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Abstract
Petroleum hydrocarbon biodegradation via methanogenesis has been identified as the major postemplacement alteration process in the Athabasca oil sands region (AOSR) (Wilhelms et al., 2001; Head et
al., 2003; Adams et al., 2004; Jones et al., 2008). However, biodegradation is also responsible for
economic accumulations of natural gas in some areas of the AOSR (and other gas deposits such as the
Antrim shale), and biodegradation in sedimentary basins has been suggested as a possible driver of the
global carbon cycle and Earth’s climate system (Kroeger et al., 2011; Berbesi et al., 2014). Shallow
hydrocarbon reservoir environments in the AOSR are favorable to hydrocarbon biodegradation due to
low temperature, moderate pH, availability of water and nutrients, and an abundant carbon source
(Zengler et al., 1999; Widdel et al., 2001; Roling et al., 2003; Larter et al., 2003; Larter et al., 2006;
Oldenburg et al., 2006; Bennett et al., 2013). However, formation water chemistry is thought to exert a
substantial control on rates and pathways of biodegradation, and McMurray Formation water
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geochemistry is highly variable across the AOSR. Total dissolved solids concentrations in McMurray
Formation water range from 220−280 000 mg/L (Cowie et al. in review), and dissolved sulfate varies from
0 to 4 000 mg/L.
Microbial communities are sensitive to changes in formation water geochemistry (Waldron et al., 2007).
Therefore under the variable geochemical conditions observed in the modern McMurray Formation,
microbial processes and hence biodegradation rates and pathways are anticipated to be disparate across
the AOSR. The objective of this study was to investigate changes in microbial community composition,
and to identify changes in rates of methanogenesis and bacterial sulfate reduction that are attributable
to variability in aqueous geochemistry under controlled laboratory conditions.
Laboratory microcosms containing well-characterized microbial communities (derived from BerdugoClavijo et al., 2012) were grown on an oil sands substrate with three different aqueous geochemical
compositions that are typical of McMurray Formation waters in the Athabasca region (TDS values 1000,
7000, 20000 mg/L). Microbial community composition was monitored using 16S rRNA pyrosequencing,
while methane generation rates, and stable isotope compositions of CO2 (δ13C), gas-phase hydrocarbons
(δ13C and δ2H) and dissolved sulfate (δ34S) were measured over twelve months to assess changes in
redox and hydrocarbon biodegradation pathways. Distinct differences in microbial community
composition, rates of methane generation, and stable isotope geochemistry were observed between
microcosms with different water properties. Therefore, we conclude that formation water geochemistry
exerted a significant control on biogeochemical processes in our experiments. The direct extension of our
bench-scale experiments to field-scale predictions is not yet prudent. However the obtained results
strongly suggest that differential biodegradation related to formation water properties is likely across the
AOSR. As such, microbial composition analyses may help predict biodegradation potential in various
locations across the AOSR. Comparisons of hydrocarbon properties in reservoirs with distinct formation
water chemistry may reveal distinct differences in hydrocarbon geochemistry and petroleum properties
that may have significant economic impacts.
References
Adams, J., Rostron, B., & Mendoza, C (2004). Coupled fluid flow, heat and mass transport, and erosion in the Alberta basin: implications for
the origin of the Athabasca oil sands. Canadian Journal of Earth Sciences, 41(9), 1077-1095.
Bennett, B., Adams, J. J., Gray, N. D., Sherry, A., Oldenburg, T. B. P., Huang, H., et al (2013). The controls on the composition of biodegraded
oils in the deep subsurface Part 3. The impact of microorganism distribution on petroleum geochemical gradients in biodegraded petroleum
reservoirs. Organic Geochemistry, 56(C), 94-105.
Berbesi, L. A., Primio, R., Anka, Z., Horsfield, B., Wilkes, H., & Di Primio, R (2014). Methane leakage from evolving petroleum systems: Masses,
rates and inferences for climate feedback. Earth and Planetary Science Letters, 387, 219-228.
Berdugo-Clavijo, C., Dong, X., Soh, J., Sensen, C. W., & Gieg, L. M (2012). Methanogenic biodegradation of two-ringed polycyclic aromatic
hydrocarbons. FEMS Microbiol Ecol, 81(1), 124-133.
Cowie B.R., James, B., and Mayer, B. (in review). Distribution of total dissolved solids in McMurray Formation water in the Athabasca Oil
Sands Region, Alberta, Canada: implications for regional hydrogeology and resource development. American Association of Petroleum
Geologists Bulletin.
Head, I., Jones, D., & Larter, S (2003). Biological activity in the deep subsurface and the origin of heavy oil. Nature, 426(6964), 344-352.
Jones, D. M., Head, I. M., Gray, N. D., Adams, J. J., Rowan, A. K., Aitken, C. M., et al (2008). Crude-oil biodegradation via methanogenesis in
subsurface petroleum reservoirs. Nature, 451(7175), 176-180.
Kroeger, K. F., di-Primio, R., & Horsfield, B (2011). Atmospheric methane from organic carbon mobilization in sedimentary basins — The
sleeping giant Earth-Science Reviews, 107(3-4), 423-442.

GeoConvention 2014: FOCUS

2

Larter, S., Wilhelms, A., Head, I., Koopmans, M., Aplin, A., Di Primio, R., et al (2003). The controls on the composition of biodegraded oils in
the deep subsurface - part 1: biodegradation rates in petroleum reservoirs. Organic Geochemistry, 34(4), 601-613.
Larter, S., Huang, H., Adams, J., Bennett, B., Jokanola, O., Oldenburg, T., et al (2006). The controls on the composition of biodegraded oils in
the deep subsurface: Part II - Geological controls on subsurface biodegradation fluxes and constraints on reservoir-fluid property prediction.
Aapg Bulletin-American Association of Petroleum Geologists, 90(6), 921-938.
Oldenburg, T. B. P., Larter, S. R., & Huang, H (2006). Nutrient supply during subsurface oil biodegradations - Availability of petroleum nitrogen
as a nutrient source for subsurface microbial activity. Energy and Fuels, 20(5), 2079-2082.
Roling, W., Head, I., & Larter, S (2003). The microbiology of hydrocarbon degradation in subsurface petroleum reservoirs: perspectives and
prospects. Research in Microbiology, 154, 321-328.
Waldron, P. J., Petsch, S. T., Martini, A. M., & Nuesslein, K (2007). Salinity constraints on subsurface archaeal diversity and methanogenesis in
sedimentary rock rich in organic matter. Applied and Environmental Microbiology, 73(13), 4171–4179.
Widdel, F., & Rabus, R (2001). Anaerobic biodegradation of saturated and aromatic hydrocarbons. Current Opinion in Biotechnology, 12(3),
259-276.
Wilhelms, A., Larter, S., Head, I., Farrimond, P., di-Primio, R., & Zwach, C (2001). Biodegradation of oil in uplifted basins prevented by deepburial sterilization. Nature, 411(6841), 1034-1037.
Zengler, K., Richnow, H., Rossello-Mora, R., Michaelis, W., & Widdel, F (1999). Methane formation from long-chain alkanes by anaerobic
microorganisms. Nature, 401(6750), 266-269.

GeoConvention 2014: FOCUS

3

