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Petroleum is the cumulative result of numerous sequential and parallel processes occurring in the system
source-carrier-reservoir-cap rock over geological time. The initial control of its composition is from the
source rock, namely by the organofacies and maturity level of the kitchen area(s), and is therefore abasin
scale phenomenon (tens to hundreds of kilometers). The pressure and temperature conditions of the
source-carrier-reservoir system during expulsion, migration and accumulation, again at the basin scale,
are the next stage of potential change. Under subsurface reservoir conditions the petroleum may be in a
single vapor phase, in which caseit istermed a gas accumulation, asingle liquid phase, as exemplified by
crude oils which are undersaturated with respect to gas, or a two-phase system comprising a gas cap in
equilibrium with an underlying crude oil accumulation. Petroleum in reservoirs is then subjected to
different degrees of abiotic and biotic “attack”, which often reduces oil quality, including evaporative
fractionation, gravity segregation, gas deasphalting, gas stripping, water washing, cap rock leakage,
biodegradation and biosynthesis. Among these, biodegradation is a main control in shallow prospects
which may lead to a significant reduction of volumes in place as well as compositional changes which are
the basis of quality deterioration in particular during the early stages of ateration. The magjority of the
global petroleum reserves are more or less significantly biodegraded (Head et a., 2003). Main goals of
our research on in reservoir alteration processes are to understand the mechanisms of hydrocarbon
degradation and to quantify the effects on oil composition and properties.

Considering molecular level alteration, various classification systems characterizing different degradation
stages were proposed; the most commonly applied schemes were suggested by Peters and Moldowan
(1993) and Wenger et al. (2001). These widely employed biodegradation models focus on qualitative
aterations mainly occurring at advanced biodegradation levels, although much of the significant
deterioration of petroleum quality goes along with the depletion of volumetrically relevant compounds
during the rather early stages of biodegradation. In an earlier study we have used sample sets of crude oils
from geographically diverse petroleum systems, where compositional variability was mainly due to
microbial activity in the reservairs, to investigate these effects in detail (Elias et a., 2007). This research
showed that conventional molecular biodegradation parameters, such as the Pr/n-Cy; and Ph/n-Cyg alkane
ratios are not suitable for defining the extent of biodegradation correctly. Thus, we suggested a new
molecular biodegradation parameter, the degradative loss that can be used to quantify the depletion of
individual crude oil constituents. The approach alows improved assessment of the extent of
biodegradation in crude oil samples and also to predict crude oil quality, as assessed from API gravity,
directly from the molecular composition. Contrasting conventional assumptions, our findings showed that
the degradation patterns of light hydrocarbons and n-alkanes differ in different petroleum systems. This
suggests that microbial communities are different and therefore generate different molecular degradation
patterns which have to be evaluated individually for each system.
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In the past decade, compound-specific isotope analysis has become a powerful tool in environmental and
petroleum geochemistry to evaluate the biodegradation of hydrocarbons (for reviews see Meckenstock et
al., 2004, and Vieth and Wilkes, 2010). Previoudly, we used carbon isotope ratios of light hydrocarbons to
characterize in-reservoir biodegradation in an oil field (the Gullfaks field) offshore Norway. Increasing
biodegradation of light hydrocarbons was assessed by decreasing concentrations which were correlated to
enrichment in *C. This study for the first time showed that carbon isotope fractionation caused by
biodegradation of light hydrocarbons in a petroleum reservoir can be described using the Rayleigh
equation (Vieth and Wilkes, 2006). Subsequently, we proposed that the Rayleigh model can be used to
quantify biodegradation of light hydrocarbons in petroleum reservoirs and discussed the geochemical
implications for processes such as charging and mixing as well as the limitations of the method (Wilkes et
a., 2008). An important aspect is that carbon isotopic compositions of petroleum constituents comprising
more than ca. 10 carbon atoms will not be changed even at advanced stages of ateration. Thus, their
isotopic heterogeneity which is mainly due to primary controls may be regarded as a meaningful tool for
correlation purposes even at moderate levels of biodegradation.

Hydrogen isotopic compositions of individual crude oil constituents also show a significant variability
which, however, seems to be less straightforward to be interpreted than the carbon isotopes. Apparently,
maturity is a main control on 8D values (e.g., Dawson et al., 2005; Schimmelmann et al., 2001). The
hydrogen isotopic composition of isoprenoids like pristane and phytane seems to be influenced more
strongly by hydrogen exchange processes than the hydrogen isotopic composition of the n-alkanes of
similar GC retention behavior. Therefore, the difference in 6D of these isoprenoids to D of the
“surrounding” n-alkanes might be useful as a proxy to evaluate the residence time of the ail in the
reservoir assuming that with increasing residence time the difference in 8D between isoprenoids and
“surrounding” n-alkanes should decrease.

The concepts outlined above have been applied towards a case study investigated within our Industry-
Partnership-Program project “BioPetS Flux” whose main goal is to develop integrated models for
guantifying and predicting the extent of post-filling alteration processes. Within this project the vertica
and lateral variability of petroleum composition in a compartmentalized oil field offshore Norway, which
contains crude oils of different levels of adteration in the different reservoir compartments, is
characterized and interpreted at high resolution. To account for different filling scenarios, selected crude
oil samples from surrounding fields have also been anayzed. Aliphatic and aromatic hydrocarbons
including biomarkers are used to characterize organic facies, the depositional environment and the
maturity. In addition, polar compounds have been investigated using advanced tools such as el ectrospray
mass spectrometry.

For the detection of compositional heterogeneities constituents of both oils and reservoir core extracts
were quantified and different parameters were applied to indicate the variability of the molecular
composition with respect to different levels of alteration. Application of the “mean degradative loss’ (Fig.
1a; Elias et d., 2007; see above) revealed significant lateral and vertical differencesin the alteration level
of the oils. Furthermore, there was evidence for mixing of atered and fresh ail, as for example the co-
occurrence of 25-norhopane and n-alkanes indicates recharging processes. Similarly, the stable carbon
and hydrogen isotopic compositions of light hydrocarbons, n-alkanes, pristane and phytane of oil samples
have been evaluated and several new isotope parameters have been developed to assess and differentiate
primary and secondary processes that occurred and influenced the molecular and isotopic composition of
the oils on the reservoir scale. We observed good correlations between concentrations and §*°C values of
iC5, nC5 and nC6 that fitted to the Rayleigh equation indicating that biodegradation takes (took) place
(Fig. 1b). We then were able to establish a regional scheme for this petroleum system mapping the
charging and alteration effects occurring on the reservoir scale. These results are in accordance with the
basic organic geochemical characterization and lead to a more precise assessment of the reservoir
alteration processes. This presentation will discuss the benefits and limitations of the outlined concepts
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towards an improved evaluation of reservoir scale processes based on the results obtained for this North
Sea petroleum system.
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Fig. 1. Indications of biodegradation in a North Sea oil field. A) Mean degradative |osses were calculated according
to Elias et a (2007) using an oil from a neighboring oil field as the reference. Wells are ordered from West to East.
The data document a lateral as well as a vertical variability of the oil composition and different levels of alteration.
B) Carbon isotopic compositions of iCs (blue triangles), nCs (green squares) and nCg (red diamonds) versus
concentration. The logarithmic correlation indicates that the data fit the Rayleigh equation.

References

Dawson, D., Grice, K., Alexander, R., 2005. Effect of maturation on the indigenous 6D signatures of
individual hydrocarbons in sediments and crude oils from the Perth Basin (Western Australia).
Organic Geochemistry 36, 95-104.

Elias, R., Vieth, A., Riva, A., Horsfield, B., Wilkes, H., 2007. Improved assessment of biodegradation
extent and prediction of petroleum quality. Organic Geochemistry 38, 2111-2130.

Head, |.M., Jones, D.M., Larter, S.R., 2003. Biological activity in the deep subsurface and the origin of
heavy oil. Nature 426, 344-352.

Meckenstock, R.U., Morasch, B., Griebler, C., Richnow, H.H., 2004. Stable isotope fractionation analysis
as atool to monitor biodegradation in contaminated aquifers. Journal of Contaminant Hydrology 75,
215-255.

Peters, K.E., Moldowan, J.M., 1993. The Biomarker Guide. Prentice Hall, Englewood Cliffs.

Schimmelmann, A., Boudou, J.-P., Lewan, M.D., Wintsch, R.P., 2001. Experimental controls on D/H and
3C/**C ratios of kerogen, bitumen and oil during hydrous pyrolysis. Organic Geochemistry 32, 1009-
1018.

Vieth, A., Wilkes, H., 2006. Deciphering biodegradation effects on light hydrocarbons in crude oils using
their stable carbon isotopic composition: A case study from the Gullfaks oil field, offshore Norway.
Geochimica et Cosmochimica Acta 70, 651-665.

Vieth, A., Wilkes, H., 2010. Stable isotopes in understanding origin and degradation processes of
petroleum. In: Timmis, K.N. (Ed.), Handbook of Hydrocarbon and Lipid Microbiology. Springer,
Berlin, pp. 99-112.

Wenger, L.M., Davis, C.L., Isaksen, G.H., 2002. Multiple controls on petroleum biodegradation and
impact on oil quality. SPE Reservoir Eval Eng 5, 375-383.

Wilkes, H., Vieth, A., Elias, R.,, 2008. Constraints on the quantitative assessment of in-reservoir

biodegradation using compound-specific stable carbon isotopes. Organic Geochemistry 39, 1215-
1221.

AAPG SearchandDiscoveryArticle #90110©201RAAPG HedbergConferenceJune8-11,2010,Vail, Colorado.



	Adams-Bennett-Snowdon-Larter
	Summary
	Introduction
	Modern recovery operations, especially for unconventional resources, rely on accurate physical fluid property estimates for prospecting, resource assessment, risking, and optimal production. In conventional petroleum fields, in-field variations in oil...
	Lack of core or downhole fluids prohibits collection of representative (unaltered) oil samples and small sample volumes or sample aging or contamination dictate that API gravity and/or viscosity must be estimated using genetic or statistical models an...
	Method
	In this paper, we discuss the advantages and disadvantages of the various methods on large datasets of penecontemporaneously analyzed heavy oil geochemical data and a viscosity data set from Canadian heavy oilfields. For example, in one study, over 30...
	Statistical predictions of viscosity from oil chemistry rely on accurate viscosity measure-ments to calibrate proxy correlations and an adequate number of precise chemical parameters to span the whole range of compositions in the sample set (e.g., bio...
	In addition, experiments investigating contamination of bitumen samples show that even small quantities of dispersed water and reservoir solids can significantly affect measured viscosity. These findings are consistent with the correlation of heavy oi...
	Correlations between fluid properties and geochemical data can be developed with similar success using component concentrations or parts of, or whole, chromatograms of key components as time series datasets. Ratios of geochemical components are widely...
	Clearly errors in viscosity data will be present in any large dataset collected over a period of time reflecting variable storage and extraction histories. In this case, individual viscosity values varied by up to 30-80% from “true values” equivalent ...
	Results
	The PLS models using the whole training dataset of oil component concentrations predicted the measured viscosity over the whole viscosity range(5 decades) with RMSE of 139,187 cP. Inclusion of storage time and relative depth from the top of the bitume...
	Generally good linear fits of observed and predicted viscosities are obtained with the ANN model trained on 30-day DTDV data set. The best equivalent ANN model included both relative depth and sample storage time, and better predicted the highest visc...
	Conclusions
	The accurate prediction of oil mobility is crucial for effective exploration and optimization of production strategies especially in biodegraded heavy oil and bitumen reservoirs which exhibit great fluid property heterogeneity., To build representativ...
	Acknowledgements
	References

	Bennett-Fustic-Huang-Larter
	AAPG HEDBERG CONFERENCE
	P2PNexen Inc. Calgary, Alberta, Canada T2P 3P7
	Summary
	Introduction
	Methodology
	Geochemical solutions
	1) Barrier versus baffles
	Conclusions
	Acknowledgements
	References


	Binder1
	Adams-Bennett-Snowdon-Larter
	Summary
	Introduction
	Modern recovery operations, especially for unconventional resources, rely on accurate physical fluid property estimates for prospecting, resource assessment, risking, and optimal production. In conventional petroleum fields, in-field variations in oil...
	Lack of core or downhole fluids prohibits collection of representative (unaltered) oil samples and small sample volumes or sample aging or contamination dictate that API gravity and/or viscosity must be estimated using genetic or statistical models an...
	Method
	In this paper, we discuss the advantages and disadvantages of the various methods on large datasets of penecontemporaneously analyzed heavy oil geochemical data and a viscosity data set from Canadian heavy oilfields. For example, in one study, over 30...
	Statistical predictions of viscosity from oil chemistry rely on accurate viscosity measure-ments to calibrate proxy correlations and an adequate number of precise chemical parameters to span the whole range of compositions in the sample set (e.g., bio...
	In addition, experiments investigating contamination of bitumen samples show that even small quantities of dispersed water and reservoir solids can significantly affect measured viscosity. These findings are consistent with the correlation of heavy oi...
	Correlations between fluid properties and geochemical data can be developed with similar success using component concentrations or parts of, or whole, chromatograms of key components as time series datasets. Ratios of geochemical components are widely...
	Clearly errors in viscosity data will be present in any large dataset collected over a period of time reflecting variable storage and extraction histories. In this case, individual viscosity values varied by up to 30-80% from “true values” equivalent ...
	Results
	The PLS models using the whole training dataset of oil component concentrations predicted the measured viscosity over the whole viscosity range(5 decades) with RMSE of 139,187 cP. Inclusion of storage time and relative depth from the top of the bitume...
	Generally good linear fits of observed and predicted viscosities are obtained with the ANN model trained on 30-day DTDV data set. The best equivalent ANN model included both relative depth and sample storage time, and better predicted the highest visc...
	Conclusions
	The accurate prediction of oil mobility is crucial for effective exploration and optimization of production strategies especially in biodegraded heavy oil and bitumen reservoirs which exhibit great fluid property heterogeneity., To build representativ...
	Acknowledgements
	References

	Bennett-Fustic-Huang-Larter
	AAPG HEDBERG CONFERENCE
	P2PNexen Inc. Calgary, Alberta, Canada T2P 3P7
	Summary
	Introduction
	Methodology
	Geochemical solutions
	1) Barrier versus baffles
	Conclusions
	Acknowledgements
	References


	Carruthers-Chen
	AAPG HEDBERG CONFERENCE

	Dalthorp-Naehr
	AAPG HEDBERG CONFERENCE

	Dodd-Villinski
	AAPG HEDBERG CONFERENCE

	Elsinger-Leenaarts-Kleingeld-vanBergen-Gelin
	“Applications of Reservoir Fluid Geochemistry”
	Otter-Eider Geochemical Production Allocation: 6+ Years of Continuous Monitoring to Provide Fiscal Measurements for Hydrocarbon Accounting


	Gelin-Levache-Royer
	AAPG HEDBERG CONFERENCE

	Hall-Sterner-Lacazette
	Hitzman-HC-microseepage
	AAPG HEDBERG CONFERENCE

	Hitzman-nitrates
	AAPG HEDBERG CONFERENCE

	Jokanola-Michael-Estrada-Roberts-McWhite
	AAPG HEDBERG CONFERENCE

	Jones-Halpern-AlQathami
	AAPG HEDBERG CONFERENCE

	Justwan-Dreyfus-Davis-Ozen-Petersen
	Lacazette-Hall1-drilling-gas-geochem
	Lacazette-Hall2-res-plumbing
	LamoureuxVaKowalewski-Kohlerl
	Results
	The amount of H2S varies significantly among oil sands despite a small difference in organic sulfur content - from 4.9wt% (Ethel Lake extract) to 5.5wt% (Resdeln extract). Resdeln produced 2.7 mg H2S / g oil after 203hours upon aquathermolysis at 280 ...
	Mineral sulfur
	Organic sulfur
	Conclusion


	Larter-Jiang-Snowdon-Bennett-Oldenburg-Huang-Gates-Adams
	AAPG HEDBERG CONFERENCE

	Marcano-Huang-Bennett-Snowdon-Larter
	AAPG HEDBERG CONFERENCE
	Summary
	Introduction
	Method
	Results
	Conclusions
	Acknowledgements
	References

	Larter, S., Adams, J., Gates, I., Bennett, B., Huang, H., 2006. The origin, prediction and impact of oil viscosity heterogeneity on the production characteristics of tar sand and heavy oil reservoir. Petroleum Society’s 7th Canadian International Petr...
	Bennett, B. and Larter, S., 2000. Polar non-hydrocarbon contaminants in reservoir core extracts. Geochemical Transactions, 1(34), pp. 34-37.
	Bennett, B., Larter, S., Carbognani, L., Pereira, P., 2008. Identification and characterization of reaction proxies for monitoring the progress of thermal processing of heavy oils and tar sands under vis-breaking conditions. Energy and Fuels, 22, pp. ...
	Strausz, O., Mojelsky, T., and Lown, E., 1992. The molecular structure of asphaltene: an unfolding story. Fuel, 71(12), pp. 1355-1363.
	Rubinstein. I. and Strausz, 0. P., 1979. Thermal treatment of the Athabasca oil sand bitumen and its component parts. Geochim. Cosmochim. Acta, 43(12), pp. 1887-1893.
	Payzant, J. D., Rubinstein, I., Hogg, A. M. and Strausz, 0. P., 1979. Field-ionization mass spectrometry: application to Geochemical analysis Geochim. Cosmochim. Acta, 43 (8), pp. 1187-1193.
	Rubinstein, I., Spyckerelle, C. and Strausz, 0. P. Pyrolysis of asphaltenes: a source of geochemical information. Geochim. Cosmochim. Acta 1979, 43(1), pp. 1-6.
	Ignasiak, T. M., Kemp-Jones, A. V. and Strausz, 0. P., 1977. The molecular structure of Athabasca asphaltene. Cleavage of the carbon-sulfur bonds by radical ion electron transfer reactions. J. Org. Chem., 42 (2), pp. 312-320.

	McCaffrey-Baskin-Patterson-Dahl-Weissenburger
	AAPG HEDBERG CONFERENCE

	Niemann-Breviere-Shell
	AAPG HEDBERG CONFERENCE

	Peters-Dieckmann-Ruelle-Stasiuk-Glemser
	Scheerhorn
	AAPG HEDBERG CONFERENCE

	Schoell-Schoell-Muehlenbachs-Dow
	AAPG HEDBERG CONFERENCE

	Turich-Perfetta-Strapoc-Hannon-Michael
	Wilkes-Vieth-Haberer-Potz-Horsfield
	AAPG HEDBERG CONFERENCE


	Carruthers-Chen
	AAPG HEDBERG CONFERENCE

	Dalthorp-Naehr
	AAPG HEDBERG CONFERENCE

	Dodd-Villinski
	AAPG HEDBERG CONFERENCE

	Elsinger-Leenaarts-Kleingeld-vanBergen-Gelin
	“Applications of Reservoir Fluid Geochemistry”
	Otter-Eider Geochemical Production Allocation: 6+ Years of Continuous Monitoring to Provide Fiscal Measurements for Hydrocarbon Accounting


	Gelin-Levache-Royer
	AAPG HEDBERG CONFERENCE

	Hall-Sterner-Lacazette
	Hitzman-HC-microseepage
	AAPG HEDBERG CONFERENCE

	Hitzman-nitrates
	AAPG HEDBERG CONFERENCE

	Jokanola-Michael-Estrada-Roberts-McWhite
	AAPG HEDBERG CONFERENCE

	Jones-Halpern-AlQathami
	AAPG HEDBERG CONFERENCE

	Justwan-Dreyfus-Davis-Ozen-Petersen
	Lacazette-Hall1-drilling-gas-geochem
	Lacazette-Hall2-res-plumbing
	LamoureuxVaKowalewski-Kohlerl
	Results
	The amount of H2S varies significantly among oil sands despite a small difference in organic sulfur content - from 4.9wt% (Ethel Lake extract) to 5.5wt% (Resdeln extract). Resdeln produced 2.7 mg H2S / g oil after 203hours upon aquathermolysis at 280 ...
	Mineral sulfur
	Organic sulfur
	Conclusion


	Larter-Jiang-Snowdon-Bennett-Oldenburg-Huang-Gates-Adams
	AAPG HEDBERG CONFERENCE

	Marcano-Huang-Bennett-Snowdon-Larter
	AAPG HEDBERG CONFERENCE
	Summary
	Introduction
	Method
	Results
	Conclusions
	Acknowledgements
	References

	Larter, S., Adams, J., Gates, I., Bennett, B., Huang, H., 2006. The origin, prediction and impact of oil viscosity heterogeneity on the production characteristics of tar sand and heavy oil reservoir. Petroleum Society’s 7th Canadian International Petr...
	Bennett, B. and Larter, S., 2000. Polar non-hydrocarbon contaminants in reservoir core extracts. Geochemical Transactions, 1(34), pp. 34-37.
	Bennett, B., Larter, S., Carbognani, L., Pereira, P., 2008. Identification and characterization of reaction proxies for monitoring the progress of thermal processing of heavy oils and tar sands under vis-breaking conditions. Energy and Fuels, 22, pp. ...
	Strausz, O., Mojelsky, T., and Lown, E., 1992. The molecular structure of asphaltene: an unfolding story. Fuel, 71(12), pp. 1355-1363.
	Rubinstein. I. and Strausz, 0. P., 1979. Thermal treatment of the Athabasca oil sand bitumen and its component parts. Geochim. Cosmochim. Acta, 43(12), pp. 1887-1893.
	Payzant, J. D., Rubinstein, I., Hogg, A. M. and Strausz, 0. P., 1979. Field-ionization mass spectrometry: application to Geochemical analysis Geochim. Cosmochim. Acta, 43 (8), pp. 1187-1193.
	Rubinstein, I., Spyckerelle, C. and Strausz, 0. P. Pyrolysis of asphaltenes: a source of geochemical information. Geochim. Cosmochim. Acta 1979, 43(1), pp. 1-6.
	Ignasiak, T. M., Kemp-Jones, A. V. and Strausz, 0. P., 1977. The molecular structure of Athabasca asphaltene. Cleavage of the carbon-sulfur bonds by radical ion electron transfer reactions. J. Org. Chem., 42 (2), pp. 312-320.

	McCaffrey-Baskin-Patterson-Dahl-Weissenburger
	AAPG HEDBERG CONFERENCE

	Niemann-Breviere-Shell
	AAPG HEDBERG CONFERENCE

	Peters-Dieckmann-Ruelle-Stasiuk-Glemser
	Scheerhorn
	AAPG HEDBERG CONFERENCE

	Schoell-Schoell-Muehlenbachs-Dow
	AAPG HEDBERG CONFERENCE

	Turich-Perfetta-Strapoc-Hannon-Michael
	Wilkes-Vieth-Haberer-Potz-Horsfield
	AAPG HEDBERG CONFERENCE


	Button2: 


