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Abstract

The oil sands region in Western Canada is one of the world’s largest proven oil reserves.
To facilitate pipeline transport, highly viscous oil sands bitumen is blended with lighter
hydrocarbon fractions to produce diluted bitumen (dilbit). Anticipated increases in dilbit
production and transport raise the risk of inland spills. To understand the behavior of dilbit in the
unsaturated or vadose zone following a surface spill, we ran parallel dilbit and conventional heavy
crude exposures, along with an untreated control, using large soil-filled columns over 104 days.
Phospholipid fatty acids (PLFASs), biomarkers for the active microbial population, were extracted
from column soil cores. Stable carbon isotope contents (5'3C) of individual PLFAs and
radiocarbon contents (A'*C) of bulk PLFAs were characterized over the course of the experiment.
The A¥C-PLFA values in soils impacted by dilbit (-221.1 to -54.7%o) and conventional heavy
crude (-259.4 to -97.9%o) indicated similar levels of microbial uptake of fossil carbon. In contrast,
AMC-PLFA values in the control column (-46.1 to +53.7%o) reflected assimilation of more recently
fixed organic carbon. Sequencing of 16S ribosomal RNA genes extracted from soil cores revealed
a significant increase in the relative abundance of Polaromonas, a known hydrocarbon-degrader,
following exposure to both types of oil. This study demonstrates that in the first several months
following a surface spill, dilbit has a similar potential for biodegradation by a native shallow

subsurface microbial community as conventional heavy crude oil.

1. Introduction
The oil sands deposit in Alberta, Canada, is the world’s third largest proven reserve of
crude oil (NRCan, 2020). The oil extracted from this region is a heavily degraded, highly viscous

form of petroleum known as bitumen. In order to be transported via pipeline, bitumen is diluted
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with lighter hydrocarbon fractions such as natural gas condensates and naphtha to yield a less
viscous blend commonly referred to as dilbit (Radovi¢ et al., 2018). Dilbit is typically
manufactured at a ratio of 70-80% bitumen to 20-30% diluent (Crosby et al., 2013; Spalding and
Hirsh, 2012). Many of the chemical and physical properties of dilbit differ from those of
conventional crude oils, leading to unique behavior in the environment (Dollhopf et al., 2014;
Radovi¢ et al., 2018). For instance, the generally higher density and viscosity of dilbit can lead to
more pronounced sinking in water following a spill (Radovi¢ et al., 2018; Utting et al., 2022). As
a result, remediation strategies that were largely developed for conventional crude oils may not
necessarily be applicable to dilbit spills (Davoodi et al., 2020; Dollhopf et al., 2014). With
increases in dilbit production and transport expected in coming years, the risks posed by inland oil
spills are of great concern as they have a high potential to occur near populated areas, impact
groundwater systems, and affect environments with a much lower capacity to dilute and disperse
the oil (Lee et al., 2015).

Biodegradation has been demonstrated to be one of the most cost-effective and least
disruptive strategies for containing and removing conventional crude spills from the environment
(Hazen et al., 2016; Mahmoudi et al., 2017; Widdel et al., 2010; Yang et al., 2016). The success
of this strategy is highly site specific as it depends on both environmental conditions and the
abundance and diversity of microbes that possess the enzymes to break down crude oil constituents
(Liao et al., 2015; Liu et al., 2017; Yang et al., 2016). Currently, it is unclear to what extent dilbit
biodegradation is comparable to that of conventional crude oil. Previous dilbit studies, the vast
majority of which have focused on marine and surface freshwater environments, have shown
breakdown of the simplest alkane fractions (Schreiber et al., 2019), while evidence for the

degradation of larger aromatic fractions of dilbit has been mixed (Deshpande et al., 2018; Schreiber
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etal., 2021). In addition, most studies examining the biodegradation of dilbit have only considered
short-term (< 30-day) exposures (Davoodi et al., 2020; Deshpande et al., 2017; King et al., 2014;
Stoyanovich et al., 2019), which greatly limits our understanding of its long-term susceptibility to
microbial breakdown..

The hydrological, geochemical and microbial conditions found in the unsaturated and
saturated zones of soils and aquifers compared to marine and surface freshwater environments
imply a different behaviour and fate for dilbit following its accidental release in terrestrial
ecosystems. However, despite being environments frequently impacted by pipeline ruptures
(Owens et al., 1993; Zhao et al., 2020), the behaviour and fate of dilbit in shallow soil and
groundwater systems has thus far received little attention. While not dilbit, the large crude oil spill
that occurred near the city of Bemidji, MN, USA in August 1979 as a result of a pipeline burst
along a seam weld (Essaid et al., 2011) has provided a wealth of information on natural attenuation
processes in petroleum-contaminated aquifers. Investigations at this site over the past few decades
have shed insight into temporal changes in the geochemical composition (Baedecker et al., 2018;
Podgorski et al., 2021), microbial communities involved with in situ biodegradation (Beaver et al.,
2021; Fahrenfeld et al., 2014), and the lasting toxicological effects of a crude oil plume (McGuire
etal., 2018; Zemo et al., 2022). Although previous research carried out at Bemidji and other crude
oil-contaminated aquifers provides a valuable reference, the unique chemical and physical
properties of dilbit necessitates dilbit-specific controlled spill experiments to better understand its
comportment in the subsurface.

To address this research gap, we integrated molecular and isotopic approaches to
investigate the response of indigenous microbial communities to a long-term (104-day) exposure

of dilbit using large columns as analogues to the unsaturated or vadose zone of natural groundwater
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systems. An additional treatment using conventional heavy crude oil was conducted in parallel to
compare the biodegradation potential of both oils under identical, controlled conditions. Rather
than solely monitoring changes in petroleum hydrocarbon concentrations, an approach which does
not unequivocally verify biodegradation, natural abundance stable carbon (§*C) and radiocarbon
(A¥C) isotope values of microbial lipids were used to provide direct evidence for in situ uptake of
petroleum carbon. Petroleum products, including dilbit, have no detectable 4C (AC =-1000 %o).
This contrasts with surface or near-surface soil organic matter, which has a AC value that more
closely reflects the input of recently fixed carbon (~ 0%o) (Ahad et al., 2010; Slater et al., 2005).
Thus, the more negative the AC value of microbial components, the greater the assimilation of
petroleum-derived carbon by the microbial community. Temporal changes in microbial
community structure and taxonomic composition were tracked using amplicon sequencing of the
16S rRNA to identify key dilbit-degrading taxa (Caporaso et al., 2012; Mahmoudi et al., 2013Db).
To our knowledge, this is the first study to examine the biodegradation of dilbit in the unsaturated

zone following a simulated surface spill.

2. Materials and Methods
2.1. Column construction

Approximately 2000 kg of vadose zone soil (~ 0-20 cm depth) was collected in July 2019
from the Mount St-Hilaire Nature Reserve, approximately 40 km east of Montréal, Québec,
Canada. This site was chosen to provide relatively pristine soil from a region where future dilbit
pipeline construction may be considered. The soil was immediately transported to the Laboratories
for Scientific and Technological Innovation in Environment (LISTE) facility at INRS in Québec

City, Québec, Canada, where it was sieved through a 2 cm mesh and homogenized via mechanical
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rotation for 10 min at 25 rpm in 205 L high density polyethylene barrels. The water content
following homogenization was 5.38 + 0.02%. The soil was then evenly distributed between
columns that were composed of stainless steel (60 cm width x 100 cm height) lined with
polytetrafluoroethylene (PTFE). Within each column, 312.80 + 0.20 kg of soil (dry mass) was
compacted in layers of 2 cm using a jack drill and a stainless steel plate to reproduce field soil
density and avoid channeling in the column that would bias water infiltration behavior. Each soil
layer was scarified to a depth of 5 mm using a small rake before adding the next one. The average
soil density was 1.59 = 0.02 kg/L and the porosity was 0.4). The total organic carbon (TOC)
determined using an elemental analyzer (Costech Analytical Technologies Inc., Valencia, CA) was
1.7 £ 0.6%. Granulometric analysis of the soil indicated > 99% sand-sized particles, 85% of which
were larger than 0.5 mm.

Seven 1 cm diameter outflow ports in the bottom of each column directed leachate water
into seven 1 L amber glass bottles resting below. Ports were fitted with PTFE pipefittings with
fiberglass wicks threaded through them. To limit evaporation, these ports were sealed to the
leachate collection bottles with PTFE thread tape. Wicks were in contact with the bottom layer of
soil in the column and, relative to the sandy soil, had a net negative capillary pressure which helped
to draw the leachate from the column to maintain unsaturated conditions (Everett and McMillion,

1985). A diagram of the column set-up is provided in the Supporting Data (Figure S1).

2.2. Experimental conditions
The columns were designed to be representative of vadose zone systems in the Greater
Montréal Area during spring and fall recharge. These seasons were selected as they allow for

plenty of groundwater infiltration without interference from the high rates of evapotranspiration
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that occur in the summer, or from winter snow and ice cover (Lewis et al., 2009). The columns
were maintained in a temperature-controlled room at 10 °C. Artificial rainwater to simulate local
precipitation acidity (pH 4.8; Keresztesi et al., 2020; Vet et al., 2014) was prepared using a 3:2
(vol/vol) stock solution of sulfuric:nitric acid and added to each column twice a week for a total
of 6.25 L of water per week. Measurements of dissolved oxygen in the column leachate indicated
aerobic conditions were maintained in all the columns over the course of the experiment.
Following several column waterings over a period of four days to achieve steady-state flow
conditions, conventional heavy crude oil and dilbit were added to the surface of the columns on
Day 0. The conventional heavy crude (CC) column received 1.86 kg of conventional heavy crude
oil, while the dilbit (DB) column received 1.89 kg of Cold Lake Blend (CLB). These amounts
were intended to simulate a medium-scale incident, which ramped up to an area covering 0.25
hectares (2500 m?) would correspond to an oil spill of approximately 20,000 L. Both samples
originated from transmission pipelines: CLB refers to bitumen produced by in situ extraction in
the Cold Lake region of Alberta, while the conventional heavy crude refers to various Western
Canada Sedimentary Basin crude oils with similar physical and chemical properties. The
proportions of saturates, aromatics, resins, and asphaltenes in the oils determined gravimetrically
following silica gel chromatography were 25.4, 51.9, 9.5, and 13.2% and 30.4, 45.8, 8.5, and
14.2% in the DB and CC samples, respectively. A third column was left unamended to serve as a

control. The experiment was carried out for a total of 104 days.

2.3. Soil sample collection
Soil cores were collected from the columns using a stainless-steel soil core sampler (AMS,

American Falls, ID, USA) affixed with a slide hammer and a removable 15.2 cm (length) x 3.8 cm
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(diameter) aluminum cylinder. The core sampler and removable cylinder were rinsed with acetone
and distilled water between columns. The first core series was collected immediately prior to the
addition of the crude oil treatments to characterize the initial soil conditions on what is referred to
as Day 0. Coring was done on a weekly basis for the first month (Day 0, Day 6, Day 13, and Day
20) and then on a biweekly basis for the remainder of the experiment (Day 34, Day 48, Day 62,
Day 76, Day 90, and Day 104) with 10 cores collected in total. A higher frequency of coring was
carried out in the first month to coincide with anticipated faster column breakthrough curves for
more water-soluble petroleum components such as BTEX (benzene, toluene, ethylbenzene and
xylenes). A diagram showing the spatial arrangement of core extractions within the column set-up
and further details on coring protocol are provided in the Supporting Data (Figure S2, Text S1).
To minimize the hydraulic disturbance caused by repeated coring, core holes were filled in
with a 1:1 mixture of sodium bentonite clay tablets (Volclay® PureGold™ 3/8 inch, CETCO,
Bethlehem, PA, USA) and sodium bentonite powder (Envrioplug Grout, Wyo-Ben Inc., Billings,
USA) immediately following the collection of each core. This material expanded when mixed with
water so that the surrounding soil remained compact while still allowing water to permeate
vertically. The downward vertical flow of water (Figure S1), in conjunction with a sampling
strategy in which cores were taken at opposite sides of the column from the previous collection
(Figure S2), would have limited the potential impact of coring on microbial and geochemical

dynamics in non-cored sections of the columns.

2.4. Total petroleum hydrocarbons (TPHSs)
Total Petroleum Hydrocarbons (TPHs) from soil cores were extracted and analyzed

following protocols similar to those described by (Ahad et al., 2010). TPHs were analyzed using
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a gas chromatograph — mass spectrometer (GC-MS; Agilent Technologies Inc., Santa Clara, CA,
USA; 7890A GC and 5975C MS detector) equipped with a Zebron (Phenomenex, Inc., Torrance,
CA, USA) ZB-5HT column (30 m; 0.25 mm i.d.; 0.25 um film) at the Delta-Lab of the Geological
Survey of Canada (GSC-Québec). The following GC oven temperature program was used: 70 °C
(2 min), 8 °C/min to 290 °C (8 min), 10 °C/min to 310 °C (10 min). TPH concentrations were
determined by integrating the total area of unresolved complex mixture (UCM) in total ion current

(TIC) mode. Further details on TPH analysis are found in the Supporting Data (Text S2).

2.5. Microbial lipid extraction and analysis

Phospholipid fatty acids (PLFAS) are essential membrane lipids of microbial cells and
biomarkers for the active microbial population. PLFAs were extracted from sub-samples of
homogenized soil cores following a modified Bligh and Dyer method (White et al., 1979)
employed by Ahad et al. (2018) and converted to fatty acid methyl esters (FAMESs) by mild
alkaline methanolysis adapted from Guckert et al. (1985). Further details on the lipid extraction
protocol are found in the Supporting Data (Text S3).

FAMEs were analyzed using the same GC-MS system and column described above for
TPH analysis. The following GC oven temperature program was used: 40 °C (1 min), 20 °C/min
to 130 °C, 4 °C/min to 160 °C, 8 °C/min to 300 °C (5 min) as per Ahad et al. (2018). Quantification
was done in TIC mode using external FAME standards (12:0, 14:0, 16:0, 18:0, and 20:0).
Calibration curves and quantitation methods were set up using MSD ChemStation Data Analysis
software (Agilent). The distributions of individual PLFAs in each sample are reported here as a

mole percentage (mol %) relative abundance. PLFAs were identified by comparing the mass
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fragmentation patterns and retention time to a bacterial reference standard (Bacterial Acid Methyl
Esters CP Mix, Sigma-Aldrich, Oakville, ON, Canada).

PLFAs were described as Z:nAx, where Z is the total number of carbon atoms on the fatty
acid chain, n is the number of double bonds and Ax indicates the location of the double bond if
known. The letters A, B, and C denote different isomers whose double bond position is unknown.
Cyclopropyl PLFAs are denoted with the prefix “cyc”. Methyl group branching is denoted by the

31
1

prefixes “1” for the iso-isomer, “a” for the anteiso-isomer, and “br” if the position of the methyl

group is unknown (branched isomers are differentiated by letters A, B, and C).

2.6. 8'3C analysis

The stable carbon isotope contents (8*3C) of individual PLFAs were determined using a
gas chromatograph — isotope ratio mass spectrometer (GC-IRMS) at the GSC-Québec’s Delta-
Lab. The system consisted of a TRACE 1310 GC with a HP-5 column (60 m; 0.32 mm i.d.; 0.25
pm film) paired with a Delta V IRMS via a GC IsoLink (Thermo Fisher Scientific, Bremen,
Germany). The IsoLink combustion reactor was maintained at 1050 °C. The GC oven temperature
program was the same as that used for GC-MS analysis.

An external standard mixture containing 5-a-androstane obtained from the
Biogeochemical Laboratories at Indiana University and five in-house FAME isotopic standards
(12:0, 14:0, 16:0, 18:0, and 20:0) was injected into the GC-IRMS after every six sample injections
to assess accuracy. Samples were run in duplicate, and peaks were manually integrated using
Isodat software (Thermo Fisher Scientific) to obtain §*3C ratios for specific PLFAs. The precision

(10) for replicate standard and sample injections was * 0.5%o. All 3*3CpLra values were corrected

10
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for the isotopically characterized methyl group added to each FAME during mild alkaline

methanolysis by the following equation:

S13CpLra = [613Cmeasured — (fmeor x 8**Cwmeon )]/1-fveon 1)

where fiveoH is the fraction of C atoms derived from methanol (MeOH). The §**Cwmeon value was -
51.3%o.

The §'3C values of total organic carbon (TOC) in decarbonated soil samples were measured
using an elemental analyser (Costech Analytical Technologies Inc.) interfaced with a Delta V
(Thermo Fisher Scientific) IRMS system. Further details on sample preparation are provided in

the Supporting Information (Text S4).

2.7. A¥*C analysis

The masses of individual PLFAs were too low for compound-specific radiocarbon analysis;
consequently, *C contents were determined in the bulk PLFA fractions (Ahad et al., 2010;
Mahmoudi et al., 2013a). In some cases, samples from multiple depths were combined to meet
mass requirements for bulk C analyses. Samples for radiocarbon analysis were selected at four
different time series covering the full length of the experiment.

FAME:s dissolved in dichloromethane (DCM) were transferred by syringe into a 40 pL
rigid silver capsule (IVA-Analysentechnik e.K.), dried in an oven at 50 °C for 30 min, and sealed
with pliers following a protocol similar to that previously used for preparation of organic extracts
for 14C analysis (Ahad et al., 2020; Ahad et al., 2021). Samples were placed in quartz tubes with

CuO oxidizer, sealed under vacuum, and combusted to CO2 at 900 °C. CO2 was then reduced to

11
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graphite and measured for its **C/*2C ratio using a 500 kV compact accelerator mass spectrometer
(AMS) unit (National Electrostatics Corporation, Middleton, WI, USA) at the W.M. Keck Carbon
Cycle AMS facility at the University of California Irvine. Ratios were then corrected with the ratio
of Oxalic Acid |1 (SRM 4990) and normalized for 3C fractionation to be presented in the standard
A¥C notation (Stuiver and Polach, 1977).

The radiocarbon contents of total organic carbon (TOC) in freeze-dried soil samples (also
reported in A¥C notation) were determined using the same AMS system described above. TOC
samples were decarbonated with 1N HCI at 70 °C, washed with ultrapure MilliQ water and dried
prior to combustion to CO:s.

To assess the accuracy and precision of AM™C analyses, both modern (butter-derived
FAMEsSs) and fossil (Ordovician shale aromatic hydrocarbons) standards of similar masses to those
of samples were prepared in the same manner as described above. Based on replicate analyses of
these standards, the error incorporating both accuracy and precision for A¥C analyses was < 20%o.
All A¥CpLra values were corrected for the isotopically characterized methyl group added to each

FAME during mild alkaline methanolysis by the following equation:

AY¥CwmeoH =[A¥Cmeasured — (fmeor X A¥*Cwmeon )]/1-fmeon (2

where fis the fraction of C atoms derived from MeOH on each FAME. The A*Cwmeon value was -

998.2%o. Contributions of potential carbon sources to **C content of bulk PLFA fractions were

estimated using a two end-member mass balance:

AY¥CprLra = (1 — fsoit) X AlACpetroleum + fsoit % AMCsoil 3

12
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where A¥CpLra corresponds to the isotopic value of the PLFAs, fswil is the fraction of carbon
contributed by the background soil TOC, 1- fsir is the fraction of carbon contributed by petroleum,
AYChetroleum is the isotopic value of DB or CC (both assumed to be -1000%o) and A*Cxi is the

isotopic value of the background soil TOC.

2.8. Genomic DNA extraction and sequencing of 16S rRNA genes

Genomic DNA was extracted from 45 soil cores, in replicate, using the DNeasy PowerSoil
DNA extraction kit from Qiagen (Hilden, Germany) following the manufacturer's protocol. The
V4 hypervariable region of the 16S rRNA gene in both bacteria and archaea (primer pair 548F and
806R) (Kozich et al., 2013) was amplified and sequenced in duplicate for each soil core.
Amplicons were sequenced on an Illumina MiSeq (San Diego, CA, USA) in the Ronholm Lab
(McGill University). Sequence data was analyzed using Quantitative Insights Into Microbial
Ecology 2 (QIIME2) v2021.2 (Bolyen et al., 2019). Files generated in the QIIME2 pipeline were
then exported for use in downstream statistical analyses. Details of sequence data processing using
QIIMEZ2 can be found in the Supporting Information (Text S5). Sequencing data were submitted

to the National Center for Biotechnology Information (NCBI) under BioProject PRINA922993.

2.9. Statistical analyses of sequencing data

All statistical analyses and visualizations were done in R, version 4.0.2. Amplicon
sequence variant (ASV) counts were rarefied (subsampled without replacement) to 4162, which
equated to the sample with the lowest number of reads, using the phyloseq R package (McMurdie

and Holmes, 2013). Beta diversity metrics were calculated using Weighted UniFrac distance with

13
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320

phyloseq. Results of the distance matrix were visualized by Principal Coordinate Analysis (PCoA)
using the phyloseq and ggplot2 R packages (Wickham, 2011). Differences in microbial community
composition between metadata groups (treatment type/sample depth/sample day) were assessed
using permutational multivariate analysis of variance (PERMANOVA). The homogeneity of
within-group dispersions was assessed by permutation multivariate analysis of dispersion
(PERMDISP). Both PERMANOVA and PERMDISP were implemented using the vegan R
package (Oksanen et al., 2013).

Normality and homogeneity of variance of the relative abundance of individual taxonomic
groups were evaluated with the Shapiro-Wilk test (P < 0.05) and the Levene’s test (P < 0.05),
respectively. For all datasets, the assumptions of normality and equal variance required for analysis
of variance (ANOVA) tests were not met. As an alternative to ANOVA, the non-parametric
Kruskal-Wallis test followed by a Dunn’s multiple comparison test with Holm adjustment was
done to reveal if significant differences existed between metadata groups (treatment type/sample
depth/sample day) in these datasets. These calculations were done using the rstatix package

(Kassambara, 2021).

3. Results
3.1. Concentrations of TPHs

Concentrations of TPHs extracted from soil cores ranged from 19 to 568 mg/kg in DB,
19.5 t0 605 mg/kg in CC, and 24 to 27.6 mg/Kkg in the control (Table S2). TPH concentrations were
highest in the top depths of DB and CC cores (404 to 605 mg/kg) and were comparable to the
lower range of those reported in soils contaminated by crude oil near pipelines (Iturbe et al., 2007,

Pernar et al., 2006). TPH concentrations at middle and bottom depths remained at similar levels to

14
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the control over the course of the experiment apart from the bottom depth of DB, which spiked to
91 mg/kg on Day 34. The background TPH concentration in the control (24.0 to 27.6 mg/kg) is
attributed to the presence of non-petroleum hydrocarbons (e.g., alkanes from plant leaf waxes)

found in the soil.

3.2. Microbial PLFAs

The total concentrations of PLFAs extracted from individual samples varied widely over
the course of the exposure but did not show any trends across metadata groups (treatment type,
sample depth, sample day). Total PLFA concentrations ranged from 8.18 to 37.57 ng/g soil, with
much of this variability likely attributable to differences in grain size from sample to sample
(Figure S3). Overall, PLFA distributions (as mol %) for the most abundant compounds were
similar across all samples (Figure 1). The most abundant PLFAs across all DB, CC, and control
samples were 16:0 (17.0 to 23.0%) and 18:1B (10.4 to 16.2%). In all columns, 16:0, a general
bacterial biomarker, and 18:1B, a biomarker for gram-negative bacteria (Wilkinson and Ratledge,
1988), showed a slight increase in abundance over the exposure period. The gram-positive
bacterial biomarkers, i-15:0 and a-15:0 (O'Leary et al., 1988; Vestal and White, 1989) both
decreased for DB and CC columns. In contrast, cyc17:0, a biomarker for gram-negative bacteria
and petroleum-degrading bacteria (Ahad et al., 2018; Cowie et al., 2010; Greenwood et al., 2009),
only increased in CC and DB columns (Figure 1).

Principle Component Analysis (PCA) was performed on mol % data for the top 12 PLFASs
from each depth separately (Text S6). PCA biplots showed a progressive change in PLFA
distributions over time in oil-impacted samples and the control (Figure S4). Greater mol % of

cy17:0, 16:0, 16:1A9, and 18:1B were associated with CC and DB samples in the later stages of
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the exposure period (after day 48). All other PLFAs were associated with control and early-stage
(before day 48) DB and CC samples. The PCA biplots indicate changes in microbial PLFA
distributions in response to oil exposure but no distinction between DB- and CC-impacted

communities.

3.3. 8*3C values of PLFAs and TOC

The §*3C values of individual PLFAs ranged from -30.5 to -24.0%o (Figure 2). In general,
the 513C values of individual PLFAs showed no clear trends across depths or time. The §**C-PLFA
values have thus been grouped to highlight potential differences between treatments (Figure 2).
The most enriched PLFA was a-15:0, with an average §**C value from all three columns (DB, CC,
and control) of -25.2 + 0.5%o over the entire length of the experiment. The most depleted PLFA
was 19:1A, with an average 63C value of -29.0 + 0.7%o.

There were statistically significant differences in §!3C values for cyc17:0 (P < 0.05) and
the combined PLFAs 16:1A9 and 16:1B (P < 0.05) between the control and both oil-impacted
columns. The §'3C values of cyc17:0 were significantly more depleted in both CC and DB
compared to the control (P <0.05). The combined 16:1A9 and 16:1B group was significantly more
depleted in *C in CC compared to the control (P < 0.05).

The &'3C values of the control soil TOC on Day 0 were -26.8, -27.6 and -27.4%o in the top,
middle and bottom core sections, respectively, and remained unchanged over the course of the
experiment (-27.2 + 0.1%o on Day 104). On Day 6, the §**C-TOC values in the in the top, middle
and bottom core sections of the DB and CC columns were -29.0, -27.5 and -27.7%. and -29.2, -
27.9 and -27.2%., respectively. The more depleted values in the top sections reflected a greater

contribution from either dilbit (-29.9%0) or conventional heavy crude (-29.3%o). This trend
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remained consistent over the course of the experiment, as evident from a similar suite of values
measured in top, middle and bottom core sections on Day 104 (DB: -29.3, -27.3 and -26.8%o; CC:

-29.1, -27.4 and -27.4%o).

3.4. A¥C values of bulk PLFAs

Bulk PLFA *C contents for DB and CC columns were assessed from individual top,
middle and bottom depths on Days 34 and 62 and from combined depths on Day 104 (Table S3,
Figure 3). Bulk PLFA C contents in the control were determined from individual top, middle and
bottom depths on Days 34 and 62 and from combined depths on Days 0 and 104 (Table S3, Figure
3). The A™C values of bulk PLFAs in the control ranged from -46.1 to +53.7%o and for most
samples were more positive than the A¥*C value of the bulk soil TOC (-34.7%o). The A¥*C values
of bulk PLFAs ranged from -221.1 to -54.7%o in the DB column and from -259.4 t0 -97.9%o in the
CC column. In contrast to the control, there was a discernible decrease in A**C values for both CC

and DB columns over the exposure period (Figure 3).

3.5. Microbial community composition

Sequencing of 16S amplicons yielded a total of 6,382,607 reads. Following quality control,
the total read count was reduced to 3,812,693 with an average of 39,715 reads per sample. The
total number of amplicon sequence variants (ASVs) present in the filtered dataset was 26,641. The
overwhelming majority of ASVs (17,736) were assigned to Bacteria and only 69 were assigned to
Archaea. The dominant bacterial phylum across all samples was Proteobacteria, making up 32.7
to 60.1% of ASVs across all samples (Figure S5). Other abundant phyla (> 1% average abundance)

included Actinobacteriota (8.5 to 21.4%), Acidobacteriota (6.8 to 17.0%), Chloroflexi (2.6 to
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9.7%), Bacteroidota (1.7 to 19.8%), Myxococcota (0.8 to 7.8%), Verrucomicrobiota (1.2 to 6.9%),
Planctomycetota (0.8 to 5.9%), Gemmatimonadota (1.3 to 3.7%), and Firmicutes (0.4 to 6.0%).
Gammaproteobacteria was the dominant class (Figure S6) across all samples. There were
significant differences in the relative abundance of Gammaproteobacteria between control and
oil-impacted columns (P <0.05). During the exposure period, the average relative abundance of
Gammaproteobacteria increased by 11.7 and 16.1% in the DB and CC columns, respectively. In
contrast, the average relative abundance of Gammaproteobacteria remained at 19.4% in the
control column. Within Gammaproteobacteria, the predominant order was Burkholderiales
(Figure S7) whose relative abundance significantly increased by 11.5% and 15.3% in both the DB
and CC columns (P <0.05). At the genus level, dramatic increases in relative abundances of
Polaromonas from within the order Burkholderiales were observed over time (Figure 4). At day
0, Polaromonas accounted for < 1% of sequences but by day 104 it comprised 8.9 to 18.2% of all
sequences in the DB samples (across all depths) and 8.0 to 17.2% in the CC samples (across all
depths) while accounting for < 1% of sequences in the control column.

Several other groups became more abundant in the oil-impacted columns compared to the
control column over time (Figure 4). There were significantly higher proportions of
Phenylobacterium (Alphaproteobacteria), Mycobacterium (Actinobacteria), and an unknown
genus from the family Comamonadaceae (the same family as Polaromonas) in both the DB and
CC samples relative to the control (P <0.05).

Changes in microbial community structure over time were visualized for each sampling
depth (top, middle and bottom) using PCoA of weighted unifrac distances based on the relative
abundance of ASVs (Figure S8). For all three depths, the DB and CC samples were significantly

different from the control samples (P < 0.05) but not from each other. This implies that although
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microbial communities were strongly affected by the presence of oil, the type of oil (DB vs. CC)
did not lead to specific changes in community composition. Likewise, PERMANOVA tests found
no significant differences between the microbial communities exposed to DB and CC but did

clearly differentiate them from Day 0 and control samples (P < 0.05).

4. Discussion

Although subtle (Figure 1), the distributions of PLFAs in DB, CC, and control columns
changed over the course of the experiment. The increases in the mol % of cycl17:0, 16:0, 18:1B
and 16:1A9 and decreases in a-15:0, and i-15:0 were associated with microbial communities
exposed to CC and DB. Cyc17:0, 18:1B, and 16:1A9 are biomarkers for gram-negative bacteria
(Wilkinson and Ratledge, 1988). Previous studies have reported similar increases in the abundance
of gram-negative PLFA biomarkers following exposure to petroleum (Bastida et al., 2016; Green
and Scow, 2000; Li et al., 2018; Margesin et al., 2007). In addition to being a biomarker for gram-
negative bacteria, cyc17:0 has been associated with petroleum-degrading microbes in previous
studies (Ahad et al., 2018; Cowie et al., 2010; Greenwood et al., 2009). Correspondingly, this
increase in gram-negative was confirmed by the amplicon sequencing data which revealed that the
gram-negative bacterial phylum, Proteobacteria, dominated the microbial community and their
relative abundances increased over the exposure period in DB and CC columns.

Proteobacteria are known to include a multitude of hydrocarbon-degrading bacteria that
contribute to crude oil degradation (Ahad et al., 2018; Bastida et al., 2016; Deshpande et al., 2018;
Hazen et al., 2016; Mahmoudi et al., 2013b). The dominant DB and CC-degrader identified in our
study was Polaromonas, a genus within the order Burkholderiales. In addition to Polaromonas,

several other genera significantly increased in abundance during the DB and CC exposures. These
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included Phenylobacterium, Mycobacterium, and an unknown genus from the family
Comamonadaceae — all of which are known oil-degrading bacteria (Atlas et al., 2015; Kweon et
al., 2011; Rodgers-Vieira et al., 2015; Yang et al., 2016). Previous genomic analyses have shown
that numerous bacteria within the taxa Burkholderiales, including Polaromonas, have the
metabolic potential to degrade a broad spectrum of aromatics as they possesses genes used in many
peripheral and central ring-cleavage pathways (Hanson et al., 2012; Jeon et al., 2003; Pérez-
Pantoja et al., 2012). Moreover, Polaromonas spp. were identified as potential dilbit-degraders in
a recent study monitoring biodegradation of two types of dilbit (CLB and Western Canadian
Select) by bacterial enrichments in freshwater microcosms (Deshpande et al., 2018). In their 72-
day experiment using an enriched microbial consortium obtained from sediment contaminated by
the 2010 Kalamazoo River dilbit spill, Deshpande et al. (2018) noted that relative abundance of
Polaromonas and other bacterial genera increased as concentrations of larger aromatic and
branched alkane fractions decreased. Polaromonas reached its highest abundance on day 40 for
CLB and day 72 for Western Canadian Select dilbit. In our study, Polaromonas reached its highest
relative abundance more than three months following the spill, on Day 104. This slow but
consistent increase suggests Polaromonas was potentially metabolizing the larger, more complex
hydrocarbon fractions that did not undergo immediate weathering.

Hydrocarbon metabolism by bacteria under aerobic conditions results in §**C-PLFA values
that closely mirror that of the carbon source (typically PLFAs are depleted by < 3%o) (Ahad and
Pakdel, 2013; Cowie et al., 2010; Hayes, 2001). The observation that all §'3C PLFA values were
within 3%o of the potential carbon sources thus reflects the oxic conditions in soil columns and
aerobic biodegradation of DB and CC (Figure 2). The depleted §*3C values for cyc17:0 and the

combined 16:1A9 and 16:1B in DB and CC relative to the control pointed to uptake of *C-depleted
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0il (DB: -29.9%o; CC: -29.3%o) relative to more **C-enriched soil TOC (-27.3%o). Both PLFAs are
biomarkers for gram-negative bacteria and were previously observed to be associated with oil-
degrading microbial communities (Ahad et al., 2018; Greenwood et al., 2009). Interestingly,
Polaromonas strains have been shown to predominantly feature 16:1A9 and cyc17:0 in their PLFA
profiles (Kampfer et al., 2006; Sizova and Panikov, 2007). The more positive 5'C values for i-
15:0 and a-15:0 show the carbon source to be background soil TOC rather than the *C-depleted
oil. The growth of the subset of soil microbes preferring soil organic matter was not promoted by
the presence of DB or CC, and as such the relative abundances of i-15:0 and a-15:0 decreased as
PLFAs associated with oil degradation (e.g., cycl7:0) increased (Figure 1). There were no
discernable trends in 5'C values over time or between depths, likely due to the small differences
between the §*C of TOC and the two oils (2.0 and 2.6%o for DB and CC, respectively), relative to
the margin of error in §3C measurements (£ 0.5%o).

Sorption onto organic matter and heterogeneous distributions between samples make
determining mass losses of TPHSs in soils and sediments difficult to quantify (Ahad et al., 2010;
Slater et al., 2005). In the shallow subsurface, dispersion and advection play important roles in
controlling contaminant concentrations over time (Kalbe et al., 2008). As shown on Table S2, there
were no consistent changes in TPH concentrations in the top, middle and bottom core sections
over the course of this experiment. In contrast, the significant differences in AY*C-PLFA values
between DB/CC and control columns on Days 34, 62, and 104 (Figure 3) provided unequivocal
evidence for microbial uptake of petroleum-derived carbon throughout the exposure period.
Although TPH concentrations showed no clear temporal trends, in general the AC values of bulk

PLFAs reflected the level of petroleum contamination in the soil. For example, higher
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concentrations of TPHs in the top depths of DB and CC cores corresponded to lower A*C-PLFA
values that indicated greater levels of microbial uptake of oil (Tables S2 and S3).

Using the two end-member mass balance (Eg. 3), we calculated the relative contribution
of carbon sources to the **C contents of the PLFAs in the DB and CC samples (Table S3). Between
2 and 19% and 7 and 23% of microbial PLFA carbon was derived from petroleum in columns
amended with DB and CC, respectively. Thus, while there was certainly uptake of DB and CC,
the background soil organic matter remained the dominant carbon source for microbial
communities. The slightly more positive A¥C-PLFA values in the control (+10.7 * 38.6%o)
compared to bulk soil TOC (-34.7%o) indicated that microbes were preferentially degrading the
more modern (i.e., more recently fixed from atmospheric CO2) and ostensibly labile constituents
within the background soil TOC, a finding observed in previous studies (Cowie et al., 2010;
Kramer and Gleixner, 2008).

The preferential uptake of more modern background soil TOC at petroleum-contaminated
sites has been observed in other studies that determined A'*C values in bulk PLFAs. In an
investigation into carbon sources utilized by the active microbial communities in shallow
groundwater systems underlying three petroleum service stations, Ahad et al. (2010) found that
higher petroleum concentrations and lower soil TOC levels corresponded to greater utilization of
fossil carbon (up to 43%). The preferential microbial utilization of relatively more modern carbon
sources was also observed in soils surrounding a former industrial site, where maximum
contributions of fossil PAH-derived carbon in microbial PLFAs were found to range from 12 to
71% (Mahmoudi et al., 2013a). In Athabasca oil sands region tailings ponds — systems dominated
by fossil carbon sources — Ahad and Pakdel (2013) reported A*C values of up to around -600%o

for non-specific PLFAs (e.g., 16:0). Dissolved and particulate organic matter from the Athabasca
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River, the main source of freshwater used by bitumen mining companies, was considered the main
source for the relatively modern carbon preferred by tailings sediment microbes.

The A'C values of bulk PLFAs in the control at middle, bottom and combined depths
ranged from +0.3 to +53.7%o. However, the AXC values in the top depths of the control were
significantly more negative with Day 34 and Day 62 values at -28.5 and -46.1%o, respectively
(Figure 3, Table S3). This discrepancy can be attributed to the release of volatile organic
compounds from neighbouring DB and CC columns contaminating the top depth of the control,
leading to potential uptake of **C-depleted hydrocarbons by control column microbes. This theory
is supported by the trends in amplicon sequencing results. During the exposure period, microbial
community composition in the top depth of the control was significantly different than in middle
and bottom depths (P < 0.05). In addition, the microbial community in the control on Day 0 was

significantly different from all other days of the exposure (P < 0.05).

5. Conclusions

The production and transportation of dilbit is expected to increase in coming decades
(CAPP, 2019), leading to a greater risk for accidental release into the environment. Understanding
the behaviour of dilbit in the shallow subsurface following a spill is a key component of responsible
resource development. Over a 104-day exposure period using large-scale columns, we observed
direct evidence of continuous microbial uptake of dilbit in simulated vadose zone systems.
Similarities in the microbial response to DB and CC spills demonstrated that, under aerobic
conditions, the biodegradation potential of these two oils in the shallow subsurface is equal.

The experiments reported here were carried out using a sandy soil with a TOC content of

1.7 £ 0.6%. Variations in these and other soil parameters (e.g., microbial community composition,
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moisture level, etc.) may have led to different levels of natural attenuation in both DB and CC
columns. A goal of future work should thus be to examine the shallow subsurface behaviour of
DB under a variety of different experimental conditions. Data generated by this study and
additional controlled spill experiments can be used to inform the development of effective DB spill
response strategies, specifically the potential for biodegradation by natural soil microbial

communities in the unsaturated zone to act as a remediation strategy.
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Figure Headings

Figure 1. Relative abundance distributions (mole percentage) of 12 of the most abundant PLFAs
in samples collected from the top, middle and bottom sampling depths during the 104-day exposure
period to dilbit and conventional crude.

Figure 2. The average stable carbon isotope (5!3C) values for the most abundant PLFAs over the
course of the entire 104-day experiment. Error bars represent standard deviations between samples.
Outlier points are not shown but were included in calculations. The horizontal lines denote the
513C values of the potential carbon sources: conventional crude (red; -29.3%o), dilbit (blue; -
29.9%o0) and soil TOC (green; -27.3%o).

Figure 3. Radiocarbon (AC) values for PLFAs at days 0, 34, 62, and 104. Top, middle, and
bottom sampling depths were combined for Days O (control) and 104 (control, dilbit and
conventional heavy crude). Top, middle, and bottom sampling depths were analysed individually
for Days 34 and 64 samples. The dotted line represents the A¥*C value of the soil TOC (-35%o)
while the dashed line represents the A¥C value of dilbit and conventional heavy crude (-1000%o).
Error bars represent = 20%o accuracy and precision of AMC measurements.

Figure 4. Microbial community composition at the genus level. Relative abundances are expressed
as a percent (%). Facets group column treatments (top x-axis), and depths (y-axis). Genera with
an average relative abundance less than 1.5% are collectively labelled as ‘Other’. Significant
increases in the abundance of Polaromonas were observed over time for both the dilbit and
conventional crude columns.
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Highlights

Controlled vadose zone spill experiments carried out using large soil-filled columns.
Dilbit (DB) & conventional heavy crude (CC) showed similar biodegradation over 104 d.
Up to ~ 20% of carbon in microbial phospholipid fatty acids derived from CC or DB.
Abundances of Polaromonas, a known hydrocarbon-degrader, increased over time.

Natural attenuation potential for DB similar to CC following a vadose zone spill.
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