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Abstract  27 

We examined the fate and behaviour of diluted bitumen (dilbit) as it weathered for 70 28 

days in freshwater limnocorrals (10 m diameter x 1.5 m depth) installed in a boreal lake 29 

to simulate dilbit spills in a natural aquatic environment. We added seven different dilbit 30 

spill volumes, ranging from 1.5 to 180 L, resulting in oil-to-water ratios between 1:71 31 

000 (v/v, %) and 1:500 (v/v, %). Volatile hydrocarbons in the dilbit slick decreased 32 

rapidly after the dilbit was spilled on the water’s surface, and dilbit density and viscosity 33 

significantly increased (> 1 g mL-1 and > 5 000 000 mPa s, respectively). Dilbit sank to 34 

the bottom sediments in all treatments, and the time to sinking was positively correlated 35 

with spill volume. The lowest dilbit treatment began to sink on day 12, whereas the 36 

highest dilbit treatment sank on day 31. Dilbit submerged when its density surpassed 37 

the density of freshwater (> 0.999 g mL-1), with wind, rain, and other factors contributing 38 

to dilbit sinking by promoting the break-up of the surface slick. This experiment 39 

improves our ability to predict dilbit’s aquatic fate and behaviour, and its tendency to 40 

sink in a boreal lake. Our findings should be considered in future pipeline risk 41 

assessments to ensure the protection of these important aquatic systems. 42 

 43 
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1.0 Introduction 50 

Landlocked deposits of bitumen are found in many places worldwide, including 51 

Venezuela, the United States, and Russia, but the largest deposits are found in Alberta, 52 

Canada. Following extraction, crude bitumen is too dense and viscous to flow and must 53 

be engineered to meet pipeline specifications. Diluents, consisting of light hydrocarbon 54 

condensates, are mixed with bitumen to reduce its density and viscosity to pipeline 55 

specifications (0.940 g mL-1 and 350 mPa×S, respectively), generating a blend of crude 56 

oil known as diluted bitumen, or dilbit (Fingas, 2015a). Pipelines, despite being one of 57 

the safest modes of transporting Canada’s dilbit to market (Green and Jackson, 2015; 58 

Transport Canada, 2013), are still vulnerable to oil spills. From 2010 to 2018, a total 1.3 59 

billion m3 of crude oil was transported out of Canada, by pipeline and railway combined 60 

(CER, 2019), of which an estimated 14 000 m3 was spilled in Canada (Oliver Wyman, 61 

2019). Such spills are likely to continue, in part because some estimates forecast a 62 

million barrels per day (b/d) increase in oil sands production in the next decade (CAPP, 63 

2019; CER, 2016).  64 

Several recent reports identified knowledge gaps in the fate and behaviour of 65 

spilled dilbit in freshwater (Lee et al., 2015; NASEM, 2016; 2014, 2013; Transportation 66 

Research Board and National Research Council, 2014). Following a spill to water, 67 

dilbit’s physical and chemical characteristics change due to evaporation, emulsion, and 68 

other processes.  Evaporation results in significant loss of oil mass as lighter 69 

hydrocarbons are lost to the atmosphere. Evaporation increases both the viscosity and 70 

density of the oil, and contributes to eventual oil submergence (Stoyanovich et al. 2019; 71 

King et al., 2017, 2014; Lee et al., 2015; NASEM, 2016). These weathering processes 72 
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affect oil spill remediation strategies that must consider the physical properties of the 73 

spilled oil. For example, in-situ burning can remove oil from the water surface but it is 74 

only efficient when the volatile components are still present and the slick is >2 mm thick 75 

(Fingas, 2015a). For any heavy oil, including dilbit, the window of opportunity to ignite 76 

the oil is within the first 1 to 2 hours of the spill (Federici and Mintz, 2014). Chemical 77 

dispersants can diffuse the oil into the water column (Canevari, 1978), but dispersants 78 

don’t work when oil viscosity exceeds 5 000 to 10 000 mPa×s (Federici and Mintz, 2014; 79 

ITOPF, 2011; Nordvik, 1995; Zhao et al., 2014). Mechanical skimmers and booms are 80 

ineffective when oil viscosity is > 100 000 mPa×s (Federici and Mintz, 2014; ITOPF, 81 

2012; Wadsworth, 1995).  82 

Uncertainty remains about the environmental fate of dilbit, including its tendency 83 

to sink or float in freshwater (Lee et al., 2015). For example, studies documented dilbit 84 

submergence after a pipeline ruptured in Marshall, Michigan in 2010. The rupture 85 

released 3.2 million litres of dilbit into Talmadge Creek and eventually the Kalamazoo 86 

River, where 10-20% of the spilled oil sank upon entering the river (Fitzpatrick et al., 87 

2015; Lee et al., 2015; US EPA, 2013). The spill occurred during high rainfall and 88 

flooding that increased the turbulence and suspended sediments in the river flows 89 

(Fitzpatrick et al., 2015). Interaction between suspended sediment and floating oil forms 90 

macroscopic sediment-oil aggregates (SOAs, > 1 mm) and microscopic oil-particulate 91 

aggregates (OPAs, < 1 mm) that may become dense enough to sink (Gustitus and 92 

Clement, 2017), which was likely the case in the Kalamazoo River spill (Fitzpatrick et 93 

al., 2015). Only 6 – 10 % of the submerged oil was recoverable by dredging three years 94 
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following the spill (US EPA, 2013), an estimated ~ 300 000 L of submerged dilbit 95 

remained at the bottom of the Kalamazoo River (NASEM, 2016). 96 

Experimental studies under controlled environments have also documented dilbit 97 

weathering and sinking. Hua et al. (2018) mixed artificially weathered Cold Lake Blend 98 

(CLB) dilbit with saltwater containing 10 000 mg L-1 suspended sediments in test tubes 99 

and found that the resulting OPAs sank. Waterman and Garcia (2015) mixed artificially 100 

weathered dilbit with river sediments to form small oil droplets coated in sediments that 101 

experienced both neutral buoyancy and submergence in tap water. Laboratory studies, 102 

however,  may not capture important environmental factors like solar radiation, microbial 103 

interactions, or diurnal and seasonal changes (Lee et al., 2015). Short (2013) noted that 104 

laboratory studies consider low wind speeds and high slick thicknesses that may be 105 

unrealistic of an actual spill scenario. Field experiments are therefore needed to assess 106 

dilbit weathering over longer timespans and under natural environmental conditions 107 

(Lee et al., 2015).  108 

Several studies have investigated the fate of dilbit in outdoor field experiments to 109 

address some of the limitations of laboratory experiments. King et al. (2014) simulated 110 

dilbit spills in a flume tank containing filtered seawater and allowed the oil to weather for 111 

13 days, noting increases in dilbit’s density and the presence of small submerged oil 112 

droplets. Stoyanovich et al. (2019) added dilbit into outdoor tanks containing natural 113 

lake water and sediments. The researchers found that dilbit sank after 8 days when 114 

evaporation and emulsification caused dilbit density to surpass freshwater density. 115 

Despite these developments, questions remain about whether dilbit will float, disperse, 116 

or sink, especially in freshwater systems (Lee et al., 2015). 117 
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Here, we investigated the fate of dilbit in a large-scale spill experiment to assess 118 

dilbit’s propensity to weather and submerge in a natural lake environment. This study 119 

was part of the BOREAL project (Boreal Lake Oil Release Experiments by Additions to 120 

Limnocorrals), a multi-phase program to examine the fate, behavior, and impacts of 121 

dilbit spills in freshwater environments. This study expands on a pilot study involving 122 

dilbit additions into three outdoor 2-meter diameter tanks (Cederwall et al., 2020; 123 

Stoyanovich et al., 2019). We installed nine 10-m diameter limnocorrals in a boreal lake 124 

near Kenora, Ontario, Canada to simulate a pipeline spill to freshwater.  To these 125 

limnocorrals we added dilbit in volumes ranging from 1.5 L to 180 L, employing a 126 

regression design to simulate dilbit spills ranging in actual oil:volume ratios between 127 

1:71 000 and 1:500 (Rodriguez-Gil et al., In Prep). This study reports the physical and 128 

chemical changes associated with dilbit spills exposed to natural biotic and abiotic 129 

environmental conditions typical of a boreal lake for 70 days. We examined each 130 

limnocorral treatment individually and utilized our regression design to determine how 131 

spill volume correlated to different outcomes, namely, sinking times and weathering 132 

rates. This study provides a novel approach to determine environmentally relevant 133 

timelines for major dilbit weathering processes in a natural freshwater system to inform 134 

risk assessors, spill responders, and regulators involved in oil spill countermeasures.  135 

 136 

2.0 Methodology 137 

2.1 Study Site 138 

We performed this study in Lake 260 at the International Institute for Sustainable 139 

Development - Experimental Lakes Area (IISD-ELA) near Kenora, Ontario, Canada 140 
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during the summer of 2018. The IISD-ELA is a remote freshwater research site located 141 

on the Precambrian Shield of northwestern Ontario (49°40’N, 93°44’W). IISD-ELA 142 

consists of 58 boreal lakes of various dimensions. In 1968, the federal government of 143 

Canada and the province of Ontario designated this site for experimental freshwater 144 

studies (Johnson and Vallentyne, 1971). Lake 260 is a clear, oligotrophic lake 32.8 ha in 145 

area with a maximum depth of 15.7 m and an approximate water volume of 1 975 000 146 

m3. 147 

 148 

2.2 Experimental Design 149 

We installed nine limnocorrals in a ~ 2-m deep littoral zone on the northern shore 150 

of Lake 260 at the IISD-ELA. Rodríguez-Gil et al. (In Prep) provided details about the 151 

limnocorrals, their construction, and other elements of the larger study design. Briefly, 152 

we installed limnocorrals that consisted of a 10 m diameter floating ring to which we 153 

attached a high-density polyethylene (HDPE) cylindrical membrane extending down to 154 

the sediments. We used sandbags to seal the plastic membrane to the lake bottom 155 

(Figure 1A), a typical procedure in limnocorral studies (Baulch et al., 2003; Orihel et al., 156 

2006). We accounted for potential water leakage throughout the experiment by tracking 157 

tritium (3H) that we initially spiked to all limnocorrals.  158 

We randomly assigned seven of the nine limnocorrals a nominal dilbit spill 159 

volume of either 1.5, 2.9, 5.5, 18, 42, 82, or 180 L in the form of a regression design. 160 

The rationale for the spill volume selection is presented in the companion publication by 161 

Rodríguez-Gil et al. (In Prep). The remaining two limnocorrals were controls; one 162 

located adjacent to dilbit treatments (near field) and one located roughly 100m from any 163 
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dilbit treatments (far field) (Figure 1B and C). We added Cold Lake Winter Blend 164 

(CLWB) dilbit to the water’s surface of these limnocorrals on June 20th 2018, between 165 

8:30am and 10:00am. We pumped CLWB from cans to the water surface using a Flojet 166 

diaphragm pump (FLOJET Corp, California) at a rate of approximately 7.5 L min-1 167 

(Figure S1). We weighed all empty cans, hoses, and pumps before and after the dilbit 168 

additions to precisely determine the mass of dilbit added to each limnocorral. We then 169 

estimated spill volumes from the mass of CLWB added and its density measured at 15 170 

ºC (0.9215 g mL-1). Shah et al. (2019) provides additional details of the procedure for 171 

pumping dilbit to water.  We monitored these limnocorrals for 70 days, tracking changes 172 

in dilbit properties until we decommissioned the experiment on September 8th, 2018, 173 

and remediated the site (Rodriguez-Gil et al., In Prep). 174 

 175 

2.3 Environmental and Water Quality Monitoring 176 

 We installed a portable meteorological station on a small island adjacent to the 177 

study site at lake-level on June 15th 2019, 5 days before the dilbit addition. The 178 

meteorological station recorded wind speed and direction, precipitation, air temperature, 179 

humidity, and solar radiation every hour for the study’s duration. We installed HOBO® 180 

data loggers at 0.5 m below water surface in each of the limnocorrals that recorded light 181 

intensity and water temperature every 4 minutes for the duration of the study. We 182 

sampled water for a full suite of water quality parameters (e.g. turbidity, ions, and 183 

nutrients) in each of the nine limnocorrals throughout the experiment. These details are 184 

in a companion paper (Rodriguez-Gil et al., In Prep). 185 

 186 
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2.4 Dilbit Slick Behavioural Monitoring 187 

We monitored the dilbit slicks daily, taking note of any changes in colour, 188 

thickness, surface area coverage, and sinking patterns. Underwater cameras (GoPro 189 

Hero 5 Session®) enabled the qualitative assessment of dilbit dispersal and presence 190 

on the sediment bottom. We recorded the surface behaviour of the low, medium, and 191 

high treatment (1.5, 18, and 180 L) from sunrise to sunset using time-lapse cameras 192 

(Brinno TLC200 Pro HDR®) mounted 3m above the limnocorrals. Additionally, we 193 

recorded aerial drone photos and videos regularly at a height of 10 m above the 194 

limnocorrals to further assess slick behaviour (DJI Mavic Air Quadcopter®). We 195 

processed aerial photos using ImageJ software version 1.50 to estimate temporal 196 

changes in the surface area coverage of the dilbit slicks and sheens at each time a 197 

photo was taken.  198 

 199 

2.5 Dilbit Slick Samples 200 

We collected two sets of dilbit surface slick samples from each of the limnocorral 201 

treatments, one for physical measurements and one for chemical analysis, after 0.25, 2, 202 

4, 8, 15, 22, 28, 42, 56, and 70 d post-spill (Figure 1D). The dilbit slicks eventually 203 

submerged, which affected the dilbit sampling, and therefore the final slick sampling 204 

days ranged from 15 d to 70 d depending on when submergence in each treatment 205 

occurred (discussed in section 3.1).  206 

 We additionally collected higher volume dilbit samples (~50 mL) from the two 207 

highest dilbit treatments (82 and 180 L) for physical property analysis. An Anton Paar 208 

DMA 5000 and DMA 48 density meter enabled the measurement of oil density at 0, 15, 209 
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and 30 °C following ASTM D5002 (ASTM D5002-19, 2019). We measured dynamic 210 

viscosity at three different temperatures (0, 15, and 30 °C) using Anton Parr Stabinger 211 

SVM 3000 Viscometer following standard D7042 (ASTM D7042-16, 2016) and a HAAK 212 

VTiQ Viscotester (Thermo Fischer Scientific). We evaluated the Newtonian and Non-213 

Newtonian behavior of the oil, and measured viscosity at different shear rates in any 214 

samples exhibiting non-Newtonian behavior (i.e. viscosity dependent on shear rate). 215 

Karl Fischer titration with a Metrohm 901 automatic titrator following ASTM E203 (ASTM 216 

E203-16, 2016) enabled water content determinations of each dilbit sample. We ran all 217 

dilbit samples collected for physical properties in triplicate to assess analytical accuracy. 218 

We sampled the dilbit slick by passing a small piece of Teflon sheet along the 219 

dilbit slick until roughly 2 – 5 mL of dilbit had adhered to the material. An Agilent 7890A 220 

gas chromatograph equipped with a flame ionization detector (GC-FID) enabled 221 

analysis of total petroleum hydrocarbons, which we then grouped into four chemical 222 

fractions; F1 (< nC10), F2 (nC10 - nC16), F3 (nC16 – nC34), and F4 (> nC34). We used an 223 

Agilent 7890A gas chromatograph equipped with an Agilent 5975C mass selective 224 

detector (GC-MSD) to analyze  petroleum biomarker compounds including: terpanes, 225 

hopanes, and steranes following the procedure in Yang et al. (2017). See section 2.0 of 226 

supporting info for more information on analytical procedures. 227 

 228 

2.6 Chemical weathering 229 

We normalized TPH concentrations to 17a(H) 21b(H) hopane (C30 hopane), a 230 

recalcitrant compound termed “biomarker” to act as a recalcitrant tracer to assess 231 

weathering (Prince et al., 1994; Stout and Wang, 2016; Venosa et al., 1997). The 232 
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percentage of chemical remaining can be calculated by Eq. (1) adapted from Douglas et 233 

al. (1996) and Radović et al (2014): 234 

% analyte depleted = [1 – (Ct/Co)(Ho/Ht) x 100]   (1) 235 

where Ct and Co are the concentrations of a compound in a weathered (t) and original 236 

(o) sample, respectively and Ht and Ho are the concentrations of C30 Hopane in those 237 

same samples. 238 

 239 

2.7 Physical property models 240 

We carried out a temporal analysis of physical properties (density and viscosity) 241 

on the two highest dilbit treatments (82 and 180 L) due to sample volume requirements. 242 

We fit the experimental data to a hyperbolic model adapted from King et al. (2019, 243 

2017, 2014): 244 

𝜌 = 𝜌! + (𝜌" − 𝜌!) '
#

$%#
(
&
      (2) 245 

𝜈 = 𝜈! + (𝜈" − 𝜈!) '
#

$%#
(
&
      (3) 246 

Equations 2 and 3 predict temporal changes in density (𝜌) and viscosity (𝜈) from initial 247 

(𝜌! and	𝜈!) to final (𝜌" and	𝜈"). Where “t” represents time (d), “T” is a time constant 248 

representing the time (d) it takes for the density and/or viscosity to increase half-way 249 

between initial and final values, and the power “n” controls the rate of increase. 250 

 251 

3.0 Results & Discussion 252 

3.1 Physical Behaviour 253 

The slicks began to spread across the surface area of the limnocorrals 254 

immediately following the dilbit. The average wind speed and air temperature was 1.4 m 255 
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s-1 and 22.4 °C, respectively on the day of dilbit addition (Rodriguez-Gil et al., In Prep). 256 

The experiment was in a sheltered boreal lake and therefore did not experience any 257 

breaking waves over the study duration. We noted that the distribution and thickness of 258 

the dilbit slicks were largely dependent on wind speed and direction throughout the 259 

experiment. Days of high wind forced the slicks to accumulate along the leeward side of 260 

the limnocorral walls, increasing slick thickness, and days of low wind allowed the slicks 261 

to spread, decreasing the thickness (Figure 2). 262 

The dilbit slicks changed considerably in overall appearance (i.e., colour, 263 

thickness, and surface skin) during the 70-d experiment (Figure S2, S3, S4, & S5). 264 

Colour changes from dark black to light brown began as early as day 6 (June 26) and 265 

were caused by the uptake of water droplets (Lee et al., 2015) and exposure to sunlight 266 

(Bobra and Tennyson, 1989). We also observed the formation of a skin on the surface 267 

of the dilbit slicks, a similar finding to a previous study by Stoyanovich et al. (2019). 268 

Surface skins tend to persist in low energy systems that lack substantial turbulence or 269 

agitation energy, such as Lake 260. The skins are caused by the accumulation of polar 270 

compounds, including asphaltenes and resins, at the oil – water interface (Fingas, 271 

2015a; Hollebone et al., 2011; Lee et al., 2015).  272 

The slicks broke apart into discrete masses as weathering proceeded. We 273 

observed the presence of tar balls (<10 cm in diameter), tar patties (>10 cm in 274 

diameter), and tar mats (≥1 m) (Lee et al., 2015; Warnock et al., 2015) that encompass 275 

a highly weathered exterior crust and a less-weathered interior (Figure S3A). A 276 

precipitation event (14.3 mm in 3 h) and high winds (maximum of 6.6 m s-1) on day 14 277 

contributed to the break-up of the surface slicks. The tar balls remained intact for the 278 
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remainder of the study, becoming neutrally buoyant in the water column, and eventually 279 

began to submerge to the bottom sediments (Figure S3).  280 

Notably, the surface slicks in all seven treatments sank to the sediments during 281 

the study period as small discrete tar balls and patties (Figure S6 & S7) and in some 282 

cases large tar mats (Figure S8). The onset and completion of sinking differed among 283 

treatments. Sinking onset (i.e., time when dilbit was first observed on sediments) and 284 

completion (i.e., no remaining surface oil) proceeded in the following order for each 285 

treatment: Day 12 – 19 (1.5 L), 14 – 22 (2.9 L), 15 – 25 (5.5 L), 14 – 28 (18 L), 15 – 43 286 

(42 L), 22 – 61 (82 L), and 31 – 77 d (180 L), respectively (Figure 3A, Figure S9). We 287 

found a significant positive correlation between the amount of dilbit added and the time 288 

to sinking onset (slope=0.10, R2 = 0.92, p<0.0005, Figure 3B), and the time to complete 289 

submergence (slope=0.33, R2 = 0.97, p<0.0005, Figure 3B). Note that sinking times 290 

were based on the first visual appearance of dilbit on the sediment bottom, and do not 291 

consider dilbit droplets dispersed or neutrally buoyant in the water column. We 292 

performed visual underwater scans of the sediments every morning upon arrival at the 293 

site, so any observed submergence could have occurred the previous evening, night or 294 

early morning. Therefore, we may have slightly overestimated our sinking times by 295 

several hours. 296 

According to Hansen et al. (2015), the four major criteria that influence crude oil 297 

submergence are oil density, water turbidity, water salinity, and suspended sediment 298 

load. These researchers suggested dilbit submergence will most likely occur in shallow 299 

streams or rivers with high suspended sediment load. When oil mixes with sediments, 300 

the newly formed sediment-oil aggregates, SOAs (Gustitus and Clement, 2017), can 301 
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become denser than the water and sink. This situation may be expected when oil 302 

strands on shore and mixes with sediments suspended by wave action (Michel et al., 303 

2014). Johannessen et al. (2019) remarked that most lab studies demonstrated dilbit 304 

sinking when dilbit was mixed with suspended sediment concentrations ranging from 305 

1000 to 10 000 mg L-1, loadings similar to maximum concentrations found in coastal 306 

river outflows (Hua et al., 2018). These total suspended sediment (TSS) loads are three 307 

to four times greater than the greatest TSS value, 2.0 mg L-1, observed in any of the 308 

limnocorrals throughout our study (Figure S10). Furthermore, turbulent mixing is 309 

required to promote the interaction of the oil with the sediments (Yang et al., 2018). The 310 

low TSS concentrations along with the low mixing energy of our limnocorral systems 311 

suggests that the formation of SOAs did not play a major role in the observed 312 

submergence patterns, similar to results found in previous tank-based studies by 313 

Stoyanovich et al. (2019) and King et al. (2014). 314 

Precipitation may have also influenced dilbit sinking. We noted that slick 315 

weathering rates were not equal among treatments, as shown by their differences in 316 

colour and buoyancy. Furthermore, small sections of the bulk floating slicks would sink 317 

below the water level while remaining attached to the floating portion (Figure S11). A 318 

number of early precipitation events (25 mm on day 7 and 8mm on day 9) occurred prior 319 

to any observed submergence (Figure S10). On days of heavy precipitation, rain was 320 

sufficient to break the slicks apart, thus separating the discrete floating and sinking 321 

sections, in a similar manner to a previous study (Stoyanovich et al., 2019).  322 

 323 

 324 
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3.2 Temporal changes in physical and chemical properties   325 

3.2.1 Volatile Loss 326 

The most volatile components of dilbit were the first to evaporate from the 327 

residual floating slicks (Figure 5A). We used the depletion of £ C16 hydrocarbons, 328 

obtained by summing concentrations of F1 and F2 fractions generated by GC-FID, to 329 

assess early evaporation of volatile components. For example, Gros et al. (2014) found 330 

that 50% of hydrocarbons £ C16 disappeared from oil sheens after 1 h of an 331 

experimental spill of Norwegian Grane crude oil in the open sea. 332 

In all treatments, > 80% of the initial amount of £ C16 hydrocarbons was lost by 333 

the final sampling day (Figure 4A). The volatile hydrocarbon fraction nearly disappeared 334 

entirely from the slicks by the end of the study, consistent with the predictions of Gros et 335 

al. (2014)’s transport model. Conversely, the higher molecular weight F3 (C16 – C34) and 336 

F4 (> C34) fractions varied throughout the study (Figure S12) but never exceeded losses 337 

greater than 47 % across all treatments. These compounds would not likely evaporate 338 

and would be less susceptible to other forms of degradation, explaining their relative 339 

stability. Overall, the majority of volatile loss occurred within the first four days of the 340 

study, during which the average air temperature and wind speed was 21 ºC and 1.7 ms-341 

1, respectively. This rapid loss of volatile constituents is likely attributable to evaporation, 342 

an important weathering process that is responsible for early mass loss in oil residues 343 

(Gros et al., 2014; Harrison et al., 1975). Evaporation affects all crude oil types 344 

differently and will largely depend on air temperature (Fingas, 2004) and film thickness 345 

(Fingas, 2015b; Yarranton et al., 2015). Dilbit is unique because it is a heavy oil that still 346 

retains a high proportion of lower molecular weight compounds in its diluent, and thus it 347 
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evaporates more than other conventional heavy oils (Government of Canada, 2014; 348 

Hansen et al., 2015). Yarranton et al. (2015) found that CLWB evaporation accelerated 349 

at higher temperature and lower film thickness, but was unaffected by wind speed. The 350 

researchers suggested that dilbit evaporation was limited by the mass transfer of 351 

volatiles in bitumen, which is limited by it’s high viscosity.   352 

The thickness of the dilbit layer can affect the diffusion of volatiles at the oil – air 353 

interface, resulting in less evaporation from thick slicks compared to thin sheens (Lee et 354 

al., 2015). For example, King et al (2017) found that increasing the thickness of dilbit 355 

slicks from 4 to 7 mm reduced the weathering of the oil in tank based studies. In our 356 

study, we were unable to track slick thickness, however we used spill volume as a proxy 357 

for slick thickness because the surface area of the limnocorrals was fixed. The 358 

regression design allows us to analyze the relationship between volatile loss and dilbit-359 

spill volume at each of the sampling timepoints using simple linear regressions (Figure 360 

4B). A significant slope estimate (i.e. p < 0.05) indicates a relationship between the 361 

volatiles remaining in the dilbit slick and the amount of dilbit spilled. We observed 362 

significant positive slope estimates at only two time points (1 and 8 d) throughout the 363 

study, individual regressions can be found in Figure S13. In general, slopes were 364 

greater than 0 for the majority of sampling time points, indicating that the volatiles 365 

remained in the higher volume slicks for longer periods of time. The thin sheens found 366 

in lower dilbit treatments evaporated faster than the sheens from the thicker oil slicks in 367 

the higher treatments. These findings corroborated both laboratory and mesoscale field 368 

studies where mass transfer of volatile compounds through the dilbit film decreased with 369 

increasing film thickness (Brandvik and Faksness, 2009; Yarranton et al., 2015). Other 370 
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factors affecting evaporation rates are climatic parameters such as temperature 371 

(Fingas, 2004; King et al., 2019). Yarranton et al (2015) have shown that the 372 

evaporation rate of CLWB increases with increasing temperature consistent with 373 

decreasing viscosity and more rapid diffusion of the volatiles out of the slick. We 374 

conducted our study during the warm summer months on a relatively small, sheltered 375 

lake (i.e., high air temperature and limited spreading), therefore we would likely observe 376 

higher evaporation rates in a larger open system (i.e., more spreading) and lower 377 

evaporation rates at lower temperatures.   378 

The dilbit slicks remained heterogeneous throughout the entire study, therefore 379 

sample variability was high. The dilbit samples in the lowest volume treatments would 380 

consist of a sheen on low wind days (i.e. more spread out) and thick oil slick on high 381 

wind days (i.e. when dilbit accumulated at one side of the limnocorral), which may 382 

explain some of the variability in the results. Without controlling and differentiating 383 

between surface and bulk dilbit slick samples, processes such as photooxidation, which 384 

would be most prominent on the outermost film of the dilbit slick, are difficult to discern 385 

in this study. Biodegradation may have played a role in the removal of the lower 386 

molecular weight hydrocarbons because these simple compounds are most susceptible 387 

to microbial decomposition (Prince et al., 2003). However, microbes are unlikely to 388 

affect the rapid and early losses of low molecular weight hydrocarbons in this study. 389 

Biodegradation tends to occur over long timeframes (Lee et al., 2015) and in systems 390 

that are naturally exposed to petroleum hydrocarbons, such as natural oil seeps, which 391 

facilitate the proliferation of hydrocarbon degrading bacteria (Atlas and Hazen, 2011). 392 

Future work is thus planned to analyze compositional changes in the weathered dilbit 393 
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samples in order to differentiate between other roles of degradation, including 394 

biodegradation and photooxidation.  395 

 396 

3.2.2 Density and Viscosity 397 

 The rheological changes that occur to oil following a spill are important to 398 

consider as they can influence the spill response options that follow. We fit dilbit density 399 

data obtained from the surface slicks of our two highest treatments (180 and 82 L) to 400 

equation (2) and obtained the following: 401 

180 L;  𝜌 = 0.9215 + (1.0024 − 0.9215) ' #
'.)*%#

(
!.+,-

 402 

82 L;   𝜌 = 0.9215 + (1.0112 − 0.9215) ' #
,../%#

(
!.+0-

 403 

Dilbit density (measured at 15 °C) increased rapidly within the first 8 days and 404 

then at a more gradual rate for the remainder of the study (Figure 5A). After just 24 405 

hours of environmental exposure, density values in both the 82 and 180 L treatments 406 

were 0.9854 and 0.9785 g mL-1, respectively. These reported 24 hour values were 407 

slightly greater than values reported from wave tank studies by King et al. (2014), where 408 

CLB reached a density of 0.96 g mL-1 after 24 h, and similar our previous tank based 409 

study where the density of CLB reached 0.9883 g mL-1 after 24 h (Stoyanovich et al., 410 

2019). Maximum densities occurred on day 28 in the 82 L treatment (1.0057 g mL-1) 411 

and day 56 in the 180 L treatment (1.0072 g mL-1) and were substantially higher than 412 

the density of the fresh dilbit (Table S1). Sunken tar balls collected from the sediment 413 

bottom of the 180, 82, 42, and 18 L treatments had densities of 0.9999, 1.0016, 1.0042, 414 

and 1.0094 g mL-1, respectively. These values are equal to or higher than the density 415 

range of freshwater that would be expected throughout the experiment considering a 416 
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maximum water density of 0.9999 g mL-1 is reached at 4 ºC (Weast et al., 1988). Dilbit 417 

density can increase from the loss of volatiles. We noted that the density of the 418 

weathered dilbit was linearly correlated with the amount of volatile hydrocarbon loss in 419 

both 180 and 82 L treatments (Slope = 0.00071, R2= 0.79, p <0.005, Figure S15A). 420 

Dilbit returns to a physical state similar to dense and viscous bitumen as the diluent 421 

evaporates away (Government of Canada, 2014; Yarranton et al., 2015). Water uptake 422 

through emulsification may have also affected the density increases, where water 423 

content increased to approximately 20% in the residual dilbit and then stabilized after 15 424 

d, roughly the same time that density measurements stabilized (Figure 5A, Figure S15).  425 

 We fit the log10 transformed viscosity data to equation (3) and yielded: 426 

180 L,  𝜐 = 188 + (1.0 × 10+0 − 188) ' #
./+/%#

(
0.0*

 427 

82 L,   𝜐 = 184 + (4.0 × 10/ − 184) ' #
+!,%#

(
+./.

 428 

Viscosity (measured at 15 °C) increased rapidly after the onset of the spills, exceeding 429 

100 000 mPa×s after just 4 and 8 d in the 82 and 180 L treatments, respectively, 430 

resulting in a > 500-fold change from the initial viscosity (Figure 5B). Throughout the 431 

remainder of the study, viscosity measurements continued to increase, eventually 432 

reaching > 5 000 000 (27 000-fold change) and 30 000 000 mPa×s (170 000-fold 433 

change) in the 82 and 180 L treatments, respectively at the end of the study. The 434 

temporal change in viscosity was similar to density in that the 82 L treatment reached 435 

greater values early on, and then was surpassed by the 180 L treatment between day 436 

42 and 56. These high viscosity values would limit the potential for dispersion into the 437 

water column in the form of small droplets, thus further reducing the potential to interact 438 

with suspended sediments.  439 
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Viscosity changes can be attributable to multiple processes. First, evaporation 440 

alone can return the viscosity to a value similar to crude bitumen (i.e., 100 000 – 450 441 

000 mPa×S) (Fingas, 2015a), similarly to density, viscosity was linearly correlated with 442 

the amount of volatile hydrocarbon loss in both 180 and 82 L treatments (Slope = 0.047, 443 

R2= 0.79, p <0.005, Figure S15B). Second, the dispersion of small water droplets into 444 

the dilbit slick can further increase viscosity due to internal friction between water 445 

droplets and the dilbit structure (Brandvik and Faksness, 2009; Fingas, 2015a; Fingas 446 

and Fieldhouse, 2004). The water content of collected dilbit samples increased early in 447 

the study and then plateaued at values between 18 – 25% after 8 d, remaining stable 448 

for the remainder of the study (Figure S14). The interaction of water droplets with dilbit 449 

under various environmental conditions can lead to the formation of water-in-oil 450 

emulsions of which there exists four main types; 1) stable, 2) meso-stable, 3) entrained, 451 

and 4) unstable. These are classified according to the visual appearance, water content, 452 

stability and rheological properties of the oil which are often dependent on the oil’s 453 

chemical composition and environmental factors such as temperature, mixing energy of 454 

the system (Fingas and Fieldhouse, 2014a), and salinity of water (Lee et al., 2015). 455 

Based on the properties of each emulsion outlined by Fingas and Fieldhouse (2014b), 456 

the slicks measured in this study fit into the entrained category. This classification is 457 

similar to our earlier pilot study, where the water content of dilbit samples remained 458 

<20%, becoming too dense and viscous for any additional water droplet penetration 459 

(Stoyanovich et al., 2019). 460 

Wave energy can often facilitate the formation of emulsions by forcing small 461 

water droplets into the oil matrix, but if the oil is too viscous the droplets will not 462 
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efficiently enter the oil slick (Fingas, 2015a). Rainfall could provide some turbulence to 463 

promote water uptake, however the first major rainfall event post-spill (25 mm) did not 464 

occur until day 7 (Figure S10).  In our study, the dilbit viscosity exhibited greater than 5 465 

000-fold increase by day 8, the same time at which the water content stabilized, 466 

suggesting that the dilbit was too viscous to further incorporate any water droplets 467 

(Fingas, 2015a). Therefore, it is likely that the high viscosity of the dilbit paired with the 468 

relatively low energy of our study lake limited the formation of any stable form of 469 

emulsion, which would require water content to be between 70-80% (Fingas and 470 

Fieldhouse, 2014a).  471 

The substantial increases in viscosity observed in this study could limit the 472 

feasibility of many response options following the spill. Viscosities exceeded the 473 

threshold for chemical dispersant use (i.e., >5 000 mPa×S) after just 6 h of 474 

environmental exposure (Federici and Mintz, 2014; ITOPF, 2011; Nordvik, 1995; Zhao 475 

et al., 2014). Viscosities surpassed the limit for efficient mechanical recovery techniques 476 

(i.e., 100 000 mPa×S), including booms and skimmers, after just 4 d (Federici and Mintz, 477 

2014; ITOPF, 2012; Wadsworth, 1995). Our results suggest that following a summer 478 

dilbit spill in a boreal lake, spill responders would need to employ recovery techniques 479 

within the first 6 hours to 4 days of the spill in order to achieve efficient recovery. 480 

Response times are largely dependent on the remoteness of the spill site. The 481 

Canadian response organization standards require on-water recovery operations to be 482 

completed within 10 operational days after the recovery equipment is first deployed on 483 

site (Transport Canada, 1995). While deployment times for accessible coastal areas 484 

can range from 6 hours to 3 days (Transport Canada, 1995), the logistical challenges of 485 
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a spill in a remote location could extend response timelines and result in a significant 486 

amount of dilbit that has sunken to the sediments.  487 

 488 

4.0 Conclusion 489 

Reports have suggested the potential for dilbit to sink in fresh and marine water 490 

under high energy conditions with high suspended sediment loads and after sufficient 491 

weathering (Fitzpatrick et al., 2015; Government of Canada, 2014; Hansen et al., 2015; 492 

Hua et al., 2018). Here we showed that dilbit is capable of sinking under natural 493 

conditions of an oligotrophic freshwater lake with very low suspended sediment loads 494 

and mixing energy, suggesting that dilbit will sink due to weathering alone and was not 495 

likely attributable to the interaction with suspended particles. The evaporative loss of 496 

volatiles coincided with increases in density and viscosity, returning dilbit to a condition 497 

similar to that of crude bitumen. Dilbit’s viscosity quickly surpassed important threshold 498 

values for different spill response methods. Therefore, under these environmental 499 

conditions, the use of traditional response techniques including in-situ burning, chemical 500 

dispersants, booms, and skimmers would become highly inefficient within the early days 501 

of the spill.   502 

This study highlights the rapid physical and chemical changes that follow dilbit 503 

spills under realistic conditions typical of a boreal lake. The realistic nature of this work 504 

provides novel information on dilbit’s fate in freshwater, building from laboratory and 505 

tank studies, and focusing on realistic conditions typical of a boreal lake. Simulating a 506 

wide variety of spill sizes over long periods of time (i.e. 70 days) has allowed us to 507 

determine for the first time the influence that spill volume can have on important 508 
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physical processes including sinking. The outcome of this study will provide decision 509 

makers with critical new information to consider when planning dilbit transport in the 510 

future. 511 
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 535 

Figure 1. Experimental design of limnocorrals and simulated CLWB dilbit spills. (A) 536 

Main aspects of limnocorral and distribution of limnocorrals throughout the NW littoral 537 

zone of L260 at the IISD-ELA. (B) The distribution dilbit treatments including two 538 

controls, one near field (NFC) and one far field (FFC). (C) Overview of dilbit slick 539 

sampling timepoints and associated analyses.  540 
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 541 

Figure 2. Aerial photographs showing changes in percentage surface area (SA) 542 

coverage of the dilbit slick from day 1 to day 6 for the 180L (A,B) and 42L treatment 543 

(C,D). North Arrows and average wind speed/direction during the time of the photo are 544 

indicated. 545 
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 546 

Figure 3. Submergence patterns observed in the seven dilbit treatments throughout the 547 

experiment. The timespan between when dilbit was first noticed on the sediments and 548 

when no floating dilbit slick remained (A) and the linear relationship between spill 549 

volume and sinking times (B) are shown.  550 
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 551 

Figure 4. The loss of volatile hydrocarbons from surface dilbit slicks. (A) Temporal 552 

changes of £ C16 hydrocarbons relative to the source dilbit in samples collected surface 553 

of dilbit slicks. (B) Regression coefficients obtained by regressing hopane normalized 554 

loss relative to CLWB against spill volume over time (example from day 8 shown in 555 
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inset). Slope estimates and 95% CI’s are from individual regressions, red data points 556 

are slopes significantly different from zero (i.e. p < 0.05). Regressions are only shown 557 

up to sampling day 22 (July 12, 2018) since the majority of slicks had submerged 558 

following this day yielding insufficient sample size to perform further regressions for 559 

subsequent sampling days. 560 

 561 

Figure 5. Temporal changes in (A) density (g mL-1; at 15 °C) and (B) viscosity (mPa×S 562 

at shear rate between 0.01 – 100 s-1; at 15 °C) of samples collected from the two 563 

highest treatments (82 and 180 L) throughout the experimental spills. Hyperbolic 564 

models fitted to each data set are presented. The horizontal dashed line represents the 565 

density of freshwater at 15 °C. 566 
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