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ng of Cold Lake Blend diluted
bitumen at different water temperatures taking into
consideration uncontrolled environmental factors

Thomas King, *a Brian Robinson,a Jennifer Masona and Michel Boufadelb

The rate of weathering of Cold Lake Blend diluted bitumen in floating microcosms in an experimental flume

tank was monitored over time (0, 6, 24, 48, 72, 96, and 168 hours) under controlled temperature conditions

(4, 10, 15 and 25 °C). At all temperatures, the most rapid change in the physical properties (density and

viscosity) and chemical composition (saturates and aromatics) of the oil occurred within the first 48

hours. Correlation analyses showed that seawater temperature and the uncontrolled factors (wind speed

and air temperature) were significantly correlated on the rate of change in the physical properties of the

oil. Gas chromatography mass/spectrometry analyses of the composite samples of weathered oil

showed similar results for changes in its chemical composition. At 168 hours of weathering, the relative

decrease of the saturates (C10 to C17 normalized to 17a, 21b-hopane) increased with the temperature.

The percent decrease was 16, 24, 42, and 57 at 4, 10, 15 and 25 °C respectively. A similar trend was

observed for the aromatics. From these, the percent decrease of naphthalene and its alkylated

homologues was largest at 15 °C and above. These changes in the chemical composition and physical

properties of the oil most likely resulted from the loss of the diluent. The data from this study on the

weathering of diluted bitumen over a range of seawater temperatures, is the first of its kind, and thus

may be used in predictive models to improve recommendations for responding and/or to improve

contingency planning to oil spills.
Environmental signicance

The weathering of Cold Lake Blend diluted bitumen results in changes in the physicochemical properties of this Canadian oil, which can affect decisions on the
type of oil spill response options to deploy. To date no studies have been produced to show such changes during the weathering of this oil over a range of
seawater temperature conditions for Canadian territorial waters. The data, from this study, is needed to advance trajectory models to better predict the fate and
behaviour of the diluted bitumen to support the development of future oil spill response plans.
1. Introduction

Canada's Alberta oil sands produce approximately 2 million
barrels-per-day (bpd) of upgraded and diluted bitumen prod-
ucts of which >80% is exported to the US, and the rest is
consumed locally. Currently, oil sands products are primarily
transported by pipeline (58%) and rail (31%) from production
sites in Alberta Canada to inland oil reneries in the US.1 The
remaining is transported by rail and pipeline to reneries in
Canada.2 However, this is changing with the completion of the
Trans Mountain pipeline expansion. The pipeline will transport
an additional 0.6 Mbpd of diluted bitumen to the Port of
da, Bedford Institute of Oceanography,

and Protection, Department of Civil and

titute of Technology, Newark, NJ, 07102,

–542
Vancouver in Burnaby, BC, where it will be transferred to
tankers to ship to Asian-Pacic markets or to the US.3 As
Canadian crude bitumen is too viscous to transport by pipelines
and rail cars to reneries in Canada and the United States (US),
it is diluted with a thinning agent (diluent) to meet transport
specications for viscosity and density.

Cold Lake diluted bitumen is a mixture of crude bitumen
with 30% condensate specically formulated for transport by
pipeline. Recent studies have shown rapid changes in the C5–

C15 portion of condensate within 24 to 120 hours of a spill
through natural processes, such as evaporation and
dissolution.4–6 Weathering and its associated changes in the
physicochemical properties of diluted bitumen may inuence
decisions on the type of oil spill response options to deploy.4,6

Factors such as temperature, sunlight exposure, and wind on
the weathering of diluted bitumen on water have been investi-
gated.5,6 However, these previous studies have not fully covered
the range of temperature conditions for Canada's territorial
© 2026 The Author(s). Published by the Royal Society of Chemistry
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waters. This additional data is needed to advance trajectory
models to better predict the fate and behaviour of the diluted
bitumen to support the development of future oil spill response
plans. To address this issue, studies on the weathering of Cold
Lake diluted bitumen (a common product shipped throughout
Canada), were conducted using replicate microcosms within
a temperature-controlled circular ume tank located at the
Bedford Institute of Oceanography, Dartmouth, NS, Canada in
2019 and 2020.
2. Experimental methodology
2.1. Oil product

The oil product used for the study was Cold Lake Blend diluted
bitumen (winter blend). It contains 30% condensate and 70%
bitumen from the Alberta oil sands.
2.2. Circular ume tank

King et al.4,5 designed a circular ume tank that is located at the
Bedford Institute of Oceanography, Dartmouth, Nova Scotia,
Canada. It is fabricated from berglass and the dimensions are
found in Fig. 1. Briey from King et al.4,5 seawater was pumped
directly from the Bedford Basin, Nova Scotia (NS) and ltered (5
mm lter sock; Atlantic Purications Systems Inc., NS, Canada)
into the circular tank. The tank was lled with water to a nal
volume of 1.31 m3 (1310 litres) at a depth of 0.76 m. The inlet of
the circulating pump (34 HP ReeFlo single phase, 1725 rpm, 115
VAC) was connected to a submerged vertical and horizontal
injection system (manifold) constructed of 0.038 m poly-
vinylchloride (PVC) pipe with evenly spaced 0.013 m spigots and
ball valves to control water ow. The ow system was set up to
produce rotational water currents, within the tank, in a clockwise
direction. The velocity was uniform with depth to reduce ow
short-circuiting, especially at the tank bottom; thus, producing
water currents at an average speed of 20.7 ± 0.4 cm s−1 (i.e.,
around 0.4 knots). Water temperature, in the tank, was controlled
using a chiller (Payne refrigeration unit (Model PA13NAO42-B)
and a Johnson temperature controller (Model A419).
2.3. Floating microcosm

In order to keep replicate oil lm thickness oating on the water
surface, a microcosm system was adopted from King et al.4,5

(Fig. 2) with modications. A circular disk of (2.5 cm thick) was
cut from a sheet of chemically resistant polyoxymethylene that
does not absorb sunlight. Thus, oil temperature does not
increase noticeably relative to that of the water. The oil slicks
were retained in cylindrical inserts (13 hold the were cut in the
disk with dimensions 10.2 cm i.d. and 7.6 cm tall) to allow for
easy application and retrieval of oil during the studies. The disk
was made buoyant by xing a Styrofoam sheet (2.5 cm thick) to
the bottom of the disk (with a similar design to align the holes).
Two oating microcosms were placed into the circular ume
tank under static (i.e. no ow) conditions and combined
provided 26 separate holds (rings) to contain oil slicks.
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.4. Environmental conditions

Environmental conditions (water and air temperatures, light
energy, rainfall amounts and wind speeds) were recorded during
the ume tank studies. The wind speeds and air temperatures were
taken from a weather station, ID 8200573 (operated by Environ-
ment and Climate Change Canada) located near the Bedford Basin.
The salinity measurements were made during sampling times (see
below) using a hand held meter (YSI model #30-1-FT; Yellow
Springs, USA). Water temperature and light intensity (wavelength
range from 150 to 1200 nm) was measured (every 15 minutes up to
192 h) using a in situHOBOPendant Data Logger (ITM instruments
Inc. Model UA-002-08; Montreal, Canada).
2.5. Oil application

Twelve grams of oil were placed into each of the numbered
containment rings (of the oating microcosm) to achieve
a 1.5 mm slick thickness. Uniform oil slicks in separate oil
containment rings provided a convenient way to compare the
rate of weathering of the oil at a range of temperatures (4, 10, 15
and 25 °C) that were selected for the study and to sample the oil
at various points in time.
2.6. Sample collection

Three rings were assigned for each time point and triplicate oil
samples (time/temperature) were collected during oil weath-
ering experiments. The duration was selected to be greater than
the typical time of response aer an oil spill, which ranges from
6 to 72 hours depending on the size and location of the spill.7 As
per King et al.4,5 samples of oil were removed from the water
surface, of the rings, using a stainless steel spatula and stored in
a 20 mL vial for further analysis. The nal sample mass was not
recorded, since it contained some water that would affect the
total mass of oil recovered.
2.7. Analyses of oil samples and data analysis

The viscosity and the density of each sample of unweathered
and weathered oil were measured in triplicate using an Anton
Paar SVM 3000 Viscometer following ASTM D7042 (2014) and
D5002 (2010), respectively.8,9 Note, all physical measurements
for the experiments were taken at 15 °C for comparison
purposes.

The chemical composition of the collected oil was obtained
by gas chromatograph (GC, Agilent 7890B) using mass spec-
trometer (MS, Agilent 5977A) detection in selected ion moni-
toring (SIM, electron ionization, mass transfer line held at 280 °
C) mode based on method 8270D.10 All oil samples were di-
ssolved in dichloromethane and prepared volumetrically at
a concentration of 5.0 mg L−1 to allow direct comparison.
One ml of each of the oils at 5.0 mg L−1 was spiked with internal
standards and surrogates (deuterated alkanes and aromatics).
These were puried using a silica gel column and solvent
transferred to isooctane. The extracts of oil were chromato-
graphed on a Supelco column (SLB™-5ms, 30 m × 0.25 mm ×

0.25 mm lm thickness) using the following GC conditions: cool
on-column injection with oven track mode (track 3 °C higher
Environ. Sci.: Adv., 2026, 5, 534–542 | 535
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Fig. 1 Schematic of the circular flume tank (not drawn to scale).

Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 4
/9

/2
02

6 
3:

46
:3

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
than the oven temperature program) 85 °C hold 2 min, ramp at
4 °C min−1 to 280 °C, hold 10 min. Concentrations of the
individual alkanes and aromatics were quantied using a 7
point calibrations curve.

Statistical testing (Microso Excel, correlation analysis) was
used to determine if changes in water temperature and other
uncontrolled environmental factors (wind speed, light intensity,
air temperature and salinity) had an inuence on the physical
properties (density and viscosity) of the test oil weathered over
time on seawater.
536 | Environ. Sci.: Adv., 2026, 5, 534–542
2.8. Weathering models

Previously developed models4,5 were used to capture the time-
based changes in the density and viscosity of oils during
weathering. The concept was to use modied Monod-type
models that captures both the rapid initial changes and the
slower changes thereaer. The formulae4 are as follows:

r ¼ r0 þ
�
rf � r0

�� t

Td þ t

�nd

(1)
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic of the floating microcosm (not drawn to scale with a diameter of 54.5 cm and inner rings of 10.2 cm diameter).
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v ¼ v0 þ
�
vf � v0

�� t

Tv þ t

�nv

(2)

where r and n represents density (g cm−3) and viscosity (centi-
stokes), respectively. The parameter “t” represents time (hours),
while the parameters “Td” and “Tv” represent characteristic
times in relation to reaching the steady state for the density (Td)
or viscosity (Tv). Thus, when t = Td, the density is half-way
between the initial and nal values. The power “n” controls
the rate at which the initial values (r0 or n0) approach the nal
(or equilibrium) values (rf or nf); an “n” value smaller than 1.0
represents a rapid initial increase in r or n, whereas a value
larger than 1.0 represents a rapid increase in r or n at latter
times.
3 Results and discussion
3.1 Test conditions

The averaged measurements for climatic parameters (wind
speed, air and water temperatures, and light intensity (solar
radiation) recorded during the experiments conducted in
Atlantic Canada in 2019 and 2020 are presented in Table S1.
During the experimental runs while water temperatures were
controlled (4, 10, 15, and 25 °C) salinity remained within
a narrow range (29 to 30 ppt). With the exception of the exper-
iment conducted at 10 °C (where the average air temperature
was double the water temperature) the average air temperature
was relatively close to the xed water temperature settings.
Wind speeds were relatively comparable (Table S1) for all the
experiments. The natural light intensity varied between the four
experiments due to seasonal changes in day length and daily
differences in cloud-cover. Although this could inuence the
weathering of the oil, the variability (see Table S1 for averages
and standard deviations and Tables S4 and S5 for correlation
results) among the experiments indicates that the light intensity
© 2026 The Author(s). Published by the Royal Society of Chemistry
was a minimal contributing factor to the nal results. Air and
water temperature played a more important role in the weath-
ering of the oil.
3.2 Physical properties of oils and model results

The unweathered Cold Lake Blend diluted bitumen has an
initial density and viscosity of 0.9281± 0.0064 g cm−3 and 300±
30 centistokes (cSt.) respectively. The averaged data based on
triplicates (Table S2) are reported in Fig. 3 for density and Fig. 4
for viscosity.

The models for density and viscosity, eqn (1) and (2),
respectively, were tted to the density and viscosity data ob-
tained from the weathering experiments at different seawater
temperatures. Initial, nal and parameter (‘T’ and ‘n’) values of
the density and viscosity models are reported in Table S3. The
results reported in Fig. 3 and 4 show that the ts were generally
good. The t was also generally acceptable as evidenced by the
coefficients of determination, which ranged from R2 > 0.85 to
0.99 (Table S3).

In Fig. 3, one notes that the density is largest for the higher
water temperature, which reects the increased evaporation at
the higher temperature, leading to a more rapid depletion of the
light oil fractions compared with the lower temperatures eval-
uated. Fig. 4 (note that plot is logarithm of the viscosity to
achieve the best t) shows that the viscosity was largest (for the
same time) when the water temperature increased. Noting that
oil viscosity decreases with water temperature (for this study all
measurements were taken at 15 °C for comparison purposes)
the only reason for the increase is the loss of low molecular
weight components, and the remaining larger ones whose
abundance increase the viscosity. The least amount of change
in viscosity was observed at 4 °C and the most at 25 °C. This
reaffirms that the oil is more resistant to weathering processes
in cold marine waters. The information (changes in the physical
Environ. Sci.: Adv., 2026, 5, 534–542 | 537
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Fig. 3 The average rate of change (with error bars representing standard deviation) in the density of Cold Lake diluted bitumen weathered over
a range of seawater temperatures. Note, all density measurements were taken at 15 °C for comparison purposes. Averages and standard
deviations are found in Table S3.
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properties over time and at different temperatures) may be used
to advance oil spill models to better predict the fate and
behaviour of the oil as it weathers over time at a range of water
temperatures to improve oil spill response planning.

The results show that the models (eqn (1) and (2)) were
appropriate for capturing the different rates of changes in the
densities and viscosities of oils aer the initial release over
a range of water temperatures. The nal values of density and
viscosity of oil weathered at 25 °C were relatively much higher
than those at 4 °C, and thus the larger ‘T’ value at 25 °C reects
Fig. 4 The average rate (with error bars representing standard deviation)
a range of seawater temperatures. Note all viscosity measurements wer
deviations are found in Table S3.

538 | Environ. Sci.: Adv., 2026, 5, 534–542
a more strongly weathered oil. The ‘n’ value was less than 1.0 for
the density and the viscosity of the oil weathered over the range
of water temperatures.
3.3 Statistical analyses

The results for correlation analyses (Microso Excel) are pre-
sented in Tables S4 and S5. The highlighted columns in the
tables represent signicant correlations (p < 0.05) among the
changes in the density and viscosity with the controlled and
uncontrolled test conditions.
of change in the viscosity of Cold Lake diluted bitumen weathered over
e taken at 15 °C for comparison purposes. The averages and standard

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Statistical analyses showed that varying water temperature
(ranging from 4 to 25 °C) were signicantly correlated on
changes in the physical properties of the oil. Also, the uncon-
trolled factors (wind speed and air temperature) were directly
correlated to the varied controlled water temperature. Fingas11,12

found through experiments that the evaporation of oils did not
increase markedly with wind speed, and that the evaporation of
oil is not limited by the air boundary layer, but by the diffusion
of oil components to the interface between the oil and the
atmosphere. Nevertheless, wind speed were not that variable, so
was not expected to impact oil evaporation directly. However,
there was a fairly signicant correlation as presented in Tables
S4 and S5. It should be noted that the experimental design does
not permit us to separate the effects of water temperature from
the co-varying air temperature and wind.
3.4 Chemical analyses of the unweathered and weathered oil
product

Gas chromatography coupled with mass spectrometry analysis
detected the presence of C10–C35 saturates and 2 to 6 ring
aromatics and their alkylated homologues for the oil (T = 0, Fig. 5
and 6). A few composite samples of oil (prepared using 25mg from
each replica) were selected at time points 0, 48 and 168 hours for
the 4, 10, 15 and 25 °C seawater temperatures to evaluate the loss
of saturates and aromatics during the weathering studies. These
time points were selected, because the most rapid changes in the
physical properties (Fig. 3 and 4) of the oil occurred during the rst
48 hours and thereaer plateauing up to 168 hours (the termina-
tion point) of weathering. In addition, composite samples of oil at
the selected time points were used to minimize the number and
cost associated with GC-MS analyses. The saturates normalized to
Fig. 5 A plot of the decrease in saturates (A) C10 to C20 and (B) C21 to C
a range of temperatures at 48 and 168 hours of weathering on sea wate

© 2026 The Author(s). Published by the Royal Society of Chemistry
the conservative marker 17a, 21b-hopane, stable up to 160 °C,13

showed that major losses were observed in the C10 (n-decane) to
C19 (nonadecane) range (Fig. 5), increasing with increasing
temperature for the weathered compared to the unweathered oil.
The averaged percentage decreases for the saturates (C10 to C19)
normalized to hopane were 16, 34, 42, and 57 at 4, 10, 15 and 25 °C
respectively (Table 1). It important to note that these ndings are
complement to the long-term weathering of diluted bitumen in
freshwater mesocosms that identied the major processes inu-
encing hydrocarbon loss.14

The changes in the aromatics normalized to hopane (Fig. 6)
were detected in the 2-ring polycyclic aromatic hydrocarbons
(naphthalene) and its alkylated homologues for the oil weath-
ered up to 168 hours. These showed a similar trend to the
saturates with a greater percentage loss occurring at 15 and 25 °
C (Table 1). The greatest losses in the aromatics occurred with
naphthalene and methyl-naphthalenes (Fig. 6) with percentage
decreases of 100% and 86% respectively at 25 °C. It has been
reported in the literature that the rate of biodegradation, for
less volatile chemicals, decreases in cold water15 and the
dissolution of low molecular weight hydrophobic compounds
decreased compared to temperate water.16 This decrease in
solubility helps to explain the observed recalcitrance of hydro-
phobic compounds and the potential for aquatic species to have
longer exposure times to them in cold water environments
during a spill of Cold Lake Blend diluted bitumen. Further to
these ndings, we attempted to provide time series plots (ln
[hopane normalized concentrations] versus time; however
composite samples were used for the hydrocarbon analyses and
only three time points were selected. At 4 °C water temperature
no trendlines were determined, because in all cases the ln
[hopane normalized concentrations] were similar at 48 and
35 of Cold Lake Blend (CLB) diluted bitumen composite samples over
r. T = 0 represents unweathered oil.

Environ. Sci.: Adv., 2026, 5, 534–542 | 539
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Fig. 6 A plot of the aromatics (A) 2 to 3 ring (B) 4 to 6 ring of Cold Lake Blend (CLB) diluted bitumen composite samples at 48 and 168 hours over
a range of water temperatures weathered on seawater. N-naphthalene, M-mono or one methyl, D-di or twomethy groups, T-tri or three methyl
groups, te-tetra or four methyl group, Acn-acenaphthene, Ace-acenaphthylene, Flu-fluorene, Ph-phenanthrene, Ant-anthracene, F-fluo-
ranthene, P-pyrene, NaBT-naphtobenzothiophene, B[a]Ant-benz[a]anthracene, C-chyrene, B[a]F- benzo[a]fluoranthene, B[k]F-benzo[k]fluo-
ranthene, B[e]P-benzo[e]Pyrene, B[a]P-benzo[a]pyrene, Pery-perylene, I[1,2,3-cd]Pery-indeno[1,2,3-cd]perylene, DiB[a,h]Ant-Dibenz[a,h]
anthracene, B[g,h,i]Pery-benzo[g,h,i]perylene.
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168 h (Table S6). As the water temperature increases the number
of linear trendlines were more apparent mostly for the low
molecular weight saturates, naphthalene and methyl-
napthalenes, acenaphthene, and uorene with coefficient of
determination varying from 0.88 to 0.99 (Table S6).
Table 1 Hopane normalized saturates and aromatics percentage de
(termination point)a

Compound

Unw Weathered

4 °C 10 °C 15 °C

n-decane 4.1 2.1 1.1 0.9
Undecane 3.6 2.2 1.5 1.2
Dodecane 2.3 1.9 1.2 1.1
Tridecane 2.6 1.9 1.5 1.3
Tetradecane 2.0 1.9 1.4 1.4
Pentadecane 1.8 1.7 1.3 1.3
Hexadecane 2.0 1.9 1.3 1.2
Heptadecane 1.6 1.5 1.4 1.1
Octadecane 1.3 1.2 1.2 1.0
Nonadecane 1.2 1.2 1.1 1.0
Averaged % loss (C10to C19)
Naph 0.2 0.1 0.1 0.0
Methyl-naph 0.7 0.3 0.3 0.2
Dimethyl-naph 1.4 1.0 0.9 0.8
Trimethyl-naph 2.5 2.1 1.9 1.7
Tetramethy-naph 2.7 2.1 2.1 1.9
Averaged % loss (naphthalene and alkylated homologues)

a Unw-unweathered, naph-naphthalene, % decrease of weathered = norm

540 | Environ. Sci.: Adv., 2026, 5, 534–542
The Cold Lake Blend (CLB) diluted bitumen used in the
study is a mixture of crude bitumen diluted with 30% conden-
sate, a liquid product of natural gas extraction. The chemical
composition of the condensate is primarily of low molecular
weight aromatics and saturates in the range of C5 to C15, which
creases for unweathered (Unw) and weathered oil after 168 hours

% Decrease of weathered

25 °C 4 °C 10 °C 15 °C 25 °C

0.2 49 73 78 95
0.3 39 58 67 92
0.4 17 48 52 83
0.8 27 42 50 69
1.0 5 30 30 50
1.1 6 28 28 39
1.2 5 35 40 40
0.9 6 12 31 44
0.9 8 8 23 31
0.9 0 8 17 25

16 34 42 57
0.0 50 50 100 100
0.1 57 57 71 86
0.7 29 36 43 50
1.7 16 24 32 32
1.9 22 22 30 30

35 38 55 60

alized ((unw-weathered)/unw) × 100%.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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are susceptible to evaporation.17,18 This has been substantiated
in the literature by others who have reported that evaporation is
the most important of the various physical processes (evapo-
ration, photo-oxidation, biodegradation, dispersion, etc.)
affecting oil spills on the water surface.19 The majority of the oil
evaporation occurs in the rst few days aer a spill and
accounts for a 5 to 75% loss of the mass of the spilled oil
depending on the oil type and environmental conditions.17 As
the water temperature increases, the intermolecular forces of
attraction in the oil become weaker, increasing the rate of
evaporation of the condensate portion of the oil. The evapora-
tion of these low molecular weight chemicals (Fig. 5 and 6)
associated with the condensate portion (diluent) of the oil
resulted in an increase in the physical properties measurements
as showed in Fig. 3 and 4. The rate of evaporation was greatest at
25 °C resulting in a greater increase in the physical properties
measurements compared to the weathering of the oil at the
lower temperatures (4, 10 and 15 °C). The typical response time
aer an oil spill, which ranges from 6 to 72 hours depending on
the location and size of the spill relies heavily on science to
support decisions on the type of response options to deploy. In
particular the physical properties can greatly affect the effec-
tiveness or choice of response options to combat the spill.12,20–23

Although emphasis is placed on evaporation of the saturates
and aromatics present in the condensate portion of Cold Lake
Blend, these chemicals are also water soluble so dissolution
would take place as well. However, dissolution of an oil slick is
a slower process than evaporation.24 In addition, one particular
study found that UV light increased the sensitivity of the coral
reef larvae to the water accommodated fractions of condensate
(primarily of low molecular weight aromatics and aliphatics in
the range of n-C5 to C10) by ca. 43%, which suggests the presence
of oxidized (C–OH) chemicals produced during photo-chemical
weathering of condensate.25 However, light intensity varied
among the four experiments due to seasonal changes in day
length, which complicates the rate of photo-chemical weath-
ering of the Cold Lake Blend diluted bitumen in this study.
Another study showed an increase in pericardial edema in sh
embryos exposed (irrespective of exposure duration) to the
LMW fractions associated with condensate,26 which is the
diluent used in Cold Lake Blend diluted bitumen.

The information obtained from this study is critical to
improve response plans to advance the decision-making
process during a spill and to better assess the impacts to
aquatic ecosystems.

4 Conclusions

Seawater temperature had an effect on the rate of change of the
physical properties (density and viscosity) of Cold Lake Blend
diluted bitumen weathered over 168 hours. In addition, corre-
lation analyses conrmed that air temperature also inuenced
the weathering of the oil during the study. As expected, the rate
of change in the physical properties of the oil were the least at
4 °C and the most at 25 °C. At all temperatures, the rate of
change was greatest in the rst 48 hours. However, this study
was conducted under controlled realistic conditions and the
© 2026 The Author(s). Published by the Royal Society of Chemistry
information can used to assist spill responders specically in
spill areas where the environmental conditions, in this study,
are relevant. The density values measured over time for all four
experiments never exceed that of the seawater it was weathered
in, so no sinking of the weathered oil occurred. The previously
developed modied monod-type models (density and viscosity)
tted to the data with coefficients of determination ranging
from R2 > 0.85 to 0.99. This demonstrates that the models can
be used to evaluate changes in the physical properties of the oil
weathered over a range of temperatures.

The chemistry data reveals that the changes in the chemical
composition of the oil, in particular the saturates (C10 to C19)
and the aromatics (2-ring and their alkylated homologues)
resulted most likely from the evaporation of the diluent portion
of the diluted bitumen product. The rate of evaporation of the
chemicals increased with increasing temperature with the
greatest changes in the chemical composition occurring within
the rst 48 hours of the study. The evaporation for the saturates
and aromatics was slower under cold water (4 and 10 °C)
conditions indicating a greater risk to marine species exposed
to these low molecular weight chemicals, associated with the
condensate (diluent) portion of the oil. In other words, a slower
release would suggest longer exposure time for aquatic species
under cold water conditions.

The information, in particular, the modeling results for the
physical properties could be implemented into oil spill trajec-
tory models to enhance future predictions on the fate and
transport of the oil product as it weathers under different water
temperature conditions and the chemistry data for use in risk
assessments to improve oil spill preparedness and response
plans.
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