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Water-in-oil emulsification affects spilled oil fate and exposure, as well as the effectiveness
of oil spill response options, via changes in oil viscosity. While oil weathering processes
such as evaporation, dissolution, photo-oxidation, and biodegradation increase oil
viscosity about 10-fold, incorporation of water droplets into floating oil can increase
viscosity by another order of magnitude. The objective of this study was to evaluate
how changes in viscosity by oil type, with weathering, and with emulsification affect oil fate.
Oil spill modeling analyses demonstrated that the increase in viscosity from emulsification
prolonged floating oil exposure by preventing the oil from dispersing into the water column.
Persistent emulsified oils are more likely to come ashore than low viscosity oils that readily
disperse. Through a rapid increase in viscosity, emulsification restricted entrainment and
slowed evaporation. Water column exposure to dissolved concentrations increased with
lower viscosity oils. Thus, the ability to emulsify, and at what weathered state, are important
predictors of oil fate. Oil viscosity is an important consideration for choosing response
alternatives as it controls effectiveness of mechanical removal, in-situ-burning and surface-
active chemicals. Therefore, understanding and quantification of oil emulsification are
research priorities. The most influential model input determining emulsification and the
emulsion’s viscosity is its maximum water content, as it controls the ultimate viscosity of
the emulsion. Viscosities were also influenced by the volatile content and initial viscosity of
the oil. Algorithms quantifying emulsion stability under field conditions have not been
developed, so emulsions were assumed stable over the 30-day simulations. Changes in
emulsion stability over time would affect oil properties and so floating oil and shoreline
exposures, as well as response effectiveness. However, water column exposures to
dissolved concentrations are determined within a few days of oil release, and as such
would not be affected by differences in long-term stabilities of the emulsions.
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1 INTRODUCTION

When oil is spilled into water, it is subjected to various weathering processes (e.g., evaporation,
dissolution, photo-oxidation) which have the potential to change the physical and chemical
properties (Payne and McNabb, 1984) as well as the fate and transport of the spilled product.
Depending on the in-situ turbulence level, the physical properties, and the chemical composition of
the oil, and the various weathering processes the oil is subjected to while at sea, some oils form water-
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in-oil emulsions. Water-in oil emulsions (also referred to as
mousse) may contain as much as 80% water in the form of
micrometer-sized droplets dispersed within a continuous phase
of oil (Daling and Brandvik 1988; Fingas et al., 1995; Fingas et al.,
1997).

The formation of water-in-oil emulsions (herein referred to as
emulsions) from spilled oil affects cleanup operations and potentially
reduces response options (e.g., efficacy of mechanical recovery) or the
window of opportunity for such operations (e.g., dispersant use;
National Academies of Sciences, Engineering, and Medicine
(NASEM), 2020). Emulsion formation depends on the oil’s bulk
properties (e.g., viscosity and density) and composition (e.g.,
asphaltene, resin, and wax content) combined with environmental
factors, such as light exposure and local ocean turbulence level. The
viscosity of an emulsified oil tends to be much higher than a fresh oil
or oil that experienced evaporative weathering alone (Daling and
Brandvik, 1988; Fingas et al., 1995; Fingas et al., 1997; Daling et al.,
2014). As a result of emulsification, an increase in the oil’s viscosity
reduces natural and dispersant-facilitated entrainment rates from
surface water to the water column. Entrainment affects weathering
processes, reducing evaporation while facilitating dissolution and
biodegradation. The oil droplet size distribution (DSD) of entrained
oil influences the residence time in the water column as larger
droplets are more buoyant and resurface faster than smaller
droplets. Thus, oil viscosity, as it changes with weathering and
emulsification, is a key parameter controlling oil fate.

During emulsification, water content increases over hours to a
few days (Mackay and Zagorski, 1982; Lehr, 2017) and plateaus at
a maximum water content which is inversely related to the
viscosity of the oil (Daling and Brandvik, 1988). For example,
highly viscous oils are less likely to emulsify due to the inability
for water to penetrate the continuous phase of the oil (Fingas
et al., 1995). The formation of water-in-oil emulsions and their
stability depend on oil bulk properties, oil composition, light
exposure, and turbulence level. For many light crude oils,
emulsification begins after some period of weathering, due to
the concentration of asphaltenes and resins as volatile and soluble
fractions evaporate or dissolve, as well as to photo-oxidation
changing composition (Ward et al., 2018). The stability of
emulsions has been studied in laboratory experiments,
showing for some oils a loss of water content over weeks or
months under quiescent conditions, but is not well understood
for field conditions. The effect of photo-oxidation on
emulsification is not examined here as it has not been
quantified in laboratory or field studies to date. However, it
has been identified as a research need. Photo-oxidation
appears to enable an oil to emulsify and to stabilize emulsions.

The objective of this study was to investigate, viamodeling, the
formation of water-in-oil emulsions, as a function of oil bulk
properties, oil composition, and turbulence level (environmental
conditions). The implications of emulsification on response
effectiveness, via changes in oil viscosity, and environmental
exposures (to surface oil, shoreline oiling, and water column
concentrations) are examined. The results demonstrate the
importance of considering the emulsification process for
planning and implementing response actions, as well as when
evaluating potential environmental effects.

2 METHODS

This modeling sensitivity study was performed to evaluate how
emulsification and resulting changes in viscosity affect oil fate for
a variety of oils under a range of environmental conditions. The
modeling was performed in three phases:

1) Viscosity changes with weathering and water content: The
sensitivity of oil viscosity to initial (i.e., fresh) oil viscosity,
evaporation, and water uptake with emulsion formation was
examined. These processes are driven by oil type (and so
initial viscosity and composition), temperature, wind speed,
and maximum water content. To demonstrate the sensitivities
of input parameters and conditions on emulsion viscosity, a
matrix of predicted emulsion viscosities for various oils and
weathering states was evaluated. From the results, three
contrasting oils (e.g., light, medium, and heavy) were
selected for further study in phases two and three.

2) Probabilistic approach: The range and variability of oil fate for
potential environmental conditions (i.e., effect of winds and
temperature) were evaluated using oil transport and fate
modeling. Six stochastic simulations were examined, each
of which included an ensemble of model simulations using
the same input parameters (e.g., volume released and oil type)
with start dates varied over a long-term observational wind
and associated temperature record to evaluate the potential
effect of environmental conditions on oil fate.

3) Deterministic analysis: Two (e.g., 95th percentile for surface
oil exposure and 95th percentile for water column exposure)
model runs from each of the six stochastic scenarios were
examined in further detail to investigate the effect of
emulsification on oil weathering and fate.

2.1 Phase 1: Oil Viscosity andWater Content
Sensitivity Assessment
Thirteen well-characterized crude oils and intermediate-heavy
fuel oils (Table 1; Supplementary Appendix Tables A1, A2)
were selected to represent a range of oil densities. Their emulsion
viscosities were calculated for different weathering states and
maximum water contents using the model algorithms in the Spill
Impact Model Application Package (SIMAP; French-McCay,
2003; French-McCay, 2004; French-McCay et al., 2018a;
French-McCay et al., 2021a; French-McCay et al., 2021b), the
oil fate model employed in this study.

2.1.1 Viscosity Change of Oil
The change in dynamic viscosity of spilled oil is estimated in the
SIMAP model by combining the effects of temperature, the loss of
volatiles, and water uptake by emulsification (French-McCay et al.,
2018a; French-McCay et al., 2021a; French-McCay et al., 2021b).

μt � μtemppexp(C′evapFv/Fbp380)pexp( 2.5Fw

1 − FwmaxFw
)

where μt is oil dynamic viscosity (cP) at time t and ambient
temperature; μtemp is initial oil dynamic viscosity (cP) at ambient
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temperature; C ′evap is an empirical constant (4.6077, French-
McCay et al., 2018a); Fv is fraction of initially released oil mass
lost to evaporation, dissolution or degradation; Fbp380 is fraction
of oil that distills below 380°C (i.e., the volatile fraction of the fresh
oil); Fw is fraction of water in oil; Fwmax is the maximum fraction
of water in fully emulsified oil. The SIMAP model calculates Fv

and Fw over time, which are then used to calculate viscosity (μt) at
time, t. In the above equation, the first term accounts for the
temperature effect, the second term accounts for weathering
losses of volatiles, and the third term accounts for the
influence of water content on viscosity. The pertinent
algorithms for the first and third terms are described below.

2.1.2 Temperature Effect on Viscosity
SIMAP uses the algorithm of Mackay et al. (1982), an Arrhenius
equation, to estimate the change in viscosity (μtemp, cP) due to
temperature (T, in degrees K):

μtemp � μoexp[Ctemp(1
T
− 1
To
)]

where μo is the viscosity (cP) of the fresh oil at a reference
temperature To (K) and Ctemp is a temperature correction factor,
which is a constant for each oil type. The value of Ctemp is
estimated for each oil based on measurement data of viscosity
at two different temperatures. The oil temperature, T, is not
usually available so the model approximates it as the temperature
of the surrounding water.

2.1.3 Modeling Emulsification
For emulsifying oils, the Mackay and Zagorski (1982)
emulsification scheme is implemented (i.e., water content
increases exponentially with the rate related to the square of
wind speed and previous water incorporation). The change in
viscosity is a function of water content.

The four states of water-in-oil emulsion classification
approach defined in Fingas and Fieldhouse (2005); Fingas and
Fieldhouse (2012); Fingas and Fieldhouse (2014) is employed to
determine whether an oil will emulsify and to characterize

emulsion stability. Based on the oil properties density,
viscosity, and resin and asphaltene content at the current state
of weathering and on a complex formula (see Fingas and
Fieldhouse, 2012; Fingas and Fieldhouse, 2014), oils are
classified as forming stable, meso-stable, entrained, or unstable
water-in-oil emulsions. The SIMAP model tracks the
concentrations of asphaltenes and resins, along with changes
in density and viscosity, as volatile and soluble components are
lost through evaporation, dissolution, and biodegradation. If the
classification indicates an unstable emulsion, the oil will not
emulsify, whereas water uptake is calculated for the other
three classes. As the oil properties and concentrations of
asphaltenes and resins in the oil change due to weathering, the
oil can potentially move from one emulsification class to another.
For example, if an oil is initially classified as forming an unstable
emulsion, water uptake is delayed until the oil has sufficiently
weathered so that the emulsion classification changes from
unstable to meso-stable, stable, or entrained. Once the
classification changes, water uptake is initiated, and changes in
oil viscosity due to emulsification begin.

The rate at which water is incorporated into oil, dFw/dt (s
−1), is

given by

dFw

dt
� C1U

2
w(1 − Fw/Fwmax)

where C1 is empirical constant (2 × 10−6 for emulsifying oils,
i.e., meso-stable, stable, and entrained; 0 for non-emulsifying oils
and unstable emulsions),Uw is wind speed (m/s), Fw is fraction of
water in oil, and Fwmax is the maximum fraction of water in fully
emulsified oil [a model input based on measurement data;
typically about 0.7 for crude oils (Reed, 1989) and much lower
or 0 for highly viscous oils]. As this equation does not allow for a
decrease in water content, the underlying assumption is that the
emulsion remains stable for the remaining duration of the model
simulation. The viscosity of the emulsified oil, μwatercontent (cP), is
given (Mooney, 1951; Mackay et al., 1980a; Mackay et al.,
1980b) as

TABLE 1 | Initial properties of oils used for emulsification modeling.

Oil name API (°) Dynamic viscosity
(cP) at
25°C

Maximum percent
water

Fraction volatiles
(Boiling points < 380°C)

Asphaltenes (%) Resins (%)

HFO-11-380_Prestige 10.8 8,956.9 60.0 0.16 12.4 12.0
HFO-15-IFO180 14.9 839.5 69.0 0.32 10.0 11.0
Crude-16-PlatformElly 15.8 1,408.1 64.0 0.37 13.6 19.4
Crude-20-Maya_2004 20.4 279.4 64.0 0.47 15.5 12.7
Crude-22-WCS2017 21.7 178.2 60.0 0.22 4.4 10.4
Crude-27-BowRiverBlend 27.0 22.4 66.0 0.47 8.0 4.0
Crude-31-PetroniusBlockVK786A 31.0 2.3 78.3 0.49 1.6 5.5
Crude-33-AlaskanNorthSlope2017 32.5 7.2 31.0 0.46 1.6 4.7
Crude-34-HOOPS 34.2 7.4 64.0 0.57 1.2 6.8
Crude-35-MC252_2020 35.4 4.8 64.0 0.62 0.3 10.1
Crude-37-WestTexasIntermediate 36.6 4.4 64.0 0.65 1.0 6.0
Crude-41-Bakken 40.6 3.0 0.0 0.73 0.0 10.1
Cond-49-Oso Condensate 49.2 1.5 0.0 0.82 1.2 6.8
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μwatercontent � μtempexp( 2.5Fw

1 − FwmaxFw
)

where μtemp is initial oil viscosity (cP) at ambient temperature, Fw

is fraction of water in oil, and Fwmax is maximum fraction of
water in oil (same as Fwmax in the water uptake equation above).

2.2 Phase 2: Probabilistic Oil Spill Modeling
Oil spills into offshore waters can result in trajectories that move
in various directions, depending upon the winds and currents
prevailing at the time. The fate of the oil is subject to the time
sequence of environmental conditions at the time of and
following the spill. Thus, the SIMAP oil trajectory and fate
model was run in probabilistic (or “stochastic”) mode,
randomly varying the start date across a long-term wind data
set, allowing quantification of the effect of emulsification on oil
fate while considering the effect of winds that might occur during
and following a spill. This provides a statistical analysis of results
generated from many different individual model simulations of
the same type of spill scenario. A long wind record from a
meteorological buoy in the Gulf of Mexico (i.e., Station 42001,
LLNR 1465—MIDGULF—180 nm South of Southwest Pass, LA)
was used, along with HYCOM (Chassignet and Srinivasan, 2015)
hindcasted currents for the same latitude/longitude position as
the meteorological buoy.

To focus results on oil fate (as opposed to trajectories), the spill
site was in an open-water offshore area, distant from land. The
modeling matrix involved six scenarios:

• Three crudes (West Texas Intermediate, Bow River Blend,
Western Canadian Select)

• Two maximum water contents (0%, percentage appropriate
to the oil type)

The stochastic analysis provided: 1) areas associated with
probability of oiling; 2) the shortest time required for oil to
reach any point within the areas predicted to be oiled; 3)
properties (e.g., viscosity and density) and composition of oil
over time as it weathered under different environmental
conditions; and 4) percentages of the spilled oil in different
environmental compartments over time subject to winds and
other influential factors. The predicted cumulative footprints, or
areas and probabilities of oiling, were generated by a statistical
analysis of all the individual trajectories. The analysis evaluated
areas affected and concentrations over a prescribed minimum
threshold, and at oiling probabilities above a certain percent
(e.g., >1%). Stochastic modeling results include predicted spatial
distributions of hydrocarbons and probabilities that water surface,
water column, and shoreline areas would be affected, as well as oil
exposure levels. These exposures were quantified using indices of
interest (e.g., water surface swept by oil, water volume
contaminated). The results were summarized as mean, standard
deviation, frequency distributions, and 95th percentile for variables
of interest for response planning and potential impact evaluations:

• Surface area swept (km2) by floating oil/emulsion over
concentration thresholds of interest (e.g., sheen at 0.1 g/

m2 and thick oil at 10 g/m2), based on analyses in French-
McCay (2016) and French-McCay et al. (2018c);

• Sum of surface area swept (km2) by floating oil/emulsion
over the concentration threshold of interest in each time
step multiplied by exposure time (i.e., the time step duration
of 0.25 h), yielding an exposure index in area-time units
(km2-days);

• Maximum volume of water exposed at any time to dissolved
concentrations above threshold concentrations of concern;

• Average exposure (μg/L-hours) in the volume of water
affected by dissolved concentrations above threshold
concentrations of concern, calculated by summing over
the entire simulation volume exposed multiplied by the
time step duration;

• Maximum floating oil percentage (by mass) at any time in
the simulation;

• Evaporated mass percentage by the end of the simulation;
• Water columnmass percentage (maximum entrained whole
oil, dissolved, and total) at any time in the simulation;

• Biodegraded mass percentage by the end of the
simulation; and

• Surface oil water content, viscosity, and density when fully
weathered.

2.2.1 Thresholds of Concern
The model results were summarized as areas and volumes of
water where oil exposure exceeded specified thresholds of
concern. Thresholds of concern were reviewed by French-
McCay (2016) and French-McCay et al. (2018c), based in part
on work described in French-McCay (2002); French-McCay
(2003); French-McCay (2004). The following thresholds, based
on these reviews, were selected for this modeling study.

Floating surface oil concentration thresholds: ≥0.1 g/m2 and
≥10 g/m2. Oil sheens are generally 0.1–1 g/m2 (Bonn Agreement,
2009; Bonn Agreement, 2011; National Oceanic and Atmospheric
Administration (NOAA), 2016) as a spatial average over the grid
cell dimensions used to represent the concentrations of floating
oil. (Note that oil is patchy at small scales.) Effects on
socioeconomic resources may occur (e.g., fishing may be
prohibited) if oil is visible on the water surface (i.e., ≥0.1 g/
m2). Effects on wildlife (birds, mammals, and reptiles) may occur
if oil on the water surface is ≥10 g/m2. For surface oil exposure,
1 g/m2 corresponds to approximately 1-micron thick oil, on
average.

Water concentration threshold: ≥1 μg/L and 10 μg/L total
dissolved polycyclic aromatic compounds, PACs. Effects on
sensitive early life history stages of fish and invertebrates may
occur at concentrations above approximately 1 μg/L (1 ppb) of
dissolved aromatics (i.e., PACs, which include polycyclic
aromatic hydrocarbons and related compounds) that make up
most of the exposure concentrations. The threshold for species of
typical sensitivity is about 10 μg/L (10 ppb) of dissolved PAC.
Older animals are typically not affected by dissolved PAC
concentrations below 100 ppb. (See French-McCay, 2002;
French-McCay, 2016; French-McCay et al., 2018c for further
background on these thresholds).
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2.2.2 Model Inputs
Environmental data and oil property inputs are described in
Supplementary Appendix Section A. Five years of current
(Supplementary Appendix Section A.1.1) and wind
(Supplementary Appendix Section A.1.2) data were sampled
for running the stochastic scenarios. Gaps in the available wind
record (2005–2010) dictated the choice of years. Two model runs
were performed for each month during the 4 years with complete
wind records (2005, 2007, 2008, and 2009), and for 9 months in
2010, selecting the start date at the beginning of each sampled
half-month period. Thus, 114 runs were performed for each
stochastic scenario, and each simulation was modeled for a
total of 30 days. Wind roses for the data used from 2010 were
very similar to the wind rose for 2005, 2007, 2008, and 2009,
indicating the missing data from 2010 did not cause a bias.

The location of the meteorological buoy 42001 (25.942°N
89.657°W) was used as the spill site. Wind drift of floating oil
was assumed to be typical of offshore in the northern hemisphere
(i.e., the surface oil wind drift factor was 3.5% and the angle was
20° to the right of downwind). Total suspended sediment
concentrations were assumed to be a typical concentration for
the Gulf of Mexico, 3 mg/L (French-McCay et al., 2018a; French-
McCay et al., 2018b).

Instantaneous surface releases of 200 metric tonnes (MT,
~1,250 bbls; volume varies slightly by oil type) were modeled
using 15-min time steps and simulating oil fate over 30 days.
Note that while concentrations and areas/volumes affected would
vary by spilled amount, the weathering behavior and mass balance
on a percentage basis will be representative of a range of spill sizes.
The numbers of Lagrangian Elements (LEs) simulated were 2,000
surface or entrained whole oil LEs and 20,000 dissolved components
LEs. Each LE representing subsurface entrained oil or dissolved
components was treated as a Gaussian shaped cloud of mass, with
spreading rate controlled by diffusion coefficients of 1 m2/s in the
horizontal and 10 cm2/s in the vertical. The LE centers were
dispersed by random walk-based diffusion; 10 m2/s for floating
oil, 1 m2/s for subsurface LEs in the horizontal dimension and
10 cm2/s for subsurface LEs in the vertical dimension.

2.2.3 Statistical Analysis
The same set of spill dates were simulated for each oil with and
without inclusion of emulsification. Thus, Student’s paired t-tests,
with a two-tailed distribution, were conducted to identify
significant changes between simulation results with versus
without inclusion of emulsification for the same spill date. The
t-test measures the probability that the results are not different.
Probabilities <0.05 (i.e., <5%) indicate that emulsification
significantly affected the results (with 95% confidence). The
degrees of freedom for all these tests are equal to n/2-1, where
n = 114 model runs per scenario, and df = 56.

2.3 Phase 3: Deterministic Oil Spill Model
Analysis
Twelve individual (“deterministic”) model simulations, four per
oil, were selected from the stochastic parent scenarios to evaluate
oil fate and weathering in detail. For each of the emulsified states,

weathered-only (i.e., Fwmax = 0) and weathered and emulsified
oils, the two simulations selected per stochastic scenario were: 1)
95th percentile for surface oil exposure, and 2) the 95th percentile
for water column exposure. In addition to a specific trajectory, the
results of the deterministic simulations provide a time history of
oil weathering (as indicated by surface oil water content, viscosity,
and oil density) and the oil mass balance, expressed as the
percentage of spilled oil on the water surface, on the shoreline,
evaporated, entrained in the water column, and degraded. The
reported deterministic results include:

• Mass balance over time (expressed as % by mass of the
release); and

• Maps of maximum surface oil exposure and vertical
maximum water column entrained and dissolved
concentrations for each deterministic run.

3 RESULTS

3.1 Phase 1: Oil Viscosity Change With
Weathering and Water Content
Using the model equations (Section 2.1), viscosity changes with
temperature, fraction weathered (Fv) and water content (Fw)
calculated for the thirteen evaluated oils (Table 1;
Supplementary Appendix Section A.1.5) demonstrate the
functional relationships. This initial analysis showed that
because the water uptake rate is related to the square of wind
speed, water uptake to the maximum water content occurs
within a few hours (in moderate winds 5–10 m/s) to a few
days (in light winds <5 m/s) under most conditions. The
modeled viscosity (assuming no emulsification) increases
with loss of volatiles, primarily due to evaporation, with
some losses attributed to dissolution and biodegradation
(Figure 1). The rate of change (i.e., the slope) of viscosity
with percent evaporated is constant on a log-linear scale,
with the intercept of the relationship between viscosity and
percent weathered (% of volatiles lost) being the initial viscosity.
For emulsifying oils, after a combination of weathering and
emulsification, oils eventually reached their maximum water
content and viscosity (Figure 2).

These results show that the maximum water content is the
controlling input parameter for modeling oil viscosity of
emulsified oils. The maximum water content is set to zero if
an oil does not emulsify, and for emulsifying oils, the magnitude
of the maximum water content controls the ultimate viscosity of
the oil emulsion.

Table 2 summarizes the results from this sensitivity study for
the 13 oils, with oils of similar fate behaviors grouped together,
listing viscosities at 20°C for 1) non-weathered, 2) fully weathered
(assuming all volatiles and semi-volatiles to a boiling point of
380°C have evaporated) but not emulsified, and 3) both fully
emulsified and fully weathered oils. If an oil does not emulsify
(e.g., condensates, Bakken crude oil, and light fuels), the viscosity
is controlled by the weathering and ambient temperature. If an oil
emulsifies, the viscosity dramatically increases due to the uptake
of water. The ultimate viscosities of emulsions were primarily a
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function of the maximum water content, but also influenced by
the volatile content and initial viscosity.

The heavy—highly viscous oils (Table 2) were very viscous
initially, and with weathering quickly became so viscous that they
would not easily entrain into the water. Thus, emulsification
would not change their behavior significantly. Whereas the heavy
crudes (Table 2) have a low enough initial viscosity to entrain
before weathering and emulsification occurs. Thus, the Western
Canadian Select (WCS) oil was selected for further evaluation, as
emulsification could affect this heavy oil’s fate over-and-above the
effect of weathering. The medium crude oils (Table 2)
characterize oils with low volatile content and high emulsion
water content. The sensitivity study showed that the effect of
emulsification could substantially affect their oil fate, so Bow
River Blend (BRB) was selected for analysis in phases 2 and 3. The
Alaska North Slope (2017) crude (Table 2) is an unusual medium
crude oil in that the emulsion had a very low maximum water

content, while the light crude oils (Table 2) had high volatile
content and low initial (fresh) viscosities. Emulsification
dramatically changed the viscosities of these light crude oils.
West Texas Intermediate (WTI) was the third oil selected for
further analysis, representing the light crudes. The ultralight
crudes and condensates (Table 2) do not emulsify, and so
viscosities were controlled solely by weathering.

In the spill simulations for the representative oils, the rate of
water uptake varied by oil type (determined by the maximum
water content and the initial asphaltene and resin content) and
with wind conditions (speeds). For WTI, the initial asphaltene
and resin concentrations in the oil were low, so preliminary
weathering was required to concentrate these components before
water uptake initiated. WTI was fully emulsified after
approximately 30 h of weathering and 3 days of water uptake
in light winds (<5 m/s). In contrast, BRB and WCS began
emulsifying immediately, reaching maximum water content in

FIGURE 1 | Viscosity as a function of weathering, assuming no emulsification (A), compared with viscosity of the fully emulsified oil at varying weathering states (B)
for West Texas Intermediate oil.

FIGURE 2 | Viscosity changes with water content for oils with an initial viscosity of 10 cP and varying maximum water content.
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light winds in approximately 36 and 12 h, respectively. At higher
wind speeds (5–10 m/s), full emulsification was reached in a few
hours for all three oils.

3.2 Phase 2: Probabilistic Oil Fate and
Exposure Model Results
To evaluate the influence of emulsification processes on the fate
and behavior of each oil type (WTI, BRB, and WCS), stochastic
(probabilistic) modeling was performed by enabling 1)
weathering only (i.e., Fwmax = 0) and 2) both weathering and
emulsification processes. As expected, shoreline oiling was
predicted to be minimal due to the release location being far
offshore, while results for floating oil and water column exposures
highlighted the influence of emulsification on the predicted fate
and behavior of the hypothetical releases. Thus, results for
floating oil and water column exposures are reported here.

Figure 3maps the probabilities of surface oil exposure for the
multiple model runs comprising the probabilistic scenario for
WTI including emulsification. For this offshore location where
the spill simulations were modeled, the currents were relatively
weak and variable, with winds varying seasonally and over time,
such that oil trajectories had nearly equal probabilities of moving
in any direction on an annual basis. Based on the wind rose
(Supplementary Appendix Section A.1.2, Supplementary
Appendix Figure A1), easterly winds were stronger than
westerlies, so oil moved faster when transported to the west.
However, the stronger easterlies entrained and dispersed the oil
more readily, such that the trajectories were of similar length in all
directions. Similar maps for the other oils (Supplementary
Appendix Section A.2; Supplementary Appendix Figures
A2–A6) show that the extent of the trajectories increased with
oil viscosity, either by nature of the fresh oil or especially with
emulsification. Thus, more viscous oils remained on the surface
and were more persistent.

Note that the areas exposed to surface floating oil and the
volumes of water exposed above threshold concentrations are
functions of the amount of oil assumed spilled. Larger areas and
volumes affected above the thresholds would result from larger
spills. Thus, while absolute differences in results between the runs
with and without emulsification will vary by the spilled amount,
patterns can be discerned by comparing the scenarios based on
the example spill amount simulated (i.e., 200 MT of oil).

The probabilistic results are summarized in Tables 3–7 and
Supplementary Appendix Tables A12–A21 in Supplementary
Appendix Section A.2. The mean values reported in these tables
are the expected values given a spill of 200 MT of oil, that would
result for a range of weather conditions. They are calculated as the
average result, based on the set of 114 model simulations
evaluated for a single scenario, by varying the start date, and
so the environmental conditions following the spill.

The modeling results are best understood by considering the
viscosity of the surface oil at its most weathered state in the
simulations. Emulsification significantly increased the viscosity of
the floating oil, regardless of oil type, which ultimately changed
the fate and behavior of the oil. For all oil types, viscosity
decreased by about an order of magnitude between the
simulations with and without emulsification (Table 3).

Tables 4, 5 summarize the surface areas swept by floating oil
and water volumes exposed to dissolved concentrations >1 μg/L
for each oil type. Water volumes exposed to dissolved
concentrations >10 μg/L are in Supplementary Appendix
Table A12 in Supplementary Appendix Section A.2. The
average exposures (as μg/L-hours) in the volumes of water
affected by dissolved hydrocarbon concentrations ≥1 μg/L are
summarized in Table 6.

Supplementary Appendix Tables A13–A16 summarize the
mean and 95th percentile results of the mass balance for the 114
model simulations for each scenario, based on the maximum
value at any time for each simulation. The maximum amount of

TABLE 2 | Viscosity at 20°C for non-weathered, fully weathereda non-emulsified, and fully emulsified as well as fully weathered oils. (The classification and associated colors
indicate oils of similar expected behavior).

Oil name API Classification Max. %
water

Fraction
volatiles

Viscosity (cP)
unweathered

Viscosity (cP)
weathered

Viscosity (cP)
emulsion

IFO380 Prestige 10.8 Heavy—highly
viscous

60.0 0.16 16,180 1,623,000 16,910,000
IFO180 14.9 69.0 0.32 1,385 138,800 3,736,000
Platform elly 15.8 64.0 0.37 2,311 231,700 3,483,000
Maya 2004 20.4 Heavy crudes 64.0 0.47 399 40,000 601,100
WCS 2017 21.7 60.0 0.22 267 26,810 279,300
Bow River Blend 27.0 Medium crudes 66.0 0.47 28.0 2,807 52,230
Petronius block
VK786A

31.0 78.3 0.49 7.8 781 122,900

Alaskan North slope
2017

32.5 Low water 31.0 0.46 8.9 889 2,096

HOOPS 34.2 Light crudes 64.0 0.57 8.4 846 12,710
MC252 2020 35.4 64.0 0.62 5.8 585 8,800
West Texas
Intermediate

36.6 64.0 0.65 5.5 554 8,324

Bakken crude 40.6 No emulsification 0.0 0.73 3.4 337 337
Oso condensate 49.2 0.0 0.82 1.6 157 157

aFully weathered is defined here as <1% left of the fraction boiling off by 380°C. These data are calculated by spreadsheet, and full weathering may not occur in the field. The bolded oils
were selected for further evaluation in phases 2 and 3.
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FIGURE 3 | (A) displays probability of surface oiling ≥0.1 g/m2 and (B) displays minimum time for surface oil to exceed 0.1 g/m2, based on a range of possible
trajectories for a surface spill of 200 MT of WTI, including emulsification.

TABLE 3 | Expected viscosity (cP) of weathered floating oil for a surface release of 200 MT, based on results for 114 simulations varying spill date.

Emulsification condition Metric West Texas Intermediate Bow River Blend Western Canadian Select

With emulsification Mean 6,432 33,700 79,150
95th percentile 8,255 39,270 1,01,700

Without emulsification mean 410 2,097 14,520
95th percentile 510 2,452 18,600

Paired student’s t-test Probability not different <0.01 <0.01 <0.01
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surface oil occurred immediately after the spill; the maximum
amount in the water column is typically within the first few days
after the release; and the amounts in the atmosphere and
degraded are cumulative by the end of the 30-day simulation.
(Thus, the percentages do not add to 100%.) The maximum
percentage on the water surface over the time of the simulation
was higher for the more viscous oils (Supplementary Appendix
Table A13, correlation with fresh oil viscosity was 0.997). The
maximum percentages of oil evaporated, in the water column and
degraded (Supplementary Appendix Tables A14–A16) were all
inversely correlated with oil viscosity (correlation coefficients
−0.74, −0.46, and −0.79, respectively), the dissolved mass
percentages being highly correlated (−0.91) with viscosity. In
Supplementary Appendix Table A15, the total in the water
column includes weathered residuals formed from floating oil
after evaporation was complete (defined as >99% of volatiles lost

from the oil), assumed awash in the wave-mixed layer. As highly
viscous but non-emulsified WCS became fully weathered (which
did not occur by 30 days for emulsified BRB and WCS oils), the
percentage of mass in the water column did not correlate with
viscosity as much as did total dissolved mass.

In the first 30 days of the simulations, most of the degradation
(biodegradation and photodegradation of PACs) occurred in the
water column, and ultimately the mass in the water column at
30 days would biodegrade or settle. Table 7 lists the total
percentage that would ultimately be in the water column
degraded, assuming no settlement. It is possible that some of
the water column mass would settle to the sediments as part of
marine snow, but in the 30-day time frame of these simulations,
that settlement would not likely be significant.

Considerable percentages of the emulsified BRB andWCS oils,
as well as WCS assuming no emulsification, remained floating as

TABLE 4 | Expected surface area (km2) swept by ≥0.1 g/m2 of floating oil for a surface release of 200 MT, based on results for 114 simulations varying spill date.

Emulsification condition Metric West Texas Intermediate Bow River Blend Western Canadian Select

With emulsification Mean 9,670 45,220 38,420
95th percentile 46,540 78,400 63,200

Without emulsification Mean 1,306 17,920 55,660
95th percentile 4,694 44,150 92,940

Paired student’s t-test Probability not different <0.01 <0.01 <0.01

TABLE 5 | Expected water volumes (million m3) exposed to dissolved concentrations ≥1 μg/L for a surface release of 200 MT, based on results for 114 simulations varying
spill date.

Emulsification condition Metric West Texas Intermediate Bow River Blend Western Canadian Select

With emulsification Mean 450 215 44
95th percentile 703 426 119

Without emulsification Mean 439 303 73
95th percentile 671 509 170

Paired student’s t-test Probability not different 0.16 <0.01 <0.01

TABLE 6 | Expected exposure to ≥1 μg/L (1 ppb) dissolved concentrations, as the sum of concentration multiplied by duration of exposure (dose, µg/L-hours) over the
simulation, for a surface release of 200 MT, based on results for 114 simulations varying spill date.

Emulsification condition Metric West Texas Intermediate Bow River Blend Western Canadian Select

With emulsification Mean 327 260 74
95th percentile 545 472 170

Without emulsification Mean 361 202 81
95th percentile 613 374 178

Paired student’s t-test Probability not different <0.01 <0.01 <0.01

TABLE 7 | Percentage ultimately degraded or dispersed in the water column after a 200-MT spill, based on results for 114 simulations varying spill date.

Emulsification condition Metric West Texas Intermediate Bow River Blend Western Canadian Select

With emulsification Mean 60.5 17.9 9.3
95th percentile 76.9 37.3 20.2

Without emulsification Mean 69.5 51.4 19.6
95th percentile 77.1 69.0 41.7

Paired student’s t-test Probability not different <0.01 <0.01 <0.01
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partially weathered oil or as weathered residuals at 30 days
(Supplementary Appendix Tables A17, A18; Supplementary
Appendix Section A.2) because their high viscosities once
weathered (>10,000 cP, Table 3) prevented entrainment.
Emulsified BRB and WCS did not fully weather in 30 days,
while all three oils fully weathered when emulsification was
assumed not to occur. WTI with emulsification also fully
weathered in <30 days. Ultimately, the floating oil would
weather to become part of the weathered residual pool.
Supplementary Appendix Table A19 lists the total of
remaining floating oil and weathered residuals at 30 days post-
spill. For all three oils, emulsification resulted in more oil mass
(not including the water in the emulsion) floating or remaining as
weathered residuals than if emulsification did not occur.

The percentage in the water column at 30 days, without
including the weathered residuals, was inversely correlated
with viscosity (−0.77; Supplementary Appendix Table A20).
The maximum percentage dissolved in the water column at any
time occurred shortly after the spill when relatively fresh oil was
entrained (inversely correlated with viscosity, −0.83;
Supplementary Appendix Table A21). The total percentage of
spilled oil that was dissolved or entrained and would ultimately be
degraded in the water column (Table 7) decreased with the initial
fresh oil viscosity. The percentage ultimately degraded in the
water column increased when emulsification was prevented, by a
factor of 2–3 for the BRB and WCS oils, and by 10% for WTI
(which entrained readily even when emulsified). Results specific
to each oil type are further described in the following subsections
(Sections 3.2.1–3.2.5).

3.2.1 West Texas Intermediate
For the WTI (including emulsification), the model predicted a
low likelihood for oil to move north over the US continental shelf
or over the Yucatan shelf north of Mexico (Figure 3) because this
light crude was easily entrained during stormy conditions. In
some weather conditions (i.e., southerly winds), there was
potential exposure to surface oil north of the spill site over the
shelf. As for the weathered-only WTI modeling, the floating oil
trajectories were much shorter (Supplementary Appendix
Figure A2) because the oil viscosity remained low (Table 3)
and the oil was easily entrained during windy periods.

When emulsification was included in the WTI simulations, on
average, the floating oil fully weathered to a density ~1.0 and a
viscosity of ~6,400 cP (Table 3), slowing entrainment. Whereas
the non-emulsified floating oil fully weathered to a viscosity of
<510 cP. Negating the emulsification slightly decreased the mass
of volatiles evaporating (Supplementary Appendix Table A14)
and increased the oil in the water column (Supplementary
Appendix Tables A15, A20, A21) because the light WTI
crude (without emulsification) was more easily entrained
during stormy conditions than WTI with emulsification.

3.2.2 Bow River Blend
The stochastic footprint for the BRB (including emulsification)
simulations were much larger (i.e., the oil was predicted to travel
further) than the WTI scenarios, extending well into the
continental shelf and reaching shorelines both north and west

of the spill site (Supplementary Appendix Figure A3). This was
due to the higher viscosity of BRB (Table 3) limiting entrainment
into the water so that entrainment could only occur during
stormy conditions. For the simulations when emulsification
was included, the floating oil fully weathered to a density ~1.0
and a viscosity averaging ~34,000 cP, while a fully weathered
(non-emulsified) BRB was predicted to have a much lower
viscosity of ~2,000 cP (Table 3).

The BRB weathering-only trajectories (Supplementary
Appendix Figure A4) were similar to the WTI scenarios
(Supplementary Appendix Figure A2) in that the floating oil
trajectories were much shorter when emulsification was excluded
but differed from WTI in that there was a low probability of
shoreline oiling. The smaller surface area footprint when
emulsification was prevented was due to the oil viscosity
remaining low (Table 3), which allowed oil to readily entrain
during windy periods. Emulsification of BRB oil decreased the
percentage of oil and dissolved oil components in the water
column (Supplementary Appendix Tables A15, A21) and
therefore increased the percentage of volatiles evaporating
(Supplementary Appendix Table A14). This is because the
BRB without emulsification was more easily entrained during
stormy conditions than BRB with emulsification, where the oil
remained at the surface.

3.2.3 Western Canadian Select
Oil trajectories for the WCS including emulsification
(Supplementary Appendix Figure A5) were similar in size to
the BRB scenario with emulsification, extending into the
continental shelf and reaching shorelines both north and west
of the spill site. Once again, this was due to the high viscosity of
WCS (Table 3) inhibiting entrainment into the water. The
floating oil fully weathered to a density ~1.0 and a mean
viscosity of ~79,000 cP (Table 3). Unlike the WTI and BRB
scenarios, many of the oil trajectories were similar regardless of
the inclusion of emulsification (Supplementary Appendix
Figures A5, A6). The maximum amount in the water column
was substantially higher for the non-emulsified WCS
(Supplementary Appendix Table A15), owing to its much
lower viscosity (mean viscosity of ~14,500 cP, Table 3),
allowing it to be dispersed into the water for a wider range of
environmental conditions. However, due to its low volatile
content (Supplementary Appendix Tables A10, A11) and
lower viscosity (Table 3) allowing spreading, the non-
emulsified WCS weathered (by evaporation) quickly, such that
water column exposure to dissolved constituents was lower than
for the emulsifying WCS (Supplementary Appendix Tables
A20, A21). Some of the weathered-only trajectories traveled
further (Supplementary Appendix Figure A6 compared to
Supplementary Appendix Figure A5) because the winds were
enough to entrain fresh oil and transport it by currents (e.g., in the
Loop Current) in a different direction from the wind forcing.

Biodegradation was facilitated by the entrainment and
(natural) dispersion into the water column, but as entrainment
of WCS was lower than for other oils, so was biodegradation
(Supplementary Appendix Table A16). Negating the
emulsification slightly decreased the mass of volatiles and so
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the percentage of the oil evaporating (Supplementary Appendix
Table A14) because non-emulsified WCS was more easily
entrained during stormy conditions than emulsified WCS.

3.2.4 Surface Area Exposure—All Oils
For all stochastic scenarios, the cumulative water surface areas
exposed to oil ≥0.1 g/m2 (Table 4) and ≥10 g/m2 over the 30-days
simulation, based on the swept areas of the Lagrangian Elements
used to simulate the floating oil, were calculated for each model
run (of the 114 simulations). As results were similar for the
≥0.1 g/m2 and ≥10 g/m2 thresholds, only the mean and 95th
percentile results for the surface areas swept and area-days for
floating oil exposure ≥0.1 g/m2 are presented (Figure 4). The
average duration of exposure was calculated by dividing the area
swept each time step multiplied by time step, summed over all
time in the simulation (km2-days), by the summed area swept
(km2). Since the floating oil was continuously moving, the
predicted average exposure duration for all stochastic
modeling scenarios was approximately 15 min (i.e., one time
step).

Except for the emulsifiedWCS, the water surface area swept by
oil increased with increasing viscosity of the oil (Table 4), as
higher viscosity decreased the rate of oil entrainment during
windy periods. The correlation coefficients between the metrics
summarizing surface oil exposures (water surface areas swept by
oil and areas-days of floating oil exposure) and fresh oil viscosities
were 0.73–0.74.

For WTI (including emulsification), the range of potential
surface area exposed to ≥0.1 g/m2 of floating oil was very broad,
from just over 10 to nearly 90,000 km2, depending upon the wind
speeds following the release (Supplementary Appendix Figure
A7; Supplementary Appendix Section A.2). The mean and 95th
percentile simulations of WTI (including emulsification) were
predicted to result in 9,670 km2 and 46,500 km2 of surface area
swept by ≥0.1 g/m2 of floating oil, respectively. For simulations
including emulsification, the exposure area was predicted to be an
order of magnitude larger than for weathered-only WTI and

significantly different (p < 0.01) for both thresholds (Table 4;
Supplementary Appendix Figures A7, A9). WTI including
emulsification reached viscosities of ~10,000 (cP), whereas
without including emulsification viscosities were at most ~600
(cP). Thus, without emulsification, the WTI (or any light crude
that does not emulsify) is much more ephemeral on the water
surface, entraining more easily after weathering such that the area
exposed to floating oil is about 10 times less than for WTI with
emulsification.

The BRB (including emulsification) simulations were
predicted to have a potential surface area exposed to ≥0.1 g/m2

of floating oil between ~16,000 and ~91,000 km2, depending on
environmental conditions during the spill (Supplementary
Appendix Figure A11), higher than for WTI because of the
higher viscosity of BRB (Table 3). Results for the weathered-only
BRB predicted an order of magnitude decrease in the minimum
value (2,440 km2) and a slightly smaller maximum value
(81,660 km2) for the surface area swept by ≥0.1 g/m2 of
floating oil (Supplementary Appendix Figure A13). The
mean and 95th percentile exposures were about 40% of what
they were for BRB with emulsification and weathered-only BRB
were predicted to have significantly (p < 0.01) smaller areas swept
by floating oil with concentrations ≥0.1 g/m2 (Table 4). Without
emulsification, the BRB is more ephemeral on the water surface,
entraining more easily than BRB with emulsification. Similar
results would be expected for other medium crude oils that do not
emulsify.

Depending on wind speeds after the spill, the range of
potential surface area exposed to ≥0.1 g/m2 of floating WCS
(including emulsification) ranged from ~16,000 to
~71,000 km2 (Supplementary Appendix Figure A15). Since
weathered WCS is very viscous and because weathering
occurred quickly, most of the surface oil was ≥10 g/m2

(>10 μm thick), so the areas swept were essentially the same
for ≥0.1 g/m2 and ≥10 g/m2 thresholds. The range of potential
surface areas exposed to ≥0.1 g/m2 of floating oil for the
weathered-only WCS simulations was broad, from ~25,000 to

FIGURE 4 | The mean and 95th percentile surface area swept (km2) and area-days of surface oil exposure (km2-days) ≥0.1 g/m2 threshold for each stochastic
scenario (i.e., all oils with and without emulsification).
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~106,000 km2 (Supplementary Appendix Figure A17), and
higher than the WCS (including emulsification) simulations
(Supplementary Appendix Figure A15). The mean and 95th
percentile exposures for weathered-only WCS were about
1.5 times larger than WCS with emulsification (Table 4).
Without emulsification, the fresh WCS was more ephemeral
on the water surface, entraining more easily. However, because
the fresh oil was highly viscous to start with, the viscous oil
entrained as large droplets, and resurfaced once the turbulence
(i.e., winds) subsided. This expanded the area exposed to floating
oil compared to WCS with emulsification because the entrained
droplets were transported by subsurface currents differentially
from the wind transport at the surface. For WCS, and other very
viscous crude oils, the results indicate that emulsification as a
weathering process may significantly decrease the potential
surface area exposed to ≥0.1 g/m2 or ≥10 g/m2 of floating oil.
However, the mass of crude oil remaining as floating oil or
weathered residuals was much higher when emulsification was
included (Supplementary Appendix Tables A17–A19).

3.2.5 Water Column Exposure—All Oils
Water column exposure was the second index used to evaluate
and compare how the inclusion of emulsification when modeling
a hypothetical oil spill can change its fate and behavior. Results
for water column exposures were quantified as volume (m3)
exposed to dissolved hydrocarbon concentrations ≥1 μg/L
(Table 5) and ≥10 μg/L (Supplementary Appendix Table
A12), and the average and 95th percentile exposures (as μg/
L-hours) in the volume of water affected by dissolved
hydrocarbon concentrations ≥1 μg/L for each stochastic
scenario (Figure 5). The volumes exposed were multiplied by
duration exposure and summed to provide an index of exposure
“dose” (i.e., μg/L-hours) that might be experienced by water
column biota (Table 6). Water concentrations were highly
variable over time and space. Dividing the minimum

concentration in the volume, 1 μg/L (1 ppb), by dose indicates
the maximum duration of exposure for any water parcel. Acute
toxic effects are related to concentration and duration of
exposure. For example, lethal concentrations to 50% of
exposed organisms (LC50s) are higher with shorter durations
of exposure, particularly for short (<24-hour) exposures (see
reviews in French-McCay, 2002; French-McCay et al., 2022).

For all three oils, with or without emulsification, the water
volume exposed to ≥10 μg/L was <0.001% of the volume exposed
to concentrations ≥1 μg/L (Table 5 and Supplementary
Appendix Table A12). The volume of water affected by
dissolved concentrations ≥1 μg/L decreased with higher
viscosity of the oil or emulsion (Figure 5). This is because
entrainment was inhibited by increased viscosity, both in
terms of mass entrained and the residence time of the
entrained oil underwater, allowing for dissolution to occur.
However, there were some nuances to this pattern, depending
upon the initial non-weathered oil viscosity.

For WTI (including emulsification), in 90% of potential spills
(i.e., weather conditions), the volumes where maximum dissolved
concentrations ≥1 μg/L (1 ppb) and ≥10 μg/L were 0.1–0.7 km3

and 300–1,500 m3, respectively (Supplementary Appendix
Figure A8). Results were similar for the weathered-only WTI
simulations as 90% of potential spills where maximum dissolved
concentrations ≥1 μg/L (1 ppb) ranged from 0.1 to 0.7 km3 and
≥10 μg/L ranged from 300 to 1,300 m3 (Supplementary
Appendix Figure A10). For WTI oil, including emulsification
did not significantly affect the water volume exposed to dissolved
concentrations ≥1 μg/L (Table 5) because dissolution occurred
from relatively fresh oil, which had such low viscosity it was easily
entrained, prior to emulsifying. For the weathered-only WTI, the
water volumes exposed to concentrations ≥10 μg/L were
significantly less than those with emulsification
(Supplementary Appendix Table A12). However, this result
was driven by two extremely high events for water exposures

FIGURE 5 | The predicted water volume (m3) exposed to dissolved hydrocarbon concentrations ≥1 μg/L and the average exposure (µg/L-hours) in the volume of
water affected by dissolved hydrocarbon concentrations ≥1 μg/L for each oil type, with and without emulsification.
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with emulsification (Supplementary Appendix Figure A8). The
non-emulsified oil, being spread thinner, had lost more of the
PACs before the high wind events occurred. Thus, dissolution
was limited, and so the peak concentrations were lower, for those
two spill dates for the non-emulsified WTI (Supplementary
Appendix Figure A10).

For the BRB (including emulsification), 90% of potential spills
volumes where maximum dissolved concentrations ≥1 μg/L
ranged from 0.001 to 0.4 km3 and ≥10 μg/L ranged from 1,000
to 2,500 m3 (Supplementary Appendix Figure A12). For
weathered-only BRB simulations, the maximum dissolved
concentrations at any time were ≥1 μg/L in volumes ranging
from 0.1 to 0.5 km3 for 80% of the potential spills
(Supplementary Appendix Figure A14), which was slightly
larger than when emulsification occurred. For BRB with or
without emulsification, the water volume exposed to ≥10 μg/L
(Supplementary Appendix Table A12) was <0.001% of the
volume exposed to concentrations ≥1 μg/L (Table 5). Without
emulsification, the water volumes exposed to dissolved
concentrations ≥1 μg/L increased by 41% on average (Table 5)
and the volumes ≥10 μg/L decreased by a factor of two
(Supplementary Appendix Table A12), as compared to the
emulsifying oil. This occurred for the non-emulsified oil
because entrainment and resulting dissolution occurred over a
broader area since the oil spread further and remained of low
enough viscosity to entrain much longer than the emulsifying oil.
For most model runs, the water column dissolved concentrations
for BRB without emulsification resulted from repeated
entrainment events, followed by resurfacing, whereas for BRB
assuming emulsification, entrainment was restricted to soon after
the spill before the oil emulsified and became too viscous to
entrain. This led to smaller volumes with higher dissolved
concentrations when emulsification was included.

Results for WCS (including emulsification), showed that for
90% of potential spills, volumes where maximum dissolved
concentrations ≥1 μg/L ranged from 0.05 to 0.1 km3 and
≥10 μg/L ranged from 1,400 to 2,400 m3 (Supplementary
Appendix Figure A16). The maximum dissolved
concentrations at any time were ≥1 μg/L in volumes ranging
from 0.05 to 0.2 km3 for 56% of the potential spills (i.e., weather
conditions) for WCS without emulsification (Supplementary
Appendix Figure A18), higher than WCS with emulsification
(Supplementary Appendix Figure A16; Table 5). For WCS, the
emulsification did not greatly change the volume exposed to
≥10 μg/L dissolved concentration (Supplementary Appendix
Figures A16, A18; Supplementary Appendix Figure A12)
and that volume was <0.001% of the volume exposed to
concentrations ≥1 μg/L. The emulsification resulted in a 66%
(on average) smaller volume of water exposed to concentrations
≥1 μg/L because there was much less entrainment as that oil
weathered and became highly viscous.

The dose metric μg/L-hours (the sum of concentration
multiplied by duration of exposure) in Table 6 provides an
integrated index of exposure to dissolved concentrations
≥1 μg/L. The dose decreased with increasing fresh oil viscosity.
For WTI and WCS, the integrated exposure dose indices
increased when emulsification was prevented, whereas for BRB

the opposite trend resulted. For WTI, the non-emulsifying oil
easily and repeatedly entrained, and so water exposure was higher
than for the emulsifying oil that becamemore viscous in time. For
BRB, while the non-emulsifying oil repeatedly entrained, it did so
less easily and spent more time exposed to evaporation than WTI
(Supplementary Appendix Figure A14). The oil entrained over a
broader area and diluted more than the WTI. Thus, the exposure
dose was lower for BRB than for WTI. Dissolved concentrations
from emulsified BRB were higher in a smaller volume than for
non-emulsifying BRB. The integrated exposure dose forWCS was
higher without emulsification because more of the oil could
entrain and dissolve.

3.3 Phase 3: Deterministic Oil Fate and
Exposure Model Results
Two individual deterministic model simulations from each of the
six stochastic scenarios are examined in further detail in this
section to investigate the effect of emulsification on oil weathering
and mass balance (i.e., entrainment, dissolution, and
biodegradation). The 95th percentile for surface oil exposure
and 95th percentile for water column exposure were selected from
the set of runs performed for the scenario including
emulsification. The runs with the same spill dates were
examined for the paired scenario (i.e., with and without
emulsification) for the same oil type (Supplementary
Appendix Table A22). Maps showing the oil trajectories are
in Supplementary Appendix Section A.2 (Supplementary
Appendix Figures A19–A30). Mass balance plots of the
amount of oil in each environmental compartment (i.e., on the
surface, in the atmosphere, in the water column, on the shoreline,
etc.,) over time are shown in Figures 6–8 for the example
deterministic simulations.

3.3.1 West Texas Intermediate
The maximumwater surface oil exposure for the spill date that led to
the 95th percentile for surface oil exposure (including emulsification),
was smaller for the run without emulsification. The initial trajectory
was similar, with high concentrations (>100 g/m2) extending roughly
80 km south, however the lower concentrations (<1 g/m2) did not
extend as far (Supplementary Appendix Figure A19). The
maximum water column dissolved concentrations were also
similar for spills with or without emulsification (Supplementary
Appendix Figures A19, A21) because the dissolution occurred
primarily from very low viscosity oil that was entrained in the
water column soon after it was released.

For the spill date that led to the 95th percentile for water
column exposure (including emulsification), the maximum water
column dissolved concentrations were nearly identical between
the emulsifying oil and oil not including emulsification
(Supplementary Appendix Figures A20, A22). Again, this
resulted from entrainment directly after the spill occurred. The
plumes traveled directly west with lower concentrations reaching
approximately 75 km. The maximum surface oil exposure for
both simulations, with and without emulsification, were
negligible as the oil was entrained immediately by high winds
at the time of the spill.

Frontiers in Environmental Science | www.frontiersin.org May 2022 | Volume 10 | Article 90898413

French-McCay et al. Emulsification Influences Oil Fate

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


The mass balance over time for the four simulations of WTI
spills with and without emulsification (95th percentile for surface
area swept, and 95th percentile for water column exposure,

Figure 6) shows that more oil was entrained into the water
when winds and waves were higher. The winds and waves were
much higher in December 2008 (the 95th percentile for water

FIGURE 6 |Mass balance (as percent of the spilled mass) for a surface release of 200 MT of WTI for the runs that led to the 95th percentile for surface oil exposure
[(A,B); 15 June 2008] and for water column exposure [(C,D); 15 December 2008], including emulsification (A,C) and not including emulsification (B,D).

FIGURE 7 |Mass balance (as percent of the spilled mass) for a surface release of 200 MT of BRB for the runs that led to the 95th percentile for surface oil exposure
[(A,B); 1 October 2009] and for water column exposure [(C,D); 15 April 2007], including emulsification (A,C) and not including emulsification (B,D).
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column exposure simulation; Figures 6C,D) than in June 2008
(the 95th percentile for surface area swept simulation; Figures
6A,B), so that with emulsification floating oil persists for about
19 days after the June 15th spill (Figure 6A) and <1 day after the
December 15th spill (Figure 6C). The spill dates, and so the wind
and wave conditions at the spill site, for the runs without
emulsification were the same as for the scenario with
emulsification. As occurred when the oil emulsified, the
weathered-only WTI floating oil was entrained into the water
much faster in December 2008 (Figure 6D), when winds and
waves were higher than in June 2008 (Figure 6B), when winds
were light. Because in the December run entrainment was
complete within hours, there is little difference between results
with and without emulsification (Figures 6C,D). However, for
the June run, when winds were light, the non-emulsifying oil
entrained much faster than when it emulsified, owing to order-of-
magnitude lower viscosity without emulsification, and this is
reflected in the mass balance of the two runs (Figures 6A,B).
Weathering occurred much more rapidly with the higher winds
during the 95th percentile run for water column exposure.

Due to high entrainment, the areas exposed to floating oil were
much less for the December run with the higher water column
exposure, as indicated by the mass balance (Figure 6). The
volatiles (MAHs = total monoaromatics, which includes BTEX
= benzene, ethylbenzene, toluene and xylenes, and soluble alkanes
= C5 to C10 alkanes) evaporate much faster than the semi-volatile
PACs from floating oil, and evaporation is faster during higher
winds. For WTI simulations (including emulsification), BTEX
and other volatiles were depleted from the oil in less than 24 h,

whereas PAC concentrations in the oil decreased to <1% by
11 days (95th percentile run for surface area swept) and 17 days
(95th percentile run for water column exposure) after the spill, at
which point the oil was considered to be weathered residuals
awash in the surface wave mixed layer, and counted as part of the
water column mass.

For the weathered-onlyWTI simulations, evaporative losses of
volatiles and PACs were faster for the weathered-only oil than
when emulsification was included because the weathered oil
spread thinner. BTEX and other volatiles were depleted from
the oil in less than 24 h and PAC concentrations in the oil
decreased to <1% by 8 days (95th percentile run for surface
area swept) and 6 days (95th percentile run for water column
exposure) after the spill, after which the oil was considered
weathered residuals and counted as part of the water
column mass.

3.3.2 Bow River Blend
For BRB simulations (including emulsification), the maximum
water surface oil exposure footprint of the run that led to the 95th
percentile for surface oil exposure circled clockwise from the
discharge location, due to the currents at the time indicating the
presence of a large anticyclonic eddy. The highest concentrations
(>500 g/m2) extended northeast approximately 150 km
(Supplementary Appendix Figure A23). The maximum
surface oil exposure concentrations for the non-emulsifying
oil, for the spill date that led to the 95th percentile for surface
oil exposure with emulsification (Supplementary Appendix
Figure A25), were similar to the run including emulsification

FIGURE 8 |Mass balance (as percent of the spilled mass) for a surface release of 200 MT ofWCS for the runs that led to the 95th percentile for surface oil exposure
[(A,B); 15 August 2008] and for water column exposure [(C,D); 15 May 2008], including emulsification (A,C) and not including emulsification (B,D).
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(Supplementary Appendix Figure A23), traveling in a circular
pattern in the anticyclonic eddy. However, in the run not
including emulsification the surface oil did not have patches
spreading north. Comparing the floating oil trajectories to the
water column plumes for both of these simulations, one observes
that the dissolved concentrations originated from oil dispersed
soon after the spill. The maximum water column dissolved
concentrations for BRB without emulsification were 1–10 μg/L
in several locations below the surface oil trajectory
(Supplementary Appendix Figure A25), resulting from
repeated entrainment events, whereas they were minimal for
the run with emulsification, resulting only from some minor
entrainment immediately after the spill (Supplementary
Appendix Figure A23).

For the spill date that led to the 95th percentile for water
column exposure, the maximum water column concentrations
with and without emulsification had the same initial trajectories
(Supplementary Appendix Figures A24, A26), but the
weathered-only oil entrained more readily than the emulsified
oil. Excluding emulsification resulted in a smaller exposure
footprint because the weathered-only BRB oil spread much
thinner, and the semi-soluble PACs evaporated faster, and so
some of the PACs did not get entrained and dissolved.

The mass balance plots over time for the four simulations of BRB
spills with andwithout emulsification are shown inFigure 7. As with
the WTI simulations, much more BRB oil was entrained into the
water when winds and waves were higher, and this is reflected when
comparing the mass balances for the four runs. The high winds and
waves in the first days after the April 2007 spill entrained the
relatively fresh oil as small droplets prior to it emulsifying, so oil
remaining in the water column at day 2 persisted for the remainder
of the simulation (i.e., it permanently dispersed; Figure 7C). In
October, the relatively low wind and waves in the beginning of the
simulation resulted in a higher percentage of floating oil and
emulsions remaining on the surface throughout the entire 30-day
simulation (Figure 7A). As for the emulsifying oil, the non-
emulsifying floating oil was entrained into the water much faster
on 15 April 2007, when winds and waves were very high at the
beginning of simulation (Figure 7D), than after 1 October 2009,
when winds were light for the first 15 days (Figure 7B). In October,
entrainment was minimal when including emulsification
(Figure 7A), however the non-emulsifying oil entrained to a
much higher degree even with the relatively light winds seen in
the first 15 days of the simulation (Figure 7B) due to its much lower
viscosity. In April the high winds and waves immediately after the
spill resulted in rapid entrainment for runs with and without
emulsification, but the weathered-only simulation (Figure 7D)
resulted in a greater percentage of oil remaining in the water
column (because of smaller droplet sizes due to lower viscosity)
than when emulsification was included (Figure 7C). In both runs
without emulsification (Figures 7B,D), the oil readily entrained with
each relatively high wind event, and resurfaced in each calm period,
such that the amount of floating oil and oil in the surface water
oscillated, reflecting each other. The oscillations did not occur with
emulsification (Figures 7A,C).

The volatiles [MAHs and soluble (C5 to C10) alkanes]
evaporated much faster than the semi-volatile PACs from

floating oil, and PAC evaporation was slowed when the oil
emulsified, becoming viscous and thick, reducing surface area.
When including emulsification, BTEX and other volatiles were
depleted from the oil in less than 24 h, whereas PAC
concentrations in the oil remained >1% at 30 days after the
spill for the examined (and all) model runs. Thus, with
emulsification, the model predicted that it would take
>30 days to form weathered residuals and the water column
showed continually decreasing percentages (Figures 7A,C).
Whereas, when emulsification was excluded and oil was
spread thinner due to lower viscosity, BTEX and other
volatiles were depleted from the oil in less than 24 h and PAC
concentrations in the oil decreased to <1% by 9 days (95th
percentile run for surface area swept) and 16 days (95th
percentile run for water column exposure) after the spill, after
which the oil was considered weathered residuals in the water
column (Figures 7B,D).

3.3.3 Western Canadian Select
The water surface oil footprint of the simulation starting in
August 2008 (Supplementary Appendix Table A22) that led
to the 95th percentile for surface oil exposure circled clockwise
from the discharge location (both with and without
emulsification, Supplementary Appendix Figures A27, A29),
due to the currents at the time indicating the presence of a large
anticyclonic eddy. The WCS oil being more persistent than BRB
oil, circled twice around this eddy, which was of similar size to
that in October of 2009 (which transported the BRB, compare to
Supplementary Appendix Figures A23, A25). For the WCS
simulations with and without emulsification, the water column
exposure occurred under the initial portion of the floating oil
trajectory, followed the anticyclonic eddy about 150 km south
(Supplementary Appendix Figures A27, A29).

For the run that led to the 95th percentile for water column
exposure, both with and without emulsification, the floating oil
and the water exposed to ≥1 μg/L first moved to the northwest,
and then followed an anticyclonic (clockwise flowing) eddy
extending further northwest (Supplementary Appendix
Figures A28, A30). The maximum dissolved concentrations
were more extensive for the spill without emulsification than
with emulsification. While the floating oil exposure without
emulsification was not as persistent as that with emulsification,
it followed the same initial trajectory around the anticyclonic
eddy. (Compare Supplementary Appendix Figure A30 for
without emulsification to Supplementary Appendix Figure
A28 for with emulsification).

The mass balances over time for the four simulations of WCS
spills (95th percentile for surface area swept and 95th percentile
for water column exposure, with and without emulsification) are
shown in Figure 8. As with the other simulations, more oil was
entrained into the water when winds and waves were higher, and
this is reflected in the mass balance. The winds the first day after
the spill were higher on 15 May 2008 (Figures 8C,D), than on 15
August 2008 (Figures 8A,B), so more entrainment was seen in
the first day of the May simulations. In both simulations
assuming the WCS emulsified, high waves and winds after day
6 do not result in any further entrainment due to the weathering
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and emulsification of the oil that occurred in the first few days
after the spills (Figures 8A,C). For the non-emulsifying oil in the
August 2008 simulation (Figure 8B), the movement of floating oil
into the water column between days 23 and 28 was due to the oil
being so weathered (i.e., >99% of the volatiles and semi-volatiles
were lost to evaporation, dissolution, and degradation) that the
floating oil became weathered residuals, which in the model are
considered as awash in the surface wave layer. In both the August
and May runs without emulsification, oscillation between surface
floating oil and entrained WCS oil is observed (Figures 8B,D)
during high wind events due to the lower viscosity of the oil.
Emulsified WCS did not show his behavior (Figures 8A,C). The
non-emulsified weathered-only BRB had shown more frequent
entrainment events (Figures 7B,D) due to its lower viscosity than
weathered-only WCS (Figures 8B,D).

For simulations with and without emulsification, BTEX and
other volatiles were depleted from the oil in less than 24 h. PAC
and other semi-volatile concentrations in the oil including
emulsification remained >1% at 30 days after the spill for the
examined (and all) model runs, whereas semi-volatile
concentrations in the weathered-only oil decreased to <1% by
23 days (95th percentile run for surface area swept) and 30 days
(95th percentile run for water column exposure) after the spill,
after which the oil was considered weathered residuals.
Evaporative losses of volatiles and PACs were faster when no
emulsification occurred than with emulsification because the
non-emulsified oil was much less viscous and spread thinner.

4 DISCUSSION AND CONCLUSION

Findings from this study highlighted the importance of considering
emulsification as a weathering process, as emulsification was shown
to greatly influence the trajectory and fate of a spilled oil at sea. For
the simulations when emulsification was included, the uptake of
water was predicted to occur within hours to a few days, and as water
content increased the viscosity increased dramatically. For all oils, as
the viscosity increased, floating oil did not spread as thin on the
water surface which slowed weathering processes associated with
slick surface area (e.g., evaporation). Additionally, higher viscosity
reduced entrainment of oil into the water and created larger droplets
which resurfaced faster, consequently reducing the residence time in
the water column and the potential for dissolution and
biodegradation. An increase in the area exposed to floating oil
was predicted to occur for the light (WTI) and medium (BRB)
crudes when emulsification was included in the model because the
increased viscosity reduced entrainment. Whereas, for the heavy oil
(WCS), the area of surface oil exposure decreased somewhat when
emulsificationwas included because the non-emulsified oil entrained
into the water column during high wind events and resulting
droplets were relatively large and resurfaced further away from
the spill site once wind speed decreased.

As demonstrated here and in general, water column exposure to
dissolved concentrations decreased with higher viscosity oils.Minimal
differences in water volume exposure were predicted for the light oil
(WTI) whether it emulsified or not, as much of it entrained prior to
water uptake and the rapid increase in viscosity. In contrast, for the

medium (BRB) and heavy (WCS) crudes, a decrease in the volume of
water exposed to dissolved concentrations (above the thresholds of
concern) was predicted to occur if the oil emulsified because
entrainment was reduced by the oil’s increased viscosity. Most
toxic effects of oil on aquatic biota are due to dissolved soluble
and semi-soluble (primarily PAC) components. As demonstrated by
themodel, themain dissolution pathwaywas via dispersed oil droplets
rather than surface slicks because evaporation proceeded faster than
dissolution from slicks. The higher the wind speed (and turbulence)
and the lower the oil viscosity, the more oil was entrained, and the
droplet sizes were smaller. While the droplets were underwater,
dissolution occurred. The smallest oil droplets remained entrained
in the water column for an indefinite period, and larger oil droplets
rose to the surface at varying rates. Thus, most dissolution occurred
from small droplets formed from low viscosity and relatively non-
weathered oil. Alternatively, if an oil evaporated before it was
entrained, exposure to the water column was reduced. Therefore,
emulsification, through its influence on viscosity, prolonged exposure
to floating oil by slowing or preventing it from dispersing in the water
column, thus decreasing water column exposure.

The first phase of this analysis was performed to capture the
most influential model parameters when simulating oil
emulsification, these included: 1) whether the oil emulsifies or
not; 2) the initial oil viscosity and density; 3) asphaltene and resin
concentrations as these determine the needed weathering to allow
emulsification; and 4) the maximum water content because this
influences the oil viscosity. More accurate information on an oil’s
maximum water content would improve predictions of the fully
emulsified oil’s viscosity.

In the modeling performed here, the emulsions were assumed
stable over the 30-day simulation. Emulsion stability under field
conditions has not been quantified to the extent that it can be
mechanistically predicted in an oil spill model (French-McCay
et al., 2021a). The degree to which emulsion stability decreases
over time while at sea would influence the floating oil exposures
predicted herein, as well as spill response options and
effectiveness. However, water column exposures to dissolved
concentrations are determined within a few days of oil release,
and as such would not be affected by differences in long-term
stabilities of the emulsions. In addition, photo-oxidation and its
influence on emulsification were not included in this analysis at
this time but has the potential to expedite the weathering and
emulsification process under favorable environmental conditions
(e.g., long duration of exposure to sunlight).

The implications of emulsification on response effectiveness are
clear as it dramatically changes oil volume (via water uptake) and
viscosity. Increased viscosity affects mechanical removal rates, and
the additional oil volume affects mechanical removal capacities.
Dewatering would decrease the emulsion volume but involve
additional disposal considerations and logistics. The changes in
water content and viscosity affect the choices of mechanical
equipment used, as well as decisions regarding other spill
response options, such as use of herders, in-situ burning, and
dispersant use (National Oceanic and Atmospheric
Administration (NOAA), 2010; IPIECA, 2015; ITOPF, 2018).

Given the sensitivity of viscosity to emulsification, and oil fate
to viscosity, understanding and quantification of oil
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emulsification is an important area of research. To improve
modeling oil emulsification, further experimental and
observational data is needed. The first priority is to determine
whether an oil emulsifies, and this dependence on the physical
and chemical properties of the oil and how these change with
weathering (i.e., evaporation, photo-oxidation). Experimental
analysis should include a wide matrix of oil types, exposed to
variable temperatures, turbulence, and light conditions. From
these experiments, the following information should be reported:
1) identifying if, and when the oil forms a water-in-oil emulsion;
2) measurements characterizing bulk properties (viscosity,
density, and interfacial tension) and chemical composition
(e.g., asphaltenes, resins, wax content, gas chromatography,
and oxygen content) as the oil weathers and emulsifies; 3)
measurement of water content over time; 4) water-in-oil
emulsion formation rate; 5) maximum water content in the
emulsion; and 6) an evaluation of stability of emulsions once
formed using (for example) water droplet size distribution, bulk
properties (viscosity, interfacial tension, and density), and
spreading tests (Zhao et al., 2022). At a minimum, items 1),
2), and 5) need to be reported to be useful for model development.
Further research on oil emulsification processes (including
influences of photo-oxidation), and coordination between
researchers and modelers to incorporate findings into oil spill
models, will improve predictions of oil trajectories and the fate
and behavior of the spilled oil to better inform response
operations, environmental impact assessments, and natural
resource damage assessments.
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