saturated silty sand soil
column with a layer of diesel-contaminated soil placed on top and performed freeze-thaw cycles
such that the top of the cell could freeze and thaw (to mimic an active layer), while keeping the
bottom part of the cell permanently frozen (to mimic a permafrost table). After eight freeze-thaw
cycles, results showed considerable migration of diesel into the saturated uncontaminated soil
subjected to cyclic freezing and thawing, however, the permanently saturated frozen soil showed
no contamination. Ice lenses in the field have also been observed to be effective barriers to LNAPL
vertical migration (Biggar et al., 1998). However, researchers have reported some evidence of the
potential for LNAPL to move into small fissures and vertical cracks formed by thermal contraction
in frozen saturated soils, suggesting that even a high ice saturation permafrost table can allow
vertical LNAPL migration in certain conditions (Biggar and Neufeld, 1996; Biggar, n.d.; Biggar et
al., 1998).

Ice acts as a solid in the ground, changing the pore geometry and capillarity of the soil
(Barnes and Chuvilin, 2009). Barnes and Shur (2003) and Barnes and Wolfe (2008) investigated
how pore ice impacts the migration of petroleum hydrocarbons (LNAPL) by spilling 100 ml of
colored LNAPL in frozen laboratory soil flumes (at -5 °C) packed homogeneously with respect to
both grain size and water saturations. Two different sand grain sizes were used (coarse sand: grain
size of 0.6 mm, and medium sand: grain size of 0.212 mm) at two different uniform water
saturations (resulting in ice saturations of 26 % and 54 % once frozen) for a total of four tests. The



tests conducted on the coarse sand showed that an increase in ice saturation can cause an increase
in lateral movement of LNAPL due to restricted or blocked pore space by ice (LNAPL widths were
0.19 m at 26 % ice saturation, compared to 0.43 m at 54 % ice saturation). In addition, ponding of
LNAPL occurred at 54 % ice saturation after being introduced into the flume, but not at 26 % ice
saturation. The authors attributed the ponding effect to a decrease in permeability of the porous
medium at higher ice saturation. Finally, the maximum depth of penetration was greater at 54 %
ice saturation, which was attributed to the initial pressure head of LNAPL created as it was
introduced into the flume (it ponded) and a decrease amount of pore space available to retain
LNAPL causing deeper migration.

With respect to tests conducted on medium sand, LNAPL widths were similar at both ice
saturations (0.28 m at 26 % ice saturation, compared to 0.30 m at 54 % ice saturation), which
Barnes and Wolfe (2008) attributed to clusters of ice-saturated pores being approximately the same
size in both packs, but possibly more numerous at 54 % ice saturation. According to Barnes and
Wolfe (2008), and Fourie et al. (2007), it is possible that infiltrating liquid water in frozen soils (or
water rearrangement in this case as the cell was freezing) may be retained by capillary forces,
which once frozen might create dead-end pores resulting in ice-saturated pore space and the
formation of preferential pathways around the blocked pore space. Additionally, the same initial
ponding behaviour occurred in the medium sand at 54 % ice saturation. Finally, penetration was
less in tests conducted on medium sand, which Barnes and Shur (2003) attributed to a greater
decrease of pore channel diameters in finer sand resulting in an increase in capillary pressure and
associated LNAPL lateral or restricted overall movement.

1.3.2.2 LNAPL Experiments in Frozen Heterogeneous Soils

To date, there is a very limited record of LNAPL experiments conducted in frozen
heterogenous soils. It was reported by Barnes and Chuvilin (2009) that Barnes and Adhikari had
completed an experiment to investigate petroleum migration into a frozen sand pack that contained
a simple form of geological heterogeneity (a 1.3 cm thick fine-grained layer interbedded between
coarse grain sand layers). For this investigation, the soil was thoroughly wetted by introducing
water to the top of the flume, however water was allowed to drain through the sand layers (Barnes
and Chuvilin, 2009). When water drainage ended (water in the pore space was held by capillary
forces at some residual level, presumably with higher water content in the finer-grained layer), the
flume was insulated on the sides and bottom and placed in a cold room at -5 °C to induce a top-
down freezing (Barnes and Chuvilin, 2009). Once frozen, colored jet fuel (JP2) chilled to -5 °C
was introduced to the top of the soil layer, and migration of the petroleum through the soil was
tracked using time-lapse photography (Barnes and Chuvilin, 2009). The test was also repeated in
the same manner, but in unfrozen condition. The authors reported that while LNAPL was able to
breach through the fine-grained layer in the unfrozen condition, it was not able to do so in the
frozen condition. The fine-grained layer retained enough water, which once frozen, was sufficient
to create an impermeable barrier. To the authors knowledge, this unpublished study is the only
experiment to explore the impact of heterogeneity on LNAPL migration through frozen soil.

1.4 Research Needs and Objectives
While it is understood that heterogeneity in geology (in unfrozen soils) and pore ice (in

frozen soils) individually play an active role in LNAPL migration, the effects of those complexities
combined together remains unknown. The goal of this research was to start closing that gap by



performing controlled laboratory investigations on LNAPL migration in frozen heterogeneous
media with respect to both geology and water/ice contents. Specific objectives were to:

- Adapt an existing method traditionally used in unfrozen soils to frozen soils and validate
its used through quantitative analysis of water and ice.

- Use the chosen method to perform a macroscopic analysis of LNAPL migration in three
different sand packs with various degrees of heterogeneity and analyse the spill
migration in these packs in both unfrozen and frozen conditions.

1.5 Thesis Organization

The thesis is organized in an article-based (manuscript) format. Chapters 2 and 3 were
written as standalone research papers with the intent of publishing them in the near future. Chapter
2 focuses on the laboratory research technique employed in this study. The application, validation,
and demonstration of the light transmission method (LTM) in frozen soils is discussed. Chapter 3
focuses on the study of the combined effects of heterogeneity in geology and ice content on LNAPL
migration. Chapter 4 presents the conclusions of this research and recommendations for future
work. Due to the nature of the article-based format, some elements in the thesis introduction are
repeated in the introduction of both chapters 2 and 3.
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CHAPTER 2 ICE QUANTIFICATION USING THE LTM
2.1 Introduction

The study of permafrost groundwater has been driven by the search for water supply, by
problems associated with groundwater in mining and in construction of buildings, highways,
railways, airfields and pipelines, and by encounters with ice features in the course of permafrost
and geological mapping (Woo, 2012). Permafrost exerts a primary control on water fluxes, flow
paths and distribution (Walvoord and Kurylyk, 2016). The presence of ice, the influence of
seasonal freeze and thaw cycling, and the typically shallow active layers found in permafrost
environments all impact the movement of fluids in a manner not found in temperate soils (soils
that do not experience deep freezing) (Barnes and Chuvilin, 2009). Not only is groundwater
movement affected by the current permafrost conditions, it also might be undergoing changes in
the future. Climate warming is expected to modify the permafrost distribution, leading to
alterations in hydrologic conditions, including variations in soil moisture, connectivity of inland
waters (i.e., taliks), streamflow seasonality, and the partitioning of surface and subsurface water
(Walvoord and Kurylyk, 2016). Understanding groundwater behaviours in permafrost terrain is
essential for managing and protecting water resources and critical infrastructure in a changing
climate and requires multi-disciplinary studies including geotechnical and environmental
engineering.

Investigating water movement and distribution in soils, under both frozen and unfrozen
conditions is often done using laboratory experiments (Goit et al., 1978; Spaans and Baker, 1995;
Heller et al., 2009; Werth et al., 2010; Dobriyal et al., 2019). Many methods exist to measure water
content in soil in time and space. They can generally be separated into direct and indirect
measurement methods. The direct measurement method, also referred to as the gravimetric method,
involves measuring the difference in weight of a soil sample before and after drying (Belfort et al.,
2019). It is accurate and inexpensive, but it is also destructive, time consuming and does not allow
for replications thereby having limited spatial and temporal coverage (Dobriyal et al., 2012). Non-
destructive indirect measurement methods, such as time domain reflectometry and neutron probe
techniques can deliver accurate soil moisture measurements (e.g., Dobriyal et al., 2012). However,
these traditional indirect methods for measuring water content within laboratory test cells are
limited in spatial and temporal resolution or require very specialized and expensive equipment
(Tidwell and Glass, 1994). Imaging techniques are good non-destructive, non-invasive alternatives
for measuring water content. They can lead to quantitative measurements without inserting (m)any
probes in the porous media (Belfort et al., 2019). Imaging techniques also have advantages with
respect to resolution in time and space. For example, in the time it takes to measure a single point
by one of the traditional techniques, an entire image consisting of hundreds of thousands of points
can be acquired by imaging light techniques (Tidwell and Glass, 1994). The resolution of imaging
techniques allows for investigations of fast processes, such as rapid transient flow and preferential
flow, which is key to understanding water dynamics typically found in the vadose zone (Darnault
etal., 1998; Sills et al., 2017; Orozco-Lopez et al., 2021). The high spatial and temporal resolution
needed to investigate water in unfrozen systems also applies to water and ice in frozen systems.
For example, due to its low hydraulic conductivity, permafrost strongly affects the movement,
storage, and exchange of surface and subsurface water (Walvoord and Kurylyk, 2016). In turn,
subsurface flow can affect the distribution of permafrost by increasing the transfer of thermal
energy Via heat advection (de Grandpré et al., 2012; Sjoberg et al., 2016; Walvoord and Kurylyk,
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2016). This interplay, along with physical, chemical, and biogeochemical processes, creates
complex, and often nonintuitive, dynamics in permafrost regions (Walvoord and Kurylyk, 2016).
As a result, there is a need to develop or modify a non-destructive high-resolution laboratory
technique for application to frozen systems.

The light transmission method (LTM) is a non-destructive, non-invasive imaging technique
that does not require specialized equipment and is, therefore, a low-cost method (Niemet and
Selker, 2001). It has been used in a wide variety of two-dimensional (2D) laboratory studies to
investigate water saturations in both stable and transient flow fields (Tidwell and Glass, 1994,
Niemet and Selker, 2001; Orozco-Lopez et al., 2021), wetting and nonwetting fluid saturation in
porous media (i.e., water and NAPL respectively) (Darnault et al., 1998; Glass et al., 2000;
Darnault et al., 2001; Conrad et al., 2002; Zhang et al., 2021), and gas migration investigations
(Van De Ven and Mumford, 2018; Van De Ven et al., 2020). The high resolution of the LTM
coupled with the quality of data that it yields makes this technique a valuable tool for investigating
unsaturated flow phenomena (Tidwell and Glass, 1994). The LTM stands out amongst other
methods as it allows fluid mapping over an entire flow cell in a single image capture; however, it
requires experiments to be performed in thin cells filled with translucent porous medium. Given
the success of the LTM for the investigation of water distribution in laboratory experiments, and
the need to investigate frozen soils at a high spatial resolution, there is an opportunity to adapt the
LTM for use in frozen soils. To the author’s knowledge, no attempts have been made to quantify
ice using the LTM. Wang et al. (2021) successfully applied a modified version of the LTM to
investigate the remobilization of light non-aqueous phase liquids in unsaturated porous media
subject to freeze-thaw cycles, however they did not provide quantitative data on ice saturations.

This paper explores the application of the LTM on frozen porous media and its potential to
differentiate air and ice in a partially saturated sand pack. Specific objectives of this work were to:
1) compare LTM images in frozen and unfrozen sand, 2) validate existing saturation-intensity
relationships for use in frozen sand, and 3) investigate water and ice saturation maps and profiles.
These objectives were addressed using a series of experiments conducted in an intermediate scale
2D flow cell. For an experiment to be classified as intermediate scale, the flow cell has to be small
enough for its boundary conditions to be controlled and allow small scale processes to manifest
themselves at a larger scale so they can be studied and quantified (Oostrom et al., 2007).

2.2 Methodology
2.2.1 Light Transmission Method

The LTM consists of placing a thin experimental flow cell between a light assembly and a
digital camera to measure the intensity of light passing through the cell in space and time (Figure
2.1a). The cell is filled with translucent sand, which allows light to be transmitted and provide a
two-dimensional representation that is integrated over the pack thickness (Figure 2.1b). This
method was used by Tidwell and Glass (1994), who proposed a physical model and derived
equations for determination of liquid saturation based on the attenuation of light by the sand grains
and fluid-fluid interfaces. Niemet and Selker (2001) extended the method by developing five
physically based relationships relating light transmission to liquid saturation based on different
assumptions about pore geometry, wettability, and drainage characteristics. The light transmission
method combines Beer’s law (light passing through a homogeneous medium) and Fresnel’s Law
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(the refraction and absorbance of light passing through interfaces), described mathematically as
(Tidwell and Glass, 1994; Niemet and Selker, 2001):

I = Clor2le2s0 exp (—ayd, k) 1)
where | is the transmitted intensity, C is an optical geometric term which corrects for the position
of emitted and captured light, I, is the light intensity of the light source, z is the average
transmittance of an interface and the subscripts p, I, and g refer to the grain (particle), liquid and
gas, respectively, k is the number of particles or pores across the medium thickness, S is the degree
of saturation averaged over the medium thickness, ap is the absorbance coefficient of the grain and
dp is the thickness of a grain. z is related to the refractive index of both media on either side of the
interface, which may cause either light reflection and/or refraction. The normalized light intensity,
In, is @ measure of the relative degree of light transmission between saturated and dry conditions
defined as (Selker et al., 1989):

I_Jﬁd_%}%)
" e

(2)

where lq and |s are the light intensities transmitted through completely dry (S = 0) and completely
saturated (S = 1) sand, respectively (Niemet and Selker, 2001). Substituting Eg. 1 into (2) and
solving for S yields (Tidwell and Glass, 1994):

) @)

Using Eqg. 1 and considering the ratio of saturated to dry condition intensities gives:

Is _ Clorlz,’fexp (—apdpk) (M)Zk (4)
Ig CloThSexp (—apdpk) ~ \rpg
Combining Egs. (3) and (4) results in (Niemet and Selker, 2001):
_ In(O-In{y) _ _ In (1/1) (5)

T InUy)-In(g) In (I4/15)
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FIGURE 2.1: Experimental set-up showing the (a) light transmission and data acquisition
system and (b) example of a light transmission image.

As an alternative to Eq. 5, Niemet and Selker (2001) proposed that an image at residual
water saturation could be used instead of a dry image, assuming that a water film remains coated
on the particles once they are wetted and drained, and that an effective pore space exists between
liquid films instead of between sand grains. As a result, an effective saturation can be calculated
as (Niemet and Selker, 2001):

_ 1 _InQ/I)
Se=1-7q (Ir/15) ©)

where I is the light intensity transmitted through residual saturated sand. Absolute saturation is
then related to effective saturation as (Niemet and Selker, 2001):

$=S5,(1-5,)+S, (7
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where S is the residual saturation, a measure of the total volume fraction of water held within the
water films surrounding sand grains. The visual representation of saturation in a cell using the LTM
is shown in Figure 2.1b. In this particular image, approximately 75 % of the cell is saturated,
identified by the bright light intensity, while the top portion is unsaturated, identified by the much
darker light intensity.

Pure ice and water have the same refractive indexes. The refractive indexes are just as
different between water and a particle and between water and air as they are between ice and a
particle and between ice and air. Therefore, differences in transmitted light intensity between air
and water in an unfrozen sand pack are expected to be similar to differences between air and ice in
a frozen sand pack. Furthermore, Eq. 1 could be rewritten by replacing 73/ by t2/“where the
subscript i would refer to ice. The mathematical development of Eq. 6 would be the same and Eq.
6 could be valid for use on frozen soil (the only difference would be that S would refer to ice
saturation in frozen conditions). Eq. 7 would also remain the same, except that S; would be the
frozen S, value for frozen experiments. Further, because pure ice and water have the same refractive
indexes, it is hypothesized that 72 = 725 suggesting that the Sice-1/ls relationship will be the

same as Swater-1/1s relationship.

2.2.2 Experimental Set-up

The experimental set-up used in this study is based on previous LTM studies by Tidwell and
Glass (1994), Niemet and Selker (2001) and Davidson et al. (2022), with minor modifications to
the size of the set-up to make it fit in a chest freezer. The RMC LTM flow cell (Figure 2.2) was
built with two 6 mm glass panels sealed to an aluminum frame using a Neoprene O-ring, resulting
in interior dimensions of 400 mm x 400 mm x 12 mm. The total volume of the cell was 1,925 ml,
which accounts for the small cavities at each port. The cell was equipped with six bottom ports
allowing for water drainage and imbibition. Each port was topped with a water-wet nylon net filter
(Merck Millipore Ltd., 80 um); a membrane allowing water to go through while preventing sand
and air from escaping the cell during water drainage and imbibition, which allowed the entire cell
to be drained under vacuum using flexible transparent tubes linking the bottom ports to the water
table control beaker.
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FIGURE 2.2: Flow cell image showing the cell frame, glass panels, bottom ports, and
flexible transparent tubes. Each port is topped with a water-wet net filter.

The light panel assembly used was built with LEDs (Ledgo-LG-1200S) and placed 150 mm
from the cell. Images were captured using either a Canon Rebel XSI or Canon Rebel T2i camera
with an EFS 10-18 mm image stabilizer lens placed 505 mm in front of the cell (Figure 2.1a). The
camera was set-up to manual focus with the following settings: 1/10 as the shutter speed, F16 as
the aperture and ISO 1600. The settings were chosen manually in order to get high quality images
(0.01695 mm?/pixel) and maintain consistency between images. The light, cell and camera were
affixed in place on a mobile testing platform so the entire set-up could be placed in a freezer for
frozen experiments. Black-out black curtains were also used to cover the set-up to prevent errors
in light intensity measurements due to ambient light or light reflection from the sides of the freezer.

2.2.3 Sand Packing

The sand used in this study was ASTM 20/30 silica sand, also referred to as Accusand, and
was selected due to its previous use in LTM studies (e.g., Schroth et al., 1998; Davidson et al.,
2022). The properties of the sand are a particle diameter (dso) of 0.713 + 0.023 mm, a uniformity
coefficient (deo/d10) of 1.190 + 0.028, particle sphericity of 0.9, and a particle density of 2.664
Mg/m? (Schroth et al., 1996). Before use, the sand was rinsed with deionized water to remove fines
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and dust. The sand was then oven dried for 24 h at 110 °C. Each experiment required starting with
dry sand for the calculation of porosity.

The flow cell was filled using the wet pack method (otherwise called slurry packing), a
technique involving oversaturating the soil with water before letting it settle at the bottom of the
flow cell. A fitted funnel was used to facilitate the procedure. A rubber mallet was also used to
vibro compact the sand as it was settling into the flow cell for proper consolidation and distribution.
Using the wet pack method resulted in a uniform, homogeneous saturated pack. The unused sand
slurry was oven dried to determine its mass and subtracted from the initial amount of dried sand to
calculate the total amount of sand in the pack. The porosity of each pack, which was calculated
from the known volume of the cell and the amount of sand used to fill it ranged from 0.333 to
0.340.

2.2.4 Unfrozen and Frozen Experiments

Unfrozen experiments were performed at room temperature (~22 °C). To capture images of
sand in frozen conditions, the entire set-up (light, cell, camera, and platform) was placed in a chest
freezer (Frigidaire FFFC20MATW, interior dimensions: 1702 mm long, 546 mm wide, 635 mm
high) set to a temperature of approximately -28 °C. The mobile platform was built out of wood
painted in mat black and had reference markers to ensure that all pieces of equipment were always
installed in the same location. The light was kept on at all times in the freezer including while the
cell was freezing. Doing so prevented the cell from freezing too fast, which would allow for frost
to appear on the glass surfaces. Silica beads were also found to help minimize the humidity level
in the freezer, keeping frost formation under control. A temperature probe (Traceable 4000 90080-
09) was inserted in the top portion of the cell at the conclusion of two tests to measure the
temperature of the frozen pack. This was completed at the end of the tests to avoid destructing the
sand structure prior to, or during a test. With the light on, the cell temperature remained constant
at -9 °C after a minimum of 18 h in the freezer. Once images of the frozen cell were captured, the
set-up was taken out of the freezer and the cell was allowed to thaw for a minimum of 2.5 h with
the light on. Images of a saturated cell were captured in the unfrozen state in both environments
(in and out of the freezer). These were then compared to ensure that the intensities recorded were
the same, and that any differences between intensities in unfrozen and frozen sand packs were not
from the different imaging environments.

2.2.5 Targeted Saturation and Image Capture

Each water table adjustment was performed in slow increments by lowering (or increasing
for “trapped gas” images) the water table control beaker by 10 mm every 5 min, keeping the cell
in a quasi-static condition as it was draining. Once the water table control beaker had been set to
the desired height in each drainage step, the cell was allowed to come to equilibrium for a minimum
of 30 min before images were captured, with the exception of residual saturation, for which the
cell was allowed to come to equilibrium for 2 h. The mass of water removed or added during each
water table adjustment was tracked.

Images were captured at various water positions in the cell. The testing sequence first started
with a saturated cell (to obtain Is). The water table was then dropped so the water position in the
cell (the top of the capillary fringe) was at approximately 75 % of the cell height. The cell was then
frozen for a period of 18 h, after which the cell was thawed and the water position in the cell was
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dropped to approximately 50 % of the cell height. This process of sequential drainage, freezing
and thawing was repeated until the cell was drained to residual saturation (to obtain I;), ensuring
that each test included images captured at several different water positions in the cell (a minimum
of three) in both unfrozen and frozen conditions. After the cell was drained to residual saturation,
water was imbibed from the bottom tubes and images were captured to obtain “trapped gas” (TG)
images (unfrozen state only).

2.2.6 Image Processing

Ten images were captured for each saturation condition (one image every 2-3 s). For
unfrozen cells, the images of the saturated cell were used to obtain Is, however, for the frozen cells,
images of the cell where the water position was at approximately 75 % of the cell height in unfrozen
conditions were used as Is images (for ice quantification). This reduced water position ensured the
cell would not overflow due to water expansion when freezing, thus ensuring proper tracking of
water removed from the cell during drainage. All images were processed using MATLAB. The
image processing steps first averaged the 10 images taken at each water position in the cell to
obtain a single image. Using the average of 10 images minimized the effects of potential light
intensity variations. All images were then converted to grayscale to eliminate the hue and saturation
information and retain only the pixel light intensities. Images were also cropped to eliminate edge
effects and the cell frame. Images were then upscaled to 1 mm? blocks by averaging all intensity
values within a given 1 mm? block to ensure that each block was larger than a grain of sand and to
reduce the noise created by darker pixels and minor variations in the incident light. A
precision/resolution analysis determined that 1 mm? block size provided the least amount of noise
in the pictures (low standard deviation in a zone of known consistent saturation), while still
providing adequate visual saturation mapping. Details of the precision analysis can be found in
Appendix A. Local water or ice saturations were calculated using Egs. 6 and 7 and used to generate
saturation maps, which were integrated to estimate volumes of water in the flow cell for
comparison to the drainage measurements.

The mass of water removed from the cell at each water table adjustment was converted to
total water volumes in the cell based on either a density of 1 g/ml for water or 0.917 g/ml for ice
(i.e., a9 % volume expansion during freezing). Rather than use a measured value of I./ls, the value
of that ratio was used as a calibration parameter such that the drainage-based water (ice) volumes
matched the image-based water (ice) volumes. This fitting procedure has been used previously for
unstable gas injection where the measured I, image is not a suitable representation of local S,
conditions (Mumford et al., 2015; Van De Ven et al., 2020). More details on the fitting procedure
can be found in Appendix F.

2.3 Results and Discussion
2.3.1 Captured Images

A total of 5 cell sand packs were poured, from which a total of 8 tests were conducted. Packs
1 through 5 all underwent an unfrozen test, and packs 1, 2 and 4 also underwent a frozen test. A
complete list of tests, and their respective captured water positions in the cell (the top of the
capillary fringe) is shown in Table 2.1.

21



TABLE 2.1: List of tests and their respective captured water positions in the cell. U and F
stands for unfrozen and frozen respectively. U1, U2 and U4 were also performed in frozen
conditions (referred to as F1, F2, and F4 respectively).

Tests Water Positions in the cell
Ul Sr, 25 %, 50 %, 75 %, 100 %, TG
u2 Sr, 50 %, 75 %, 100 %
U3 Sr, 25 %, 50 %, 75 %, 100 %, TG
U4 Sr, 25 %, 40 %, 50 %, 75 %, 100 %, TG
us Sr, 25 %, 50 %, 75 %, 100 %
F1 Sr, 25 %, 50 %, 75 %
F2 Sr, 50 %, 75 %
F4 Sr, 25 %, 40 %, 50 %, 75 %

An example of the images captured at each water table position during test U3 is presented
in Figure 2.3. The saturated image (Figure 2.3a) has a higher intensity throughout the flow cell
because water-particle interfaces transmit more light than air-particle interfaces. As the water
position in the cell was lowered (the top of the capillary fringe) and water drained from the flow
cell (Figures 2.3b-d), a darker region appeared and expanded from the top of the flow cell until a
residual saturation was reached (Figure 2.3e). Water imbibition to create trapped gas increased
light intensity throughout the cell (Figure 2.3f), but not as high as under saturated conditions.

|

b. c.
| - 100% Saturationj [ \ ! N
d. e.

FIGURE 2.3: Example of light transmission images from test U3 prior to image processing
showing (a) saturated conditions followed by unsaturated conditions with water positions at
approximately (b) 75 %, (c) 50 %, and (d) 25 % of the cell height, as well as (e) residual
saturation and (f) following water imbibition to create trapped gas.

a.
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Based on drained water volumes, the S; values were calculated to be between 0.04 and 0.05,
which is consistent with previously reported values between 0.046 and 0.048 (Schroth et al., 1996;
Niemet and Selker, 2001) for the same sand packed at similar porosities. Therefore, a value of
0.046 was used in Eg. 7 for unfrozen tests, and a value of 0.050 was used for frozen tests
(accounting for the 9 % increase in volume as water turns to ice).

2.3.2 Calibration

Table 2.2 shows the known and calculated water volumes in each image presented in Figure
2.3 (Test U3). The calculated water volumes (based on Eqgs. 6 and 7) were obtained using a best-
fit value of I,/Is = 0.48. The known and calculated water volumes from all tests are plotted in Figure
2.4. The calculated water volumes for all tests were obtained using the same best-fit value of I/Is
= 0.48, and this best-fit value applied to water saturation in unfrozen packs and to ice saturation in
frozen packs. Images of frozen packs consistently appeared darker than their respective unfrozen
ones, however the validity of a single fit parameter for I./Is suggests that the unfrozen and frozen
I/15 ratios are the same. The ability to apply a single I/ls value such that known and calculated ice
volumes are within 2 % over a range of water/ice positions in the cell validates the use of the LTM
in frozen soils for ice quantification. The applicability of the fit parameter to both ice and water
also means that the calibration process can be performed in unfrozen conditions and then be applied
to frozen conditions. The ability to calibrate results using a pack in the unfrozen state is an efficient
calibrating procedure as it can be done much faster since the cell does not have to be frozen for
several hours at each water table adjustment. In any saturation condition, ice can be quantified
using a frozen saturated image to obtain Is along with the fitting parameter for I/1s, provided that
the value of S; is known.

TABLE 2.2: Test U3 known and calculated water volumes in the cell.

Water Position in Known Water Calculated Water
the cell Volume (ml) Volume (ml)
Sr 30.04 30.16
25 % 157.62 157.57
50 % 334.95 337.28
75 % 500.23 495.29
100 % 652.97 654.69
TG 581.61 572.95
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FIGURE 2.4: Calculated versus known volumes of water and ice in the cell from all tests.
2.3.3 Validation of S-1/1s Relationships

Figure 2.5 demonstrates both Swawer-1/1s and Sice-1/1s relationships. The shape of the curves is
consistent with Niemet and Selker (2001). Further, the relationships are nearly the same (the
relationships overlap each other), however not because rzz,{‘s = rzz,fs as previously hypothesised
(images of frozen packs are darker), but due to the fact that the 1./1s ratio is the same in unfrozen
and frozen sand packs (Eqg. 6). The relationships are not identical because the frozen S; is different
than the unfrozen S, (Eq. 7). Each curve starts at the fitting parameter (I./1s = 0.48) and S, (0.046
for unfrozen, 0.050 for frozen) and ends at the fully saturated conditions (I/ls = 1, S = 1). In both
cases, a small variation in I/ls results in a much greater difference in S. In addition, any variation
in S resulting in an I/l ratio less than the fitting parameter falls below the detection limit, which
mainly affects the unsaturated transition zone on top of the capillary fringe. Anything below the
detection limit results in a computed negative Se, which is interpreted as an effective saturation of
0 (Eqg. 6), therefore resulting in an absolute saturation S equivalent to S; (Eq. 7).
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FIGURE 2.5: Relationship between I/Is and S for both unfrozen and frozen experiments
with trapped gas images from tests U1, U3 and U4.

Generally, the water saturation of an unsaturated sand pack varies with height above the
capillary fringe. There are two exceptions: 1) saturations in a fully drained sand pack (end of
primary drainage) are equal to the residual saturation everywhere, and 2) saturations in a fully
imbibed sand pack (end of secondary imbibition or beginning of secondary drainage) are equal to
the difference between fully saturated and the maximum trapped gas saturation. This is in addition
to fully saturated conditions, where the local saturations also do not vary with height (100 %
everywhere). Because those saturations do not vary in space, they can be calculated based on the
porosity and total water volume measured in the sand pack. Fully saturated and residual saturated
conditions are used to calibrate the LTM, but the trapped gas conditions can be used for validation
(Sillsetal., 2017). The data presented in Figure 2.5 demonstrate that the saturations predicted using
Egs. 6 and 7 and the best-fit value of I./ls = 0.48 reproduce measured saturation values under
trapped gas conditions to within £ 2 %. As proposed by Sills et al. (2017), this supports an approach
that uses the trapped gas (TG) images to determine the required I./ls value rather than a series of
images at different water positions in the cell, which would further reduce the effort required to
calibrate the LTM for use in frozen conditions.
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2.3.4 Saturation Maps and Profiles

One advantage of the LTM over traditional moisture content measurement techniques is its
ability to measure local saturations over the entire field of interest. This technique is highlighted in
Figure 2.6 for two images captured in unfrozen and frozen conditions during the tests U4 and F4,
respectively. Saturation maps are useful to identify zones of 100 % saturation and residual
saturation and they clearly illustrate the transition zones between the two using the colour bar. The
colour scheme used in the saturation maps helps to visualize the 9 % increase in volume as water
turns to ice, identified by the higher position of the ice in Figure 2.6d in comparison to the position

of water in Figure 2.6b.
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FIGURE 2.6: Water distribution in two zones of interest (dashed rectangles) in both

unfrozen (U4) and frozen (F4) conditions shown as (a) unfrozen grayscale image, (b)
unfrozen saturation map, (c) frozen grayscale image, (d) frozen saturation map.

Changes in ice distribution in the cell can also be assessed using profiles. In Figure 2.7, pixel
intensities (from images) and saturation values (from saturation maps) from Figure 2.6 were
averaged across the cell width. Doing so provides useful quantitative data for the investigation of

unfrozen and frozen images and saturation maps.
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FIGURE 2.7: Intensity and saturation profiles versus height showing both unfrozen and
frozen (a) residual saturation intensities, (b) 100 % saturation intensities, (c) evaluated
images intensities, (d) evaluated images saturations.

For example, the 9 % increase in volume as water turns to ice can be seen in Figure 2.7d,
where the frozen saturations are higher than the unfrozen ones in the transition zone between 100
% saturation and residual saturation. Otherwise, no change in saturation is observed between the
unfrozen and frozen images (from top to bottom, they both start at residual saturations, and end at
100 % saturations). Further, as seen in Figure 2.7a, 2.7b and 2.7c, the intensities are darker in
frozen test images than unfrozen. Even though pure ice and water have the same refractive indexes;
the frozen tests images indicate that light is more attenuated in frozen sand packs, even more so at
residual saturation when compared to 100 % saturation (Figures 2.7a, 2.7b), which indicates that
the ice in the cell might not be pure. Fresnel’s Law states that light can be refracted and absorbed
as it passes through interfaces (Tidwell and Glass, 1994). Consequently, it is hypothesized that the
air contained in the unfrozen water used to pack the cell gets excluded as ice crystals form from
pure water, which results in entrapped air bubbles in ice. The air bubbles increase the number of
interfaces light has to go through. This would explain why light is more attenuated in frozen sand
packs; however; not why images at frozen residual saturation appear even darker than images at
frozen 100 % saturation. This observation warrants further investigation, however, the unequal
darkening of frozen images between high and low saturations surprisingly did not prevent
calculated ice and water volumes to be calibrated using the same single fit parameter. Nevertheless,
the attenuation of light as the cell freezes can prove to be useful if one was interested in tracking
the location of the freezing front (Appendix C). Finally, Figure 2.7a and 2.7b do not display
completely straight lines due to edge effects in the original images, however the curves are smooth,
indicating good homogeneity in the pack.
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2.4 Conclusion

There is a need to investigate the distribution of ice in frozen soils at a high spatial resolution.
Given the successful application of the light transmission method to investigate water distribution
in unfrozen soils during laboratory experiments, this paper explored the application of the LTM on
frozen soils. A thin flow cell was used to capture images of sand at various water and ice
saturations. A total of 5 cells were packed, with 5 unfrozen tests and 3 frozen tests being completed.
An image processing technique was used to calculate total water or ice volumes in the cell and
generate saturation maps and profiles.

A single fit parameter was applied to both water saturation in unfrozen packs and to ice
saturation in frozen packs. Known and calculated ice volumes were within 2 % over a range of
different ice saturations in the cell. These results validate the use of the LTM in frozen soils for ice
guantification. Further, the ability to calculate both water and ice content with a single fit parameter
indicates that the calibration process can be performed during unfrozen experiments and then be
applied to frozen experiments. This allows the calibration process to be completed in a matter of
hours, rather than days.

Despite the fact that pure ice and water have the same refractive indexes, images from frozen
tests showed more light attenuation than unfrozen tests. It is hypothesized that the extra attenuation
of light in frozen sand packs is attributed to entrapped air bubbles created as ice formed from pure
water, which increases the number of interfaces light has to go through. The attenuation of light as
a sand pack freezes is helpful, as it not only helps to confirm whether a pack is frozen or not, but
it also provides a means to track the position of the freezing front in a freezing cell in space and
time.

In future research on unsaturated or saturated flow phenomena using the LTM, one should
consider not to fill the cell completely when packing such that a space is left for the increase in
volume when water turns to ice. This would allow a frozen Is image to be obtained without
compromising the tracking of water mass during drainage and without additional image cropping,
which reduces visibility in the sand pack. Given the challenges with understanding permafrost
hydrology behaviours in current conditions, let alone the changes occurring due to climate change,
the LTM proves to be a valuable tool for studying these fascinating processes. The LTM has also
been used to investigate wetting and nonwetting fluid saturations (i.e., water and non-aqueous
phase liquids, respectively) in unfrozen porous media, and future research may consider testing the
LTM for use in such studies in frozen soils.
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CHAPTER 3 LNAPL SPILL IN FROZEN HETEROGENEOUS
POROUS MEDIA

3.1 Introduction

Current permafrost terrains affect NAPL migration (Barnes and Chuvilin, 2009). The low
hydraulic conductivities of permafrost soils, the presence of ice, the influence of seasonal freeze
and thaw cycling, and the typically shallow active layers found in permafrost environments all
impact the movement, storage, and exchange of surface and subsurface fluids in a manner not
found in temperate soils (soils that do not experience deep freezing) (Barnes and Chuvilin, 2009;
Walvoord and Kurykyk, 2016). In addition, climate warming is expected to modify the distribution
of permafrost, leading to alterations in hydrologic conditions (Walvoord and Kurylyk, 2016),
which will, in turn, affect NAPL migration. Thaw-activated groundwater flow will open up new
transport pathways, leading to variations in terrestrial-to-aquatic exchanges of nutrients and
contaminants (i.e., LNAPLSs) and will pose new risks to Arctic water supplies, raising both human
and ecosystem health concerns (McKenzie et al., 2021). Understanding NAPL behaviours in
current and future permafrost terrain is essential for protecting the environment in a changing
climate.

Permafrost is ground that is at or below 0 °C for at least two consecutive years. It used to be
conceived as perennially frozen ground (Muller, 1943), but the permafrost definition is currently
based on temperature and not the freeze-thaw state of water in the host medium (Woo, 2012). The
active layer is the seasonally thawed surface layer of the ground in a permafrost area (Woo, 2012)
(Figure 3.1).
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FIGURE 3.1: Conceptual model of water circulation in permafrost conditions, modified
after Woo (2012).
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To understand NAPL movement through freezing and frozen soils, it is useful to review the
fundamental LNAPL migration principles through unfrozen soil (Barnes and Chuvilin, 2009).
NAPLs with a density lower than water are called light non-aqueous phase liquids (LNAPLS).
Following a spill, LNAPLs generally migrate down through a soil’s partially saturated zone until
they reach the top of the capillary fringe (Figure 3.2). The LNAPL distribution that accumulates in
the subsurface is typically termed the ‘source zone’ of contamination, comprising both immobile
residual LNAPL, trapped in pore space by capillary forces, and potentially mobile LNAPL, which
exists as a continuous fluid across interconnected pores capable of migrating if provided a
sufficient driving head (Rivett et al., 2014). The latter often manifests as a layer of LNAPL (e.g.,
oil or fuel) distributed across the capillary fringe interface due to the LNAPL buoyant nature (Rivett
etal., 2014).

NAPL migration is very sensitive to heterogeneities and anisotropies of porous media
hydraulic properties (Osborne and Sykes, 1986; Kueper and Frind, 1991; Poulsen and Kueper,
1992; Schroth et al., 1998). Horizontal bedding in the formation results in lateral spreading and
retention at textural interfaces (Kechavarzi et al., 2008). Additionally, Poulsen and Kueper (1992)
reported that an extremely heterogeneous distribution of NAPL residual can result from NAPL
migration through sands exhibiting only a moderate spatial variability in permeability and capillary
characteristics (i.e., mild heterogeneity). Based on results obtained from a field experiment
conducted on an old prograding shoreline deposit, they noted that NAPL can migrate parallel to
soil bedding and that certain laminations may or may not contain stringers of residual NAPL.
Therefore, soil characterization is important for accurate predictions of NAPL movement in the
vadose zone.
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FIGURE 3.2: Conceptual model of LNAPL release in the subsurface in unfrozen conditions
from Rivett et al. (2014).

Assuming that a porous medium is water-wet (water wets the solid surfaces), the wettability
increases in the order air < NAPL < water (Leverett, 1941). Consequently, when all three fluids
are present, the smallest pores are occupied by water, the intermediate-size pores are occupied by
LNAPL, and the largest pores are occupied by air (Schroth et al., 1998). This concept is useful for
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the prediction of NAPL behaviour in the vicinity of textural interfaces where variability in both
permeability and water saturation (Sw) can occur (Schroth et al., 1998). For example, Schroth et al.
(1998) demonstrated that LNAPL migrating in a fine-grained soil layer is diverted parallel to an
interface with a layer of coarse-grained soil when both layers are at low water saturation (when Sy
~ 0, LNAPL is the wetting fluid and occupies the small pores, air is the non-wetting fluid and
occupies the large pores, which causes LNAPL to be contained in the fine-grained soil layer).
Further, Schroth et al. (1998) demonstrated that LNAPL is also diverted parallel to a textural
interface in zones of high water saturations, however, in this case, rather than being diverted along
the textural interface, LNAPL diversion occurs in the upper portion of the zone of high water
saturation which supports the LNAPL. Schroth et al. (1998) demonstrated that only in zones of
moderate water saturation does partial penetration of LNAPL into the coarse-grained layer occur
(at the interface, water occupies the small pores and LNAPL is forced to move into larger pores
than it previously occupied during vertical downward migration).

In freezing and frozen soils where water turns to ice, LNAPLs behave differently. First,
LNAPL penetration rates were reported to decrease in frozen soils due to an increase in the
viscosity with a decrease in temperature (Singh and Niven, 2013). In addition, using gravelly sands,
Andersland et al. (1996) reported that dry unfrozen and frozen soils have similar hydraulic
conductivities, however hydraulic conductivities decrease with an increase in ice content. Wiggert
et al. (1997) performed tests to study the interaction between ice saturation and intrinsic
permeability and reported that the permeability decreases nearly linearly with an increase in ice
saturation. Consequently, LNAPL penetration rates also decrease with an increase in ice saturation
(McCauley et al., 2002). In the extreme, high ice saturations may even result in a nearly
impermeable ground surface, promoting surface spread (Barnes and Chuvilin, 2009).

Biggar and Neufeld (1996) packed a 30-cm high saturated silty sand soil column with a layer
of diesel-contaminated soil placed on top and performed freeze-thaw cycles such that the top of
the cell could freeze and thaw (to mimic an active layer), while keeping the bottom part of the cell
permanently frozen (to mimic a permafrost table). After 8 freeze-thaw cycles, results showed
considerable migration of diesel into the saturated uncontaminated soil subjected to cyclic freezing
and thawing, however, the permanently saturated frozen soil showed no contamination. Ice lenses
in the field have also been observed to be effective barriers to LNAPL vertical migration (Biggar
et al., 1998). However, the literature does provide some evidence of the potential for LNAPL to
move into small fissures and vertical cracks formed by thermal contraction in frozen saturated soils,
suggesting that even a high ice saturation permafrost table can allow vertical LNAPL migration in
certain conditions (Biggar and Neufeld, 1996; Biggar, n.d.; Biggar et al., 1998).

Ice acts as a solid in the ground, changing the pore geometry and capillarity of the soil
(Barnes and Chuvilin, 2009). Barnes and Shur (2003) and Barnes and Wolfe (2008) investigated
how pore ice impacts the migration of petroleum hydrocarbons (NAPL) by spilling 100 ml of
colored NAPL in frozen laboratory soil flumes (at -5 °C) packed homogeneously with respect to
both grain size and water saturations. Two different sand grain sizes were used (coarse sand: grain
size of 0.6 mm, and medium sand: grain size of 0.212 mm) at two different uniform water
saturations (resulting in ice saturations of 26 % and 54 % once frozen) for a total of four tests. The
tests conducted on the coarse sand showed that an increase in ice saturation can cause an increase
in lateral movement of NAPL due to restricted or blocked pore space by ice (NAPL widths were
0.19 m at 26 % ice saturation, compared to 0.43 m at 54 % ice saturation). In addition, ponding of
NAPL occurred at 54 % ice saturation after being introduced into the flume, but not at 26 % ice
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saturation. The authors attributed the ponding effect to a decrease in permeability of the porous
medium at higher ice saturation. Finally, the maximum depth of penetration was greater at 54 %
ice saturation, which was attributed to the initial pressure head of NAPL created as it was
introduced into the flume (it ponded) and a decreased amount of pore space available to retain
NAPL causing deeper migration. As for the tests conducted on medium sand, NAPL widths were
similar at both ice saturations (0.28 m at 26 % ice saturation, compared to 0.30 m at 54 % ice
saturation), which Barnes and Wolfe (2008) attributed to clusters of ice-saturated pores being
approximately the same size in both packs, but possibly more numerous at 54 % ice saturation.
According to Barnes and Wolfe (2008), and Fourie et al. (2007), it is possible that infiltrating liquid
water in frozen soils (or water rearrangement in this case as the cell was freezing) may be retained
by capillary forces, which once frozen might create dead-end pores resulting in ice-saturated pore
space and the formation of preferential pathways around the blocked pore space. Additionally, the
same initial ponding behaviour occurred in the medium sand at 54 % ice saturation. Finally,
penetration was less in tests conducted on medium sand, which Barnes and Shur (2003) attributed
to a greater decrease of pore channel diameters in finer sand resulting in an increase in capillary
pressure and associated NAPL lateral or restricted overall movement.

Investigating LNAPL movement and distribution in soils, under both frozen and unfrozen
conditions is often done using laboratory flow cell experiments (Barnes and Shur, 2003; Oostrom
et al., 2007; Barnes and Wolfe, 2008). To the author’s knowledge, most laboratory experiments
involving LNAPL migration in frozen soils to date were performed on frozen porous media with
homogeneous grain distribution and water/ice contents. Those experiments were helpful in
understanding the isolated effects of pore ice and freezing temperatures on LNAPL migration in
different types of frozen homogeneous sands, however, in an attempt to reproduce more field
conditions, there is a need to investigate the governing processes affecting LNAPL migration in
frozen heterogeneous porous media. Further, the unique features and complex dynamics associated
to permafrost terrains (Walvoord and Kurylyk, 2016) require LNAPL studies at high spatial
resolution. Barnes and Adhikari (unpublished data) (as discussed by Barnes and Chuvilin, 2009)
did perform an experiment to investigate petroleum migration into a frozen sand pack that
contained a simple form of geological heterogeneity (a 1.3 cm thick fine-grained layer interbedded
between coarse grain sand layers). For this investigation, the soil was thoroughly wetted by
introducing water to the top of the flume, however water was allowed to drain through the sand
layers (Barnes and Chuvilin, 2009). When water drainage ended (water in the pore space was held
by capillary forces at some residual level, presumably with higher water content in the finer-grained
layer), the flume was insulated on the sides and bottom and placed in a cold room at -5 °C to induce
a top-down freezing (Barnes and Chuvilin, 2009). Once frozen, colored jet fuel (JP2) chilled to -5
°C was introduced to the top of the soil layer, and migration of the petroleum through the soil was
tracked using time-lapse photography (Barnes and Chuvilin, 2009). The test was also repeated in
the same manner, but in unfrozen condition. The authors reported that while NAPL was able to
breach through the fine-grained layer in the unfrozen condition, it was not able to do so in the
frozen condition. The fine-grained layer retained enough water, which once frozen, was sufficient
to create an impermeable barrier. More controlled laboratory investigations on LNAPL migration
in frozen soils are needed to study LNAPL dynamics in the presence of spatial variation of
permeability, capillarity, and water/ice content characteristics.

Traditionally, the techniques used for NAPL saturation mapping for flow cell experiments

conducted in unfrozen material are mostly limited to photon-attenuation methods such as gamma
and X-ray techniques and photographic methods such as the light reflection, light transmission,
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and multispectral image analysis techniques (Oostrom et al., 2007). Photographic methods such as
light transmission do not require specialized equipment and are, therefore, low-cost methods
(Niemet and Selker, 2001). They are non-destructive, non-invasive and can lead to quantitative
measurements without inserting (m)any probes in the porous media (Belfort et al., 2019).
Photographic methods also have advantages with respect to resolution in time and space.
Utilization of digital cameras provides a nearly instantaneous high-density array of spatial
measurements while sampling a large area (~0.1-1 m?), as opposed to many other methods where
long count times and/or small pointwise measurements (less than 1 cm?) are typical (Niemet and
Selker, 2001).

The light transmission method (LTM) is a good non-destructive and non-invasive
photographic method for systems with rapid changes (Oostrom et al., 2007). The LTM has been
used in a wide variety of two-dimensional (2D) laboratory studies to investigate water saturations
in both stable and transient flow fields (Tidwell and Glass, 1994; Niemet and Selker, 2001; Orozco-
Lopez et al., 2021), wetting and nonwetting fluid saturation (i.e., water and NAPL respectively) in
porous media (Darnault, et al., 1998; Glass et al., 2000; Darnault, et al., 2001; Conrad et al., 2002;
Zhang et al., 2021), and gas migration investigations (Van De Ven and Mumford, 2018; Van De
Ven et al., 2020). To the author’s knowledge, other than the results presented in Chapter 2 of this
thesis where the LTM was adapted to quantify ice, the use of the LTM on frozen soils has been
limited to one study. Wang et al. (2021) applied a modified version of the LTM to investigate the
remobilization of LNAPL in unsaturated porous media subject to freeze-thaw cycles, however,
LNAPL was spilled into the cell in the unfrozen condition and then was subjected to freeze-thaw
cycles. Wang et al. (2021) did not use the LTM to track LNAPL movement through frozen soils.

Given the promising results of the LTM in frozen soils shown in Chapter 2, and the need to
investigate LNAPL flow in frozen heterogeneous porous media at a high spatial resolution, there
is an opportunity to continue testing the method for the investigation of LNAPL migration in frozen
soils. This paper aims to demonstrate the use of the LTM in frozen soils to investigate LNAPL
dynamics in the presence of pore ice and spatial variation of permeability and capillarity
characteristics. Specifically, the objectives were to perform a macroscopic analysis of LNAPL
migration in three different sand packs with various degrees of heterogeneity, analyse the spill
migration in these packs in both unfrozen and frozen conditions, and further test the use of the
LTM for such studies in frozen soils. These objectives were addressed using a series of experiments
conducted in an intermediate scale 2D flow cell. For an experiment to be classified as intermediate
scale, the flow cell has to be small enough for its boundary conditions to be controlled and allow
small scale processes to manifest themselves at a larger scale so they can be studied and quantified
(Oostrom et al., 2007).

3.2 Methodology
3.2.1 Experimental Set-Up

The LTM consists of placing a thin experimental flow cell between a light assembly and a
digital camera to measure the intensity of light passing through the cell in space and time (Figure
3.3). The cell is filled with translucent sand, which allows light to be transmitted and provides a
two-dimensional representation that is integrated over the pack thickness. The experimental set-up
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used in this study is based on previous LTM studies by Lefebvre et al. (2022) (Chapter 2), Davidson
et al. (2022), Tidwell and Glass (1994) and Niemet and Selker (2001), with minor modifications
to the size so it could be moved in and out of a chest freezer. A 400 mm x 400 mm x 12 mm flow
cell was built with two 6 mm glass panels sealed to an aluminum frame using a Neoprene O-ring
(Figure 3.4). The total volume of the cell was 1,925 ml, which accounts for the small cavities at
each port. The cell was equipped with six bottom ports allowing for water drainage and imbibition.
Each bottom port was topped with a water-wet nylon net filter (Merck Millipore Ltd, 80 um); a
membrane that allowed water to go through while preventing sand and air from escaping the cell
during water drainage and allowed the cell to be drained under vacuum using flexible transparent
tubes linking the bottom ports to the water table control beaker. The 2D flow cell was back lit with
a LED light panel assembly (Ledgo-LG-1200S) placed 150 mm from the cell and images were
captured using a Canon Rebel T2i camera with a EFS 10-18 mm image stabilizer lens placed 505
mm in front of the cell (Figure 3.3). The camera was set-up to manual focus with the following
settings: 1/10 as the shuttle speed, F16 as the aperture and ISO 1600. The settings were chosen
manually in order to get high resolution images (0.01695 mm?/pixel) and maintain consistency
between images. Images in one experiment were captured using a GoPro (Hero 4) camera in frozen
conditions in an attempt to prevent damage to the digital camera (Canon) while in the freezer,
however, further testing showed that when the camera is thawed in a sealed plastic bag, which
prevents moisture infiltration by condensation into the camera as it thaws, no damage occurs.
Consequently, the Canon camera was used for the remainder of the experiments in both unfrozen
and frozen conditions. The light, cell and camera were affixed in place on a mobile platform so the
entire set-up could be placed in a freezer for frozen experiments. Black-out black curtains were
also used to cover the set-up to prevent errors in light intensity measurements due to ambient light
or light reflection from the sides of the freezer.
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FIGURE 3.3: Light transmission experimental set-up including data acquisition system.
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FIGURE 3.4: Flow cell details showing a heterogeneous sand pack.

3.2.2 Sand Packing

A total of six sand packs were used in this study. The sand packs consisted of three different
configurations and each configuration was used in unfrozen or frozen conditions (single use per
pack). The first configuration consisted of a homogeneous distribution (Figure 3.5a) and the second
and third configurations consisted of a heterogeneous distribution (Figure 3.5b). Cross-beds were
used for the heterogeneous distribution. Due to their fluvial origin, cross-beds are the dominant
structure and the main source of anisotropy in permeability in sand reservoirs (Davidson et al.,
2022). The packs were assembled using natural silica sands, which have been used in previous
LTM studies (e.g., Van De Ven and Mumford, 2020; Davidson et al., 2022; Lefebvre et al., 2022
(Chapter 2)). Sands were combined in two different mixtures: ASTM 20-30 Test Sand (specific
gravity of 2.65) with either 30-40 or 40-70 Accusand (specific gravity of 2.66). The first and second
pack configurations consisted of a mixture of 80 % 20-30 and 20 % 30-40 silica sand (by mass)
packed in both homogeneous and heterogeneous (cross-bedded) spatial distribution hereafter
referred to as H3040 (which stands for homogeneous distribution with 20-30 + 30-40 mixture) and
CB3040 (which stands for cross-bedded distribution with 20-30 + 30-40 mixture respectively). The
third pack configuration consisted of 80 % 20-30 mixed with 20 % 40-70 silica sand (by mass)
printed in cross-bedded spatial distribution hereafter referred to as CB4070 (which stands for cross-
bedded distribution with 20-30 + 40-70 mixture).
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FIGURE 3.5: Flow cell set-up and sand pack configurations: (a) homogeneous sand pack
(H3040), (b) heterogeneous cross-bedded sand packs (CB3040 and CB4070), and (c) spill
tube set-up.

The name of each experiment combined the abbreviation of the pack with the suffix “’U”’
or “’F”’ to refer to unfrozen or frozen conditions, respectively (Table 3.1).

TABLE 3.1: List of tests performed in both unfrozen and frozen conditions including sand
mixtures and packing configurations.

Coarser sand Finer sand Packing Unfrozen Tests Frozen Tests
(sieve size) (sieve size) | configuration
20-30 30-40 Homogeneous H3040U H3040F
20-30 30-40 Cross-bedded CB3040U CB3040F
20-30 40-70 Cross-bedded CB4070U CB4070F

Before packing, all sand mixtures were rinsed with deionized water to remove fines and dust.
The sand mixtures were then oven dried for 24h at 110 °C. The homogeneous packs (H3040U and
H3040F) were assembled using the wet pack method (otherwise called slurry packing), a technique
involving oversaturating the soil with water before letting it settle at the bottom of the flow cell. A
fitted funnel was used to facilitate the procedure. A rubber mallet was also used to vibro compact
the sand as it was settling into the flow cell to promote consolidation. Using the wet pack method

39



resulted in a uniform, homogeneous saturated pack. The porosity of each pack was determined
gravimetrically.

The cross-bedded packs for experiments CB3040U, CB3040F, CB4070U and CB4070F
were assembled using dry sand and a modified 3D printer developed by Davidson et al. (2022).
Generally, the 3D printer technique involves depositing sand in x (width) and z (height) directions
in the cell to produce the desired heterogeneities in spatial distribution of the grains. Automating
this process allows pack configurations to be reproduced at high accuracy, which is useful when
comparing data from multiple controlled laboratory experiments. The x-axis and z-axis actuators
of the 3D printer guide a sand hopper that contains a homogeneous sand mixture, which is
consistently released through a feed tube during the print. Segregation of the sand through the feed
tube and avalanching during deposition is used to create cross-beds separated by finer-grained
boundaries. The heterogeneous sand packs consisted of three roughly 10 cm thick cross-bedded
layers printed in a chevron pattern topped with a roughly 4 cm normally graded layer (Figure 3.4).
A fine-grained layer was deposited on the cell side walls to prevent preferential LNAPL migration
along the aluminum side walls. After each print, the packs were vibro compacted using a rubber
mallet and CO; gas was injected through the bottom ports for 120 minutes (Masterflex, PMR1-
010540, 1000 mi/min). Packs were then fully saturated through the bottom ports using degassed
water applied using a peristaltic pump (Masterflex L/S 07528-30) (approximately two pore
volumes) to displace and dissolve the CO,. Water was applied until no residual gas bubbles were
visible. Lastly, the packs were vibro compacted once again using the rubber mallet. The mass of
dry sand used to assemble each pack was tracked to determine the porosity. All three pack
configurations had a porosity of approximately 0.33.

3.2.3 Unfrozen and Frozen Experiments

Unfrozen experiments were performed at room temperature (~22 °C). To capture images of
sand in frozen conditions, the entire set-up (light, cell, camera, and platform) was placed in a chest
freezer (Frigidaire FFFC20M4TW, interior dimensions: 1702 mm wide, 546 mm deep, 635 mm
high), at approximately -28 °C. The mobile platform was built out of wood painted in mat black
and had reference markers to ensure that all pieces of equipment were always installed in the same
location. The light was kept on at all times in the freezer including while the cell was freezing.
Doing so prevented the cell from freezing too fast, which would allow for frost to appear on the
glass surfaces. Silica beads were also found to help minimize the humidity level in the freezer,
keeping frost formation under control. A temperature probe (Traceable 4000 90080-09) was
inserted in the top portion of the cell at the conclusion of two tests to measure the temperature of
the frozen pack. This was completed at the end of the tests to avoid disturbing the sand structure
prior to, or during a test. With the light on, the cell temperature remained constant at -9 °C after a
minimum of 18 h in the freezer.

3.2.4 Initial Water Conditions

The water table was dropped to 55 mm below the cell bottom using the water table control
beaker to reach the desired pre-spill pack conditions (Figure 3.6). The water level in the cell was
allowed to come to equilibrium overnight for a period of at least 12 h and the water drain valve
was kept open for the duration of the experiment (including during the spill). Each pack
configuration resulted in a unique water distribution (the top of the capillary fringe varied in
height). In general, approximately 25 % of the cell was saturated, identified by the bright light
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intensity, while the top 75 % of the cell was unsaturated, identified by the much darker light
intensity (water-particle interfaces transmit more light than air-particle interfaces). Homogeneous
(H3040) packs had a smooth capillary fringe, while cross-bedded packs (CB3040, CB4070) had a
heterogeneous water distribution. Water distribution in heterogeneous packs is affected by fine-
grained layers, which can retain more water and at greater elevations than coarse-grained layers.
Water increases in volume by 9 % as it freezes. The volume increase can be seen in Figure 3.6d,
3.6e and 3.6f when comparing their capillary fringe heights with Figure 3.6a, 3.6b and 3.6¢
respectively. As seen in Figure 3.6, the different sand layers were more visually noticeable in
CB4070 (Figure 3.6¢ and 6f) than CB3040 packs (Figure 3.6b and 3.6e). If CB3040 packs were
not initially saturated and drained and were not back lit, they would look like homogeneous packs,
and a similar soil mix might be qualified as such in the field. They were chosen for these
experiments to see if a heterogeneous pack which might appear as homogeneous might have an
influence on LNAPL migration in unfrozen conditions, and if the effects would be enhanced once
frozen when water turns to ice. Results in these packs were compared to truly homogeneous packs
as well as to evidently heterogeneous packs to observe the effects of spatial variation in grain
distribution on LNAPL migration in both unfrozen and frozen conditions.

3.2.5 Chosen LNAPL, Spill and Tracking

The LNAPL used in all tests was heptane, a component of gasoline. Heptane was selected
due to its low volatility at room temperature (6,133 Pa) and low freezing point (-90 °C). A single-
component hydrocarbon rather than a hydrocarbon mixture, such as gasoline, was used to take
advantage of known fluid properties (density, viscosity, interfacial tension). To enhance the visual
contrast of heptane migrating through the cell, it was colored with hydrophobic Oil Red O dye at
a concentration of 1 g of dye per | of heptane. Once the dyed solution was prepared, it was chilled
in a refrigerator to approximately 2 °C (the refrigerator temperature was measured using a digital
thermometer: Traceable 4000 90080-09).

A 6 g mass of heptane was rapidly spilled into the cell using a small glass funnel and a glass
tube inserted at the top of the cell (Figure 3.5¢). The LTM was used to track the progression of the
spill in space and time. Images were captured every 5-10 s for the first 30 min after which the time
intervals were adjusted based on the spill progression. Each spill was tracked for a minimum period
of two days; however, each test was considered terminated when the spill had reached equilibrium
and stopped progressing. Of note, for the volume of heptane used in these experiments and the size
of the flow cell, most of the LNAPL was contained in the unsaturated portion of the cell. In
unsaturated experiments where all three fluids are present (air, NAPL, water), air is non-wetting to
both NAPL and water and therefore, occupies the largest pores of the cell located between the glass
surfaces and the grains, which prevents NAPL preferential flow against the glass (NAPL will flow
in intermediate size pores). Following each test, observations were made on both sides of the cell
to confirm that no preferential flow occurred against the glass surfaces.
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H3040U CB3040U CB4070U

H3040F

FIGURE 3.6: Initial water or ice saturation conditions (pre-spill) for each pack
configuration in unfrozen conditions (a) H3040U, (b) CB3040U and (c) CB4070U as well as
in frozen conditions (d) H3040F, (e) CB3040F, (f) CB4070F.

3.2.6 Image Processing

Nine images were selected per test at similar time intervals for comparison between tests in
space and time. Each image was converted from RGB to HSV in MATLAB and hue ranges were
used to extract the LNAPL coordinates in each image. Each hue range was based on a whole test
and was applied to all nine images selected for that test (Table 3.2). Of note, the full range of both
saturations and values were used (0 to 1). Dilation and erosion filters were applied to the binary
images obtained from the hue filtration step to reduce noise. All binary images were then given a
colour and were stacked on top of each other to produce spill maps. Coordinates in the binary
images were also used to measure the LNAPL spill depth, total width, and maximum width over
time.
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TABLE 3.2: Hue* ranges used per test to extract spill coordinates from selected images.

Test Hue Hue
(min) (max)
H3040U 0.978 0.030
H3040F 0.940 0.033
CB3040U 0.952 0.037
CB3040F 0.940 0.039
CB4070U 0.973 0.037
CB4070F 0.977 0.026
*Hue is given a value from 0 to 1 for image processing in MATLAB.

3.3 Results and Discussion

3.3.1 Captured Images

A total of six spills were performed in three different sand pack configurations used in both
unfrozen and frozen conditions, and the LNAPL spills were tracked using hue (i.e., red colour).
Example spill images are shown in Figure 3.7 for test CB4070U. Figure 3.7 shows that LNAPL
migration was very sensitive to geological heterogeneities. Horizontal spreading occurred when
the spill reached the first capillary barrier (the interface above the top cross-bed) (Figure 3.7¢),
however LNAPL built enough pressure to break through that barrier. Once in the top cross-bed
LNAPL initially traveled preferentially in small pores following the inclined bedding layers at low
water saturation. As the water saturation increased in the fine-grained layers with increasing depth
(to moderate water saturation), LNAPL was forced to move into larger pores than it previously
occupied and partially penetrated the coarser sand layers below the inclined fine-grained layers it
previously occupied. As water saturation increased further in the inclined fine-grained layers,
LNAPL was completely diverted along the interfaces supported by the fine-grained layers at high
water saturation (Figure 3.7d). LNAPL reached the second capillary barrier (the interface above
the top of the second cross-bed) (Figure 3.7¢) and went through that barrier despite the high water
content. LNAPL then shifted direction due to the chevron pattern of the cross-beds (and the cell
perimeter capillary barrier made of fine grains preventing LNAPL from hitting the cell side wall)
and reached the top of the capillary fringe at which point it induced water drainage (likely due to a
combination of NAPL-water drainage and a decrease in the air-water interfacial tension) (Figure
3.7f, 3.7g). LNAPL then pooled in zones of partially drained coarse-grained layers (Figure 3.7h).
Apart from the residual LNAPL saturations it left behind, LNAPL eventually completely pooled
in drained layers of coarse sand (Figure 3.7i). Spill progression image sets were made for all 6 tests
and are included in Appendix G.
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FIGURE 3.7: Test CB4070U images tracking spill progression in space at (a) 10 sec, (b) 41
sec, (€) 3 min, (d) 9 min, (¢) 21 min, (f) 50 min, (g) 2h 41 min, (h)4h 18 minand (i)2d5h
20 min.

3.3.2 LNAPL Distribution during Migration

Spill maps were created to visualize the shape of each spill in space and time in a single
frame and facilitate comparisons between pack configurations in unfrozen and frozen conditions.
Spill maps for the 6 tests are shown in Figure 3.8, from which several observations and
comparisons can be drawn. As seen in Figure 3.8, spills in the unfrozen conditions for H3040U
(Figure 3.8a) and CB3040U (Figure 3.8b) were very similar. The difference in grain sizes used in
CB3040 packs was not sufficient to have a significant influence over LNAPL flow, which suggests
that the pore sizes were somewhat consistent throughout the packs despite the cross-bed
configuration in CB3040. In unfrozen conditions, the spills in H3040U and CB3040U packs
slightly differed once they hit the top of the capillary fringe. H3040U had a smooth capillary fringe
(Figure 3.6a), which facilitated lateral spreading of LNAPL (Figure 3.8a). CB3040U had layers of
fine-grained sand, which retained water, and partially drained layers of coarse-grained sand (Figure
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3.6b), which created a zone where LNAPL could pool once it hit the top of the capillary fringe
(Figure 3.8b). Consequently, in CB3040U, LNAPL did not spread as much as in H3040U once it
hit the capillary fringe. The fact that LNAPL migrations were similar in H3040U and CB3040U in
zones of residual water saturations but differed once LNAPL hit the top of the capillary fringe
indicates that the heterogeneity in water content in the cell is just as important as the heterogeneity
in grain distribution. Nevertheless, the spills in H3040U and CB3040U were similar enough such
that the CB3040U pack could be classified as homogeneous (since the stratification is barely visible
to the naked eye without contrast enhancement) without compromising predictions of LNAPL spill
extent. Classifying CB3040U as homogeneous may even result in a conservative approach since
the spill in CB3040U might not spread as much as anticipated once it hits the capillary fringe.

In frozen conditions, the spill in H3040F (Figure 3.8d) and CB3040F (Figure 3.8e) were also
similar, however, the differences are more pronounced than their unfrozen counterparts. First, the
comparison between the proximity of the spill contours indicates that the penetration rate was much
slower in CB3040F than H3040F. Second, while the effects of the heterogeneity in CB3040F were
minimal at residual ice saturation (the top portion of the pack), they were not once LNAPL reached
the capillary fringe. The ice froze in a manner that facilitated LNAPL spread in the direction of the
cross-beds (i.e., from widths 0 to 100 mm and from depths 180 to 270 mm in Figure 3.8e), which
suggests that there might have been enhancement of the effects of heterogeneity in CB3040F in
zones of high ice saturations only and that classifying the soil as homogeneous in frozen conditions
may lead to erroneous predictions of LNAPL migrations (unlike in unfrozen conditions). Of note,
as seen in the original pictures of the spill in CB3040F (Appendix G, Figure G.5), LNAPL traveled
on both sides once it hit the top of the capillary fringe, however most of the migration occurred in
the direction of the cross-beds (left side). The hue technique artificially enhanced this process,
however, the conclusion remains the same. Future attempts to quantify LNAPL using the LTM
should look into reducing the redness of the packs before a spill by playing with the camera settings
to further enhance contrast between the coloured LNAPL spill and the sand pack. Another solution
worth looking into would be to use a blue dye. This would further simplify the hue technique and
will prevent certain processes from being overpredicted.
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FIGURE 3.8: Spill progression map in space and time for all tests (a) H3040U, (b) CB3040U, (c) CB4070U, (d) H3040F, (¢) CB3040F and
(f) CB4070F.
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The spills in the unfrozen and frozen CB4070 packs (Figure 3.8c, 3.8f) migrated very
differently than the spills in the H3040 (Figure 3.8a, 3.8d) and CB3040 packs (Figure 3.8b, 3.8¢) .
The spill in CB4070U (Figure 3.8c) was very sensitive to the stratification (cross bedding) of the
pack, including in zones of residual water saturation. The packing pattern and chevron style fine-
grained layering was selected for these tests to encourage redirection of the spill to the middle of
the flow cell and not pool on the side walls. However, an inclined bedding in the field would result
in LNAPL migration far away (both horizontally and vertically) from the source, which is
consistent with observations made by Poulsen and Kueper (1992). Additionally, horizontal
capillary barriers made of fine-grained sand between beds caused LNAPL to spread laterally before
pushing through them, at both residual water saturation (1% capillary barrier) and 65 % water
saturation (2" capillary barrier) (the water saturation in the fine-grained layer was estimated based
on Schroth et al., 1996 and the height above the water table). In a similar manner to the spill in
CB3040U, the spill in CB4070U ended up pooling in partially drained zones of coarse-grained
sand.

The spill map for the final test, CB4070F, is shown in Figure 3.8f. As seen in the spill map,
this test is noticeably different than the previous five, whereby the spill did not penetrate the second
capillary barrier. Similarly to the spill in CB4070U, the spill in CB4070F also followed the inclined
bedding of the pack, however, there was an additional increase in lateral spreading. The spill did
not follow the cross-beds as precisely as it did in the unfrozen conditions, which is likely the result
of partial restriction of pore space by ice and increased viscous forces due an increase in heptane
viscosity at lower temperature. Generally, buoyancy and capillary forces are dominant. However,
studies have reported that LNAPL movement can also be affected by viscous forces (which
stabilize the effects of capillary forces) in addition to being directed by the particular structural and
hydraulic properties of the porous medium when NAPL flows fast enough such that NAPL
viscosity is high (Ewing and Berkowitz, 1998; Lenormand and Touboul, 1988; Frette et al., 1992).
While there may have been an enhancement of the effects of the cross-beds at high ice saturation
in CB3040F, the effects of the cross-beds seen in unfrozen conditions (in CB4070U) were
diminished in frozen conditions (in CB4070F). However, the heterogeneity still played a
significant role in LNAPL migration, since LNAPL did not breach through the second capillary
barrier, which is similar to Barnes and Adhikari’s experimental results (as reported in Barnes and
Chuvilin, 2009). This indicates that even a slim layer of fine-grained sand (< 1 cm thick in this
experiment) with high ice saturation (approximately 71 % ice content in this test based on the
estimated 65 % water content) can be impermeable, preventing further LNAPL vertical migration
and promoting lateral spreading. The impact of one such thin layer on LNAPL migration is high
yet could easily be missed in the field as one could drill through it without knowing or seeing it
when sampling the ground. Furthermore, even if a fine-grained layer is properly identified,
measuring the sample layer moisture content can be challenging. For example, if a 100 mm thick
soil sample (with a fine-grained layer in the middle) was analysed using a direct moisture content
measurement method, such as the gravimetric method, it would result in an averaged water (or ice)
content over the entire sample, rather than accurately attributing most of the water (or ice) content
to the fine-grained soil layer (since the method disturbs the sample). Such results would be
misleading and would minimize the impact of the thin fine-grained layer at high ice saturation,
which would lead to erroneous predictions of NAPL migration.
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3.3.3 Depth and Width of LNAPL Migration

The six test spills were also analysed by plotting the depth of LNAPL migration over time.
Figure 3.9a shows the final spill migration image for CB4070F, with Figure 3.9b showing the
incremental spill depth of CB4070F versus time. Highlighted across Figure 3.9a-b are the 3
capillary barriers within the cell. As previously discussed, in CB4070F, LNAPL did not penetrate
the second capillary barrier, and is stalled from further penetration from 10* s onwards. Figure 3.9¢
plots migration versus time for all six tests. In all cases, the unfrozen conditions migrated to greater
depths than their frozen counterparts. In unfrozen conditions, the LNAPL spills induced water
drainage once they hit the top of the capillary fringe, allowing deeper penetrations of LNAPL in
the cell. Once water turns to ice, drainage is not possible, so the spills in frozen conditions were
contained to higher heights in the cell (most prominent in CB4070F where the spill did not pass
the second capillary barrier). Previous studies (e.g., Biggar and Neufeld, 1996; Biggar, n.d.; Biggar
et al., 1998) suggest that LNAPL penetration can occur in high ice saturation layers due to cracks
or fissures formed by thermal contraction, however, this phenomenon did not occur in this study
likely because the cell only went through one freezing cycle before each spill in frozen conditions.

The penetration rates of the spills in frozen conditions were lower than in unfrozen
conditions, and the decrease in penetration rate was enhanced with an increasing degree of
heterogeneity (Figure 3.9c). Layered systems increased lateral spreading, reducing the penetration
rate. The additional decrease in penetration rate in frozen conditions is likely the result of a
combination between an increase of the LNAPL viscosity at freezing temperatures and partial
blockage of pore space by ice, which decreases the LNAPL permeability. The decrease of the
penetration rate due to an increase in viscosity is consistent with the literature (Singh and Niven,
2013). A decrease of the penetration rate due to partial blockage of pore space by ice is also
consistent with findings from Barnes and Shur (2003). In Figure 3.9c, the curve of the spill in
H3040U shows a bump around depth 250 mm. This bump is the result of an air bubble in the
draining tube, which temporarily prevented water drainage. It caused LNAPL to prematurely
spread laterally rather than induce water drainage and further vertical migration. The air bubble
was removed during the experiment, and water drainage continued resulting in a final depth that is
consistent with other unfrozen experiments. When neglecting the bump, the depth over time curves
between H3040U and CB3040U are very similar, except for the final depth. The depth over time
curves between H3040F and CB3040F are also similar, but the spill in CB3040F migrated at a
slower rate and ended up deeper. As for the spill in CB4070U, it ended up being the slowest
unfrozen spill (penetration rate), however, it was also the deepest unfrozen spill. The spill in
CB4070F was considerably slower than all other spills and ended up being the shallowest spill
(Figure 3.9¢).
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FIGURE 3.9: Depth versus time for all spills with (a) final spill image in CB4070F showing the position of the capillary barriers in the cell,
which are extended in (b) the depth versus time for CB4070F and (c) the depth versus time for all six tests.

49



maximum width

b. C.
400 400
W CB3040U .- - B CB3040U .
= ® CB4070U g r D g @ CB4070U '
g 300 A 3040 g E 300 A w3040 /M
= T] CB3040F d M. = [] CB3040F )
B g9 OCBAOTF [ /] E 00 O CBAOTOF o7
6 . * L] ".l”” .E . * e ...
e 100 e e E 100 4 O = -
/ > = ‘ »
0 ./"/- 0 ./
102 10° 102 10* 106 102 100 10 10¢ 108
time (s) time (s)
d.
0 " /- H3040F
Ve B CB3040U
¥ "] CB3040F
— 100 \{ o ® CB4070U
E \, H ™ O CB4070F
= = .
~ - | .
= s . ®
2200 .
L %
. .
300 —
0 100 200 300 400
width (mm)
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Pore ice causes lateral spreading of LNAPL (Barnes and Shur, 2003; Singh and Niven,
2013). Itis, therefore, useful to plot width versus time for all spills (Figure 3.10a-c). For the purpose
of this analysis, total width (Figure 3.10a) refers to the total horizontal footprint of the LNAPL
spill over the entire depth of the LNAPL distribution. The maximum width (Figure 3.10a) refers
to the maximum width at any one particular depth. Further, because LNAPL migrates at different
rates in unfrozen and frozen conditions, it is also useful to plot depth versus maximum width to
analyse the maximum spill widths for a same depth in both unfrozen and frozen conditions (Figure
3.10d). The air bubble artificially affected the width of the H3040U spill and is therefore
disregarded for the spill width analysis.

When comparing total widths between unfrozen and frozen spills, total widths were similar
in CB3040U and CB3040F for the majority of the test, however, at the end, the CB3040F spill
ended up wider (Figure 3.10b). When comparing total widths in CB4070U and CB4070F, the total
footprint of the spill was greater throughout in CB4070U. When comparing maximum widths
between unfrozen and frozen spills, LNAPL maximum widths were greater for a same depth in
frozen conditions in both CB3040 and CB4070 pack configurations (Figure 3.10d). After the
migration stopped, the spill in CB3040F ended up wider (maximum width) than in CB3040U by
approximately 40 mm, however, the spill in CB4070F was only slightly wider (maximum width)
than in CB4070U (10 mm) (Figure 3.10c, 3.10d). Those results demonstrate that while a LNAPL
spill may migrate as a wider mass in frozen conditions, it does not necessarily mean that the total
footprint will be greater (i.e., the total footprint in CB4070U was greater than in CB4070F).

When comparing spills in CB3040U and CB4070U, it was observed that a higher degree of
heterogeneity resulted in more lateral spreading, for both total width (Figure 3.10b) and maximum
width (Figure 3.10c, 3.10d), even in this experiment where the spill width in CB4070U was
constrained by the size of the cell and the sand pack configuration (the spill would spread more
laterally in the field). This is consistent with the increase in lateral spreading of LNAPL observed
in layered systems reported by many researchers (e.g., Schroth et al., 1998). In frozen conditions,
a higher degree of heterogeneity also resulted in more lateral spreading (Figure 3.10b-d), however,
once LNAPL reached the top of the capillary fringe, the spills were wider in more homogeneous
conditions (CB3040F, H3040F) due to the smoother capillary fringe promoting lateral spreading.
NAPL migrating as a wider mass in CB3040F (almost homogeneous) is consistent with findings
from Barnes and Shur (2003), who suggested that lateral spreading can occur as a result of blockage
of pore space by ice. However, because lateral spreading also occurred at residual ice saturation, it
is hypothesised that viscous forces affected the spill migration as well.

3.3.4 Observation of Halo in Frozen Tests

An unexpected observation was repeatedly made in all frozen tests in this study. As early as
30 min after the initial spill, a region of higher light intensity on the perimeter of the LNAPL
distribution was seen. This ‘halo’ effect then remained throughout the test, following the migration
pattern of the LNAPL. The halo was visible in all sand pack configurations; however, it was more
pronounced in the homogeneous sand packs. To the author’s knowledge, there is no other study
that has identified this halo effect during an LNAPL spill in frozen soils, which is likely driven by
the testing methodology, rather than the absence of the halo. Shown in Figure 3.11 are two images
captured during an additional spill test performed in a H3040F pack. The cell images are split in
half and placed side by side such that the left side of Figure 3.11 shows an LTM image, and the
right shows a front lit image. The halo is evident in the LTM image, but almost imperceptible in
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the front lit image. This suggests that the halo was likely present in previous studies, though
undetected using front lit images.

FIGURE 3.11: Difference between back lit (left side) and front lit (right side) images.

The halo was originally thought to be caused by water rearrangement in the cell (the heptane
chilled to 2 °C would have melted the ice and pushed it outside the spill area) even though the halo
size appeared considerable in comparison to the amount of water that would be available for
displacement by LNAPL in zones of residual water saturation. For the additional spill performed
(shown in Figure 3.11), the heptane was chilled to -28 °C before being spilt into the cell. The halo
was still present, which suggested that any water rearrangement would have come from unfrozen
water content in the frozen cell. Unfrozen water content in frozen soil has been reported in multiple
studies (Anderson and Morgenstern, 1973; Tice et al., 1976; Andersland and Anderson, 1978; Van
Everdingen, 1990; Konrad & McCammon, 1990). After investigating intensities of the H3040F
pack in the unfrozen condition (pre-spill), frozen condition (pre-spill), and thawed condition (post-
spill), there were no indications that water rearrangement occurred in the cell since the intensities
in the thawed condition (post-spill) matched the intensities in the unfrozen condition (pre-spill)
(Appendix H). However, the image was captured once the cell was completely thawed so it is
possible that the moving unfrozen water drained as the cell thawed, which would prevent its
observation at the time of the image capture. In addition, the halo intensities in frozen images
increased up to a point where they were the same as the intensities of a thawed cell (intensities are
darker in frozen sand packs, see more details in Chapter 2), further suggesting that the halo might
be water, not ice. Since quantifying water content in the cell was outside the scope of this study,
this hypothesis requires further investigation.

Dye separating from the heptane was investigated in case the halo was the result of a
reduction in dye solubility at low temperatures resulting in the migration of undyed heptane. To
test this hypothesis, a solution of dyed heptane was chilled to approximately -28 °C in a transparent
glass beaker (by adding it to the freezer away from the lamp, and outside the curtain enclosure)
and after confirming that no dye settled or separated during a period of 12 h, the solution was
spilled into the cell. The halo still appeared, thus concluding that the halo was not due to dye
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separating from the heptane. This also confirmed that there were no impacts on hue ranges used to
extract the LNAPL spill contours. Should the halo phenomenon be a relevant process in one’s
study, it would reinforce the use of the light transmission method to see it happening in the first
place.

3.3.5 Towards an Improved Conceptual Model of LNAPL Migration in Frozen Soil

The combination of previous laboratory (Biggar and Neufeld, 1996; Schroth et al., 1998;
Barnes and Shur, 2003; Barnes and Wolfe, 2008; Kechavarzi et al., 2008; Barnes and Adhikari,
unpublished data, as reported in Barnes and Chuvilin, 2009) and field (Poulsen and Kueper, 1992;
Biggar et al., 1998) studies with the results of the experiments presented here provides an
opportunity to improve the conceptual model of LNAPL migration in frozen soil, particularly in
relations to differences between unfrozen and frozen conditions and the effects of heterogeneity
(Figure 3.12).

a) b)

Underground Fuel Tank Vadose Zone Active Layer

+—— Underground Fuel Tank Permafrost

Residual LNAPL

Capillary Barrier

Pooled LNAPL APL
Capillary Barrier O]

‘Vapor Plume

FIGURE 3.12: Conceptual model for LNAPL migration in (a) temperate region terrain and
(b) permafrost terrain.

LNAPL migration in permafrost terrain is expected to be sensitive to both geological and
water/ice content heterogeneity. In these experiments, LNAPL was able to penetrate finer layers
(horizontal or cross-bedded) at lower water saturations but not those at higher saturations when
frozen. Frozen capillary barriers cause lateral spreading of LNAPL even at ice saturations that do
not prevent vertical migration. A frozen capillary barrier that can prevent vertical migration may
not prevent vertical migration when thawed, even at high water saturations. Furthermore, LNAPL
is expected to migrate as a wider mass in frozen conditions due to an increase in the LNAPL
viscosity at low temperatures and partial blockage of pore space by ice. In frozen conditions, a
wider mass of residual is also expected, but due to a decrease in the vapour pressure at lower
temperatures, the LNAPL vapour plume is expected to be thinner. Once LNAPL reaches an
unfrozen capillary fringe, LNAPL induces water drainage and pools at elevations lower than the
original top of the capillary fringe, but that drainage does not occur in frozen conditions and all
LNAPL pools above the capillary fringe, unless cracks formed by thermal contraction are present.
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Because of these differences in response to the geological and water content heterogeneity, LNAPL
is generally expected to migrate as a wider mass in frozen soils and its distribution is expected to
be shallower in frozen soils than in unfrozen soils.

3.4 Summary and Conclusions

Permafrost affected regions present additional complexities affecting LNAPL migration. It
is essential to understand the effects of such complexities to engineer effective remediation plans.
It involves understanding the LNAPL dynamics in frozen soils containing spatial variation of
permeability, capillarity, and water/ice content characteristics. Given the promising results of the
light transmission method (LTM) in frozen soils shown in Chapter 2, and the need to investigate
LNAPL flow in frozen heterogeneous porous media at a high spatial resolution, the LTM was
tested for the investigation of LNAPL migration in frozen soils. LNAPL behaviour was
investigated in three different sand pack configurations in both unfrozen and frozen conditions, for
a total of six tests. Many observations made in this study agreed with previous findings from other
researchers working on LNAPL migration in frozen soils, however, findings also help further
understanding LNAPL migration in frozen soils.

Results showed that heterogeneity in water content is as important as heterogeneity in grain
size and distribution to influence LNAPL migration. The spills in H3040U and CB3040U were
very similar in zones of residual water saturation, however, they differed once the spill reached the
top of the capillary fringe. The partially drained layer of coarser sand in CB3040U created a zone
where LNAPL could pool instead of spreading laterally like it did in H3040U. Nevertheless, the
spill in CB3040U was similar enough to the spill in H3040U to classify the CB3040 pack as
homogeneous without compromising predictions in LNAPL migration (in unfrozen condition).
However, the spills in H3040F and CB3040F showed more pronounced differences. While
classifying CB3040 packs as homogeneous in unfrozen condition may lead to accurate predictions
of LNAPL migration, it might not be the case in frozen condition since the ice froze in a manner
that encouraged LNAPL to preferentially spread in one direction once it hit the top of the ice
capillary fringe (rather than equally spread on both sides). Such results suggest that there might
have been enhancement of the heterogeneity effects in frozen soils at high ice saturation. Future
research should investigate if this observation is consistent in different ice saturation conditions.

Results showed that the effects of the cross-beds can differ between unfrozen and frozen
conditions. The spill in CB4070U was very sensitive to the heterogeneity of the pack throughout
(cross-beds), including in zones of residual water saturation. However, the spill in CB4070F
followed the inclined bedding of the pack, while also spreading laterally due to restricted pore
space by ice, and an increase in the LNAPL viscosity at low temperatures. Future research should
further investigate the effects of viscous forces in frozen soils, including the conditions where
viscous forces stabilize capillary forces. Numerical models should also consider using viscous
forces in addition to buoyancy and capillary forces for accurate NAPL migration prediction. Even
though the effects of the cross-beds were diminished in frozen conditions due to competing viscous
forces, the heterogeneity in grain size and ice content still played a significant role. The spill in
CB4070F did not breach through the second capillary barrier made from a layer of fine sand at
high ice saturation. Such small layers are important since they could easily be missed in the field
(both the layer of grains and its ice content), but their effect on LNAPL migration can be
significant. Future research could look into the ice saturation threshold required to completely
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block LNAPL vertical migration. Future research could even consider investigating the efficiency
of such thin layers as a mean of LNAPL containment barrier in frozen soils (i.e., fuel farms).

Spills in unfrozen condition all migrated to greater depths than spills in frozen condition
since water drainage is not possible once it turns to ice (the ice-saturated sand supported the
LNAPL at higher elevations in the cell). Additionally, the LNAPL penetration rates decreased in
frozen conditions due to an increase in the LNAPL viscosity and restriction of pore space by ice.
Previous studies have showed evidence of LNAPL migration in high ice saturation layers (through
small fissures or cracks formed by thermal contraction), however, the cell in this study only went
though one freezing cycle therefore reducing the likelihood of such cracks or fissured from being
formed. Penetration rates also decreased with an increasing degree of heterogeneity (layered
system lead to more lateral spreading).

In frozen condition, the spills migrated as wider masses even at residual ice saturation. In
terms of total footprint (total width), the spill in CB3040F ended with a bigger footprint than in
CB3040U, however, the opposite was true for the spills in CB4070 packs (the total footprint was
greater in CB4070U than CB4070F). This means that while LNAPL spills may migrate as wider
masses in frozen conditions, the total footprint may not necessarily be greater, and that proper soil
characterization is important to determine the degree of heterogeneity of the soil structure.

Additionally, the results from this experiment act as a good reminder that permafrost table
does not necessarily mean impermeable. Even though permafrost soils generally have low
hydraulic conductivities, the permafrost table should not be automatically associated to high ice
saturation since it describes the thermal behaviour of the ground only. Any depth in each frozen
pack used in this study could represent the permafrost table conditions in the field. While the
penetration rate may diminish in frozen conditions, only layers of high ice saturation (i.e., 70 %)
may completely block LNAPL vertical migration.

Finally, the LTM proved to be a good method to use in frozen soils for the investigation of
LNAPL migration. Future research should consider improving the methodology used in this study
to reduce the redness of the sand packs prior to the spill (by changing the camera settings) to
increase the contrast between the colored heptane and sand. Alternatively, blue dye could be used.
As in unfrozen soil, the LTM should be tested for use in frozen soils to perform quantitative
analysis and generate wetting and nonwetting saturation maps. Future research should also
concentrate efforts to investigate the halo effects observed in frozen spill images.
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CHAPTER 4 CONCLUSION AND RECOMMENDATIONS
4.1 Conclusion

Current permafrost conditions influence LNAPL migration in a manner not found in
temperate soils due to low temperatures, low hydraulic conductivities, the presence of ground ice,
the influence of freeze and thaw cycles, and the typically shallow active layers. Further, as a result
of climate warming, permafrost hydrology is expected to change such that the movement, storage,
and exchange of surface and subsurface fluids will be modified. Thaw-activated groundwater flow
will create new transport pathways for contaminants such as LNAPLS, which will increase risks to
both human and ecosystem health. Understanding LNAPL behaviours in current and future
permafrost terrain is essential for protecting the environment in a changing climate.

Most laboratory experiments to date focused on the isolated effects of pore ice and low
temperatures on LNAPL migration. Those experiments were performed in homogeneous porous
media with respect to both sand grain distribution and water or ice contents. The effects of
geological and water distribution heterogeneity on LNAPL migration in temperate soils are well
known, however, there is a lack of experiments investigating those effects in frozen soils. In
addition, permafrost terrains offer unique features and complex dynamics which need to be
investigated at high spatial resolution. To address the needs to investigate LNAPL migration in
frozen heterogeneous porous media at high spatial resolution, a series of experiments were
conducted in an intermediate scale 2D flow cell using the light transmission method.

The LTM has been traditionally used in unfrozen soils, however, the method was adapted
for use in frozen soils experiments to quantify ice and track LNAPL spills progression in sand
packs with different degrees of heterogeneity. Results showed that:

- Ice can be quantified using the LTM. Known and calculated ice volumes were within 2
% over a range of different ice saturations in the cell, which means that the LTM can
be used in future experiments to investigate saturated and unsaturated flow phenomena
in frozen soils (Chapter 2).

- A single fit parameter can be used to calibrate data and quantify water and ice in
unfrozen and frozen conditions respectively, which means that the calibration process
can be performed during unfrozen experiments and then be applied to frozen
experiments. This allows the calibration process to be completed in a matter of hours,
rather than days (Chapter 2).

- Using the LTM, frozen sand packs showed more light attenuation than unfrozen sand
packs, which is attributed to the creation of entrapped air bubbles (in ice) as ice forms
from pure water. Fresnel’s Law states that light can be refracted and absorbed as it
passes through interfaces so an increase in interfaces caused by newly created air
bubbles result in more light attenuation (Chapter 2).

- LNAPL’s response to heterogeneity in frozen soils differ from unfrozen soils.
Heterogeneity effects can be enhanced in frozen conditions in zones of high ice
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saturations such that even heterogeneity barely visible to the naked eye can influence
LNAPL migration in frozen soils. In CB3040F, LNAPL migrated in the direction of the
cross-beds once it hit the top of the frozen capillary fringe, an absent behaviour in
unfrozen conditions (CB3040U). In unfrozen soils, buoyancy and capillary forces are
dominant when it comes to LNAPL migration, however, viscous forces need to be
considered in frozen soils due to an increase in the LNAPL viscosity with a decrease of
temperature. Viscous forces compete with capillary forces, which can change LNAPL’s
response to geological heterogeneity (i.e., cross-beds) and cause more lateral spreading
as LNAPL migrates down. Nevertheless, heterogeneity in grain size and distribution as
well as ice contents remains a critical component for accurate predictions of LNAPL
migration in frozen soils. For example, thin layers of fine-grained soils at high ice
saturation can be impermeable and prevent further vertical LNAPL migration. Such
small layers are important since they could easily be missed in the field, but their effect
on LNAPL migration can be significant (Chapter 3).

- LNAPL spills in unfrozen conditions can migrate to greater depths than spills in frozen
conditions. In unfrozen conditions, LNAPL can partially invade the top of the capillary
fringe and even induce water drainage, however, once the capillary fringe turns to ice,
no invasion or drainage occurs, supporting LNAPL at higher elevations (Chapter 3).

- LNAPL penetration rates decrease in frozen conditions due to both an increase in the
LNAPL viscosity and restriction of pore space by ice (Chapter 3).

- LNAPL spills in frozen conditions can migrate as wider masses due to both partial
blockage of pore space by ice and an increase in the LNAPL viscosity, however, this
study demonstrated that it does not mean that the LNAPL spill will result in a larger
footprint (total width) (Chapter 3).

- Mild heterogeneity (i.e., CB3040 packs) may not have a significant effect on LNAPL
migration in unfrozen conditions at residual water saturation, however, it does once
LNAPL reaches the top of the capillary fringe. In these experiments, LNAPL pooled in
partially drained coarse sand layers restricting lateral movement. This is proof that
water distribution in soil is just as important as geological heterogeneity when it comes
to LNAPL migration (Chapter 3).

4.2 Recommendations

The method employed in this study was adapted from previous investigations performed on
unfrozen soils. Future work should consider improving the experimental set-up and/or the
methodology such that:

- The cell is not completely filled when packing and a space is left for the increase in
volume when water turns to ice. This would allow a frozen Is image to be obtained
without compromising the tracking of water mass during drainage and without
additional image cropping, which reduces visibility in the sand pack.
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- Light reflection is reduced in the cell (in zones of unsaturated saturations). The camera
should be pushed as far away from the cell as possible (while still fitting in the freezer)
to see if light reflection occurs on the camera lens. A different curtain fabric should be
tried as well (use more absorbing layers rather than one black-out curtain). A reduction
in light reflection would result in a lower fitting parameter, which would increase the
water saturation detection limit. Further, minimizing light reflection in the cell might
provide some insights as to why the attenuation of light was more significant at residual
saturation than 100 % saturation in frozen conditions. Packing dry and using degassed
water might be helpful. Those changes might reveal if the inconsistent darkening
process is due to light pollution in zones of low water saturations.

- Future research should concentrate efforts to investigate the halo effects observed in
frozen spill images and then look into further enhancing contrast between LNAPL and
the sand pack by either changing the camera settings to reduce the captured redness in
sand pack images prior to the spill or make use of a blue dye.

The work performed in this study helped to gain a better understanding of LNAPL migration
in frozen heterogeneous porous media using the LTM. Additional insight could be gained from the
following future work:

- Results from this experiment highlighted the impact of thin fine-grained soil layers at
high ice saturation on LNAPL migration and the importance to be careful when soil
sampling not to miss them. Future research might consider investigating the efficiency
of using such thin layers as LNAPL containment barriers in frozen soils (i.e., fuel
farms). It would also be worth investigating the ice saturation threshold above which
LNAPL penetration is blocked in various types of fine sands.

- Findings from this paper also suggested that the effects of mild heterogeneity might be
enhanced in frozen conditions at high ice saturation only, however, future research
should consider investigating it further to see if this observation is consistent in different
ice saturation conditions. Future work should also investigate the formation of ice in
different sand pack configurations and see if the shape taken by the increase in volume
as water turns to ice is influenced by the geological heterogeneity, which, in turn, would
influence LNAPL migration.

- LNAPL was not as responsive to the cross-beds heterogeneity in frozen soils as it was
in unfrozen soils due to viscous forces competing with buoyancy and capillary forces.
Future research should further investigate the effects of competing forces and the
conditions where viscous forces increase in importance.

- Results/data from this study should be used to test and calibrate numerical models to
simulate LNAPL migration in frozen soils. Additional experiments following the same
procedure can also be performed to evaluate multiple scenarios (i.e., study the effects
of active layer expansion to mimic a spill occurring in the active layer, study the effects
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of surface features such as various degrees of ice saturation to mimic a spill at the
ground surface etc.), which would provide useful data to further improve the conceptual
model proposed in this study.

- The LTM proved to be a good tool to track LNAPL spill progressions in the cell. Future
work should consider performing a quantitative study on LNAPL migration in frozen
soils such that saturation maps and profiles are generated, which would validate the use
of the LTM for LNAPL migration studies in frozen soils. Most of the recommended
future work outlined in the previous lines could also be completed using the LTM.

The results presented in this study act as a good reminder that permafrost table does not
necessarily mean impermeable. Even though permafrost soils generally have low hydraulic
conductivities, the permafrost table should not be automatically associated to high ice saturation
since it describes the thermal behaviour of the ground only and not the freeze-thaw state of water.
Any depth in each frozen pack used in this study (Chapter 3) could represent the permafrost table
conditions in the field. While the penetration rate may diminish in frozen conditions, only layers
of high ice saturation may completely block LNAPL vertical migration provided that there are no
cracks formed by thermal contraction. Finally, the observations made in this study reinforce the
importance of proper soil characterization (including soil geology and water/ice distribution) in
order to accurately predict LNAPL migration, in both unfrozen and frozen conditions.
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APPENDICES
Appendix A:
A.1 Precision / Resolution Analysis

Prior to the water saturation analysis in Chapter 2, images were upscaled/discretized to one-
mm? blocks so that each new pixel dimensions captured the size of a sand grain, while also reducing
noise. All intensity values in a given one-mm? block were averaged to form a new pixel block, for
which its chosen size is the result of a precision / resolution analysis. Standard deviations in a
known fully saturated area were computed for various block sizes, and it was observed that the
bigger the block, the smaller standard deviation, resulting in an increase in precision in the analysis
(Figure A.1).
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FIGURE A.1: Standard deviation versus block size.
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Figure A.2 shows the resulting resolutions for four different block sizes (0.35 mm, 1 mm, 5
mm, 10 mm).
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FIGURE A.2: Resolution resulting from the four following different block sizes (a) 0.35
mm, (b) 1 mm (c) 5 mm, and (d) 10 mm.

As seen in Figure A.1, the standard deviation is very small for all block sizes used. Further,
the precision starts increasing once block sizes increase passed 10 mm. The precision does not
change for any size below 10 mm. When looking at the resulting resolutions in Figure A.2, one can
observe that there is not a significant difference between 0.35 mm and 1 mm. Despite the
improvement in precision as the block size increases, the resolution seen in Figure A.2 for the 5
mm and 10 mm block sizes is decreased. The best compromise between precision and resolution
is then found to be a block size of 1 mm (1 mm x 1 mm), which is what was used for the analysis

described in this paper.

65



Appendix B

A complete set of images for each test performed in Chapter 2 is shown in Figures B.1-8.

a. b. C.

FIGURE B.1: Example of light transmission images from test U1 prior to image processing
showing (a) saturated conditions followed by unsaturated conditions with water positions at
approximately (b) 75 %, (c) 50 %, and (d) 25 % of the cell height, as well as (e) residual
saturation and (f) following water imbibition to create trapped gas.
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Residual Saturation

FIGURE B.2: Example of light transmission images from test F1 prior to image processing
showing unsaturated conditions with water positions at approximately (a) 75 %, (b) 50 %o,
and (c) 25 % of the cell height, as well as (d) residual saturation.
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FIGURE B.3: Example of light transmission images from test U2 prior to image processing
showing (a) saturated conditions followed by unsaturated conditions with water positions at
approximately (b) 75 %, and (c) 50 % of the cell height, as well as (d) residual saturation.

Residual Saturation

FIGURE B.4: Example of light transmission images from test F2 prior to image processing
showing unsaturated conditions with water positions at approximately (a) 75 %, and (b) 50
% of the cell height, as well as (c) residual saturation.
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FIGURE B.5: Example of light transmission images from test U3 prior to image processing
showing (a) saturated conditions followed by unsaturated conditions with water positions at
approximately (b) 75 %, (c) 50 %, and (d) 25 % of the cell height, as well as (e) residual
saturation and (f) following water imbibition to create trapped gas.
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FIGURE B.6: Example of light transmission images from test U4 prior to image processing
showing (a) saturated conditions followed by unsaturated conditions with water positions at
approximately (b) 75 %o, (c) 50 %, (d) 40 %, and (e) 25 % of the cell height, as well as (f)
residual saturation and (g) following water imbibition to create trapped gas.
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Residual Saturation

FIGURE B.7: Example of light transmission images from test F4 prior to image processing
showing unsaturated conditions with water positions at approximately (a) 75 %, (b) 50 %o,
(c) 40 %, and (d) 25 % of the cell height, as well as (e) residual saturation.
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Residual Saturation

FIGURE B.8: Example of light transmission images from test U5 prior to image processing
showing (a) saturated conditions followed by unsaturated conditions with water positions at
approximately (b) 75 %, (c) 50 %, and (d) 25 % of the cell height, as well as (e) residual
saturation.
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Appendix C

TABLE C.1: Test Ul known and calculated water volumes in the cell.

Water Position in the

Known Water VVolume

Calculated Water

Cell (ml) Volume (ml)
Sr 29.65 29.95
25 % 164.59 166.10
50 % 341.45 344.93
75 % 496.85 491.07
100 % 644.7 646.48
TG 535.81 526.60

TABLE C.2: Test U2 known and calculated water volumes in the cell.

Water Position in the

Known Water Volume

Calculated Water

Cell (ml) Volume (ml)
Sr 29.67 29.75
50 % 331.70 333.41
75 % 494.70 494.78
100 % 645.09 646.70

TABLE C.3: Test U3 known and calculated water volumes in the cell.

Water Position in the

Known Water Volume

Calculated Water

Cell (ml) Volume (ml)
Sr 30.04 30.12
25 % 157.62 157.57
50 % 334.95 337.28
75 % 500.23 495.29
100 % 652.97 654.69
TG 581.61 572.95

Known and calculated water volumes in the cell for each Chapter 2 test is shown in Tables C1-8.
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TABLE C.4: Test U4 known and calculated water volumes in the cell.

Water Position in the

Known Water VVolume

Calculated Water

Cell (ml) Volume (ml)
Sr 30.09 30.12
25 % 141.10 142.42
40 % 263.14 265.45
50 % 323.39 327.80
75 % 496.28 492.99
100 % 654.14 654.58
TG 544.52 546.05

TABLE C.5: Test U5 known and calculated water volumes in the cell.

Water Position in the

Known Water Volume

Calculated Water

Cell (ml) Volume (ml)
Sr 29.48 29.53
25 % 150.36 153.84
50 % 332.34 330.02
75 % 509.18 500.73
100 % 640.85 641.88

TABLE C.6: Test F1 known and calculated ice volumes in the cell.

Water Position in the

Known Water Volume

Calculated Water

Cell (ml) Volume (ml)
Sr 32.32 32.33

25 % 179.40 179.57

50 % 372.18 374.30

75 % 644.70 644.86

TABLE C.7: Test F2 known and calculated ice volumes in the cell.

Water Position in the

Known Water Volume

Calculated Water

Cell (ml) Volume (ml)
Sr 32.34 32.47

50 % 361.55 363.73

75 % 645.09 647.65
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TABLE C.8: Test F4 known and calculated ice volumes in the cell.

Water Position in the

Known Water Volume

Calculated Water

Cell (ml) Volume (ml)
Sr 32.80 32.93

25 % 153.80 150.98

40 % 286.82 286.73

50 % 352.50 356.84

75 % 654.14 656.81
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Appendix D

The set of images shown in figure D.1 display the freezing front in a freezing cell, which
can be tracked due to low intensities of light passing through frozen porous media.

Unsaturated A

Saturated o

Partially Frozen | Partially Frozen
f

Partially Frozen Partially Frozen Frozen

FIGURE D.1: Freezing cell images in the following conditions (a) unfrozen, (b) partially
frozen, (c) partially frozen, (d) partially frozen, (e) partially frozen, and (f) frozen.
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Appendix E

According to Van De Ven et al. (2020) fitting 1/ls, rather than using a measured I./Is, may
be required because gas-filled pore spaces adjacent to water-filled pore spaces may result in higher
intensities due to the refraction of light from the adjacent water-saturated sand. This additional
lighting by refraction creates brighter I, images than those captured under stable drainage
conditions. In Van De Ven et al. (2020) this occurred during unstable gas injection that created gas
fingers. However, this could also cause the gas-filled pore spaces above the capillary fringe to be
lit from the light source as well as the refracted light in the unfrozen experiments conducted here.
As described by Van De Ven et al. (2020) this would result in a brighter transition zone between
100 % saturation and residual saturations, hence why the ratio of I./ls may need to be increased to
correct for the higher intensities recorded. The data obtained from both unfrozen and frozen tests
presented in this paper supports this hypothesis since the calculated water volumes in the cell before
calibration (i.e., using measured I./ls values) were consistently higher than the known volumes of
water, which an increase in intensities would cause. In addition, when looking at uncalibrated
results of saturations (Figure E.1), it appears that light reflection may have been a potential source
of error in the intensities recorded in the images. Although not visible to the naked eye, residual
saturation areas in images of higher overall saturations were consistently observed to be brighter
when compared to images at residual saturation, leading to believe that the high amount of light
passing through full saturation zones might have been sufficient to either light up the curtain
enclosure and/or reflect back from the camera lens to the cell, either way increasing intensities in
regions of residual saturations. Figure E.1 illustrates z vs | and z vs Sw for test U4.

a. b.
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FIGURE E.1: (a) zvs | and (b) z vs S profiles using measured I,/ls for test U4.
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Appendix F

The saturation profiles for all test performed in Chapter 2 (using the fit parameter) are shown
in Figure F.1-8.
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FIGURE F.1: Saturation profile versus height for test U1.
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FIGURE F.2: Saturation profile versus height for test U2.
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FIGURE F.3: Saturation profile versus height for test U3.
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FIGURE F.4: Saturation profile versus height for test U4.
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FIGURE F.5: Saturation profile versus height for test U5.
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FIGURE F.6: Saturation profile versus height for test F1.
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FIGURE F.7: Saturation profile versus height for test F2.
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FIGURE F.8: Saturation profile versus height for test F4.
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Appendix G

The LNAPL migration image sets for each test in Chapter 3 are shown in Figures G.1-6 .

b.

FIGURE G.1: H3040U spill progression in space at (a) 10 sec, (b) 40 sec, (c) 3 min, (d) 9
min, (e) 21 min, (f) 50 min, (g) 2 h 43 min, (h) 4 h 19 minand (i) 1 d 4 h 34 min.
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FIGURE G.2: CB3040U spill progression in space at (a) 10 sec, (b) 41 sec, (c) 3 min, (d) 9
min, (e) 21 min, (f) 50 min, (g) 2 h 42 min, (h) 4 h 18 min and (i) 2d 5 h 24 min.
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FIGURE G.3: CB4070U spill progression in space at (a) 10 sec, (b) 41 sec, (c) 3 min, (d) 9
min, (e) 21 min, (f) 50 min, (g) 2 h 41 min, (h) 4 h 18 min and (i) 2d 5 h 20 min.
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FIGURE G.4: H3040F spill progression in space at (a) 11 sec, (b) 41 sec, (c) 3 min, (d) 9
min, (e) 24 min, (f) 49 min, (g) 2 h 40 min, (h) 4 h 21 minand (i) 2d 5 h 17 min.
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FIGURE G.5: CB3040F spill progression in space at (a) 10 sec, (b) 44 sec, (c) 3 min, (d) 9
min, (e) 21 min, (f) 50 min, (g) 2 h 43 min, (h) 4 h 19 min and (i) 1 d 19 h 56 min.
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FIGURE G.6: CB4070F spill progression in space at (a) 10 sec, (b) 39 sec, (¢) 3 min, (d) 9
min, (e) 21 min, (f) 43 min, (g) 2 h 41 min, (h) 4 h 18 min and (i) 2d 5 h 19 min.
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Appendix H

The halo effect that appeared in three frozen spill tests is shown in Figure H.1.

a. b. G

FIGURE H.1: Halo in frozen spills for packs (a) H3040F, (b) CB3040F and (c) CB4070F
respectively.

Figure H.2 shows the intensity variations between the unfrozen conditions (pre-spill), frozen
conditions (pre-spill), frozen conditions (during spill) and unfrozen conditions (post-spill).

. Unfrozen |
= —— Pre Spill
E — %31111
- — Thawed
0.2 0.4 0.6 0.8 1

Analysed Column Intensity

FIGURE H.2: Example of a spill image in H3040F where (a) a column was selected for an
intensity analysis in (b) unfrozen conditions pre-spill, frozen conditions pre-spill, frozen
conditions during the spill and in thawed conditions post spill.

91



Appendix |

Figure 1.1 is the saturation condition before the spill for every test in Chapter 3. These images
were taken before the water table was dropped to 55 mm below the cell bottom, which was the
water table height prior to the test commencing.

b.

¢
f.

a.
d.
FIGURE 1.1: Fully saturated packs before water drainage (pre-spill) for test in the a)
H3040U, (b) CB3040U, (c) CB4070U, (d) H3040F, () CB3040F and (f) CB4070F pack.
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Appendix J

Water imbibition after each spill in Chapter 3 is shown in Figure J.1. All LNAPL was
contained in the cell during water imbibition, which means that there is about 6 g of colored heptane
in each picture.

a. b.

FIGURE J.1: Water imbibition post spills in the a) H3040U, (b) CB3040U, (c) CB4070U, (d)
H3040F, (e) CB3040F and (f) CB4070F pack.
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Appendix K

Figure K.1-3 shows cell locations in macro view for 3 tests, highlighting the different
degrees of heterogeneity.

FIGURE K.1: Macro pictures showing various zones with different degrees of
heterogeneity in grain size and water content.

94



FIGURE K.2: Macro picture of LNAPL spill in CB4070F.
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FIGURE K.3: Macro pictures showing LNAPL spill in CB3040F.
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Appendix L

Figures L.1-4 are images of the experimental set-up and the equipment.

FIGURE L.2: Experimental set-up placed outside of the freezer with the covering curtains.
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FIGURE L.3: Experimental set-up placed inside the freezer.
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FIGURE L.4: Freezer used for the experiments.
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