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ABSTRACT

Oil reaching the underside of sea ice after a blow-out is able to spread laterally, governed by
buoyancy and surface tension, under-ice topography, and currents. However, the possibility of
lateral spread and the direct contact with the ocean are inhibited once oil begins to get
encapsulated by the advancing ice front. Encapsulation removes oil largely from the
environment, influencing risk management strategies. We performed laboratory tank
experiments to quantify the encapsulation process. A 130 L tank was built from Perspex with
removable insulation to allow for in-situ observation of the ice underside. Heat flux into the
water was controlled to ensure the development of a realistic crystal fabric. Oil was injected
under ice of 0.1 m thickness. Observations on crystal structure and encapsulation process are
consistent with previous studies. Following the initial development of a lip around the oil
lens, initial overgrowth was due to crystals with vertical c-axes. Temperature probes recorded
vertical heat flux and ice growth rate under the lens. Encapsulation appeared to be governed
by common thermodynamic and fluid dynamic principles. No indications were found that
crystal alignment would need to be considered explicitly to describe encapsulation
numerically.

INTRODUCTION

Oil spilled under sea ice during the ice growth season impinges on the ice underside and
spreads laterally in response to buoyancy, the ice bottom profile, surface tension, and ocean
currents. Once the oil comes to a rest, sea ice growth continues around it, encapsulating the oil
lens, and allowing oil to entrain the ice above (e.g., Karlsson et al., 2011; Petrich et al., 2013).
While a number of oil spill experiments have been performed under Arctic sea ice (e.g.,
Dickins, 2011), laboratory experiments have been used to study the encapsulation process in
more detail (e.g., Wolfe & Hoult, 1974; Payne et al., 1991; Dickins, 1992).

We performed a range of laboratory experiments in which oil was injected under a sea ice
cover. lce growth process was monitored visually and with thermocouple probes, and ice
structure and properties were analysed after excavation of ice.

In the absence of a model of oil lens encapsulation (Dickins, 1992), this work was aimed to
illuminate the process of encapsulation in search of processes that were incompatible with
thermodynamic considerations.



METHODS

Ice was grown in a Perspex tank with 5 mm thick walls. The tank was 0.5 m high, and had a
cross sectional area of 0.5 x 0.5 m? and 0.5 x 0.52 m? at the bottom and top, respectively
(Figure 1a). The tank was insulated with removable 0.05 m-thick foam plates (manufacturer-
supplied thermal conductivity k=0.036 W m™K™). A 0.05 m air gap under the tank housed
resistors and a fan for heating, digital cameras to record ice growth progress, and four 1.5 W
LED lights to illuminate the ice from below. The combined heat input from LED lights and
resistors was approximately 11.5 W. The heat input was chosen based on several trial runs
investigating the sea ice crystal structure. It was high enough to prevent the formation of
platelet ice crystals at the ice—water interface, i.e. supercooling of the water body was
prevented. It was low enough to allow for the development of a lamellar interface with a
skeletal layer thickness that appeared to be comparable the interface of naturally growing sea
ice in winter and early spring (Petrich and Eicken, 2010). Approximately 0.1 m below the
ice—air interface, crystals had a cross-sectional area of about 1 to 4 cm?. It was found during
trial runs with high ocean heat flux that ice lamellae were more difficult to discern visually,
i.e., lamellae were supposedly flatter at the tips. The tank was placed in a temperature-
controlled cold room that maintained continuous air circulation with temperature stability
better than £1 °C.

The tank was filled with Instant Ocean salt solution to 0.4 m depth. Two thermocouple probes
were installed in the tank. Thermocouples protruded 20 mm horizontally from their respective
support. One probe was installed at the side wall of the tank to measure temperature profile
and growth rate of the ice cover in the “far field” of any oil lens. A second probe was installed
at the center of the tank to determine ice growth and heat flux at the position of the oil lens
(Figure 1a).

After water was cooled to approximately 0 °C, the ambient air temperature was set to -15 °C,
initiating ice formation soon thereafter. This marks the start of the experimental run. Ice was
grown to approximately 0.05 to 0.08 m thickness before a 0.15 x 0.15 m? insulator was placed
at the center of the tank to locally retard ice growth and to form a depression in the ice—water
interface. Similar methods are commonly used in field and laboratory experiments to produce
oil lenses at specified locations (e.g., Nelson & Allan, 1982; Payne et al., 1991) as they
simulate the insulating effect of the snow cover (e.g., Barnes et al., 1979; Petrich et al., 2012).
This configuration placed the perimeter of the lens over 0.15 m from the side walls of the
tank, eliminating the potential for encapsulation due to heat loss to the tank walls.

Four experiments were performed (#1, #3, #4, #5). Oil was injected under the ice either
immediately after removal of the insulator (experiments #1 and #3), or approximately 12
hours after removal to allow the ice to adjust to the new atmospheric boundary condition
before oil injection (experiments #4 and #5). At this time, ice thickness in the depression was
approximately 0.07 to 0.1 m. QOil was injected under the depression through a hose deployed
through a slot cut into the ice. Oil injection rate was approximately 50 pg/s. Individual oil
drops impinged on the underside of the ice where they coalesced to form a single lens. Visual
inspection showed that no air had been injected.

Ice growth was monitored automatically with temperature probes and under-tank cameras and
by manual inspection through side windows of the tank. C-axis vertical platelets could be
identified through the side windows due to total reflection when observed under shallow
surface elevation angles. Ice thickness was determined from the position and freeze-in times
of the thermocouples and manually by measuring ice thickness at the wall of the tank during
temporary removal of the insulation. Since the ice—water interface is not necessarily planar at
the walls, this manual method is not deemed to be particularly accurate. However, where



available, manually read off thickness compared well with ice thickness determined by the
temperature probe at the wall.

At the end of the experiments, several vertical ice sections were excavated to determine
vertical sea ice salinity profiles, crystal structure of ice both at the oil lens and at a distance,
and geometry of the oil lens. Salinity was measured with a YSI 30 conductivity probe, giving
salinity values on the dimensionless practical salinity scale (UNESCO, 1981). To obtain
salinity data of small sample volumes, those sample volumes were diluted to increase volume,
measured and scaled. Repeat calibration sets (triple sets) showed that the scaling is linear and
that the random error of the salinity measurement is £0.2. Due to the small size of samples,
ice density and air volume has not been determined. However, air volume is expected to be
negligible as experiments were finished before gasses dissolved in the water reached saturated
concentration and air bubbles appeared under the ice.

RESULTS AND DISCUSSION
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Figure 1. (a) Sketch of ice tank layout. (b) Ice growth data of oil injection experiment #5. Best
fit are shown to guide the eye (blue: linear; red: second order polynomial).

Figure 1b shows ice thickness development for the example of experiment #5. For the first
day of ice growth, ice thickness increased at approximately the same rate measured at the side
wall of the tank (circles and crosses) and at the center (dots), i.e. at 5.0x10" ms™. Once
insulation was in place, the ice growth rate beneath the insulation decreased noticeable to
1.5x107 ms™. However, growth rate increased again after removal of the insulation. After
injection of oil, the ice growth rate under the oil lens was 2.9x107 ms™, comparable to the ice
growth rate measured at the wall at this time of 2.7x10" ms™.

Atmospheric heat transfer during ice growth can be described by the turbulent atmospheric
heat transfer coefficient. The heat transfer coefficient is defined as

AT,
k ice

h=e—d— (1)

air surface

where k is the thermal conductivity of sea ice, d is the distance between the uppermost
thermocouples at the wall that are in the ice, ATic IS the temperature difference between these
two thermocouples, T is the air temperature measured 0.06 m above the ice, and Tsyrface IS
the ice surface temperature. The atmospheric heat transfer coefficient in the present series of
experiments was constant throughout each experiment at 15 to 17 Wm2K™.



Ocean heat flux F,, was determined as the residual of latent heat flux (¢ pL dH/dt >0) and
heat conducted through the ice near the ice—ocean interface (k AT/Az <0),

dH AT
- 4+ k—
d Az

where p and L are density and latent heat of fusion of freshwater ice, respectively, and ¢ and

k are porosity and thermal conductivity of sea ice, respectively. In all experiments the ocean
heat flux was determined to be F,=+10 Wm™. Given the uncertainty in ¢, k, and Az, we
cannot make any more definite statement beyond the notion that the ocean heat flux was
small. This result is consistent with observations of crystal structure: the absence of distinct
platelets growing into the water column indicated that the heat flux was not negative (i.e.
there was no supercooling of the water body beyond constitutional supercooling). On the
other hand, the presence of a zero-strength skeletal layer of approximately 0.02 to 0.05 m
thickness indicated that the ocean heat flux was not particularly high.
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Figure 2 shows an example of salinity, temperature, and porosity profiles at the end of
experiment #4. Porosity was calculated with the equations of Cox & Weeks (1983). Salinity
data are shown as measured in a profile through the oil lens and outside the lens area, between
lens and wall. Salinity is high compared with field measurements of thick ice (e.g., Petrich &
Eicken, 2010), presumably because desalination is still ongoing in this relatively thin ice. This
is particularly likely considering that the porosity is consistently above 5% (Petrich & Eicken,
2010). The ice temperature profile is linear at the wall, above the lens, and under the lens. In
addition, the respective temperature gradients are approximately equal, indicating that heat
flow was predominantly one-dimensional. Profiles measured in other experiments were
similar.
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Figure 2. Sea ice salinity, temperature profile, and calculated porosity in experiment #4.

Measurements are for the “far field” (squares), i.e. salinity and temperature measured between
lens and wall and at the wall, respectively, and through the lens (triangles).

Temperature gradients measured at the wall, above and under the oil lens are summarized in
Table 1 for experiments 3 to 5, i.e. all experiments with a temperature probe installed through
the oil lens. Vertical temperature gradients in the ice were typically between 30 and 40 °C/m.



Uncertainty due to misalignment of thermocouples is estimated to be +10%. Temperature
gradients through the oil lens are approximately 4 times higher due to different thermal
properties of the oil lens, discussed below. In order to calculate heat flux the thermal
conductivity would need to be known, which depends on sea ice porosity and convection in
the oil.

Encapsulation

The thickness of oil lenses were between 5 and 7 mm at the center of the lens, corresponding
to the minimum lens thickness resulting from interfacial tension (NORCOR, 1975).

Temperature in the ice above the lens (<5 mm) changed rapidly during oil injection by up to
2 °C (based on temperature measurements taken once a minute), returning to its pre-injection
value within 30 minutes. The temperature increased in all cases of warm oil injection but
reduced temporarily after the injection of cold oil. This indicates that heat exchange took
place between oil and ice.

Two ice growth modes contributed to encapsulation. On the one hand, ice around the lens
formed a “lip” that provided additional resistance to lateral movement of the oil. It has been
suggested that this phenomenon is due to distorted isotherms at the edge of the lens (Martin,
1979). Based on observations during the growth process (experiments #1, #3, #4), it appeared
that the lamellae that formed the lip tended to grow tilted inward toward the lens (Figure 3).
Apart from ice forming a lip, ice formed directly under the lens, starting with a layer of
crystals with dominantly vertical c-axes. This layer grew to 5 to 10 mm thickness before it
became overgrown by crystals with more horizontally aligned c-axes (Figure 4). This is in
quantitative agreement with earlier studies (e.g., Payne et al., 1991). The thickness of these
layers was determined after the end of the experiment from the alignment of the crystal fabric
in vertical thick sections. Presence and extent of c-axis vertical crystals could be identified
during growth based on total reflection at the ice-water interface when observed under
shallow angles (Figure 5).
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Figure 3. Concept sketch illustrating angled lamellae of the ice lip growing inward toward the
lens. This configuration preceded overgrowth of the lens (experiments #1 to #4) except when
the injected oil was cold (experiment #5).



Figure 4. Vertical section under cross-polarized light (experiment #3). 5 to 10 mm of c-axis
vertical crystals (dark) are visible under the oil lens (black). The ruler indicates distance in
cm. Note that the ice was thicker than shown in this section.
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Figure 5. Qil lens (green) under sea ice (white) observed under shallow angle (a) 1:15 h and
(b) 2:15 h after injection of cold oil in experiment #5. The width of the lens is approximately
10 cm. Markers A through D track growth and movement of individual crystals. The dashed

line indicates the lower limit of the lip surrounding the lens. A temperature probe is located
behind the lens with temperature sensor (black) protruding into the lens and water beneath (cf.

Figure 1a). In (b), the sensor under the oil lens is partially covered by seemingly randomly

aligned platelets, crystal B protrudes beyond the lens, and crystal C has slid off the lens.



We found evidence that both growth modes are in fact independent of each other. We found
in experiments with warm oil that a lip extended beyond the thickness of the lens before the
lens overgrew with c-axis vertical crystals. However, when cold oil had been injected
(experiment #5), we observed 1:15 h after injection a partial cover with c-axis vertical crystals
while the lip extending to estimated 40% of the lens thickness (Figure 5a). The lip reached the
thickness of the lens not until 2 h after injection. To our knowledge, the only previous report
of overgrowth without a lip surrounding the lens first has been given by Wolfe & Hoult
(1974) who flooded the entire underside of their laboratory-grown ice with oil, removing any
possibility for lip formation.

The timing of the initial formation of c-axis vertical crystals was found to depend
significantly on ice and oil temperature. With warm oil (T>-1.9 °C) injected immediately after
the removal of the surface insulation, i.e. while the ice above the depression was warm,
formation of these crystals started between 4.5 to 5.5 hours after injection (experiments #1
and #3). With warm oil injected while ice above the depression was in quasi-steady state,
formation of these crystals started between 1.5 to 2.5 hours (experiment #4). With cold oil
(T<-1.9 °C) injected while ice above the depression was in quasi-steady state, formation of
these crystals started within 1 hour of oil injection (most likely within less than 30 minutes)
(experiment #5). In the latter case, individual crystals nucleated at several locations across the
oil-water interface. They were mobile, sliding across the oil-water interface while increasing
in size (Figure 5). Evidence was found of crystals sliding off the lens (crystal C in Figure 5b).
Such crystals likely provide a basis for lens overgrowth with crystals of non-vertical c-axes.

Heat Transfer

While heat transfer through the ice is by conduction, heat transfer through the oil lens may be
either by conduction or by convection (e.g., Wolfe & Hoult, 1974). In the case of
predominantly one-dimensional heat transfer through the lens,

) ®
dZ ice aboveoil dZ oil dZ ice belowoil
i.e.
(dT /dz)oil — kii . (4)
(dT /dz)ice koiI

Our estimates of temperature gradient measurements through the oil lens are slightly
underestimated since at least one thermocouple was actually embedded in the ice in each
experiment. However, Table 1 indicates that the temperature gradient through the oil was
around 4 times higher than the gradient through ice. On the other hand, the thermal
conductivity of sea ice (kie=1.8 Wm?K™) is over 11 times higher than the thermal
conductivity of kerosene (koi=0.16 Wm™ K™ below 0 °C). This difference results from
convective heat transport though the oil. Convective heat transport due to natural convection
is expected to occur once the Rayleigh number, Ra, exceeds a critical value, Ra., which
depends on the boundary conditions of the domain. For infinite plane-parallel surfaces with
rigid boundaries of constant and homogeneous temperature, Ra,=1708. With
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and g=9.81 ms™, lens thickness L=0.007 m, temperature difference between upper and lower
interface of the lens AT=0.8 °C (cf. Table 1, experiment #5), thermal expansion of kerosene
dp/dT=0.8 kgm>K™?, thermal diffusivity and dynamic viscosity of kerosene o=10" m?s™ and
u=2.5 mPa s, respectively, we find that Ra=8600, i.e. convective heat transport should have
taken place in all experiments.

SUMMARY AND CONCLUSION

Encapsulation experiments of oil under sea ice were performed. Observations were consistent
with previous reports and include both lip formation around the oil lens and overgrowth of the
lens by initially c-axis vertical crystals. In addition to previous reports, we found that
overgrowth with c-axis vertical crystals can be initiated much faster than previously reported.
In particular, in one experiment using cold oil, overgrowth was initiated less than one hour
after injection and clearly preceding ice lip formation around the lens. This indicates that ice
formation around and under a lens should be treatable as a heat flow problem with phase
transition, similar to earlier numerical simulations of ice growth (e.g., Petrich et al., 2006). In
particular, there is no evidence in present and past experiments (e.g., Wolfe & Hoult, 1974)
that crystal alignment and the presence of a lip prior to overgrowth will need to be accounted
for explicitly.

Heat transfer through the oil lens was by convection in the present experiments, consistent
with common scaling relationships.

Based on the presented measurements and previous reports we conclude that the process of
separation of oil lenses form the ocean by encapsulation appears to be governed by common
thermodynamic and fluid dynamic principles and should therefore be tractable in a relatively
straight-forward manner.

Table 1. Temperature gradients determined above, through and below the oil lens and near the
ice—air surface. Ice thickness was measured at the wall rather than under the lens. No probe
through was installed through the lens in experiment #1.

Temperature Experiment #3 Experiment #4 Experiment #5
gradient (°C/m)

Near Ice Surface | not measured not measured 43

Above Lens

Above Lens 32 33 35

Through Lens 155 115 112

Below Lens 38 39 39

Wall 40 36 42

Ice Thickness 13.5¢cm 13.0cm 12.5cm
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