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ABSTRACT

Most oils and condensates contain gasoline-range hydrocarbons (Cs-Cj) that
potentially can be used as geochemical indicators or signals. The abundance and
mobility of this hydrocarbon fraction is particularly useful for reservoir and oil-oil
correlation. Previous correlation techniques based on biomarkers, structural or molecular
composition of oils sometimes fail because of alterations to the oils at high maturities
(condensates), biodegradation or oxidation. Compound Specific Isotope Correlation
(CSIC) uses the stable carbon isotope ratios of individual hydrocarbons in the gasoline
range fraction as a diagnostic fingerprint that can be used to correlate oils to each other or
to potential sources.

CSIC takes advantage of an improved method developed for molecular and stable
isotope analysis of gasoline range hydrocarbons using Solid Phase MicroExtraction
(SPME). Analytes are sampled from the headspace above oil droplets and analyzed by
gas chromatography and continuous-flow isotope ratio mass spectrometry (CF-IRMS).
Analytical considerations with this sampling technique include equilibration times, vapor
pressure/temperature effects, and the presence of a complex matrix. Instrumentation
factors such as column/split flows are also considered. The results are compared with an
alternative purge and trap method. Molecular analyses prove reproducible between the
two methods, however, stable carbon isotope ratios exhibit a non-systematic depletion
and enrichment of 0.2 - 2.0%o for 16 pre-selected compounds.

A sample suite of 27 oils primarily of Devonian age from the Western Canada
Sedimentary Basin tests both the technology and technique of CSIC. Oils are correlated
to each other using hierarchical cluster analysis of 8'"°C signatures for 15 gasoline range
compounds, taking into consideration the geologic setting where reservoirs are located.
From this process, 6 groups of oils were generated and most can be attributed to a
common source rock, the Upper Devonian Duvernay formation. It is unclear if Nisku

formation source beds have contributed partially or completely to some of these oils.



iii

Comparison of isotope ratios from different compound classes in the gasoline
range may provide information on the origin of oils and light hydrocarbons. Straight-
chain and branched alkanes display both a molecular and isotopic correlation to each
other, while cyclic and aromatic compounds show more variable results. The data in this
study support a steady-state or kinetic mechanism for oil generation, in contrast to
previous thermodynamic models. Systematic isotopic offsets of individual compounds
with similar carbon number or chemical structure also indicate some form of source
control on isotopic composition of oils. LMW compounds are generally enriched in B
relative to heavier compounds. Thermochemical Sulfate Reduction (TSR) appears to

result in pronounced 13C enrichment for several compounds relative to unaltered samples.
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CHAPTER 1 - STATEMENT OF PROBLEM

Develop a new analytical methodology for extracting gasoline range
hydrocarbons from oils using Solid Phase MicroExtraction (SPME). This
method is developed for use with Compound Specific Isotope Correlation
(CSIC). CSIC uses the stable carbon isotope ratios of individual
hydrocarbons in the gasoline range fraction as a diagnostic fingerprint that

can be used to correlate oils to each other or a common source.

Reliable methods for oil-oil and oil-source rock correlations have long been a goal in
petroleum exploration. Correlations are based on the recognition of physical and
chemical similarities either between individual oils or with their prospective source rocks.
To classify oils into groups or families, there must be significant or diagnostic differences
between them (Murphy, 1995). The properties used to distinguish between oils must also
be resistant to secondary alteration processes, such as biodegradation, water-washing, or
time. A successful correlation requires a distinction between genetic and non-genetic oil
properties, and specific molecular characteristics (e.g. biomarkers) along with stable
carbon isotopes are among the best parameters for this purpose (Curiale, 1994).

Numerous techniques have been developed to characterize or classify petroleum over
the past half century, but the majority of these have focused on the bulk or molecular
composition of oils (e.g. Magoon and Claypool, 1983; Moldowan et al., 1985). Early

analyses of isotopic ratios in oils also concentrated on bulk/whole oil measurements or



those of the dominant distillate and C;s+ compositional fractions (saturates, aromatics,
asphaltenes) (e.g. Silverman, 1964, 1971; Kvenvolden and Squires, 1967; Stahl, 1977,
1978; Sofer, 1984a; Northam, 1985; Chung et al., 1994). However, these ratios along
with other traditional bulk correlation methods relying on physical (API, color, viscosity),
compositional (SANA, SBC) or elemental properties of oils are all susceptible to
secondary alteration processes, whose effects alter the original oil composition.

The development of continuous-flow isotope ratio mass spectrometry (CF-IRMS) has
allowed scientists to determine isotope ratios for individual components of complex
mixtures such as oils (Whiticar and Snowdon, 1998). Several studies have applied this
compound specific technique in developing potential oil-oil and oil-source correlations
(e.g. Bjoroy et al., 1991a,b, 1994; Chung et al., 1992; Wilhelms et al., 1994; Dowling et
al., 1995), while others have used it to determine sources of petroleum pollution in the
environment (e.g. O’Malley et al., 1996; Mansuy et al., 1997). In a majority of studies,
compounds analyzed are in the C;(-C4 range, with n-alkanes, isoprenoids (e.g. pristane,
phytane), and polycyclic aromatic hydrocarbons (PAH’s) the most common choices.
This is probably due to the high abundance of these compounds in most samples, along
with the relative ease of the analysis involved.

Compound Specific Isotope Correlation (CSIC) uses the stable carbon isotope ratios
of individual hydrocarbons in the gasoline range fraction (Cs-Cjo) as a diagnostic
fingerprint that can be used to correlate oils to each other or a common source. Gasoline
range hydrocarbons comprise between 20-40% of most crude oils. This makes them
among the most dominant and important components in petroleum. CSIC was initially

developed in work by Murphy (1995), who analyzed individual gasoline range



hydrocarbons in Canadian crude oils chosen from varying sources and differentially
affected by alteration processes. The choice of sample set enabled testing to show that
compound-specific, gasoline range isotope ratios could be used as an independent
parameter to characterize and correlate oils and source rocks. Cycloalkanes and the
branched alkanes seemed to yield the most reliable isotope data, while straight-chain
alkanes (especially nCs and nCg) and aromatics produced more variable ratios (up to 1 %o
in some cases). Thermal maturation did not appear to result in a significant isotope
effect, and the isotope ratios were resistant to secondary alteration processes such as

biodegradation (generally less than 1 %o variation; experimental error ranged from + 0.3

t0 0.5 %o).

Synopsis of Thesis

In the past 30 years, the use of gasoline range compounds in petroleum
exploration/geochemistry has seen significant changes. Chapter 2 (Background) serves
as a brief summary of their use in classifying oils, along with applications to oil-oil and
oil-source correlation methods. We have also learned a considerable amount about
petroleum formation and composition from these previously ignored sources of
information. In addition to the gasoline range compounds, Chapter 2 also includes
reviews of some studies utilizing analysis of stable isotope ratios of dominant
hydrocarbon fractions (e.g. saturates, aromatics), as they offer insight on previous
methods of oil classification and correlation. There is also a section on past work with
continuous-flow isotope ratio mass spectrometry (CF-IRMS), and its potential benefits to
petroleum geochemistry. A brief discussion on the origin of light hydrocarbons

summarizes recent advancements in this highly controversial field of study.



Gasoline range hydrocarbons have analytical constraints associated with their
measurement (Chapter 3 - Analytical Methodology). They are liquids at room
temperature (25 C), but occupy a very volatile region of phase stability. Many of these
compounds, especially those in the Cs-Cq range, have high vapor pressures and low
boiling points and tend to the gas phase at room temperatures (e.g. nCs; b.p. 36 ‘C). Care
must be taken to minimize sample transfer and subsequent evaporation during handling
of oil samples.

The rationale in selecting the gasoline-range fraction for stable isotope analysis
includes: (1) it is frequently a dominant hydrocarbon fraction of oils; (2) availability of
different compound classes (n-, iso-, cyclo-alkanes and aromatics); and (3) good
analytical separation of individual compounds for CF-IRMS (Murphy, 1995; Whiticar
and Snowdon, 1998). Traditional methods of oil analysis focussed on the C;s; fractions
and involved diluting the oil with a low b.p. solvent such as n-hexane, and injecting the
sample directly into a gas chromatograph (GC). An unfortunate result of this technique is
that the solvent peak obscures those of other compounds that may be of interest in the
gasoline range. To avoid this, solventless extraction techniques such as purge and trap
(P&T) have been used for extracting gasoline range analytes from oil samples.

Murphy (1995), Whiticar and Snowdon (1998) utilized a modified P&T system for
extracting gasoline range hydrocarbons from the headspace above oil. While the P&T
method is efficient in extracting the desired analytes, it is also time consuming,
laborious, and suffers from evaporative losses. Controlling the amounts (nmoles) of

individual components in the sample introduced to the CF-IRMS is a further concern.



To circumvent the problems of P&T, I experiment with Solid Phase MicroExtraction
for introducing gasoline range analytes into GC or CF-IRMS. Chapter 3 discusses the
numerous analytical and instrumental parameters that must be tested in conjunction with
the development of this new method. SPME involves exposing a fused silica fiber coated
with a liquid polymeric phase to a sample by either directly immersing the fiber in an
aqueous phase or to the headspace above it (Zhang and Pawliszyn, 1993a,b). The fiber is
conveniently held within a syringe mechanism, and the composition of coating is
dependant upon the type of compounds being analyzed. Numerous studies have been
performed using SPME (e.g. Arthur and Pawliszyn, 1990; Arthur et al., 1992a,b; Louch
et al., 1992; Potter and Pawliszyn, 1994; Dias and Freeman, 1997), but most have
involved directly immersing the fiber into an aqueous phase to extract organic analytes.
In a large percentage of previous experiments using hydrocarbons, a relatively limited
number of compounds (usually BTEX) were analyzed. Fewer studies (e.g. Zhang and
Pawliszyn, 1993a,b, 1994; MacGillivary et al., 1994; Steffen and Pawliszyn, 1996; Boyd-
Boland et al., 1996) have dealt with headspace sampling using SPME, and its ability to
analyze complex mixtures such as soils, sludges, flavor volatiles and pesticides.

The current study presents one of the most complex matrices for SPME analysis to
date. I demonstrate that SPME can be used as a simple, fast, reliable and inexpensive
method for gasoline range hydrocarbon analysis. To be effective, SPME must produce a
reproducible, representative result of the gasoline range for any given oil. The

development of the SPME method is summarized as follows:

e Determination of molecular signatures of gasoline range fraction for selected oils by
helium stripping/capillary gas chromatography. The gasoline range compounds were
first analyzed according to the P&T procedure of Murphy (1995)



e Testing and development of the Solid Phase MicroExtraction technique for sampling
gasoline range fraction of oils. This involves examination of potential molecular and
isotopic effects associated with the sampling method.

e Determination of molecular signatures of gasoline range fractions of oils by SPME
and comparison to results previously obtained by procedure of Murphy (1995)

e Determination of isotopic signatures for the oils using SPME and CF-IRMS.

Comparison to procedure of Murphy (1995) where applicable.

The current study (Chapter 4 — CSIC: Examples from Central and Southern
Alberta) also builds upon the work of Whiticar and Snowdon (1998) who performed a
CSIC study on oils ranging from Devonian to Cretaceous age of the Western Canada
Sedimentary Basin (WCSB). Several compound classes (n-, iso-, cyclo alkanes and
aromatics) were examined, and in many instances isotope ratios of non-straight chain
hydrocarbons were more diagnostic than the n-alkanes for correlation purposes.
Statistical analysis using a hierarchical cluster method was used to correlate oils from
similar/same sources, and the clear isotopic relationships suggested a steady-state kinetic
relationship for the generation of oil and gas.

Samples in this study were chosen as part of a project with PanCanadian Petroleum
(Calgary, Alta.) to attempt a more direct application of the CSIC technique. Oils from
central and southern Alberta that have all been attributed to a common source (Upper
Devonian Duvernay formation) were analyzed to determine if the isotopic signatures of
gasoline range compounds could be used to distinguish those from same or similar source
rocks. If successful, CSIC has the potential to become a powerful new tool in petroleum

geochemistry.



CHAPTER 2 - BACKGROUND

Oil Classification

Williams (1974) split over 100 oils from the Williston Basin into three major groups
using a ternary diagram based on percentage of straight, branched and cyclic
hydrocarbons in C4-C7 range (Figure 2.1a). This was combined with other methods
including optical rotation, C,s; gas chromatography, and stable carbon isotopes on bulk
oils to further support the classification.

Koons et al. (1974) used CYC5/n-alkane ratios in the C4-C7 range along with
biomarker data and stable carbon isotopes to classify oils in the Lower Cretaceous
Tuscaloosa Formation. Stable isotope analysis was only performed on the saturate
(aliphatic) and aromatic fractions. The isotopic composition of the saturate fraction was
used as a maturity indicator, assuming ">C enrichment as maturation increases. One
explanation for this effect was related to a slow cracking of high molecular weight
(HMW) saturates releasing light hydrocarbons enriched in '2C, with the residual saturates
enriched in *C. Another explanation involved nonhydrocarbons, enriched in ">C that are
transformed into saturated hydrocarbons by disproportionation reactions involving
hydrogen exchange but little carbon-carbon bond breakage.

Sofer (1984a) used the relationship between the isotope ratios of aromatic and
saturate hydrocarbons for distinguishing between marine and terrestrial sourced oils
(Figure 2.1b). He statistically evaluated the difference through a parameter called a
'canonical variable' which correctly classified approximately 90 % of marine and non-

marine oils. The common explanation for the difference in isotopic composition between
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a) Classification diagram of Williams (1974) showing oil families and
corresponding source rock extracts for the Williston Basin based on percentage

of straight-chain, branched and cyclic hydrocarbons in the C4-C; range.

b) Carbon isotope composition relationship between C,s,. aromatic versus saturate
fractions of non-waxy or marine oils of Sofer (1984). Relationship between saturates
and aromatics for terrestrial or waxy oils is also shown.



marine and terrigenous oils was the source of CO,. However, Sofer (1984a) found this
highly oversimplified, as photosynthetic pathways were not considered and lacustrine
phytoplankton were grouped with land plants, when he felt they should be grouped with
marine phytoplankton. Little or no consideration was given to CO, availability
(bicarbonate) in marine systems, along with species or temperature variations in
determining phytoplankton isotopic composition. Therefore, Sofer (1984a) concluded
that similar isotopic composition can be observed in different depositional environments,
and single oil component fractions are not unique to a specific depositional environment.
He added that stable carbon isotopes could be used (in select cases) to correlate
biodegraded oils to their sources, and thermal maturity or isotopic variation in source
rocks can only cause a 2%o variation within an oil family. He also inferred from his
experimental results that stable carbon isotopes could substitute for n-alkane distribution
as a source indicator. In later work, Sofer et al. (1985) used stable carbon isotopes and
statistical analysis on the Cs: saturates, aromatics, terpane and sterane biomarkers to
identify genetically different groups of oils.

Snowdon and Osadetz (1988) reported that gasoline range compounds were poor
familial affinity indicators for various types of oils from the Williston Basin. However,
certain ratios were good indicators of biodegradation (iC5/nC5, 3MC5/nC6, nC17/Pr,
nC18/Ph) and water washing (CYC6/Ben, 3MC5/Ben, MCYC6/Tol), but dependant upon
source rock composition and thermal maturity. In extreme cases, water washing was
indicated by a low concentration of gasoline range fractions relative to HMW fractions.
The general persistence of significant light hydrocarbon components in some

biodegraded oils was unexplained, with compositions missing heavier n-alkanes and
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acyclic isoprenoids representing a departure both from expected biodegradation
sequences and other studies (Thompson, 1983). Similar conflicts had been attributed to
new oil influx into biodegraded pools (Philip, 1983, Seifert et al, 1984), but this was not
the case in the Williston basin.

Osadetz et al.(1992, 1994) identified several oil families and their source rocks in the
Williston Basin based on biomarker and gasoline range hydrocarbon composition. Type
I source rocks in Middle and Upper Ordivician formations generated oils predominantly
in Ordivician and Silurian reservoirs characterized by distinctive gasoline range
chromatograms and C;s; saturate chromatograms associated with Upper Ordivician
Yeoman Fm. shales (Williams, 1974). Biomarker analysis showed low C»j tricyclic/Csg
pentacyclic terpane (C;3/Csp) ratios and Cs4 hopane predominance. Type II organic
matter in the Middle Devonian Winnipegosis Fm. was designated the source for oils in
middle Devonian strata, characterized by high Pr/Ph and C,3/Cj ratios lacking n-alkanes
in saturate gas chromatograms. Gasoline range chromatograms indicated similar
maturities and long migration pathways for many Type II oils (Thompson, 1983).
Snowdon and Osadetz (1988) also reviewed gasoline range chromatograms for Type II
oils to determine if oil family classifications could be revised based on Williams (1974)
criteria. Some oils were enriched in n-alkanes like Type I oils but most had similar
gasoline range chromatograms which classified them as Type II. Stable isotope ratio
variations did not complement biomarker compositional distinctions, and gasoline range
thermal maturity indicators showed generally poor correlation or sensitivity to other
maturity dependant compositional ratios. Oils classified as low maturity by gasoline

range parameters showed bulk and saturate fractions indicating higher maturity regardless



of biodegradation. Such contradictory results were in accordance with similar values for

other oil studies in the Williston Basin (Thompson, 1983, Osadetz et al., 1992).

0il-0il/Oil-Source Correlation

Erdman and Morris (1974) used ratios of the physical/chemical properties of
compounds in the C;-C( range, along with carbon isotope ratios of individual C;-Cs
components to formulate gas-oil correlations. Fractional distillation was used to separate
the desired hydrocarbon fractions from the bulk oil, and concentrations of individual
components were then determined by packed-column and capillary gas-solid or gas-
liquid chromatography. By selecting a set of ratios based on concentrations of individual
components with similar boiling points (e.g. 22DMC5/MCYCS5) in one oil (R) and
dividing them by the same set of ratios for another oil (R”), the similarity between oils
would be readily apparent (R/R’ of 1 denotes identical match). They found that many
factors beside source rock affect the absolute concentrations of C;-C;o components in
petroleum, including reservoir conditions, possible migration, and sampling procedures.
The results of the ratio technique were easy to analyze and interpret, however, it was not
applicable to oil-spill identification as the most volatile constituents (C;-Cs) are lost
before sampling can occur. Erdman and Morris (1974) used the unique variability of C;-
Cs carbon isotope data to distinguish reservoir horizons and correlate gas pools in areas
where the ratio technique was not applicable.

James (1983) calculated separations of carbon isotopes between n-alkanes of natural

gas and related them to source rock maturity by use of a single, continuous diagram



(Figure 2.2a). He proposed a strong relationship between isotope ratios of C;-Cs
compounds and maturity. He stated that the isotopic composition of these compounds
reflects source, level of maturity, and extent to which kerogen structure influences gas
composition. Source control was strongest for gases from highly structured types of
kerogen. With increasing molecular weight, carbon isotope ratios of gases approach that
of the source, with isobutane matching the source. As maturity increases, components
may get heavier relative to source, and suffer from thermal degradation making
correlation difficult. Propane was most susceptible to maturity effects. In a later study,
James (1990) measured the carbon isotope composition of wet gas components (propane,
isobutane, butane) and used them for correlating reservoired gases. Samples from the
Rimbey-Meadowbrook reef trend (RMT) (central Alberta) were all of high maturity, with
similar isotopic composition for all three wet gas components with two exceptions due to
thermal degradation. This implied that all had a common source (Duvernay Formation).
When plotted on the maturity diagram of James (1983), gases were generated at LOM
(Level of Organic Maturation) 11-13, and this agrees with maturity of Duvernay strata on
either side of the RMT and biomarker data. Based on the similar isotopic composition of
wet gases, James (1990) proposed that Devonian gases may have migrated to Lower
Cretaceous reservoirs at eastern portion of reef trend, and distinct signatures help
distinguish Devonian from Cretaceous and Mississippian (Simonette) reservoirs.
Bacterial alteration could change wet gas component isotopic compositions (propane and
butane most likely) (James and Burns, 1984), but, the isotopic composition of wet gas
components could be used to recognize bacterial influence, mixing of sources, and

thermal maturity.
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Peters et al. (1989) is an excellent correlation study using stable isotopes in
conjunction with biomarkers to determine the origin of oils in the Beatrice field (North
Sea). In assigning the oils to a Devonian or Jurassic source, stable isotope analysis of
bulk oils and source rock bitumens was performed with the knowledge that typically
bitumens are 0-1.5%o enriched in °C compared to related oils. All potential source rocks
fell outside this range for Beatrice oil, and biomarker ratios provided a mixed signal with
characteristics of both sources. Peters et al. (1989) calculated a standard mixing ratio

using the 8'°C ratios and results indicated a 60% Devonian, 40% Jurassic mixed source.

Whiticar (1994) reviewed how stable carbon isotope ratios of natural gas and other
wet gas components could be used to correlate light hydrocarbons to their sources. This

was done by modeling theoretical relationships between source rock maturity and 8"C

ratios of the light hydrocarbons generated. Previous models by Galimov (1974) and
James (1983) used equilibrium isotope effects (EIE) (thermodynamically controlled
processes) to explain the distribution of carbon isotopes in light hydrocarbons. Whiticar
(1994) notes that the more accepted view of isotope redistribution involves kinetic
isotope effects (KIEs), whereby light hydrocarbons formed by the saturation of an alkyl
group cleaved from a kerogen molecule will be depleted in the heavier isotope ('°C)
relative to the remaining kerogen. Thus, light hydrocarbons will consistently have lower
8'°C ratios than the precursor organic matter. The magnitude of KIEs related to formation
of hydrocarbon gases by bacteria are frequently even larger than those of strictly
thermogenic origin. Therefore, when attempting to model the isotopic composition of
light hydrocarbons as a function of source rock maturity (e.g. Stahl and Koch, 1974;

Faber, 1987; James, 1983; Whiticar et al, 1984), Whiticar (1994) suggests that
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inconsistency observed between theoretical models (Fig 2.2b) may be due to “calibration
difficulties”, that is, determining the correct or apparent KIEs responsible in different
kerogen types with various thermal histories.

Halpern (1995) used two types of star diagrams (multivariate plots in polar
coordinates) to assess chemical differences among oils based on analysis of C;
hydrocarbons. The first co-ordinate system was based on eight ratios (Tr1-Tr8) of C;
compounds used to characterize variations in oils caused by secondary alteration (water-
washing, biodegradation, evaporation) (Figure 2.3a). The second diagram consisted of
five ratios (C1-C5) using compounds resistant to secondary alteration and thus useful for
correlating oils (Figure 2.3b). Halpern (1995) applied the star diagrams to both
exploration and production concerns such as reservoir connectivity, casing leakage, and

evaluation of oil quality.



—®— UNAYZAH-1
| —O7— UNAYZAH-2

—¢—— UNAYZAH-3
™"

—%— UNAYZAH-4
[10]
—&— UNAYZAH-5

——tr— KHUFF

[2]
Tr7

The Paramecters Used and Their Order for the C, Oil Transformation Star Diagram

Position Boiling
On Star  Parameter Point
Diagram  Name Ratio O

1 Trl Toluene/1,1dimethylcyclopentane - 110.6/87.8
2 Tr2 n-C7/1,1dimethyicyclopentane 98.4/87.8
3 Tr3 3MH/1,1-dimethylcyclopentane 91.8/87.8
4 Tr4 2MH/1,1dimethyicyclopentane 90.0/87.8
5 Tr5 P2/1,1-dimethylcyclopentanc® 91/87.8
6 Tr6* 1-cis-2-dimethylcyclopentane/1,1-dimethylcyclopentane 99.5/87.8
7 Tr7 1-trans-3-dimethylcyclopentane/1, 1-dimethylcyclopentane 90.8/87.8
8 Tr8 P2/P3t 91/85

‘P2 = 2-methylhexane + 3-methythexane.

**The large boiling point difference in the compounds comprising Tré make it useful as a light-end loss (evaporation) parameter

tP3 = 2,2-dimethyipentane + 2,3-dimethylpentane + 2,4-dmethyipentane + 3,3-dimethyipentane + 3-ethylpentane.
trSome values are approximate.

Figure 2.3a  Example of C; oil transformation star diagram of Halpern (1995) for oil and
condensate samples from different fields. Numbers in brackets are the
endpoint values of the individual radii.
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The Parameters Used and their Order for the C, Oil Correlation Star Diagram

Position Boxl_ing
On Star Parameter Point

Diagram Name Ratio (&)

1 Cl1 2,2-dimethylpentane/P3** 79.2/85
2 Cc2 2,3-dimethylpentane/F3 89.8/85
3 Cc3 2,4dimethylpentane/P3 80.5/85
4 Cc4 3,3<dimethylpentane/P3 86.1/85
5 Cc5* 3-cthylpentane/P3 93.5/85

*The large boiling point difference in the compounds comprising Cs make it useful as a light-end loss (evaporation) parameter

**P3 = 2,2-dimethylpentane + 2,3-dimethylipentane + 2 4-dimethylpentane + 3,3-dimethylpentane + 3-ethylpentane.
tSome values are approximate.

Figure 2.3b  Example of C; oil correlation star diagram of Halpern (1995) for oil and
condensate samples from different fields. Numbers in brackets are the
endpoint values of the individual radii.
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Petroleum Generation

Leythaeuser et al. (1979a,b) examined light hydrocarbons (C,-C7) in sediment
samples from several sedimentary basins throughout Northwest Europe, and found that
iso-/n-alkane ratios for butanes, pentanes and heptanes were primarily controlled by
kerogen quality. Source beds with a larger component of marine organic matter (Type II
- high H content) generated higher total concentrations of light hydrocarbons with low
iso-/n-alkane ratios, while kerogens with a significant terrestrial component (Type III -
lower H content) yielded higher ratios in lower total concentration. It was also noted that
for C¢-C7 hydrocarbons the ratio of aromatics to cycloalkanes was significantly higher for
terrestrial vs. marine dominated source beds. Diffusion of light hydrocarbons through
shales was also proposed as a contributing process for primary hydrocarbon migration.

Thompson (1983) looked at light hydrocarbon composition with increasing levels of
catagenesis to determine the conditions necessary for petroleum generation. Using two
temperature dependant indices, he was able to estimate catagenic grade, type of source
kerogen (aromatic vs. aliphatic rich), and possible biodegradation for a large suite of oils.
Thompson (1983) also developed a concept based on the principle of geographic
homogeneity where primary (n-alkane dominant) oils are homogenous in gasoline range
composition over wide areas, while napthenic, biodegraded oils exhibit wider variability.
Based on this assumption, a boundary can be placed in terms of gasoline range properties
between oils generated in sediments of minimum maturity versus those that are
biodegraded.

Hunt (1984) studied generation and migration of light hydrocarbons (C-C4) in near-



surface and subsurface sediments. He discussed three types of reactions primarily
responsible for light hydrocarbon generation: (1) biological — microbial fermentation and
degradation of terpenoids and other HMW compounds; (2) low temperature (<50°C) —to
produce branched-chain hydrocarbons; (3) high temperature — cracking reactions
producing mostly straight-chain hydrocarbons. Hydrocarbons with tertiary carbon atoms
form earlier than structures with quaternary carbons due to the higher stability of the
intermediate tertiary carbonium ion/free radical. Hunt (1984) proposed that hydrocarbon
generation zones in drill wells can be identified by the distribution pattern of light
hydrocarbons in the sediments. Migration of light hydrocarbons occured through
diffusion in fine grained sediments and a more traditional oil-gas phase for larger pore
openings.

In studies focusing on the generation of light hydrocarbons, Thompson (1987, 1988)
proposed evaporative fractionation for observed changes in the molecular composition of
related gas-condensate reservoirs. Evaporative fractionation involves several phenomena
whereby gas is separated from oil in the subsurface, and LMW compounds are
preferentially fractionated into the vapor phase. The ability of a compound to enter the
vapor phase depends on its fugacity, molecular weight, isomeric structure, hydrocarbon
class, and composition of mixture (i.e. if other hydrocarbons present). Aromatic
compounds behave anomalously, as all except benzene are polar structures which induce
polarity in other molecules and form transitory structures of high molecular weight,
limiting escape from the liquid phase. Residual oils bear evidence of the fractionation,
with conspicuous overall loss of light hydrocarbons, and an overall increase in the

content of light aromatic and napthenic hydrocarbons relative to paraffins. Gas (bearing
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oil in solution) can be conducted along faults to form independent gas-condensate
accumulations elsewhere.

Chung et al. (1988) examined the generation of gaseous hydrocarbons via irreversible
thermal cracking of isotopically homogenous parent molecules. They developed an
equation that relates the carbon isotope ratio of individual gaseous molecules as a
function of the inverse carbon number of the molecule. Other equation variables
included the stable isotope ratio of the terminal carbon attached to the gas molecule prior
to cracking, and the ratios of other carbon atoms in the gas molecule. From this equation
a “natural gas plot” was developed that can be used in gas-gas and oil-gas correlations
(Figure 2.4). The relative success of the equation in predicting isotope ratios for gaseous
hydrocarbons generated in laboratory heating experiments of crude oils and source rocks
suggested that the ratios of individual hydrocarbons are controlled by kinetic isotope
effects during carbon-carbon bond breakage as opposed to equilibrium isotope effects.

Clayton (1991) examined how 8'C ratios of oils are affected by thermal alteration

and phase effects inherent with the formation of condensates. He discussed two types of
isotope effects associated with petroleum generation. Individual compounds are subject
to kinetic isotope effects, whose magnitude is dictated by the molecular weight of the
products and reactants involved. Reactions involving compounds with six or more
carbon atoms would show negligible fractionation, as the effect of °C atoms on reaction
rates for HMW compounds is minimal. The second isotope effect involved bulk oil
fractions with variable 8'°C ratios dependant on the relative proportions of isotopically
dissimilar compounds within each fraction. The example given involved removal of *C

n-alkanes from the saturate fraction during biodegradation producing a net shift in °C.
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Clayton (1991) added that during oil generation, the kerogen becomes enriched in g
(ca. 1%o) due to release of '>C rich oil and gas. Kinetic isotope effects become more
important during subsequent oil to gas/condensate cracking, as the increase in the S
ratio of the remaining oil could be modeled by a Rayleigh distillation process. A clear
trend showed low maturity oils producing a gas/condensate lighter than the oil phase, and
the reverse for higher maturity oils. This was because low molecular weight (LMW)
compounds would become enriched in *C faster than HMW compounds, and the
magnitude of this effect would increase systematically with the maturity of the oil.

Chung et al. (1992) reviewed the 8'3C values for a wide variety of marine crude oils,

and discussed numerous causes of the variations between samples. Factors, such as
marine vs. terrestrial carbon source, variable marine photosynthetic fractionation of
carbon isotopes during primary production of organic carbon as a function of atmospheric
CO,, depositional environments, and secular 8'3C variation of marine bicarbonate must

all be considered. They add that 8"°C values are useful not only for oil-source

correlations, but also for determining possible age and depositional environment of

source rocks. In later work, Chung et al. (1994) specifically examined §'°C of volatile

hydrocarbon fractions (<Cy) and found them to be diagnostic for all three purposes. These
compounds were isotopically lighter than the Co-C,7 fraction for carbonate (marine) oils,
with the opposite observed for deltaic (terrestrial) oils. This effect was explained by
earlier expulsion of marine oils derived from isotopically homogenous (algal-bacterial)
kerogens in rich source rocks. It was consistent with the kinetic isotope effect associated
with petroleum formation, where '*C is initially distributed randomly in marine organic

matter, and subsequent hydrocarbon generation results in a '*C enrichment confined to
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the residual kerogen (up to 2%o). As a result, the petroleum is depleted in *C, the degree
of depletion inversely proportional to molecular size (Chung et al., 1988). For deltaic
oils, Chung et al. (1994) propose secondary cracking in a lean source rock prior to
expulsion, along with the presence of isotopically heavier materials (vitrinitic or wood

components) in a more heterogeneous kerogen producing an inverse effect.

Continuous Flow-Isotope Ratio Mass Spectrometry (CF-IRMS)

Bjorgy et al. (1990) were among the first groups to document the use of GC-C-IRMS
(Gas Chromatography — Combustion — Isotope Ratio Mass Spectrometry) for compound
specific isotope analysis of oils and condensates. They reported that there is minor
variation in 8"°C ratios of n-alkanes and isoprenoids from whole oils versus the saturate
fraction. Building on this, Bjorey et al. (1991a) examined the individual stable carbon
isotopes of n-alkanes and isoprenoids in the Cg to Cs3; range in several oils from variable
sources (terrestrial, marine, lacustrine) and locations (North Sea, Southern and Eastern
US). The 8"C ratios for n-alkanes showed greatest enrichment in "°C for terrestrial
sources, followed by marine and lacustrine samples. In terrestrial oils, as carbon number
increased, n-alkane ratios became progressively depleted in '*C while lacustrine and
marine oils showed little variation (Figure 2.5). There was a more complex variation in
8"°C ratios for isoprenoids between oils, and Bjoroy et al. (1991a) concluded that their
isotopic composition is more dependant on both depositional environment and type of
source rock. The authors also concluded that individual carbon isotopes may be a useful

tool in oil classification and correlation.
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Bjoray et al. (1991b) looked at possible trends in isotopic composition of n-alkanes,
isoprenoids and hopanoids with increasing maturity for typical oil and gas source rocks.
They pyrolyzed several different source rocks and measured the change in isotopic
composition of individual hydrocarbons in the C;¢: range. Variation for n-alkanes and
isoprenoids was minor, with only a 1-3%o enrichment in 13C for select compounds. They
attributed the apparent e depletion with increasing maturity to preferential cracking of
12C-12C bonds and not to the dominant bond types in the kerogen. Bjoroy et al. (1993)
then documented that the isotopic composition of n-alkanes in oils between nCs and nCss
would be dependant on source rock type and that samples from the same source would
produce similar isotopic signatures, in concurrence with work by Sofer et al. (1991) on
Ci3+ hydrocarbons. In some cases, a monotonic increase or consistency in the isotope
ratio reported by these authors may be diagnostic for a particular source rock or oil
(Whiticar and Snowdon, 1998).

Dzou and Hughes (1993) examined the isotopic effects of evaporative fractionation of
Thompson (1987, 1988) on individual compounds in the saturate fraction of oils and
related condensates. The expected result would be that the residual oil is isotopically
enriched in "*C (on average) than the condensate. However, in some samples the
opposite was observed, an example being the K-4 oil-condensate pair taken from offshore
Taiwan (Figure 2.6). Dzou and Hughes (1993) explained the enrichment in *C for the
saturate ratio of the condensate by analyzing the isotope ratios for individual compounds
in the saturate fraction. Compound ratios became progressively lighter with increasing n-
alkane carbon number, and suggested that the overall saturate ratio of the condensate is

heavier due to its depletion in these isotopically light higher carbon number compounds
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(Cy0+). A comparison of compounds <C,, between a related oil and condensate showed
that the condensate is depleted in ">C as expected. Thus, the benefit of a compound
specific approach vs. bulk isotopic measurements was clearly shown.

Clayton and Bjorey (1994) determined 8'*C values for individual hydrocarbons (Ce-
C30) in several compound classes (cyclic, branched, straight-chain alkanes; isoprenoids;
aromatics) of North Sea oils to determine the effect of increasing maturity on the isotopic
composition of 4 different samples. Maturity accounted for 50 to 90% of the observed
isotopic variation for individual compounds, with 8"C ratios of most compounds
becoming enriched in "*C with increasing maturity (2 to 3%o) for the majority of oils.
Compounds which deviated from this pattern (e.g. pristane, phytane, aromatics) have
more source control on their 8'°C values. Branched alkanes exhibited anomalous

behavior, with a pronounced difference in the 8'°C ratio of 2MC6 attributed to a different

biological precursor compared to the other branched alkanes. Four cyclic compounds
also showed significant variation in §3C ratios, with MCYCS5 shifted almost 2%o versus
EtCYCS, and MCYC6 consistently 1%o offset from CYC6 for all samples analyzed. This
suggested that even for structurally similar compounds, the isotopic signature from
differing biological sources was preserved through maturity variations. This was also the
case for monoaromatic compounds, where toluene was consistently enriched in *C
versus benzene or xylene. Clayton and Bjorey (1994) developed an approximation of
isotopic variation resulting from maturity using Pr/Ph as a source indicator and aromatic
molecular ratios to determine maturity. However, this was an iterative process with
several assumptions complimentary to their sample set.

Bjoray et al. (1994) examined potential isotopic fractionation of individual
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hydrocarbons in the C4 to C,g range for North Sea oils and condensates subjected to
prolonged storage and evaporation . The experiments showed that after evaporation the
remaining condensate may be enriched in 13C by 0.5%o, independent of the type of
hydrocarbon. This was a small change when compared to the natural isotope variation of
different compounds (especially cyclic and branched alkanes). They concluded that the
Cs-Cy range could be used with confidence for oil/condensate correlation, and isotopic
effects associated with storage and evaporation are not significant. Bjoroy et al. (1994)
also examined whether natural fractionation could occur in a reservoir (i.e where a
condensate occurs higher up in a structure after fractionation from an oil), with results
indicating that related oils and condensates exhibit characteristic and consistent variations

in 8"*C of individual compounds. They concluded that CF-IRMS data can be used with

confidence as a correlation tool, and source or maturity effects on the isotopic
composition of n-alkanes are greatest in C,-C,( range. The contribution of n-alkane
isotope values (*>C depleted) to whole oil values were compensated for by
branched/cyclic alkanes and aromatics (normally isotopically heavier) (Galimov, 1974;
Sofer, 1984a). Maturity variations had a larger effect on the isotopic composition of n-
alkanes, and the overall isotopic signature of less mature oils was influenced more by
source characteristics along with polar fractions (i.e. aromatics).

Wilhelms et al. (1994) used CF-IRMS to compare individual n-alkanes and
isoprenoid alkanes in crude oils and asphaltene pyrolysates. The principal conclusion
was that CF-IRMS fingerprints of individual molecules produces characteristic isotopic
variations beyond the scale of reproducibility for the technique (4%o). Similar fingerprints

for asphaltene pyrolysate n-alkanes and crude oil n-alkanes from marine oils suggested a
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common precursor for the parent alkyl structures of both classes of compounds, and that
asphaltenes can be used as a proxy for source rock analyses. However, this similarity
was not observed in deltaic land-plant derived oils. In order to assess source rock
characteristics (maturity, depositional environment, generation potential) Wilhelms et al.
(1994) suggest using other parameters such as biomarkers and asphaltenes.

Murphy (1995) provides a summary of numerous oil-oil, oil-source correlation
techniques and problems inherent with them. Traditionally, bulk oil and major oil
fractions are measured, but the resulting isotope ratios or molecular parameters are
averages of many compounds and often of limited diagnostic value. These techniques
also suffer from maturation or secondary alteration processes such as biodegradation and
water-washing, making correlation difficult due to changes in molecular/isotopic
composition. For example, microbes preferentially attack straight-chain alkanes over the
branched alkanes or cycloalkanes (Bailey et al., 1973). Researchers have moved towards
more compound specific analyses yielding information on molecular and isotopic
composition of individual compounds.

Dowling et al. (1995) developed bitumen-oil-source correlations based on the 8§'°C
ratios of individual hydrocarbons (n-alkanes, Pr, Ph). Differences between samples were
attributed to primary source variations, with weathering and biodegradation as minor
causes. The CF-IRMS analyses suffered from co-elution of some peaks observed in the
mass 45/44 trace, producing mixed 8'"°C ratios for several compounds (e.g. n-Cag, Pr).
However, using the 8'°C data from other individual compounds, Dowling et al. (1995)
were able to correlate bitumens from the Australian coastline to oils of Central Sumatra.

O’Malley et al. (1996) examined 8"°C ratios along with the molecular abundances of
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individual PAH’s in sediments of St. Johns Harbour (Newfoundland), to determine the
primary sources of input for these toxic compounds. They sampled potential sources
such as soot from domestic fireplaces and chimneys, furnaces, car mufflers, and direct
petroleum sources including crankcase oils and waste oil sump of garages in the St. Johns
area. Mass balance calculations using a two component Langmuir mixing model showed
that between 50-80% of PAH input to harbour sediments was of combustion origin, most
likely from vehicle emissions carried in surface runoff from the city. Direct petroleum
pollution from spent oil products accounted for the remainder. This study concluded that
compound specific isotope analysis had great potential in determining source inputs to
sedimentary environments.

Dempster et al. (1997) compared isotope ratios of pure BTEX compounds versus
BTEX extracted in pentane before injection into a CF-IRMS system. An error of 0.5%o
was added to values for samples run on different split (analytical) settings, however the
pentane extraction method itself was found to be non-fractionating. Unique §"°C values
were observed for pure BTEX compounds from 3 separate manufacturers, and CF-IRMS
could be used to fingerprint the individual compounds and trace them to a specific
manufacturer.

Mansuy et al. (1997) analyzed oil samples by CF-IRMS to determine the effects of
artificial and natural weathering processes on the isotopic composition of individual n-
alkanes (C;o-C30) and whether these effects compromise the correlation of this oil to a
non-degraded counterpart. They also tried to establish the use of CF-IRMS as a
complimentary correlation technique to GC and GC/MS. Artificially weathered samples

showed evaporative loss of most compounds <C;s, but, the isotopic composition showed
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good correlation (£0.3%o standard deviation) with the unweathered sample (Figure 2.7a).
Oils that were biodegraded over periods between 2 months to 4 years, showed slight
enrichment in ">C, but the overall standard deviation was only 0.4%o from undegraded
samples. This was attributed more to analytical error rather than biodegradation effects.
In cases of severely biodegraded oils, most n-alkanes are removed and Mansuy et al.
(1997) applied asphaltene pyrolysis and subsequent CF-IRMS analysis to resulting
aliphatic, aromatic, and NSO fractions. These also correlated well between the
biodegraded and unaltered oil (0.5%o std. deviation). Environmental applications of the
method involved correlating individual components in light fuel oil from fugitive spills in
conjunction with tests by the U.S. Coast Guard, and examination of crude oils extracted
from feathers of birds killed in a recent oil spill. In both cases, CF-IRMS analysis of n-
alkanes was able to correlate the weathered oil to a definitive source (Figure 2.7b).
Odden et al. (1998) provide a brief summary of previous methods for light
hydrocarbon extraction (e.g. Durand and Espitalie, 1972; Philippi, 1975; Jonathan et al.,
1975; Leythaeuser et al., 1979a,b;) and origin of gasoline range hydrocarbons. Odden et

al. (1998) was also among the first studies to use §'"°C ratios of individual gasoline range

compounds to effectively correlate oils to source rocks from offshore Mid-Norway. They
analyzed light hydrocarbons (C4-C,3) from source rocks by thermal-extraction GC,
(IRMS) and compared them with CF-IRMS analysis of light hydrocarbons from oils and
condensates in the region. Source rocks were crushed immediately prior to analysis to
minimize evaporation effects. The isotope correlation technique could not only be used to
distinguish the source of oils, but also to classify oils based on the molecular and isotopic

compositions of C¢-Cg fractions. Data from samples were plotted on ternary diagrams of
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Dai Jinxing (1992) and ten Haven (1996) to distinguish between marine and terrestrial
source rocks. The proportion of benzene and toluene in source rocks containing land
plant derived organic matter was higher than in marine organic matter enriched in
cyclopentanes. Multivariate statistical analysis showed that source facies was more
important than maturity as an indicator of light hydrocarbon composition. Odden et al.
(1998) then compared samples using ratios/indicies of Thompson (1987) and Mango
(1990b) to determine if samples had undergone evaporative fractionation or phase
alterations, with mixed results. The greatest uncertainty in the study was if the light
hydrocarbons analyzed in the source rock samples were representative of the petroleum

generated/expelled.

Origin of Gasoline Range (Cs to C;9) Hydrocarbons

Much study has focussed on the origin of light hydrocarbons. It is commonly believed
that gasoline range hydrocarbons are formed through the thermal breakdown of kerogen
and other HMW hydrocarbons. However, there has been disagreement over the exact
mechanisms involved in the generation process. Murphy (1995) provides a summary of
work by Hunt, (1980), Philippi (1975, 1977, 1981), Thompson (1979, 1983, 1987, 1988)
and Mango (1987, 1990a,b, 1991, 1994), contrasting different viewpoints on this
complex topic. An update on recent work by Mango (1996, 1997) and ten Haven (1996)
is summarized below.

Mango (1987, 1990a,b, 1991, and 1994) proposed a steady state catalytic process,

where the relative rates of product formation are constant, as an explanation for the
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generation of isoheptanes and cycloalkanes. Pairwise products (e.g., 2MCs and 3MCs)
are formed sequentially which act as reactants to produce another pair of compounds
(e.g., 23DMCs and 24DMCs). These two sets of products are formed by thermal
cracking, but the reactants are continually regenerated and the products continually
formed which acts as the catalytic process at steady-state. Mango (1992, 1996) then
proposed that transition metals (Ni, V, Ti, Co) activated in the lipophillic domains of
kerogen, could also act as catalytic agents converting normal paraffins (and olefins) into
light hydrocarbons and natural gas. In later work, Mango (1997a) also presented results
showing petroleum decomposition into natural gas in the presence of transition metal
catalysts. Although the correct theory for gasoline range hydrocarbon generation is still
uncertain, Mango provides abundant supporting evidence for his theory.

Ten Haven (1996) found exceptions to the invariance ratios of Mango (1990b), and
suggested that while they are excellent for homologous oil sets, they must be used in
concert with more traditional correlation techniques (e.g. stable isotopes or biomarkers).
The invariance ratios are useful for condensate-oil and condensate-condensate
correlations, but they cannot discriminate oil/condensates from each other, unless from a
common source. For characterizing (fingerprinting) individual oils, the parameters are
useless as they cannot be related to a specific kerogen and/or a depositional environment.

Mango (1997b) provides a review of the opposing theories on the origin of light
hydrocarbons, along with early literature on the composition, distribution (in sediments),
and application of these compounds to maturity and oil correlation studies. He reiterated
that while thermal cracking enjoys widespread support, the composition of light

hydrocarbons and the stability of their HMW precursors are inconsistent with such a
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mode of origin. If cracking of HMW compounds is the source for light hydrocarbons in
oils, primary structures (compounds with structure similar to their precursor) should
dominate its composition. This is not the case for the majority of oils, where primary
structures are proportional to their corresponding isomers at all concentrations. Mango
(1997b) restates his theory of transition metal catalysis, adding that these elements are
present in organic sediments at sufficient concentrations to promote light hydrocarbon
generation. Van Duin and Larter (1997) support Mango’s hypothesis in presenting
reaction schemes for the formation of C; heptane isomers from heptene precursors by a

kinetically controlled reaction mechanism.
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CHAPTER 3 - ANALYTICAL METHODOLOGY

Extraction of analytes by SPME has been well documented in the literature. Analytes
partition from a sample onto the fiber and are thermally desorbed in the injection port of a
gas chromatograph. SPME is an equilibrium method, and equilibrium is established
between the liquid, headspace and fiber when the concentration of the analyte in all three
phases can be considered constant (Steffen and Pawliszyn, 1996). Equilibrium is defined
as when the concentration of analyte is homogenous within each phase and concentration
differences between two adjoining phases has satisfied the partition coefficient between
phases (equilibration time = mass adsorbed by fiber coating is 90% of final total mass)
(Zhang and Pawliszyn, 1993a). For our experiments, we use a simpler definition of Dias
and Freeman (1997) where equilibrium is achieved when the amount of analyte extracted
remains constant regardless of increasing exposure time between fiber and sample.
Equilibration times are dependant on partition coefficients between the liquid-headspace
and headspace-fiber. The limiting mass transfer step is from the liquid to the headspace,
and the extraction profile has the characteristic shape of a sharp rise and then shallowing
out. The rate of each segment of the profile is dependant on the convective and diffusive
transport of analytes in the sample matrix or a product of slow desorption kinetics (Zhang
and Pawliszyn, 1993a).

Zhang and Pawliszyn (1993a) was one of the first studies that detailed the equilibrium
and kinetics of headspace SPME (HSPME), and compared it with direct SPME sampling
of an aqueous phase for BTEX and several polycyclic aromatic hydrocarbons (PAH).

They showed that detection limits of headspace sampling were approximately twice that
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of aqueous sampling, and the headspace technique resulted in decreased sampling times
and increased extraction efficiency for all compounds. This was a significant
improvement over traditional sampling methods such as liquid-liquid extraction, solid-
phase extraction (SPE), and P&T. Using HSPME, matrix effects are reduced and
interferences involved with a liquid sample are eliminated (Steffen and Pawliszyn, 1996).
Zhang and Pawliszyn (1993a) presented a simple one-dimensional kinetic model to study
the diffusion processes involved with HSPME. The chemical potential difference of
analytes among the three phases (coating, headspace, liquid) present is the driving force
moving analytes from the aqueous matrix into the fiber. The limiting step in the process
is considered to be the diffusion rate of analytes for the different phases. A low diffusion
rate is observed between the liquid and headspace, while diffusion of the analytes from
the headspace to fiber is four orders of magnitude higher. Approximately 50% less
analyte is adsorbed with headspace sampling versus immersing the fiber in an aqueous
solution. HSPME was found to be ideally suited to organic compounds with high
volatility, hydrophobicity, and could be used for sampling compounds as large as three-
ring PAHs. The technique could also isolate less volatile analytes if the desired
sensitivity could be achieved prior to attaining equilibrium. Zhang and Pawliszyn (1993a)
also noted that the time required for both volatile and less volatile analytes to equilibrate
with the fiber coating could be minimized by agitating the aqueous phase, reducing the
headspace volume (Louch et al., 1992) or heating the sample (Zhang and Pawliszyn,
1993Db).

Zhang and Pawliszyn (1993b) used HSPME to isolate BTEX compounds from water,

sand, clay and sludge samples. Extraction profiles (time vs. mass adsorbed) at 50°C for
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all compounds showed that different amounts of each analyte were adsorbed by the
coating based primarily on the partition coefficients of each compound (equilibration
times are rapid, ca. 1 min.), not choice of substrate. When the matrix adsorbs the analyte
strongly, or the volatility of the analyte is low, the concentration of analyte in the
headspace is low, and the amount adsorbed on the coating is minimal, leading to poor
sensitivity. Gasoline range analytes with high volatility avoid such obstacles, and we
need only allow enough time for analytes to equilibrate with the three phases present.

One of the few studies to use SPME for stable isotope analysis was performed by
Dias and Freeman (1997) on a combination of hydrocarbons and organic acids (toluene,
hexanol, methylcyclohexane, acetic, propionic, and valeric acids). Nonpolar compounds
extracted with a nonpolar phase were slightly enriched in 13C (0.5%o) versus organic acids
extracted by a polar phase that showed a depletion in *C (1.5%o) with respect to the
remaining liquid. Direct immersion of the fiber into an aqueous solution was used for
extracting the analytes, and isotope ratios were measured with instrumentation similar to
that in this study.

In our experiments, the high concentrations (and sheer number) of analytes present in
each oil results in an enormous amount of sample being adsorbed on the fiber. The mass
of a single compound (m;) introduced to the GC from the SPME fiber is determined using
the open split ratio (Rys) of the IRMS, molecular weight of the compound (M;), and the
number of carbons in the molecule (C). Typically, the quantity of a single analyte

adsorbed (e.g. n-C7) out of 100-200 total analytes is (after Dias and Freeman, 1997):

m; = (n/C)MRos
m;= 2.13 pg n-C; (~21 nmol)
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ns = number of moles of CO, at the source and is determined by

ng = A/(SWqNa
ns = 1.754 x 107 moles CO,

where A is the mass 44 response (= peak area (Vs)), W is the resistance of the amplifier
circuit (3 x 102 Q), q is the charge of an electron (1.609 x 107" C), Na is Avogadro’s
number (6.023 x 10% atoms/mol), and S is the sensitivity of the IRMS (5.0 x 10™
ions/molecule). The open split ratio is determined by injecting a known concentration of
a standard compound into the GC and mass 44 response (A) is recorded from which ng

can be calculated.

Methods

Two oils collected from wells in Alberta, Canada (Chester, NA1) are used as
standards in the experiments reported. These oils have a representative composition of
gasoline range hydrocarbons in most light and medium crude oils. Oils are stored in a
refrigerator (3°C) to lower vapor pressures and minimize evaporation of volatile
hydrocarbons. For experiments involving pure standards, reagent grade solvents were

acquired from several laboratories.

Purge and Trap - Deactivated alumina (80-200 mesh) is used as a substrate onto which
oil droplets are coated. Approximately 1 ml of the alumina is placed in a vial. A drop of

oil is transferred to the alumina by a clean wire. The alumina/oil mixture is stirred/mixed
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to distribute oil on the substrate. Several grains are transferred to a smaller vial for
application to the gas chromatograph (GC).

The smaller vial containing grains is connected to a 6 port valve (see Fig. 2 of
Whiticar and Snowdon, 1998). The vial is sealed with a cap lined with a Teflon septa.
Purge helium flows into the small vial through a needle. From the vial, the helium plus
hydrocarbons flow though a needle (and tubing) to the valve and into the trap. Sample is
purged with helium for 8 minutes while liquid nitrogen is used to trap the volatiles. The
liquid nitrogen is removed as the 6 port valve is switched to the on column position, and
the sample flows into the GC for analysis. To prevent peak tailing, the trap is immersed
in hot water immediately upon removal of the liquid nitrogen. For further details on this

technique, refer to Murphy (1995) or Whiticar and Snowdon (1998).

SPME — The fiber mechanism and polydimethylsiloxane (PDMS) coating is selected
based on its performance for analysis of non-polar volatile compounds, i.e. hydrocarbons
(Louch et al., 1992; Zhang and Pawliszyn, 1993a) (Figure 3.1a). PDMS is hydrophobic
and offers a compositional similarity to capillary columns used in GC analysis. PDMS is
thermally stable up to 300°C, and its melting point of —50°C is significantly below the
temperatures encountered in sampling and desorption. Therefore, no phase transitions
are related with this material, and all fibers are preconditioned before use.

Oils are sampled by pasteur pipette and a droplet is placed in a clean 1/2 dram vial
(pre-fired at 450°C to remove contaminates). The amended vial is capped and sealed
with a teflon lined septa. Replicate analyses use a new droplet/vial to preclude any

depletion of gasoline range compounds. At least 1 hr is allowed to establish liquid-vapor



Solid Phase MicroExtraction (SPME) Y

2) Plunger —»
<«+—— Barrel
Hub Viewing |
Window .
<+—— Depth Guage
<4—— Septum Piercing
Coated SPME ——p Needle
Fused Silica Fiber
b)
Coating - < Vial with Teflon Septa
A C1D1
‘ Headspace > |- Coated Fiber
> (Polydimethylsiloxane)
@ Oil Droplet
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between the three phases (coating, headspace, liquid) based upon
their concentration (C) and diffusion (D) coefficients.
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equilibrium in the vial. Compounds in the Cs-C,o range have sufficient vapor
pressures at room temperature to enter the vapor phase. This results in an efficient
separation of the gasoline fraction from the bulk oil. It should be noted that hydrocarbons
as large as C are present in the headspace in trace amounts.. The most volatile
compounds in the C;-C4 range are not present in measurable quantities resulting from
rapid evaporation and are often lost before the lab receives an oil for analysis.

A heavy gauge needle pierces the septa to allow the SPME fiber to pass through
unharmed. The fiber is extended into the headspace, but does not come in direct contact
with the oil at any time (Figure 3.1b). The fiber is exposed ca. 15 minutes, allowing
analytes sufficient time to establish equilibrium between the three phases (liquid,
headspace, coating). It is important to maintain a constant temperature during adsorption
since large fluctuations in temperature may affect mass transfer rates and equilibration
times (Boyd-Boland et al., 1996). Once equilibrium is reached, the fiber is retracted and
immediately transferred to the GC split/splitless injector. The fiber is extended in the
injection port (260°C), where analytes are thermally desorbed and swept onto the column.
This technique prevents a substantial amount of oxygen or moisture from entering and
degrading the GC column. A special glass inlet designed for SPME is also employed in
the injector. This inlet has a smaller (0.75 mm) inner diameter than conventional inlets (2
mm) that results in a faster, more thorough/concentrated heating of the fiber, and thus a
more rapid desorption of analytes. The inlet also serves to focus the sample, improving
peak shape (minimizing tailing) and resolution.

For molecular analysis by P&T and SPME, a stand-alone GC is used equipped with a

flame ionization detector (FID). The gasoline range components are separated on a J&W
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60m x 0.32 mm DB-1 fused silica capillary column with a 1um film thickness.

Compounds are separated using a temperature program of 35°C for 1min, ramp 2°C/min
to 90°C, hold for 5 min., ramp to 280°C at 20°C/min, hold at 280°C for 7 min. to burn off
any higher molecular weight (HMW) compounds lingering in the column. The total time
for sample analysis is approximately 1 hr.

Stable carbon isotope analysis is done using the advantages of a CF-IRMS system.
The GC utilizes the same column and temperature program as for molecular analysis in
CF-IRMS. Following partitioning of the Cs-Cy compounds on the GC column, they are
directed with the carrier gas (helium) into a microcombustion oven consisting of an
alumino-silicate capillary tube with internal Cu/Pt wires heated to 850°C. All compounds
greater than Cy are backflushed off the GC column. Hydrocarbons are oxidized into CO,
and H»0, and the H,O is removed by a Nafion water trap before the CO,/He enter the
IRMS source. The *C/"C ratio of CO, evolved from each specific compound is
determined sequentially by conventional CF-IRMS measurement and data reduction.

Results are reported in conventional 8-notation relative to the PDB standard and

expressed in units of per mil or parts per thousand (%o).

8"C = [ (PC/C)sampte~ (*C/"*C)tandara 1 X 1000
(°C/"*C)standard

where: 8'*C = deviation in parts per thousand (%o) of a
sample as compared to a standard
PO - isotope ratio of '*C to '2C in the sample or standard
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Experimental Results and Discussion

. g 13 .
Our main sources of data are from examination of gas chromatograms and & ~C ratios

of selected gasoline range hydrocarbons from analysis of the standard oils used
throughout our experiments (Figure 3.2). Approximately 40 compounds can be resolved
using these methods, comprising all the typical components of the gasoline range (Table
3.1). However, the number of compounds that produce a reliable/diagnostic molecular or
isotopic signature is significantly lower. This is due to numerous factors such as several
compounds with similar physical properties, or simply the low concentration of many
analytes in the oil due to different sources or other genetic characteristics.

The CF-IRMS system also places certain constraints upon gasoline range analyses.
The dynamic range of the system is limited (approx. 0.5 — 7 V, mass 44 amu) and
compounds must produce a signal within this range for a precise/reproducible
measurement (Figure 3.3). Compounds eluting in minute quantities (<0.5 V) are below
the resolution of the detectors, while those eluting in higher quantities (>7 V) will
saturate the amplifiers. Good baseline separation is also a pre-requisite, as any co-
elution of compounds as doublets and triplets results in their mass 45/44 signatures
blending together producing obscure and often meaningless values. Therefore, we only
record results from 16 specific compounds ranging between Cs-Cy based on their high
resolution and abundance in the majority of samples analyzed (denoted by * in Table
3.1}

As we require some form of reference to establish the validity of the results, we
compare data using HSPME with experiments on the same oils analyzed by the modified

P&T technique (Murphy, 1995). When possible, we also compare our results to those
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Table 3.1 — List of compounds identified in Figures 3.2, 3.3 and 3.9.

cpd# abbr. chemical name

s iC5 i-pentane

2% nC5 n-pentane

3 22DMC4 2,2-dimethylbutane

-4 CYC5 cyclopentane

S* 23DMC4 2,3-dimethylbutane

6* 2MC5 2-methylpentane

7* 3MC5 3-methylpentane

8* nC6 n-hexane

9 22DMC5 2,2-dimethylpentane

10* MCYC5s methylcyclopentane

11 24DMCS5 2,4-dimethylpentane

12 223TMC4 2,2,3-trimethylbutane

13% Benz benzene

14 33DMC5 3,3-dimethylpentane

15% CYC6 cyclohexane

16 2MC6 2-methylhexane

17 23DMCS5 2,3-dimethylpentane

18 11IDMCYCS 1,1-dimethylcyclopentane

19 3MC6 3-methylhexane

20 1c3ADMCYCS 1-cis-3-dimethylcyclopentane

21 1t3DMCYC5 1-trans-3-dimethylcyclopentane

22 1©2DMCYCS 1-trans-2-dimethylcyclopentane

23* nC7 n-heptane

24 22DMC6 2,2-dimethylhexane + co-elute
113TMCYCS 1,1,3 trimethylcyclopentane (minor)

25% MCYC6 methylcyclohexane

26* 1c2DMCYCS5 1-cis2-dimethylcyclopentane

27 EtCYCS5 ethylcyclopentane

28 25DMC6 2,5-dimethylhexane

29 24DMC6 2,4-dimethylhexane

30 1t2c4TMCYCS 1-trans-2-cis-4-trimethylcyclopentane

31 33DMC6 3,3-dimethylhexane

32 1t2c3TMCYCS 1-trans-2-cis-3-trimethylcyclopentane

33 223TMCYC6 2,2,3-trimethylcyclohexane (minor)

34* Tol toluene

35 2MC7 2-methylheptane

36 3MC7 3-methylheptane

37* 1c4DMCYC6 1-cis-4-dimethylcyclohexane

38* nC8 n-octane

39% nC9 n-nonane

40 nCI10 n-decane

47
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of Mobil Oil, Houston, TX. As a broad classification of all the variables examined, we
divide them into two categories: (1) Factors/variables pertaining directly to
properties/characteristics of the HSPME fiber (Sampling) and (2) concerns related to the

effect of changing settings on analytical instruments (Instrumentation).

Sampling

Diagnostic Reproducibility - A primary objective of this HSPME technique is to establish
that the molecular and stable isotope data produced is representative of the sample. The
method must also be robust, with high resolution, sensitivity and reproducibility.

The standard is first analyzed by GC using both P&T and HSPME to characterize
gasoline range analytes. Peak areas of the 16 selected compounds from the resulting
chromatograms are normalized to the area of a common peak (n-C;). Results from the
two methods are plotted against each other (Figure 3.4a), and peak areas show good
correlation for >90% of compounds (r* = 0.953). This indicates that HSPME yields a
representative molecular analysis. An enhanced recovery (as indicated by larger peak
areas) of the most volatile constituents (Cs-Cg) is observed with HSPME due to decreased
sample transfer and dilution inherent with this method versus P&T. MacGillivary et al.
(1994) also compared a P&T extraction method to HSPME for BTEX compounds in
water and found sensitivity between methods nearly identical (0.99 correlation) with
enhanced recovery of the most volatile analytes using HSPME. Comparison of the gas
chromatograms with the mass 44 trace produced by CF-IRMS analysis with HSPME also

shows excellent correlation (r2 =0.981) (Figure 3.4b).
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Reproducibility of stable isotope ratios for specific gasoline range compounds by
HSPME is tested by repeated analyses using CF-IRMS. Ratios for 12 of the 16
compounds show a reproducibility of 0.2 — 0.5%o standard deviation, and peak
resolution is also excellent for these 12 compounds as all elute in measurable quantities
and do not suffer significantly from co-elution effects.

Interpreting results for the other 4 analytes (Benzene, MCYCS, 1c2DMCYCS,
1c4DMCYC6) involves caution resulting from either co-elution with other compounds or
low concentrations (e.g. Benzene) present in the standard. The standard deviation
(> +0.5%0) in 8"°C ratios for these 4 compounds significantly exceeds those for the other
12 analytes (Figure 3.5). MCYCS co-elutes with 22DMCS5 and 24DMCS, and their
isotopic signatures overlap and produce a ratio that varies significantly (standard
deviation £1.0%0). However, in some samples where 22DMCS5 and 24DMCS5 elute in
small quantities, the 8'C ratio for MCYC5 shows minimal standard deviation (£0.2%o).
1¢2DMCYCS and 1c4DMCYC6 both co-elute with larger peaks (MCYC6 and n-Cg
respectively). The standard deviation of the larger peaks remains at £0.2-0.3%o, because
the baseline separation of the two smaller peaks is sufficient to process CF-IRMS data.
However, due to small concentrations of 1¢2DMCYCS5 and 1¢4DMCYC6 in most oils,
integration errors resulting from low signal responses (<0.5 mA) have a pronounced

effect on their 8'°C ratios. This data is often unreliable.
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Methodologies — Comparison of 8"3C ratios between HSPME, P&T, and Mobil Oil

analysis of the NA-1 standard is performed by CF-IRMS. Mobil Oil uses a single

injection of 1l of whole oil with a 100:1 split to introduce sample into the GC. An non-

systematic enrichment and depletion in ">C ranging between 0.2 to 2.0%o is observed
comparing ratios for 11 compounds extracted by HSPME versus the other methods
(Figure 3.6). For Cs-Cg compounds, P&T produces the heaviest ratios followed by the
whole oil method and HSPME. This order changes in the C7+ range, with P&T
producing the lightest ratios followed by HSPME and whole oil methods.

In analyzing the discrepancy between methods, we consider the possibility that some
form of isotopic fractionation is occurring as analytes are adsorbed on the fiber. This is
based on work by Ricci et al. (1994), who showed that CF-IRMS chromatographic
resolution is often great enough that the isotope ratio of individual compounds is not
homogenous as they elute off the GC column. The beginning of an eluting compound is
enriched in ">C, while the end is depleted as indicated by the mass 45/44 trace (Figure
3.3). Ricci et al. (1994) attribute this to isotope effects associated with chromatography
derived from small differences in vibrational energy shifts associated with condensation
of isotopically distinct species. The condensation or interaction of an organic molecule
with a liquid phase (GC column) results in a decrease in vibrational energy (Dias and
Freeman, 1997). Energy shifts are greater for molecules with the lighter isotope
(Bigeleisen, 1961). Therefore, analytes containing the heavy isotope have shorter elution
times. If we apply this idea to interactions between headspace analytes and the SPME
fiber, this could result in a small isotope effect.

Analytes enriched in ">C would have lower free mean velocities in headspace than
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their '*C counterparts. This would result in a lower collision frequency between . &
analytes and the fiber. Prior to attaining equilibrium, this could also lead to an isotope
partitioning separate from, but in addition to, that expected based on the vapor pressures
of the analytes. The overall effect would result in a slight 13C depletion for analytes
adsorbed on the fiber.

However, this effect should be negligible in our experiments since we allow the fiber
to equilibrate in the headspace. In addition, this effect does not explain the s
enrichment observed for C7+ compounds analyzed by HSPME versus P&T. Dias and
Freeman (1997) noted that once their fiber-water system reached equilibrium, isotopic
fractionation of analytes did not vary as a function of equilibrium time, but rather due to
interaction of the organic compounds with the coating of the fiber (specifically mass-
dependant energy shifts upon adsorption of each analyte into the coating). Dias and
Freeman (1997) proposed a method to quantify the magnitude of isotopic fractionation
for extraction of an analyte with an SPME fiber. An accepted isotopic composition for
each analyte was determined using closed tube combustion methods (e.g. Sofer, 1984b).
Dias and Freeman (1997) compared these ratios with 8"°C values determined by SPME
extraction, and designated the difference between them as the fractionation factor. We
are pursuing this closed tube combustion technique to determine potential fractionation
factors for headspace sampling.

The effect of prolonged storage of the standard oil over a period of several years
resulting in possible evaporation/fractionation is also considered. The Chester standard
has been analyzed regularly over the past 4 years, and no compositional change has been

observed resulting from evaporation of any gasoline range analytes. Bjoroy et al. (1994)
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also observed no fractionation effect with storage for light hydrocarbons, and Carpentier
et al. (1996) reported similar results on a condensate sample that was analyzed by GC
immediately upon arrival and then stored for several days (at room temperature) before
being reanalyzed. Evaporation was observed for all compounds <C,( (most prevalent in
the C4-C7 fraction), and while the condensate was depleted in B3C for the Cy-14 fraction,

little or no fractionation was observed in the C4-Cg range.

Equilibration Times - To examine the time required before isotopic and molecular
equilibrium is reached as analytes are adsorbed on the fiber, the SPME fiber is exposed to
the headspace above oil droplets for periods of 30 seconds to 1 hour. All samples are
analyzed by CF-IRMS at a set injector split flow to maintain high resolution and control

the amount of sample applied on the column. Peak areas, amplitudes, and §"°C ratios are

monitored, and equilibrium is established when all three variables remain constant
regardless of increasing exposure time (Dias and Freeman, 1997).

For short adsorption times of 30 seconds to 5 minutes, molecular equilibrium is not
attained as determined by examination of peak areas (once again normalized to n-C5)
plotted as a function of increasing exposure time (Figure 3.7a). Compounds in the Cg+
range do not have adequate time to equilibrate with/adsorb onto the fiber due to their
higher partition coefficients. Comparison of these areas with those from exposure times
of 15 minutes or greater shows that after 15 minutes peak areas are constant and
molecular equilibrium is reached.

In relation to the time required for establishment of isotopic equilibrium, 8'*C ratios

for all compounds from 5+ minute exposures are consistent with those of 15+ minutes
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(Figure 3.7b). Since molecular equilibrium is not attained until after 15+ minutes, it was
decided that although an exposure time of 5 minutes is suitable for obtaining a
representative sample (both on a molecular and isotopic level), an exposure time of 15

minutes assures constant peak amplitude/area and 8'"3C ratios. This is comparable to

other HSPME studies with BTEX compounds where exposure times of 1-10 minutes
were used, e.g. Zhang and Pawliszyn, (1993a). It is also an improvement over the 30
minute adsorption time required by SPME analysis of aqueous solutions containing
MCYC6 alone, e.g. Dias and Freeman, (1997).

Our extraction profiles fit the characteristic shape of other SPME studies, with a sharp
rise for most compounds followed by a gradual shallowing out. This shape is inverted for
the more volatile analytes (Cs-Cg) with respect to attaining molecular equilibrium, due to
higher liquid/headspace partition coefficients which initially saturate the fiber coating at
low exposure times before other HMW analytes can properly equilibrate with the fiber.
This can be shown by monitoring the change in peak area with increasing adsorption time
(Figure 3.7¢). Octane and nonane show increasing adsorption with time up to 15 min,
while other analytes display little or no change. Regardless of molecular weight, after 5

minutes exposure time all 8"°C ratios appear to remain invariant (Figure 3.7d).

Experiments focusing on desorption times are performed by GC. After desorbing
analytes for times ranging from 30 seconds to 10 minutes, identical chromatograms
produced show that as the fiber is exposed to the injector inlet, desorption of all analytes
is practically instantaneous and complete. This is dependant on the fiber being extruded
into the optimal/hottest section of the injector, determined by simple tests observing the

amount of analytes desorbed at different injector positions. If the fiber is too high in the
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injector, less sample is desorbed and peak resolution suffers (tailing caused by a
temperature gradient within the injector) (Arthur et al., 1992b). To ensure complete
desorption of all analytes, the fiber is left extruded in the injector for most of the sample
run time (20-40 minutes). Potter and Pawliszyn (1994) noted that a PDMS coating may
carryover significant quantities of semivolatile compounds (e.g. PAH’s) to the next
analysis if the fiber is not left to desorb for longer than 1 min (attributed to chemisorption

of analyte molecules on the silica surface).

Sample Concentration - To control the amount of sample adsorbed on the fiber, 1/4, 1/2
and whole fiber lengths are exposed to the headspace for preset adsorption times (15-30
min). In experiments where only a fraction of the fiber is exposed, the remainder is kept
within the septum-piercing needle to avoid direct exposure to the headspace.

When partial amounts of the fiber are exposed, no isotope effect is observed (ca.
+0.2%o standard deviation for all compounds) and the sample appears to migrate up the
fiber. This is shown by variable area and amplitude of all peaks for a set length of fiber
with constant adsorption time. Longer adsorption times result in more sample adsorbed
on the fiber, and this is no doubt because the remainder of the fiber within the septum
piercing needle is adsorbing sample, despite not being directly exposed to the headspace.
For all fiber lengths, the molecular pattern is consistent, but a injector split flow is
required to control the amount of sample reaching the IRMS. (see Instrumentation section
for effects of injector split flow).

Experiments with a cut fiber (Smm length) were tried to analyze samples by splitless

injection, but, proved unsuccessful because all peaks produced were subject to tailing
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despite controlling the amount of sample. This results in shifts in 8"*C measurements of

all compounds towards heavier values, and produces incorrect results.

Temperature/Vapor Pressure — Among other possible causes of the 8"°C variations

between HSPME and P&T sampling, the nature of the liquid-vapor equilibrium for
gasoline range analytes between methods is a potential but unlikely candidate. In P&T
sampling, the diluted oil is purged in helium to extract all compounds at their respective
vapor pressures to enter the headspace (gas) phase. Therefore, an equilibrium between
the oil and headspace is not attained. In HSPME, equilibrium is established and the
heavier isotope should theoretically partition into the denser (liquid) phase. When the
fiber is exposed in the headspace (depleted in 130), a lighter ratio would be sampled for
all compounds present. In P&T extractions, this effect is minimized by purging the
headspace, allowing for compounds with both heavy and light isotopes to be collected,
the quantity of each dependant only on the vapor pressure of analyte to enter the vapor
phase. 4 priori we would predict the magnitude of this fractionation to be small, but, any
partitioning/fractionation of analytes with the fiber coating must be confirmed by
experimentation.

We monitored the effects of raising or lowering the temperature of the vial (oil)
during sampling, thereby increasing/decreasing the vapor pressures of the analytes. The
droplet is allowed to equilibrate in a waterbath (42°C) and an icebath (0°C). The

adsorption time is 15 minutes, and regardless of temperature, 8'°C ratios of most

compounds exhibit a +0.3%o standard deviation (Figure 3.8). Samples from the
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waterbath have reduced peak areas and amplitudes for all compounds compared to the
icebath.

The observed decrease in the amount of analytes adsorbed at higher temperatures is
either a characteristic of the fiber, or related to increased vapor pressures. MacGillivray et
al. (1994) stated that adsorption of analytes on the fiber is an exothermic process (Arthur
et al., 1992a), and therefore would be favored at lower temperature. They observed that
increased adsorption at lower temperature has a greater effect than the increase of
analytes in the vapor phase produced at higher temperatures. While a larger
number/quantity of compounds is released to the headspace, the coating/headspace
coefficient decreases, and the optimum temperature for extraction is dependant on the
interaction of the analytes between the three phases (Zhang et al., 1994). With respect to
oil analysis, raising the temperature of the liquid releases an increased number of C+
compounds to the vapor phase, and their equilibration/adsorption on the fiber also results
in a reduced amount of gasoline range compounds adsorbed. Agitation of the sample
would also force less volatile, high molecular weight (HMW) compounds into the
headspace, producing a similar effect. These HMW compounds tend to have a greater
affinity for the fiber and may lead to their preferential adsorption over low molecular
weight (LMW) compounds. When compounds with small Henry’s coefficients are
analyzed, agitation will minimize sampling times provided that the octanol-water

coefficient (Kow) is low. (Zhang and Pawliszyn, 1993a).

Matrix Effects — The interaction of the organic solute with other organic compounds in

solution will alter its partition coefficients (Dias and Freeman, 1997). Previous studies
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with complex mixtures noted that the liquid matrix itself may be a rate limiting step in
adsorbing analytes on the fiber as it affects transport of analytes through the liquid phase
(Steffen and Pawliszyn, 1996; Boyd-Boland et al., 1996). There are two main types of
matrix interference: (1) Non-target compounds present in the sample and (2) strong
adsorption properties of the matrix (Zhang and Pawliszyn, 1993b). We questioned
whether as matrix complexity increases, is it possible that competition for adsorption
sites on the fiber occurs on a isotopic level (‘2C vs. >C)?

Matrix effects were tested with mixtures comprised of three, five, and seven different
compounds, and found not to produce any evidence of competition for adsorption sites on
the fiber (Table 3.2). The first mixture composed of n-C5, n-C6 and Benzene represents a

simple matrix with only two compound classes. The 8'°C ratios for all compounds are

within +0.3%o to those from HSPME analysis of the individual analytes. The addition of
Toluene and n-C8 in the second mixture added to the number of compounds in the
matrix, but not compound classes. The two mixtures are highly comparable to each

other, with only a £0.2%o change in 8'°C ratios relative to pure compounds. The third

mixture incorporated 223TMCS5 and MCYC6 to not only increase the number of analytes
present, but also the diversity of compound classes in the matrix. This also had no effect

on 8"C ratios for any of the preceding analytes, and it was decided that the large number

of compounds present in the gasoline range does not result in any matrix interference or
competition/bias for adsorption sites on the fiber. Similar effects investigated by Boyd-
Boyland et al. (1996) showed that increasing the number of analytes in an aqueous matrix
from 20 to 60 does not significantly affect the adsorption/equilibration times of analytes

with the fiber.



Table 3.2 - Carbon isotope ratios for pure standards and mixtures

Pure Standards Pentane | Hexane | Benzene | 223TMC5 | MCYC6 | Toluene | Octane
Run 1 -29.32 -30.41 -27.23 -27.87 -29.25 -28.09 -32.24
Run 2 -28.97 -30.50 -27.65 -27.81 -29.29 -27.79]  -32.06
Run 3 -20.54 -30.74 -27.24 -28.02 -29.61 -27.42|  -32.31
Run 4 -30.81 -27.46

Average (%eo) -29.28 -30.62 27.37 -27.90 -29.38 -27.69 -32.20
Std Deviation (%o) 0.29 0.19 0.24 0.11 0.20 0.31 0.13
Mixture 1

Run 1 -29.21 -30.31 -26.52

Run 2 -29.02 -30.51 -27.05

Run 3 -29.23 -30.58 -27.12

Run 4 -29.51 -30.58 -27.44

Average (%o) -29.24 -30.50 -27.03

Std Deviation (%o) 0.20 0.13 0.38

Mixture 2

Run 1 -29.31 -30.52 -27.46 -28.00| -32.07
Run 2 -29.19 -30.53 -27.21 -27.90| -31.51
Run 3 -29.20 -30.50 -27.21 -27.89 -32.28
Run 4 -29.27 -30.37 -27.08 -27.78 -31.97
Average (%o) -29.24 -30.48 -27.24 -27.89 -31.96
Std Deviation (%o) 0.06 0.07 0.16 0.09 0.33
Mixture 3

Run 1 -29.37 -30.58 -27.09 -28.11 -29.51 -27.71 -31.99
Run 2 -29.64 -30.86 -27.45 -28.36 2943  -28.32| -32.45
Run 3 -29.57 -30.56 -27.00 -28.07 -29.59 -28.07| -32.41
Run 4 -29.75 -30.74 -27.56 -28.40 -29.89 -28.20| -32.66
Average (%o) -29.58 -30.69 -27.28 -28.24 -29.61 -28.08 -32.38
Std Deviation (%o) 0.16 0.14 0.27 0.17 0.20 0.26 0.28

64



65

Instrumentation

Oven Combustion/Column Pressures — The Chester standard is analyzed by HSPME
extraction at column pressures of 16, 18, 20, and 22 psi (flow rates 1.8 — 3.0 ml/min), to
determine if the higher flow rates lead to incomplete combustion to CO, for any or all of
the analytes. Lower column pressures resulted in more complete combustion observed in
a systematic increase of 8"°C ratios for all compounds with decreasing flow rates. Below
16 psi (flow rate 1.8 ml/min) no further increase was seen, and as such this flow rate is
adopted for all experiments detailed in this thesis. At higher flow rates, the residence time

of analytes in the oven is insufficient for complete combustion to occur.

Injector Split Flows — To control the amount of sample introduced to the CF-IRMS
system, we utilize a constant split injector ratio. Previous studies (Baylis et al., 1994)
note that split flow can cause isotopic fractionation in light gases. To quantify this effect,
a standard oil is analyzed with various split ratios (3.5:1, 7:1, 15:1) to observe the effect

on 8"C ratios of any analytes.

Peak areas and amplitudes decrease in direct proportion to the magnitude of increase
in the injector split ratio (split ratio doubled, peak areas decrease by one-half), without
significant isotopic fractionation (Table 3.3). Not all of the 16 analytes are available for
comparison, as low initial split ratios resulted in the most abundant compounds (n-C7,
MCYC6, n-C8, n-C9) saturating the amplifiers of the IRMS. MCYC6 oversaturates

amplifiers for 2 of the 3 split settings, and is excluded from the



Table 3.3 - Chester Oil - Injector Split Ratio Test

Split Ratio 3.5:11 3.5:1 74 71 15:1 15:1

Peak Name Run A (%) Run B (%) Run C (%o) Run D (%) Run E (%) Run F (%o) Average A,B Stdev AB Average C, D Stdev C,D Average EF Stdev E,F Average (AF) Stdev(A-F)
ics -28.26 -28.30 -28.40 -28.11 -27.76 -28.04 -28.28 0.03 -28.26 0.21 -27.90 0.20 -28.15 0.23
Pentane -29.93 -30.15 -30.20 -29.90 -29.53 -29.87 -30.04 0.16 -30.05 0.21 -29.70 0.24 -29.93 0.24
23DMC4 or CY -27.04 -27.63 -27.62 -27.72 -27.73 -27.03 27.34 0.42 -27.67 0.07 -27.38 0.49 -27.46 0.33
2Mcs -28.88 -28.91 -29.01 -28.93 -28.88 -28.95 -28.90 0.02 -28.97 0.06 -28.92 0.05 -28.93 0.05
3MCs -27.48 -27.51 -28.18 -27.47 -27.82 -28.35 -27.50 0.02 -27.83 0.50 -28.09 0.37 -27.80 0.39
Hexane -30.48 -30.20 -30.84 -30.69 -30.68 -30.82 -30.34 0.20 -30.77 0.1 -30.75 0.10 -30.62 0.24
MCYC5 2518 -26.58 26.71 2568 2523 -25.70 -25.38 0.28 -25.70 0.02 -25.47 0.33 -25.51 0.24
Benzene -30.86 -30.32 -31.31 -31.21 -31.95 -30.52 -30.59 0.38 -31.26 0.07 -31.24 1.01 -31.03 0.59
cyce 2813 -28.45 -28.63 -28.57 -28.24 -28.83 -28.29 0.23 -28.60 0.04 -28.54 0.42 -28.48 0.26
Heptane - - -30.77 -30.79 -31.04 -31.15 - - -30.78 0.01 -31.10 0.08 -30.94 0.19
McYce - - - - - - - - - - - - - -
1c2DMCYC5 - - - - - - - - - - - - - -
Toluene -27.89 -27.51 -29.47 -27.58 -29.31 -28.98 -27.70 0.27 -28.53 134 -29.15 0.23 -28.46 0.90
1c4DMCYC8 - - -26.12 -25.87 -25.28 -25.61 - - -26.00 0.18 -25.45 0.23 -25.72 0.36
Octane - - -30.92 -30.70 -31.01 -31.23 = - -30.81 0.16 -31.12 0.16 -30.97 0.22
Nonane - - -30.57 -30.74 -30.38 -30.62 - - -30.66 0.12 -30.50 0.17 -30.58 0.15
Peak Name Peak Amp Peak Amp Peak Amp Peak Amp Peak Amp Peak Amp Average A,B Stdev A,B Average C, D Stdev C,D Average E,F Stdev E,F

ics 2.79 256 153 161 0.68 069 268 0.16 157 0.06 0.69 0.01

| Pentane 277 2565 1.50 1.63 068 0.69 266 0.16 157 0.09 0.69 0.01

23DMC4 or CY 0.81 0.74 0.43 0.47 0.22 0.22 0.78 0.05 0.45 0.03 0.22 0.00

2MC5 5.40 5.05 2.89 3.23 144 1.45 5.23 0.25 3.06 0.24 1.45 0.01

3MC5 37 3.56 2.01 2.26 1.00 1.01 367 0.15 214 0.18 1.01 0.01

Hexane 7.58 7.18 4.09 465 209 2.09 7.38 0.28 4.37 0.40 2,09 0.00

MCYCS a7 448 251 2.83 133 1.32 463 0.21 267 0.23 1.33 0.01

Benzene 0.23 0.24 0.13 0.14 0.07 0.07 0.24 0.01 0.14 0.01 0.07 0.00

cyce 4.65 444 2.50 284 133 1.34 4.55 0.15 267 0.24 1.34 0.01

Heptane - - 6.45 7.50 362 3565 - - 6.98 0.74 359 0.05

MCYC6 - - - - - - - - - - - -

1c2DMCYC5 - - - - - - - - - - - -

Toluene 129 125 0.66 0.79 0.37 0.36 1.27 0.03 0.73 0.09 0.37 0.01

1c4DMCYCE - - 2.13 2.56 1.24 121 - - 2.35 0.30 123 0.02

Octane - - 6.40 766 391 3.85 - - 7.03 0.89 3.88 0.04

Nonane - - 5.21 6.30 323 3.21 - - 5.76 0.77 322 0.01

Peak Name Peak Area Peak Area Peak Area Peak Area Peak Area Peak Area Average A,B Stdev A,B Average C,D Stdev C,D Average E,F Stdev E,F

ic5 1.17 9.62 5.81 6.19 267 283 10.40 1.10 6.00 0.27 275 0.11

Pentane 10.90 9.50 5.68 6.22 2.50 268 10.20 0.99 5.95 0.38 264 0.06

23DMC4 or CY 4.08 366 212 233 1.09 1.10 387 0.30 223 0.15 1.10 0.01

2MC5 23.32 21.25 12,15 13.69 6.24 6.35 2229 1.46 12.92 1.09 6.30 0.08

3MCs 17.21 15.84 8.43 10.15 4.37 4.40 16.53 0.97 9.29 1.22 4.39 0.02

Hexane 31.85 29.93 16.65 19.03 876 8.82 30.89 1.36 17.84 1.68 8.79 0.04

MCYC5 20.60 19.02 10.71 12.12 5.69 568 19.81 112 11.42 1.00 569 0.01

Benzene 1.09 1.02 0.58 0.66 0.31 0.31 1.06 0.05 0.62 0.06 0.31 0.00

cYce 22.87 21.54 12.04 13.68 6.53 6.50 22.21 0.94 12.86 1.16 6.52 0.02

Heptane - - 31.39 36.75 17.26 17.18 - - 34.07 3.79 17.22 0.06

MCYC8 - - - - - - - - - - - -

1c2DMCYC5 - - - - - - - - - - - -

Toluene 7.39 7.15 3.64 462 2.01 1.98 7.27 0.17 413 0.69 2.00 0.02

1c4DMCYC8 - - 11.60 14.27 6.77 6.64 - - 12.94 1.89 6.71 0.09

Octane - - 34.93 4241 20.34 20.09 - - 38.67 5.29 20.22 0.18

Nonane - - 37.54 46.53 2226 2218 - - 42.04 6.36 2222 0.06

99
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analysis all together. The standard oil is run twice at each split ratio to establish

reproducibility. Peak areas and amplitudes have standard deviations of +10%, and §-C

ratios for the 6 analyses are comparable with results from previous experiments with the
same 0il (£0.3%o0). Compounds which exhibit higher deviations are due to low
concentrations at high split ratios (signal outside dynamic range of IRMS). This data is
included for the purpose of peak area comparisons. If the split flow does result in any
isotope effects, it is not within detection limits.

In analysis of a suite of oils for a CSIC study, some samples such as heavy crudes or
those that have undergone extensive secondary alteration (e.g. biodegradation, water-
washing) often have minimal amounts of gasoline range hydrocarbons remaining for
analysis. With P&T, longer sampling (and total analysis) times are required to extract
such low concentrations, and sometimes analysis is not practical by this method. Using
split injection with HSPME, resolution is possible on the ppt level, allowing for a more
routine sampling of such special cases. In oils where one compound (e.g. MCYC6, Tol)
is present in extremely high concentrations relative to others, multiple analysis using
variable split flows can control all peak sizes to form a merged data set with precise
measurements.

It is possible that our choice of injector model may be unsuitable for this type of
analysis. Louch et al. (1992) observed that at the start of desorption, the analyte is
desorbed first from the layer of fiber coating in contact with the flowing gas and then
from deeper in the coating. If extended to isotopes, could this relate to the heavier
isotope being held somehow within the more dense fiber phase? The reason for

postulating such an effect is related to examination of the mass 45/44 trace from CF-
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IRMS for all samples analyzed by HSPME. A small increase in the 45/44 ratio is

observed just after the majority of a compound elutes off the GC column, and the 8"C

measurement may exclude this small but significant detail (Figure 3.3).

GC Column — In an effort to obtain isotopic measurements for a greater number of
gasoline range compounds, we attempted to improve the efficiency, selectivity, and
resolution of the chromatography in the analysis by experimenting with a new GC
column designed specifically for petrochemical applications. The stationary phase of the
column remains DB-1 (non-polar), however, column length is increased to 100m, with
inner diameter and film thickness reduced to 0.25 mm and 0.5 pm respectively. This
raises the theoretical plate count of the column to over 400,000, nearly double the value
of the previous column used in our experiments. The higher plate count means that
column efficiency and selectivity are substantially increased, minimizing potential co-
elution effects between compounds.

Gas chromatograms from analysis of the Chester standard using the new column
illustrate the improved column resolution (Figure 3.9). Co-elution of MCYCS5 with
22DMCS5 and 24DMCS has been eliminated, as all three peaks are clearly resolved and
we are able to measure an isotopic ratio for each compound. However, in samples
where 22DMCS5 and 24DMCS5 elute in small quantities, their 8'°C ratios are still of little
value. Both 1c2DMCYCS5 and 1c4DMCYC6 are separated off the shoulders of MCYC6
and n-C8, allowing more precise measurements for all 4 peaks. The improved resolution
has also resulted in measurement of ratios for compounds that previously co-eluted as

doublet or triplet peaks. An example of this is 11DMCYCS5, 3MC6, 1c3DMCYCS, three
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compounds that were part of an unresolvable group of peaks eluting after CYC6. A
similar improvement is seen for EtCYCS5, 25DMC6, 24DMC6. New peaks that can also
be used for isotopic measurements include 2MC7, 3MC7 and 223TMCYC6.

Overall, the 100 m column appears to be superior to its 60 m predecessor for gasoline
range analyses. Our results also suggest that the 60 m column may be starting to degrade
due to extensive use. A comparison of chromatograms from current analyses versus
those of Murphy (1995) shows a decrease in column efficiency and selectivity for some
peaks, probably as a result of deterioration of the stationary phase in the column. This is
simply a result of hundreds of oil analyses performed with this column over the past 5
years. Therefore, the 100 m column appears to be the more suitable column for future oil
analyses. The only significant drawback of the new column is the increased time
required for analytes to travel the increased column length. Total sampling and analysis
time is approximately 2 hours per sample, and while this is not unreasonable we are
experimenting with increased column pressure flows and modified temperature programs

in an effort to reduce total analysis time without sacrificing the improved resolution.
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Chapter 4- Compound Specific Isotope Correlation (CSIC):

Examples from Central and Southern Alberta

Samples and Geologic Background

In this study, a suite of 27 oils primarily of Devonian age from the WCSB were
chosen for CSIC by CF-IRMS analysis of gasoline range compounds (Table 4.1). Most
were sampled from Nisku formation reservoirs in central/southern Alberta in an area
dominated by the Rimbey-Meadowbrook (RMT) and Bashaw Reef (BRC) complexes
(Fig. 4.1). The samples were stored at the Geochemical Petroleum Archive of the
Geological Survey of Canada-Calgary prior to analysis at the University of Victoria.
Samples were chosen based on the assumption that all could be attributed to a common
source rock, the Upper Devonian Duvernay Formation.

The Duvernay is part of the Upper Devonian Woodbend Group of the WCSB (Figure
4.2), and has long been considered a source for numerous oil reservoirs throughout the
basin. Detailed discussions of structure, sedimentation, and depositional history of
Woodbend-Winterburn successions can be found in Switzer et al. (1994), and will be
briefly summarized here. Woodbend strata were deposited during a gradual deepening of
the entire WCSB, resulting in development of thick aggradational successions of
carbonates with large relief differences between shelf and basin areas. Numerous reef
complexes formed at this time, and these features divide the basin into several distinct
areas. Winterburn deposits were dominated by a shallowing/infilling of the basin by

large amounts of shale mixed with lesser amounts of carbonate.



Table 4.1

Sample No.

SO®NOO A WN =

1
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

List of selected Western Canada Sedimentary Basin oils

Location
09-05-029-26W4
14-01-041-23W4
13-09-041-23W4
11-35-041-23W4
13-09-042-23W4
03-32-047-13W5
15-23-042-24W4
03-27-014-16W4
16-03-056-24W4
16-19-036-21W4
09-22-035-20W4
01-03-037-20W4
16-16-041-02W5
06-22-050-26W4
02-30-036-21W4
01-13-039-02W5
16-03-036-22W4
14-22-020-12W4
02-30-040-15W4
16-28-028-02W4
13-12-029-24W4
08-14-029-24W4
06-11-029-24W4
10-15-029-24W4
03-22-023-15W4
15-30-044-04W4
04-24-028-21W4
14-25-031-10W4

2123

2079

1652

1662

1586
1143
1558
2037
874
1557

2222
1598
2257
1278
1236
1665
2051
2052
1559
1182

1144

GSC Smpl# Field

Acme

Bashaw
Bashaw
Bashaw
Bashaw
Brazeau River
Chigwell
Enchant
Excelsior
Fenn-Big Valley
Fenn-BigValley
Fenn-BigValley
Gilby
Leduc-Woodbend
Lousana
Medicine River
Mikwan
Princess

Red Willow
Sibbald
Swalwell
Swalwell
Swalwell
Swalwell
Verger
Wainwright
Wayne
Youngstown

Pool
Inverness
Nisku G
Nisku G
Nisku G
Nisku G
Nisku Q
Leduc C
Arcs

Nisku A
Nisku A
Nisku A
Nisku A
Nisku D
Nisku A
Nisku
Mississippian
Nisku |
Jefferson A
Camrose F
Nisku A
Nisku A
Nisku A
Nisku C
Nisku D
Arcs A

Camrose Tongue A

Nisku A
Arcs

Formation
Wabuman
Nisku
Nisku
Nisku
Nisku
Nisku

Arcs
Nisku
Nisku
Nisku
Nisku
Nisku
Nisku
Nisku
Pekisko
Nisku
Jefferson
Camrose
Nisku
Nisku
Nisku
Nisku
Nisku
Arcs
Camrose
Nisku
Arcs

Smpl top (m)

1717.5

3364.0

1352.0
1194.2
1781.3
1599.0
1785.2
2431.0
1364.0
1785.2

1817.0

No Sample

1704.0
1016.5
1967.2
19721
1982.5
1972.0
1370.0
655.0

1700.0
1130.0

1722.0

3380.8

1372.5
1197.3
1782.5
1605.1
1785.8
2442.0
1364.3
1785.8

1821.0

No Sample

1713.0
1021.0
19721
1973.0
1985.5
1984.0
1375.0
661.0

1744.0
1133.9

Smpl Base (m) Abbrev.

Acme
Bashaw1401
Bashaw1309
Bashaw1135
Bashaw42
BrazRiv
Chigwell
Enchant
Excelsior
FennBV
FennBV 922
FennBV 103
Gilby
LeducWood
Lousana
MedRiv
Mikwan

RedWill
Sibbald
Swalwell 1312
Swalwell 814
Swalwell C
Swalwell D
Verger
Wainwright
Wayne
Youngstown

CL



Figure 4.1

Map of province of Alberta showing distribution of major

environmental facies of the Woodbend group. Major reef

complexes are also shown, including lateral distribution of
the Upper Devonian Duvernay formation.

(From Chow et al., 1995)
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Oils sourced by the Duvernay account for higher initial conventional oil in place
reserves than any other petroleum system in Alberta and B.C. (Chow et al, 1995). They
have migrated widely across the basin and are found predominantly in mid to late
Devonian age pools. The exception to this is Lower Cretaceous sediments in east-central
Alberta where Duvernay oils have been identified in a few Lower Cretaceous Mannville
pools (Allan and Creaney, 1991). Duvernay sourced oils are found throughout the
Bashaw complex and in the RMT where they have migrated extensively into Leduc
buildups, passing into overlying Nisku platform carbonates (e.g. Leduc-Woodbend,
Golden Spike, Chigwell) (Creaney et al., 1994). Duvernay oils have also been recovered
in Swan Hills and Slave Point reefs, platforms of the Beaverhill Lake group, Gilwood
sandstones (Watt Mountain Formation) and Keg River carbonates of the Elk Point Group
(Chow et al., 1995). However, the Devonian Keg River formation is the dominant source
for hydrocarbons found in Keg River reefs and the Rainbow, Zama, and Shekile
subbasins of northern Alberta (Creaney et al., 1994). Oils expelled from Cynthia shales
are found only in adjacent Nisku pools (Allan and Creaney, 1991), but this is not
definitive due to the low TOC of these sediments (Creaney et al., 1994). Overall, there
has been limited escape of Devonian sourced oils from Devonian age rocks over the
course of the basin’s evolution.

Duvernay sourced oils were first described by Stoakes and Creaney (1985), who
classified organic matter within the Duvernay as unstructured, type II (oil-prone)
kerogen, resulting from a marine planktonic origin. The geochemical characteristics of
Duvernay and neighboring Cynthia Shale sourced oils are very similar, both having low

sulphur content (<0.5%) and Pr/Ph ratios of ~1.5 attributed to source rock deposition
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under normal marine salinities in anoxic, sediment starved environments (Allan and
Creaney, 1991). Oils recovered from Nisku pools are similar in composition to those
from Leduc pools with Duvernay sources, but many oils have not been directly correlated

to either a Duvernay or Cynthia source (Creaney et al., 1994).

Results

In the current CSIC study, gasoline range compounds in oil samples are analyzed to
determine both their molecular and isotopic compositions. The rationale for doing this is
to determine if both stable isotope ratios and molecular compositions can be used to
correlate oils. Previous results indicate that the molecular composition of an oil is highly
susceptible to secondary alteration effects such as biodegradation and water washing,
thereby limiting its diagnostic value. However, in unaltered samples these parameters
may provide important genetic information about the oil. Gasoline range analytes are
sampled using the SPME method discussed earlier (Chapter 3), except for the molecular
analysis of 14 oils that were deemed high priority samples by PanCanadian. These oils
were analyzed immediately upon arrival at UVic by the P&T method, as the SPME

technique was still under development.

Molecular Variability

Gas chromatograms for the 14 high priority oils illustrate a wide range of molecular
compositions (Figure 4.3). All oils were analyzed at least twice to ensure reproducible

results. All samples had abundant n-alkane concentrations, with varying amounts of
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Figure 4.3 Chromatograms for 14 WCSB Oils showing diversity in composition

for gasoline range compounds.
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Figure 4.3 (continued) Chromatograms for 14 WCSB Oils showing diversity in composition
for gasoline range compounds.
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Figure 4.3 (continued) Chromatograms for 14 WCSB Oils showing diversity in composition
for gasoline range compounds.
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Figure 4.3 (continued) Chromatograms for 14 WCSB Oils showing
diversity in composition for gasoline range compounds.
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branched, cyclic, and aromatic components. The most abundant gasoline range
compound in the majority of the samples is either nC7, MCYC6, Toluene, or nC8. An
exception to this are the Fenn Big Valley oils that are dominated by a triplet composed of
1c3DMCYCS, 1t3DMCYCS, and 1t2DMCYCS. Another notable exception is the
Sibbald oil, dominated by iC5 and 3MC6. In many cases, it is possible to visually
distinguish similar oils simply by examining their GC traces. However, in the case of
oils such as Sibbald, Leduc-Woodbend or Brazeau River that may have undergone some
form of secondary alteration (e.g. biodegradation), the GC trace is not indicative of the
original oil composition. It was hoped that stable isotope ratios would not be affected by

these processes.

Statistical Analysis

To develop initial groupings of oils based on similar molecular composition, the 14
oils analyzed by the P&T method were statistically analyzed by computer using a
Hierarchical cluster method. Cluster analysis is a multivariate procedure for detecting
groupings in data, and is a good technique to use when the sample set is not expected to
be homogenous in content (e.g. oils from different sources). Hierarchical clustering starts
by setting up the appropriate experimental design algorithm and determining the closest
or most similar pair of cases according to a distance measure, and combines them to form
a cluster. The algorithm continues comparing cases until all the data are in one large

cluster. The sequence followed by the algorithm can be displayed in an agglomeration
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schedule. The method is hierarchical in that clusters formed in later stages of the analysis
build upon or contain the initial clusters from earlier in the analysis.

There are several different similarity or distance measures used by the Hierarchical
analysis for defining how different or alike two cases are. The measure most often used
when cases have variables of the same units is the squared Euclidean distance, defined as
the sum of the squared distances over all variables. An example of this for comparing

oils would be:

Table 4.2 — Example Data Set for Determining Squared Euclidean Distance

il ICs nCs 2MCs IMCs nCg MCYCs | Benzene CYCq nC,
Name (%0) (%o) (%0) (%0) (%o) (%o) (%0) (%0) (%0)

Oil 1 -28 -29 -30 -31 -32 -31 -30 -29 -28

(Xi)

Oil 2 -30 -32 -30 -29 -33 -32 =31 -30 -30
(Y)

X;-Y; 2 3 0 2 1 1 1 1 2

Squared Euclidean distance = )" (X, —¥,)? =22 +32+ 02+ 22+ 1> +12+12 +12 422 = 25

The smaller the distance, the greater the similarity between oils. It is important to
distinguish between distance and similarity, as the two values are inversely related to
each other. Hierarchical clustering computes a “Distance Matrix” with entries for
distances between every pair of cases. A more convenient method to display the
formation of clusters is a dendogram. In this format, the distance between cases is
rescaled to a “distance cluster combine coefficient” (DCC) ranging between 0 to 25, with
smaller values indicative of greater similarity. Samples are listed in the order given in the

agglomeration schedule, and similar cases are joined by vertical lines.
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There are also numerous methods for deciding which cases or clusters should be
combined at each step of the analysis. One of the simplest and most common is the
single linkage or nearest neighbor technique, taking the cases that have the smallest
distance between them, and designating them as the first cluster. The distance between
this cluster and the remaining individual cases is computed based on the minimum
distance between an individual case and a case in the cluster. This next smallest or
closest distance is then added to the cluster. I employ the average linkage between
groups method, because it defines the distance between two clusters as the average of the
distances between all pairs of cases in which one member of the pair is from each of the
clusters (Norusis, 1994). An example of this is comparing a cluster containing oils A,
B,C, and another cluster of oils D,E, F. The distance between the two clusters is the
average of distances between the following pairs of cases: (A,D) (A.E) (A,F) (B,.D) (B.E)
(B,F) (C,D) (C.E) (C,F). The important difference between this method and others (e.g.

single linkage) is that it utilizes all pairs of distances, not just the nearest or furthest.

Molecular Correlations

The 14 oils analyzed by the P&T method were statistically analyzed using the raw
area counts for 29 peaks, each representing the molecular abundance of a specific
gasoline range compound. I utilize a greater number of peak data in molecular versus
isotopic analysis because I can measure reproducible peak areas for compounds that co-
elute as doublets or triplets even though they produce isotopic signatures that are of little
or no diagnostic value. The 29 peaks chosen range from Cs to Cjo, and the raw area

counts for each peak area are once again normalized to that of a common peak (nC,)



Table 4.3 Peak Areas normalized to Heptane for 14 WCSB Oils

Peak Enchant Mikwan FennBV ﬂunﬂ Verger SwalwellC SwalwellD
iC5 0.02 0.05 0.03 0.11 0.03 0.02
Pentane 0.04 0.07 0.07 0.12 0.15 0.05 0.04
23DMC4 or CY 0.00 0.03 0.03 0.03 0.07 0.03 0.02
2MC5 0.07 0.22 0.27 0.19 0.34 0.14 0.15
3MC5 0.06 0.16 0.22 0.12 0.27 0.09 0.09
Hexane 0.27 0.43 0.53 0.54 0.60 0.39 0.43
MCYC5 0.07 0.41 0.50 0.21 0.46 0.16 0.12
Benzene 0.08 0.22 0.12 0.31 0.02 0.29 0.42
CYC6 0.07 0.30 0.16 0.25 0.32 0.27 0.18
2MC6 0.13 0.27 0.26 0.16 0.32 0.18 0.17
11DMCYC5 0.06 0.14 0.14 0.08 0.18 0.08 0.07
23DMC5 0.00 0.08 0.07 0.02 0.10 0.04 0.03
3MC6 0.21 0.42 0.47 0.21 0.48 0.22 0.21
1c3DMCYC5 0.06 0.46 0.60 0.09 0.32 0.10 0.08
1t3DMCYC5 0.08 0.48 0.62 0.11 0.35 0.11 0.10
1t2DMCYC5 0.14 0.96 1.33 0.20 0.71 0.20 0.16
Heptane 1.00 1.00 1.00 1.00 1.00 1.00 1.00
MCYC6 0.39 1.06 0.90 0.67 1.13 0.83 0.67
1c2DMCYC5 0.02 0.18 0.13 0.03 0.17 0.05 0.05
25DMC6 0.17 0.23 0.30 0.12 0.28 0.10 0.09
24DMC6 0.03 0.05 0.05 0.03 0.07 0.04 0.03
223TMC5 0.06 0.45 0.55 0.09 0.27 0.10 0.09
Toluene 0.26 0.43 0.29 0.58 0.40 0.63 0.75
3MC7?7?? 0.19 0.25 0.26 0.13 0.29 0.16 0.15
3MC7?7? 0.14 0.57 0.61 0.23 0.50 0.31 0.27
1c4DMCYC6 0.09 0.21 0.21 0.11 0.26 0.15 0.13
Octane 1.20 0.78 0.78 1.03 0.84 1.10 1.09
Nonane 0.49 0.36 0.47 0.55 0.55 0.68 0.52
Decane 0.15 0.11 0.16 0.18 0.29 0.34 0.15
Peak BrazRiv LeducWood  Bashaw1401 RedWill Youngstown MedRiv Sibbald
iC5 0.01 0.14 0.03 0.21 0.01 0.19 2.03
Pentane 0.01 0.11 0.04 0.10 0.03 0.19 1.17
23DMC4 or CY 0.02 0.17 0.02 0.07 0.04 0.10 1.19
2MC5 0.09 0.41 0.09 0.25 0.19 0.28 2.32
3MC5 0.07 0.39 0.07 0.22 0.17 0.20 3.02
Hexane 0.24 0.81 0.24 0.35 0.34 0.49 2.19
MCYC5 0.11 0.86 0.14 0.25 0.37 0.32 1.06
Benzene 0.03 0.14 0.58 0.01 0.01 0.78 0.00
CYC6 0.17 1.65 0.15 0.33 0.33 0.53 0.82
2MC6 0.31 0.39 0.23 0.31 0.35 0.31 113
11DMCYC5 0.09 0.29 0.08 0.18 0.22 0.15 2.27
23DMC5 0.18 0.16 0.05 0.04 0.12 0.06 0.40
3MC6 0.37 0.59 0.30 0.52 0.58 0.41 2.50
1c3DMCYC5 0.20 0.24 0.15 0.29 0.35 0.13 0.85
1t3DMCYC5 0.22 0.36 0.17 0.33 0.40 0.16 1.23
1t2DMCYC5 0.35 0.64 0.36 0.60 0.79 0.23 1.09
Heptane 1.00 1.00 1.00 1.00 1.00 1.00 1.00
MCYC6 1.54 1.96 0.66 0.92 1.55 1.41 1.78
1c2DMCYC5 0.31 0.07 0.11 0.10 0.26 0.06 0.97
25DMC6 0.15 0.26 0.20 0.31 0.37 0.21 0.83
24DMC6 0.08 0.31 0.06 0.09 0.12 0.09 0.71
223TMC5 0.32 0.13 0.22 0.48 0.40 0.14 1.40
Toluene 0.35 0.24 1.68 0.08 0.36 2.60 0.18
3MC7??? 0.30 0.20 0.31 0.43 0.52 0.37 0.65
3MC77?? 0.75 0.1 0.41 0.61 0.84 0.44 1.27
1c4DMCYC6 0.38 0.17 0.19 0.27 0.41 0.20 0.96
Octane 1.38 1.50 1.66 1.40 1.05 1.08 0.36
Nonane 0.80 0.28 1.47 1.19 0.71 0.59 0.29

Decane 0.29 0.22 0.65 0.53 0.26 0.25 0.05
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(Table 4.3). This normalization establishes a relative concentration for a specific
compound compared to the other gasoline range analytes. Heptane is again chosen as the
common peak because it is in high abundance in all samples.

The agglomeration schedule and corresponding dendogram for 14 oils displays the
stages of cluster combinations along with the distance measure (Coefficient) between
cases (Figure 4.4). The actual value of the coefficient depends on both the distance
measure and linkage method used to compare cases. The sample names and case
numbers are listed in the dendogram. The agglomeration schedule also lists at what stage
of the algorithm cases are first compared (Stage Cluster 1* Appears) and the next stage
the same case is combined in a new cluster (Next Stage). Examination of the dendogram

shows 3 major groups of oils and 1 oil (Sibbald) that has little or no similarity to others:

Group 1 - Wayne, SwalwellC, SwalwellD, Enchant
Group 2 —FennBV, Mikwan, Verger, BrazRiv, Youngstown, RedWill

Group 3 - LeducWood, Bashaw1401, MedRiv

When interpreting the dendogram, I establish boundaries based on the overall distribution
of cases within the cluster. As most samples cluster within a DCC value of 5, it is easiest
simply to group all oils except Sibbald into one large group. However, if we subdivide
the oils based on 1 DCC unit intervals, then the more select groupings listed above
emerge. Statisticians are unclear on where to “draw the line” in determining definite
similarity in dendograms, with some favouring a value of 5 to 10 while others choose 10
to 15 (Norusis, 1994). Based on the structure of this data set, an interval of 1 to 3 can be

used to distinguish between groups.
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Agglomeration Schedule using Average Linkage (Between Groups)

Clusters Combined Stage Cluster 1lst Appears Next

Stage Cluster 1 Cluster 2 Coefficient Cluster 1 Cluster 2 Stage
i i 131 13 .087232 0 0 2
2 10 11 .125477 0 1 4
3 4 4 .308670 0 0 5
4 3 10 .518928 0 2 9
5 4 12 .554452 3 0 8
6 2 14 .685073 0 0 7
7 2 8 1.113976 6 0 8
8 2 4 1.469084 7 5 9
9 2 3 2.130610 8 4 11
10 o 6 3.151214 0 0 13
11 2 5 5.051740 9 0 12

12 i 2 5.539639 10 11 13

13 1 9 41.616070 12 0 0

Dendrogram using Average Linkage (Between Groups)

Rescaled Distance Cluster Combine

CASE 0 5 10 15 20 25
Label Num Fmm——————— - mm——————— Fmmm—————— Fmmm—————— +
SWALWELD 11 —
WAYNE 13 w—
SWALWELC 10
ENCHANT 3 el
FENNBV 4
MIKWAN 7
VERGER 12
BRAZRIV 2
YOUNGS 14
REDWILL 8
LEDUC 5
BASHAW "
MEDRIV 6
SIBBALD 9

Figure 4.4 Aggolmeration schedule and corresponding dendogram

for hierarchical cluster analysis of molecular concentrations
for 14 WCSB oils.
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Comparison of the raw data shows that all the oils are remarkably similar in
composition except for the Sibbald sample. Group 2 and 3 oils contain (on average)
higher concentrations of branched or iso-alkanes such as 3MCS5, 2MC6, 3MC6, and
25DMC6 compared to group 1 oils. These two groups also show greater MCYC6
concentrations. Other compound classes such as n-alkanes and aromatics display highly
variable concentrations both within and between groups. Visual comparison of the
chromatograms (Figure 4.3) further demonstrates the unique characteristics of the
Sibbald oil, although Enchant and LeducWood also have distinctive GC traces. The
LeducWood sample contains very low total concentrations of all gasoline range
hydrocarbons making analysis difficult.

I must also factor into the proposed correlations the geographic location and regional
geology where samples are taken from. Based on their close geographic proximity to
each other, certain oils may be expected to exhibit some similarity in their molecular
composition due to generation and limited migration from a common source (i.e.
Duvernay) (Figure 4.5). An example of this is Group 1 oils such as Wayne, SwalwellC,
SwalwellD, and Enchant that comprise an area from Ranges 16-24W4 and Townships
14-29. All reservoirs are located in Nisku strata, but strangely the Verger oil taken from
the same formation as Enchant does not correlate directly with this group. In addition, the
Enchant well is located within a large carbonate shelf complex running throughout
southern Alberta, and this area is considered to have a regional geology that is vastly
different from the “simple” reef structures in central Alberta. Therefore while group 1 is

a plausible correlation, its members are probably from different sources. This
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should not imply that I manipulate data to fit a geographic or geologic interpretation, but,
rather use it to eliminate unlikely groupings in the cluster analysis.

An example of this process of elimination occurs with Group 2 oils. The group
represents an substantial area spanning Ranges 10W4 to 13W5 and Townships 23-47.
The probability that these samples are all from the same source is highly unlikely, not
only due to the long distance of migration involved, but also the fact that the sediments of
the suspected source (Duvernay) has attained different levels of thermal maturity
throughout the East and West Shale basins of central Alberta (Creaney et al., 1994). This
would result in oils with variable molecular compositions and these oils may also have
been influenced from localized Nisku source beds located in the East Shale Basin. The
Brazeau River oil is also unique in that it may have undergone Thermochemical Sulfate
Reduction (TSR), and this may substantially alter its molecular and isotopic composition
(Manzano et al., 1997; Whiticar and Snowdon, 1998). Since the cluster analysis is not
biased by other criteria in developing groupings for oils, the Brazeau River sample may
show a molecular composition similar to Youngstown, but the probability of this oil
retaining its original composition is low.

Group 3 are all located on or near the RMT, and communication between reservoirs
in this area has been proposed (e.g. Stoakes and Creaney, 1985). However, the MedRiv
oil is located in Mississippian not Devonian age strata, and therefore an unlikely member

of this group. LeducWood and Bashaw oils are considered Duvernay sourced.
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Compositional Relationships

Samples were analyzed to determine if any systematic correlation or relationship
exists between molecular concentrations of gasoline range compounds (Figure 4.6, 4.7).
Compounds with corresponding carbon numbers from different classes are compared
with varying degrees of scatter observed. A strong linear correlation is evident between
concentrations of straight chain and branched alkanes for C¢ and C; compounds (Figure
4.6a,b). Previous work on the origin of light hydrocarbons by Mango (1987, 1990b,
1997b) showed an invariance in the ratios of concentrations of specific iso-alkanes for
homologous (same source) oils due to a pressured steady state catalytic process that is
responsible for their formation. These products along with dimethylcyclopentanes and
methylcyclohexanes can be derived from straight chain precursors (Mango, 1990b). This
is evident by a good correlation between nC¢-MCYCS5 (> =0.9197) and nC,-MCYC6 (r*
= 0.8827) (Figure 4.6¢.d). In a group of papers on the origin of light cycloalkanes in
petroleum, Mango (1990b, 1994) suggested that the ratio of nC;/MCYC6 would show
minor variance in petroleums and would not be altered due to thermal decomposition of
polycyclic natural precursors or MCYC6 itself. Any variance in this ratio was more
consistent with a hypothesis in which both products were formed by steady-state catalytic
process. Mango (1990b) added that since MCYCS is derived from catalytic
decomposition of a straight chain parent, its concentration would be determined in a
similar manner.

Somewhat unusual is the weaker correlation of nCg and CYCg (1 = 0.6915) (Figure

4.7a). Mango (1994) discussed how during carbocyclic ring closures in light
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hydrocarbon formation, n-alkanes are transformed by catalysts that will preferentially
promote ring closures of a specific carbon number forming disproportionate
concentrations of isoalkanes, cyclopentanes, and cyclohexanes. He called this effect a
ring preference (RP). However, Mango (1994) found a paradox in his explanation, in
that a group of oils from a common source rock that he expected to show no RP still
exhibited widely varying concentrations of isoalkanes, cyclopentanes and cyclohexanes
(analogous to what I observe with this data). One would expect oils of a uniform overall
composition reflecting a static system would show similar or fixed light hydrocarbon
concentrations, but instead they show varying concentrations that reflects a dynamic
system (Mango, 1994). Therefore, a poor correlation between n-Cg and CYC¢ may be
expected. There also appears to be no relationship between n-alkanes and their aromatic
counterparts, as evidenced by the poor correlations of nC¢-Benzene and nC;-Toluene
(Figure 4.7b,c). This could be due to the extremely low concentrations of benzene and
toluene in several samples, indicating source control on the molecular composition of the
oil. It is also interesting to noted that iC5 and nC5 show little or no dependence to each
other (Figure 4.7d). An explanation for this could be evaporative loss of these highly
volatile compounds during sample collection, and therefore the initial concentration of

these compounds in the oil is not preserved.
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A molecular approach to grouping or correlating oils appears to be limited in its
usefulness. Although concentrations of certain gasoline range components have been
used as possible indicators of biodegradation in oils and condensates (Osadetz et al.,
1992), the majority of studies using light hydrocarbons for classifying oils have found
molecular techniques impractical for these purposes (Snowdon and Osadetz, 1988;
Osadetz et al., 1992; Whiticar and Snowdon, 1998). In light of this, I have focussed my

efforts on utilizing stable isotope ratios as a more robust and diagnostic tool.

Stable Carbon Isotopes

When examining the isotopic data in conjunction with molecular abundances, it is
important to remember that reproducible isotope ratios are measurable for a smaller
number of compounds. When compounds co-elute their isotopic signatures blend
together obscuring the original value for each individual compound. The main benefit of
isotope ratios versus molecular abundances is that they are more resistant to secondary
alteration process such as biodegradation or water washing, that can render the molecular

signature of an oil unrecognizable (Murphy, 1995).

Isotopic Variability

Carbon isotopic ratios of individual hydrocarbons in the gasoline range fraction show
significant and diagnostic diversity for the 27 oils from the WCSB (Table 4.4). Isotope
ratios were measured by CF-IRMS using the SPME technique to extract analytes.

Replicate analyses or “runs” of each sample were performed to ensure that reproducible



Table 4.4

Well Name |ics
Mikwan 1 - 1-30.24 |
Mikwan2  |-30.06
MedRiv1 |-28.76
MedRiv2 -28.70
MedRiv3 ~ |-28.48
Wayne 1 1-29.84 |
Wayne2  |-2964 |
Bashaw 14011 |-28.64
Bashaw 14012 |-2862 |
Verger 1 -29.14
Verger2 ~ |-29.34
FennBV1 -30.09
FennBV2 1-30.11
RedWill1 1-29.65
RedWill2 2952 |
Youngstown 1 ‘-24.52 |
Youngstown 2 ’-24.52 |
BrazRiv1 |-24.37
BrazRiv2 |-24.37
Enchant 1 |-30.88
Enchant 2 |-31.07 |
SwalwellC 1 -27.68 |
SwalwellC2  |-27.73 |
SwalwellD 1 |-28.53 |
SwalwellD2  |-28.35
Sibbald 1 |-29A43
Sibbald 2 |-29.43
LeducWood1  |-26.88
LeducWood2 ~ |-28.27 |
Gilby 1 _|-2855 |
Gilby2 ~ |-2847 |
Acme 1 |-28.04
Acme 2 . |-2852 |
Chigwell 1 |-28.81
Chigwell2  |-28.60
Bashaw 421  -28.51
Bashaw 422  -28.46
Bashaw 1309 1 | -28.22
Bashaw 13092 |-28.66 |
Bashaw 11351 |-28.79 |
Bashaw 11352 |-28.38 |
Lousana 1 1-30.18
Lousana2  |-30.21
Lousana 3 ~-30.09
Lousana 4 1-30.40
Swalwellg14 1 -29.75
Swalwell814 2 |-29.55
Swalwell13121 |-29.26
Swalwell13122 |-29.33
Wainwright 1 |-26.26
Wainwright 2 |-25.80
Wainwright3 ~ |-26.29
FennBV 1031  |-28.41 |
FennBV 1032  |-28.93
FennBV 9221  |-24.27
FennBV 922 2 \ -23.76
Execelsior 1 |-22.00
Execelsior 2 ‘~22A63

|Carbon IsotopreiRa,tio's of Qils for CSIC Study

|Pentan  23DMC4 2MC5  3MC5

|-3129 |-28.22
|-31.11_|-2850
2889 |-26.46
|-27.25 |-26.81
-29.26 |-26.56
3109 2753
3083 -27.59
|-29.75 |-25.54
2967 |-2562
-30.99 |-2652
-30.98 -26.54
3143 |-28.60
-31.42 2839
-3061 |-26.75

|-28.19 |-23.89
|-26.85 -22.69
-29.63 |-24.99
2963 |-25.12
12827 |-22.78
2849 |-24.13
}-307.09 L

|-30.21 |-25.06
2982 |-2594
|-29.74 |-25.39

12937 |-24.71

3142 -30.85
1-30.74 |-27.20
|-30.96 |-27.87
-30.16 |-26.90
-30.71 |-27.19
-26.71 -25 84
-26.77 -26 15
|-26.36 |-26.53

2501 -25.71
-24.89 ‘-26 12
2353 |-24.27
-23.80 |-25.12

2562 |

1-31.30
1-31.19
2904
2904
|-28.92 |
-30.25
|-30.04 |
|-29.25
-29.20
-30.08
-30.05
[-31.17
|-31.11
-30.23

-30.32

-28.16
|-28.57 |
|-25.71

|-29.99

30,07 |

-28.64
|-27.56
1-29.39
|-29.09

|-28.19 -

|-2043 |
-28.92 |
-28.42
-28.71

1-29.13

A-za 35 -32.04
|-28.40 |-31.93
|-27.26 -30 51
|-27.20 [-30.36
\-25 30 [31.75
-28.08 |-31.84
-28.96 |-32.80
|-2865 |-3246 |
|-28.57 |-31.85

-29.54

12868 |-32.58

-26.73 |-30.04
-27.16 |-30.16
|-25.31 |-26.68
-24.73 2670 |
-29.75 |-31.17
2962 |-31.16 |
[27.01 |-30.06 |
-26.82 |-30.03 |

2777 -31.00
|-27.54 |-30.90
-28.41 -30.15
2825 |-29.94
|-26.70 |-28.19 |
|-25.61 |-29.08
|-27.57 |-31.10 |
|-27.04 |-30.77

2937 |-27.7

|-20.35 |-
1-29.21

2013
-29.49
-29.45
1-31.49
-30.97
1-30.72
-31.05
-29.93
-29.65
12075
-29.70
-26.90
-27.08
2682 |
1-20.83
1-29.88
-28.29
-28.86
|-27.22
-27.51

12743 3092 |
|27.11
27.29 |-30.86
2891 !

|-28.55 |-32.86
1-28.57 |-32.8
1-28.89 -32.98

12903 3167 |

2839 |-31.47
-28.09 |-31.69
-28.20 |-31.60
2638 |-27.73

|-26.76 |-27.89
-26.61 |-28.02

|2861 |-32.10 |

|-28.20 |-32.10
-26.75 |-29.75
|-27.15 |-30.57
-25.45 -29.74
-26.21 1-29.38

| Hexana mMCYC5 B

| [ ]

—

|-27.32 |-30.08
|-30.08 |-28.12
-28.53 |-28.09

3345 |-28.23
|-31.97 -30.24

/CYCB | Hept
‘-2836 13596 |-34.44 |-34.72 |-3045
|-2868 |-36.12 |-34.62 -34.89 -30.39
2767 2922 2930 3054 -27.91
2768 -29.29 '-2784 3073 |-27.72
2754 |-2907 |-21.72 ’-30 722800
|-29.23 |-32.55 {3265 |-3283 |-30.78
2913 3237|3296 |-32.97 -30.75
2814 |-2948 |-3202 |-32.14 |-29.91
2804 -2041 |-31.96 -29.63
2810 |-3056 |-31.98 |-3229 |-29.89
lze 56 Tbuz |-3243 |- -29.61
2165|3567 |-3273 |-34.88 |-29.16
2754 3581 |-3275 3244 |-29.31
|-2884 3002 |-33.83 | -30.80
2863 3314 |-3383 -3377 |-30.73 |
2730 3233|3157 3205 |-28.96 |
2739 2736 |-31.77 |-30.90 |-28.29
2265 2368 |-2792 2843 |-2631 |
2271 |-23.60 |-27a4 28.43 |-26.31
13018 -33.13 |-3364 -31.05 |-31.00
3033 |-3311 |-3299 -31.09 |-3141
-27.00 |-2880 |-3073 |-3123 |-2047
2703 |-2883 |-3067 -3132 |-29.57
27.85 -3003 -31.23 -31.87 |-29.89
|-27.86 -2082 |-31.09 3166 -29.87
|27.26 -3198 |-30.61 |-31.16 *2&15
|-26.77 |-30.25 12|28
2476 2444 2834 |-2863 |-27.
2553 -2561 |-2864 |-2841 |-27.50
2655 2719 |-3045 |-31.50 |-29.66
2623 2703 |-3033 |-31.33 -29.78
2683 2473 2044 2962 2087
2665 -2533 |-2059 2085 -30.48

| 27.00 |-2868 }-3206 3213 |-29.79
2699 [-2860 |-31.98 [-3208 |29.71
|-2691 |-2838 |-3069 |-31.71 |-29.74
|-26.72 |-2836 |-3164 |-3157 |-20.86
|-2659 2824 |-3129 -3149 |-30.71 |
|-2681 |-28.62 3142 |
2687 |-27.14 |-30.66 |
-26.82 {-26 07 -30.45
2763 3527 2 3320 |-29.30
|27.17 -3541 |-33.97 3224 |-31.73
2726|3595 |-3306 |-3201 3200
2760 -3560 |-34.85 3297 |-32.33
2870 -3202 |-31.73 3193 |-3181
|-28.28 |-3154 |-3205 |-31.86 -3157
2848 -3152 |-33.92 |-32.72 |-36.64 -
|-2853 -3274 |-3264 |-32.09 |-36.36
3155 2921 |-28.82 }-23;071-3052
|-3247 3323 |-29.05 -28 01 |-29.78
|-32.73 |-35.17 1-29.90
-2835 |-32.06 l-a7.17
|-28.34 |-31.99 -35.27
126.75 -3020 -31.08

[-20.14 |

|-29.83

3448
3422
|-28.21
2822 |
-28.28
3260
3233
|-31.08
13083 |
|-30.76
3143
3314
-33.99
12955
2953
-29.16
2050
|-26.44
[-26.37
3257

|-3259

1-29.62

|-29.61

3020

1-30.08

3258
-30.25
2799
1-27.70
-29.14

|-20.07 |
-29.55
-29.71
-30.54
-30.31
-29.99
[-30.17

-31.84
|-31.82
|-28.88
-30.61
|-29.72 |
-29.41
-29.76
1-29.67
1-29.92
|-29.61
|-29.95
1-30.23
1-29.07
1-30.23
|-29.42
|-28.36
-25.57
|-25.57
|-28.52
|-28.22
|-27.74
1-26.66
|-27.24 |
|-27.19
-32.17
|-29.17
|-27.14
|-27.01
|-28.11

2812 |

-37 12

\—42 19
-28 28
-26.40

|-25.60 -

-28 44

-30.32
-30.52 |
3073 |

|-30.46

-24.97

1-29.32
1-30.44
|-28.47
|-27.82
1-33 10

-31.35 -
-30.30 -
;30.66
|-30.91
1-30.91

3112

-31.09 |
-26.95
-25.68
|-26.72 -

|-34.15
-32 03

9.69

-33.78
-33.01

|-25.61
|-25.61
|-26.37
|-25.97
\-30 35
-32.80
f;

|-31. 56
-28.36
2611
-27.55

24.67 |-28.42
-34.16

2910 |

l

=

|-34.12

-33.86
|-31.22
-30.36
1-31.60
|-32.81

1-32.69

MCYC6 Toluen 1c4DM Octane Nonan
-31 12 |

-34.93 |
|-34.62
1-30.75
|-30.70
-31 .34
-32 94

-32.80

-31 52
-31 32
-32.25
‘-31 63
-33 04
-33.10 |
-32.47
3273

-31.74
-30.99

1-29.99 |
-29.99 it

_-30497
-31.01
1-31.60
|-31.97
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ratios are measured for each of the 16 compounds discussed in development of the SPME
method (Chapter 3). Peak reproducibilities are the same as those encountered in SPME
trials, and similar caution must be used when interpreting results for Benzene, MCYCS,
1¢2DMCYC5, and 1c4DMCYC6. It was decided that due to anomalous 8C values for
1¢2DMCYCS5 in a majority of samples, this compound should be removed from the final
data set entirely. Isotopograms are generated for each oil to illustrate the isotopic
variability of the samples (Figure 4.8). Variations of up to >10%o are observed between
oils (e.g. BrazRiv — Mikwan) and for different compounds within a particular oil (e.g.
Excelsior). Internal sample reproducibility is high enough to reliably distinguish between

oils.
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Preliminary Analysis

When grouping or classifying oils based on carbon isotope ratios, it is often useful to
visually compare isotopograms prior to statistical analysis. This is because oils from the
same geographic location/field may be expected to exhibit nearly identical isotopic
signatures. An example of this is the Bashaw oils drawn from the Nisku G formation
(Figure 4.9). Isotope ratios for iCs, nCs, 2MCs, 3MCs, and nC6 have a standard deviation
of 0.3%o between the 4 oils. The deviation increases from 0.5 to 1%o for CYC6, nC7,
MCYC6, Toluene, nCy. The remaining compounds all show poor reproducibility (>1%o)
and problems with them have already been discussed. These oils are all attributed to a
Duvernay source rock and their isotopic similarities appear to confirm this suggestion.

Another example of oils from the same field that may be expected to show similar
isotopic composition are the Swalwell samples from the Nisku A-D formations (Figure
4.10a). Unexpectedly, these 4 oils show significant variability, with a minimum 2%o
offset between end member oils (SwalwellC — Swalwell 1312) for all gasoline range
compounds. Two subgroups also appear to be present, with the Swalwell C and D oils
distinctly separated from Swalwell 814 and 1312. The variation within the subgroups is
small, as ratios for several compounds exhibit only minor offsets of 0.1-0.5%o.

The Fenn Big Valley samples are the best example of substantial isotopic variability
for oils from a common field (Figure 4.10b). Ratios for iC5, Benzene, MCYC6 and nC9
show a 6%o offset from FennBV922 to other oils. Overall, there is little isotopic
similarity between any of the 4 samples, except for minor variations of 1-2%o for Cs and

Cg compounds of FennBV, FennBV 103 and Lousana. The differences are
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attributed to oils being sourced from different facies or from Duvernay sediments of
different maturities, with varying degrees of influence from localized Nisku source rocks
(M. Fowler, Pers. Comm.). Reef structures in this area are also distinct and separate and

it is unclear if there is any communication between them through underlying strata.

Hierarchical Cluster Analysis

For statistical analysis of the stable isotope data, a data set including replicate
analyses of the 27 individual oils was analyzed. All 15 compounds are included as
variables at the beginning of the analysis, and compounds that are characterized by low
reproducibility are removed sequentially to determine what effect this has on the resulting
correlations.

The most important feature to recognize in Figure 4.11 is the pairing of replicate runs
for each oil. This must be expected, and is a important confirmation of analytical
reproducibility. Oils that do not meet this requirement (Chigwell, Bashaw 1309,
Bashaw42, Lousana) illustrate the need to remove compounds with low reproducibility to
ensure that multiple analyses of the same oil will cluster together and allow us to reliably
match carbon isotope signatures.

After examination of the raw data, I removed Nonane, 1c4DMCYC6, and 23DMC4
as variables from the cluster analysis. This was because 8'°C ratios for these compounds
exhibit poor reproducibilities of up to 2%o between replicate analyses of the same oil.
Also removed were two case analyses of the Lousana oil (Lousana 1 and 4). This was

because the other two analyses (Lousana 2 and 3) show the predicted replicate
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Figure 4.11

Hierarchical cluster analysis dendogram using average linkage
(between groups) method. Note the clustering of replicate analyses for

all oils except Chigwell, Bashaw 1309. Bashaw 42, Lousana.
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clustering and therefore are a reproducible sample of the oil composition. The resulting
dendogram with this new variable set displays all oils clustering together except for
replicates of Youngstown that now show minor variation between analyses. This is
highly unusual as the previous dendogram showed these runs clustering together, but
indicates that minor differences in ratios for certain compounds possess greater weight
with the reduced number of variables. Thus, I remove Benzene and Toluene as low
concentrations of these compounds in several oils may also lead to inaccurate isotope
ratios. This results in a dendogram showing replicate clustering for all oils (Figure 4.12a).
It is difficult to compare this dendogram to that from the cluster analyses of molecular
abundances. Obviously a much larger number of oils (cases) are being compared, but at
the same time a smaller number of variables (compounds) are used. There is also the
question of deciding what range of DCC values are indicative of similarity between
cases. Due to the greater number of clusters generated, I raised the DCC signficance
level (1 to 10) from the 1 to 3 range in molecular clustering so as to classify oils in a
more manageable number of groups. I settled on the following six divisions:
Group A: Bashaw1401, Bashaw1309, Bashaw1135, Bashaw42, Chigwell, Acme,
SwalwellC, SwalwellD, MedRiv, Gilby (Duvernay)

Group B: FennBV, Lousana, Mikwan, RedWill, Wayne, Swalwell814, Verger,
Enchant (Duvernay-Nisku)

Group C: Swalwell 1312, FennBV103 (Mixed Duvernay)
Group D: FennBV922, Youngstown, Excelsior (Duvernay-Biodegraded?)
Group E: BrazRiv, LeducWood (Duvernay-Altered)

Group F: Wainwright, Sibbald (Exshaw-Biodegraded)
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The suspected source rock for each group is listed in brackets, along with any secondary
alteration effects that may aid in characterizing each group. Each group will be discussed
separately in the next section. These groupings are based on results of the statistical
cluster analysis, along with proposed geologic relationships between samples.
Correlations expected based on the geographic proximity of samples to each other are
also shown in Figure 4.12a.

Examination of Figure 4.12b shows the location of all the wells along with their new
classifications. For those oils common to both molecular and isotopic cluster analysis,
few of those original groupings are preserved. SwalwellC and SwalwellD now group
with Bashaw oils, while Wayne and Enchant now correlate to FennBV, Mikwan,
RedWill and Verger. Other samples such as BrazRiv and Youngstown now belong to
smaller more select groups. The only oil to consistently show distinct similarity from all
others is the Sibbald sample, taken from the Nisku carbonate shelf in East Central

Alberta.

0il-0il/Oil-Source Correlations

Group A oils all exhibit high similarity to each other, with the MedRiv, Acme, and
SwalwellC samples forming smaller clusters offset from the main group. This similarity
is also evident when comparing their isotopic compositions shown in Figure 4.13. Most
of these oils are attributed to a mid maturity Duvernay source, encompassing an area

covering most of the BRC and parts of the RMT. The MedRiv sample is an unlikely
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member of the group, given that it is taken from Mississippian age strata (Pekisko Fm.)
and relatively isolated from Devonian strata below. If this oil is genetically related to
others in the group it is likely due to a separate generation event rather than long distance
migration. The suspected source rock for this oil is the Mississippian Exshaw Shale
(Whiticar and Snowdon, 1998). The Gilby sample is from the same area as MedRiv but is
located on the RMT and is probably sourced from mature Duvernay strata located near
the reef trend. The Bashaw and Chigwell samples would be expected to group together
given their close geographic proximity, along with the Acme and 2 Swalwell oils. It is
reasonable to assume that all 4 Swalwell oils would group together, but a closer
examination of the area shows that the reef facies containing the Nisku C and D pools is
trapped and separated from the A pool by a north-south channel cutting through the reef
and filled with shallow water evaporites (Hunter, 1996). Overall, group A and B oils
display similar isotopic compositions, but group A oils are more likely from a slightly
more mature facies of the Duvernay. This may be shown by a 1 to 2%o enrichment in "*C
for all gasoline range compounds in these samples versus group B oils. This maturity

effect may also be expressed in 8'"°C ratios for HMW hydrocarbons.

Group B oils span a large area in the East Shale Basin extending into southern
Alberta between T15-40W4. I classify these oils as having a low maturity Duvernay
source, with a substantial Nisku source overprint (Figure 4.13). Southern Alberta oils
such as Enchant are thought to be generated entirely from Nisku source beds (see
Appendix for details). Mikwan is also attributed to a localized Nisku source, while
Lousana, FennBV and RedWill are classified as low maturity Duvernay (M. Fowler,

Pers. Comm.). This is surprising as other samples analyzed from the Lousana field more
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closely reflect a Nisku rather than Duvernay source (Whiticar and Snowdon, 1998). In
the area of Fenn Big Valley, several isolated Nisku reef structures provide excellent
reservoirs for oil accumulation, but mapping/interpreting them involves using a layered
model as reservoir heterogeneity is caused by lateral and vertical changes in sedimentary
facies (Dolph, 19967?). Therefore, communication between reservoirs may be limited,
resulting in separate sources for different reservoirs. If Nisku source rocks are
responsible for contributing partially or completely to some of these oils, it is possible
that this isotopic signature is masked by that produced from the Duvernay. It is tempting
to lump group A and B oils into one large cluster, but significant facies variations of the
Duvernay and Nisku throughout central Alberta dictates a more cautious approach. In
order to definitively classify oils between the two sources, other parameters (e.g.
biomarkers) should be examined in conjunction with gasoline range analyses.

Swalwell1312 and FennBV103 show an equally poor statistical correlation with
group A and B oils. I classify them as a separate group (C) and propose a mixed
Duvernay facies source. The isotopic signature is similar to either group A or B oils, but
the 8'°C ratios appear to be intermediate values between the two groups (Figure 4.14).
This could represent mixing of oils generated from low and high maturity Duvernay
facies, as is thought to occur in the Swalwell area (M. Fowler, Pers. Comm.).

Group D oils are all classified as Duvernay sourced, but appear to have been subject
to some degree of secondary alteration (Figure 4.14). This is evidenced by GC traces that
show extremely low concentrations of gasoline range compounds. This effect may be
caused by biodegradation resulting in loss of straight chain or branched alkanes, but more

likely by evaporation due to improper sample handling. There is also a significant
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enrichment in "°C is observed for iC5 and nC5 compared to Cg.9 compounds, further
suggesting that evaporation may have occurred. The samples are unrelated with respect
to geographic and geologic setting. Further experiments are required to confirm that
biodegradation or evaporation does not affect the 8'3C ratios of gasoline range
compounds (Murphy, 1995).

In the case of Group E oils, both the Brazeau River and Leduc Woodbend samples are
Duvernay sourced oils that have definitely undergone some form of secondary alteration,
(Figure 4.15). As discussed earlier, some Brazeau River samples have undergone TSR
and this may result in significant changes to the molecular and isotopic composition of an

oil. Manzano et al. (1997) reported an increase in the 8'3C ratio of the saturate fraction in

Brazeau River oils with increasing TSR, along with a decrease in the overall

saturate/aromatic ratio, increase in abundance of organo-sulphur compounds, and 5%

values approaching those for anhydrite of the Nisku formation in that area. However,
Manzano et al. (1997) did not rule out the possibility that the 13C enrichment could be
due to thermal maturity effects, illustrating the limitation of measuring isotope ratios on
bulk oil fractions. In a CSIC study of 6 Brazeau River oils/condensates, Whiticar and

Snowdon (1998) showed that TSR affected 8'°C values of several individual gasoline

range compounds. A *C enrichment shifted ratios up to 10%o relative to samples less or
unaffected by TSR. Isotope signatures for the latter group of samples were more
representative of Nisku oils/condensates. The shift was apparent for the entire Cs to Cg
range, but the enrichment was greatest in lower carbon number compounds in condensate
samples (Whiticar and Snowdon, 1998). Our sample was taken from the Nisku Q pool,

considered a low maturity sample in Manzano et al. (1997) (Figure 10 in Manzano et al.,
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1997). Therefore, while it is not definitive if TSR resulted in a 13C enrichment for this

sample, it is a reasonable assumption because its 8'3C ratios are among the heaviest for

any oils in the current study. The Leduc Woodbend sample also shows significant BE
enrichment for several compounds, and this may be because the sample was damaged
(i.e. dropped) and suffered extreme evaporation prior to arrival at our laboratory for
analysis (M. Fowler, Pers. Comm.). If this is true, and you remove the sample from the
cluster analysis entirely so that it does not bias the results, the only change observed in
the dendogram is the BrazRiv oil showing no correlation with any of the other oils.

The Sibbald and Wainwright oils show little or no similarity to each other nor any of
the other samples in the study (Figure 4.15). There is a minor statistical correlation
between Wainwright and Group D oils, but the DCC value is >15 so they are not grouped
together. Both Sibbald and Wainwright are attributed to a Mississippian Exshaw shale
source rock, and so we group them together based on this fact alone. These oils have also
have undergone some degree of biodegradation, as evidenced by extremely low

concentrations of straight chain and branched alkanes.
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Compositional Relationships

It is often useful to look for systematic isotope ratio differences, both between oils
and individual gasoline range compounds. Whiticar and Snowdon (1998) observed
several such differences, both within and between homologous series in the gasoline
range fractions. They found differences were most pronounced for highly branched
dimethylalkanes, and less so for other straight chain, branched, cyclic aliphatics or
aromatic compounds. LMW compounds were depleted in 13C relative to heavier
compounds. Whiticar and Snowdon (1998) add that evidence of systematic isotopic
distributions among isomers of the same carbon number suggests that the formation of
gasoline range hydrocarbons is linked to the isotopic composition of the precursor
material, not by thermodynamic processes as originally thought.

Figure 4.16a shows the 8'°C ratios of n-alkanes from nCs-nC for all 58 analyses in
the study. An enrichment in "*C is observed for n-pentane versus other n-alkanes in most
oils, with Sibbald the lone exception. The difference in ratios between the different n-
alkanes (AS" Cx.y) indicates that this enrichment is relatively consistent for group A, B,
and C oils (§"°Cs - §"°Cg ~ 1-2%o, 8"Cs- 8'°Cy ~ 2-3%o, 8'°Cs - §"*Cg ~ 3-4%o, 8"°Cs -
8"3Co ~ 2-4%o,) (Figure 4.16b). However, group D oils show a significant enrichment
between 5 to 14%o for n-nonane relative to n-pentane (Excelsior). Sibbald shows a 7%o
depletion in "*C for n-octane versus n-pentane, but this may be the result of an incorrect
8"*C calculation for n-octane due to its low concentration in this oil. The consistent offset

between n-alkanes for Groups A, B, and C indicates a common source for these oils.
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To determine if the offset between n-alkanes applies to other non-straight chain
hydrocarbons, ratios of individual compounds with either similar carbon number or
chemical structure are compared in Figure 4.17-4.18. For most oils, Cs compounds show
a depletion in "*C for nC5 versus iC5, however the magnitude of depletion is inconsistent
between oil groups (Figure 4.17a). A similar pattern is observed for Cs compounds, with
23DMC4 consistently enriched in ">C (up to 8%o) relative to benzene, hexane, CYC6,
2MCS5, 3MC5, MCYCS (Figure 4.17b). It is interesting to note that the offset between
compounds is most irregular for groups D, E and F, each comprised of oils that may be
subject to secondary alteration. The Brazeau River sample that may be affected by TSR
is distinguished by significant °C enrichment for all gasoline range compounds relative

to other oils. However, TSR appears to only have significant effect on 8'"°C ratios of

specific light hydrocarbons dependant upon the compound class (Rooney, 1995).
Comparison of ratios for C; compounds shows that n-heptane is generally depleted in "°C
relative to MCYC6 and Toluene, however the depletion is inconsistent both within and
between oil groups (Figure 4.17c¢).

Branched or iso-alkanes also exhibit a isotopic offset between compounds, with a
majority of oils having 23DMC4 most enriched in "*C followed in order by 3MC35, iC5,
and 2MCS5 (Figure 4.18a). If these carbon isotope distributions are based on
thermodynamic reactions, one would not expect a systematic isotope difference between
two isomers such as 2MC5 and 3MC5 (Whiticar and Snowdon, 1998). If this offset were
due to maturity, we would expect the lower molecular weight compound (iC5) to be more
enriched in ">C than 3MC5. Since neither case is prevalent, this implies that some

isotopic control is exerted by the precursor material that generated the oil. This topic will
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Figure 4.17  Comparison of carbon isotope ratios for specific compounds between

the oil sample suite. In some cases, there are clear and consistent isotopic
shifts observed between compounds with similar carbon numbers
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Figure 4.18  Comparison of carbon isotope ratios for specific compounds between
the oil sample suite. In some cases, there are clear and consistent isotopic
shifts observed between compounds with similar chemical structure.

118



119

be discussed more in the next section. The offset between iso-alkanes is reasonably
consistent for most oils (except group F), perhaps indicative of a common source.
However, this offset is not apparent for cyclic or aromatic compounds (Figure 4.18b,c).
High variability is observed between ratios of MCYCS and MCYC6 (2-8%o) in addition
to Benzene and Toluene (0-10%o) both within and between oil groups.

Causal relationships between hydrocarbons can also be shown by direct comparison
of isotope ratios for individual compounds with similar carbon number or chemical
structure . Figures 4.19-4.21 show linear regressions for several compound pairs, and
comparison of n-alkanes indicates that for most oils a linear relationship exists (r* = 0.5-

0.8, Figure 4.19a-d). It is interesting to note that this correlation between 8'°C ratios of n-

alkanes is limited to pairs separated by only 1 carbon atom in length (e.g. nC5 vs. nCé6;
nC6 vs. nC7). However, more useful information can be derived from the isotopic
separation between n-alkanes (first noted in Figure 4.16b). This relationship (Figure
4.19e) can distinguish oils of a common source, because homologous oils may be
expected to have a systematic offset between n-alkanes based on generation from similar
kerogen types and thermal history.

Similar to results of molecular abundance data, a linear correlation is evident between
ratios of straight chain and branched alkanes (Figure 4.20a-d). This relationship was not
previously expressed for Cs compounds (iC5 — nC35, Figure 4.20a), but as mentioned
these compounds are highly susceptible to evaporative losses that may have affected their
molecular abundance. This illustrates the more robust nature of isotope ratios versus
molecular concentrations. Methylpentanes (2MCS5 and 3MC5) also track well together

(Figure 4.20d), similar to results of dimethylhexanes reported by Whiticar and Snowdon
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(1998). The slope of the regression line for iC5-nC5 approaches a 1:1 relationship, while
those for the other pairs are offset by up to 10%o.

Contrary to previous molecular analyses, a poor correlation appears to exist between
8'3C ratios of n-alkanes and methyl-cyclic compounds (Figure 4.21a,b). This is
surprising based on reaction series proposed by Mango (1990b) for the generation of
methylcyclohexanes from straight-chain precursors (discussed earlier). The correlation of
ratios between n-hexane and CYC6 is similar to molecular results (r* = 0.64), although

83 Ceyce does not correlate well with other C¢ compounds like benzene (r2 =0.40). The

relationship between ratios of the aromatics and same carbon number n-alkane first
observed by Murphy (1995) is also not clearly evident with these oils (Figure 4.21c,d). It
is highly probable that poor reproducibility resulting from co-elution or low
concentrations are responsible for some of the scatter observed with this data set (see

below).

Discussion

The cause(s) for the relationships or lack there of between gasoline range compounds
are unclear. In establishing what determines the isotope ratios of individual compounds,
it is necessary to understand what processes are responsible for their generation. Work
by Mango (1990a,b, 1994, 1997) has shown invariant ratios in concentrations of
isoheptanes [(2MC6 + 23DMCS5)]/ [(BMC6 + 2,4DMCS5)] for homologous oils based on a
steady-state kinetic reaction scheme whereby various C; hydrocarbons are derived from

specific precursors. Mango (1990b) notes that these ratios are significantly removed
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from values predicted by thermodynamic reaction series. If one applies Mango’s theories
on an isotopic level, then straight chain precursors should produce branched or cyclic

alkanes with similar 8'°C signatures. I do observe a strong correlation between ratios for

straight chain and branched alkanes (Figure 4.20), in addition to that between
methylpentanes. However, the weaker correlation between cyclic and straight chain
hydrocarbons implies that there may be other variables to consider.

The most likely explanation is that source rock or precursor organic matter
composition is the other dominant influence on stable isotope ratios. For example,
differences in bulk 8'"*C ratios between oils sourced from marine versus terrestrially
derived kerogens are well documented (e.g. Hunt, 1996). Facies variations (e.g. shallow
vs. deep water) between similar source rocks could also account for some variability seen

in 8"°C signatures. Mango (1990b) noted that his invariance ratios are kerogen-specific,

and each source generates its own ratio. During light hydrocarbon generation, the
kerogen’s structure impresses kinetic control over the competing kinetic pathways or
reactions (Mango, 1997b), therefore each source may be expected to imprint its own
molecular and isotopic ratios. Mango (1990b) adds that analyses on light hydrocarbons
extracted from source rocks and those generated by thermal cracking experiments of
HMW oil fractions show invariant ratios of isoheptanes suggesting that light
hydrocarbons may be generated within the kerogen itself prior to petroleum expulsion.
This would further indicate that the isotopic signature of the structural precursor is
imparted into the light hydrocarbons. However, Mango (1990b) questions the validity of
the oil simulations, based on a lack of active catalysts to drive the reactions. Mango

(1997b) adds that although several gasoline range compounds can be derived from
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biological precursors, it is doubtful that the amounts of these precursors in sediments can
explain the concentrations of isoalkanes and cycloalkanes seen in oils. In order to
determine what effect precursor material has on the isotopic composition of the gasoline
range, it may be necessary to analyze potential source rock extracts to try and determine
their light hydrocarbon compositions for comparison. This is a similar approach to
Odden et al. (1998), however, these extracts do not often yield sufficient concentrations
of gasoline range hydrocarbons for analysis. Thus a new approach may have to be
developed.

A final possibility is that §"°C ratios for specific gasoline range compounds in some
of the oils may be imprecise due to an analytical oversight. At the time samples were
analyzed, the CF-IRMS system was operated maintaining a low level of free oxygen (O,)
in the microcombustion oven (<<0.1 V) to minimize the amount of O, reaching the IRMS
source. It was thought that excess O, levels (>0.1V) would oxidize the tungsten filament
thereby causing it to deteriorate at an accelerated rate. In discussions with other
laboratories doing CF-IRMS analyses, it was learned that the source filament can be
operated at higher oxygen levels (0.2 — 0.4V) without significant risk of damage.
Therefore, it is possible that while operating under the pre-existing low O, conditions,
there was insufficient oxygen present in the system to properly combust some analytes to
CO; producing false 8'°C ratios. The Cu/Pt wires in the microcombustion oven release
free oxygen at a rate dependant on temperature and amount of oxygen sorbed on the
wires prior to each analysis. As we did not re-oxidize the oven in between analyses, the
oxygen concentration would certainly diminish both over the course of multiple analyses

and likely during an individual run. Therefore, as gasoline range compounds sequentially
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elute off the GC column, the C;-Cy analytes eluting in the largest concentrations and
longest retention times may not react with enough O, to undergo complete combustion. It
is less likely that Cs-C¢ compounds would be affected as they elute at the beginning of
analyses when oxygen levels are highest or have been replenished. Typically these
compounds also elute in smaller quantities relative to C7-Cy analytes and therefore
require less O, to undergo complete combustion.

To test this hypothesis, 8'3C ratios for several gasoline range compounds are
compared with their corresponding peak area determined from the CF-IRMS mass 44
trace (Table 4.5, Figure 4.22a-d). Comparison of n-alkanes shows 8'3C ratios becoming
progressively depleted in 13C with increasing peak area (Figure 4.22a). This trend may
indeed be a result of high concentrations of nC7, nCg or nCy in some oils combusted at
insufficient O, levels resulting in erroneously low 8"*C measurements (depleted in "°C).
However, I would accept this as a factor for only 4 oils (Wainwright, FennBV103,
FennBV922, Excelsior), that show a significant depletion in B¢ for 813Cncg or &' Cnco
(-34 to —37%0) These samples were the last to be analyzed in this suite and therefore
were probably run at very low O, concentrations. All of these oils also contain extremely
high concentrations of heptane, octane or nonane relative to the other gasoline range
compounds. This required multiple analyses at different injector split ratios to obtain a
merged data set of peak areas and 8'"C ratios for all the desired analytes. This sometimes

resulted in only one measurement of 813Cnc9 for some oils (Table 4.3), and is the main

reason why nonane is removed as a variable from the hierarchical cluster analysis. If one

excludes these erroneous values for §'°Cpcg and 8'°Cyco, then the isotopic composition of

n-alkanes appears to be independent of concentration (Figure 4.22a), and is derived from
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FennBV 9221 | 0.35 | 0.62 | 2.08 | 9.65 1042l1350 31.94| 4.88 | 26.05 4251 | 6212 33.75 17.31 62.33| 81.38]
FennBV 9222  0.13 | 024 099 | 392  4.07 | 537 | 1360 231  1215| 17.71 30211519 77717;295973139
Execelsior 1 | 0.39 | 0.86 1.2 | 8.05  7.21 1898 13.37 0.34 | 1342 49.67 5217 5.3  12.05 50.82 | 48.44|
Execelsior2 | 0.18 | 043 | 0.70 | 463  4.14 1127 7.92 021 | 8.26 | 32.09 1 3294 3.35  7.40 33.73  32.15
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Figure 4.22  a) Comparison of carbon isotope ratios for C5-Cy n-alkanes with peak area

(concentration) to evaluate data quality. Erroneous measurements due to
incomplete combustion are circled, and if these points are ignored then the

trend of 13C depletion with increasing concentration is not prevalent.

b) Comparison of carbon isotope ratios for cyclic alkanes with peak area
(concentration). Variable 813C ratios are observed independent of peak area.
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Figure 4.22  ¢) Comparison of carbon isotope ratios for methylcyclic alkanes with peak area

to evaluate data quality. Variable 3!3C ratios are observed for all compounds
independent of peak area.

d) Comparison of carbon isotope ratios for aromatic compounds with peak area
showing variable 813C ratios independent of peak area. The large scatter observed

for compounds with peak areas < 2.5 Vs are a result of measurements made outside
the dynamic range of the IRMS dectectors.
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either the biological precursors or kinetic pathways responsible for their generation.

The significant depletion in B¢ for 5]3Cncg and 8" Chco in 4 of the oils also accounts
for some of the more extraneous data points (-34 to —37%o) observed in Figure 4.19¢.d.
Removing these points (shaded gray) would improve the correlation between compound
pairs. This would also minimize some of the larger isotopic separations observed
between n-alkanes in Figure 4.16 and 4.19%.

The trend of "*C enrichment with decreasing peak area is not prevalent for other
compound classes (Figure 4.22b,c,d). Despite increasing peak areas, cyclic compounds
show a wide range in 8'3C values for Cs and C7 compounds, as do the branched alkanes

and aromatics. As previously discussed, the 8'3C ratios of benzene and toluene often have

poor reproducibility as a result of low concentrations in most oils. SPME trials (Chapter
3) showed that when compounds elute in small quantities below the dynamic range of the
IRMS detectors (<0.5 V amplitude; <2.5 Vs area), the system is unable to measure a
precise/ reproducible 8'°C value. This is evident by the large scatter in 8'°C values for
peak areas < 2.5 Vs in Figure 4.22d.

Overall, the analytical difficulties of the CSIC technique do not appear to have
significantly compromised the data quality. Certain oils should be re-analyzed to confirm
if §'C values are accurate, however, those compounds whose ratios were questionable
were removed as variables prior to the hierarchical cluster analysis. Source control still

appears to be the dominant influence on the isotopic composition of the gasoline-range.
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Chapter 5 — Outlook and Conclusions

Solid Phase MicroExtraction is an innovative technique for analyzing gasoline range
hydrocarbons from the headspace above oil. It solves many of the traditional problems
associated with other solventless analytical methods, such as evaporative loss of highly
volatile analytes and the laborious task of determining the amount of sample required for
CF-IRMS analysis. SPME is a relatively rapid, user-friendly sampling technique that
produces reproducible and representative §'°C ratios for Cs-Co hydrocarbons in numerous
types of oils. This method has been demonstrated to be a more efficient technique than its
P&T predecessor .

Experiments to test the veracity of molecular and stable isotope data have shown that
it is important to ensure that instrument parameters such as flow rates, temperature
programs, and combustion conditions are optimized for precise measurements. Injector
split flows can be used to effectively control the amount of sample analyzed, and its

effects on 8'°C ratios are minimal. Numerous sampling variables such as adsorption

times, temperatures, and potential effects of a complex matrix must also be considered.
The CSIC technique uses the individual carbon isotope signatures of gasoline range
compounds as a diagnostic fingerprint for oil-oil and oil-source correlations. The sample
suite of 27 oils in this study can mostly be attributed to a common source rock, the Upper
Devonian Duvernay Formation. It is still unclear if Nisku source beds have contributed
partially or completely to some of these oils, and combining the CSIC results with other
geochemical data (e.g. biomarkers) on these samples should help to clarify this issue. The

6 groups suggested by CSIC results all display distinct 8'°C signatures, however a more
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detailed understanding of the regional geology for areas where these samples were taken
from would also help establish their validity.

It is important to measure isotope ratios for all compound classes as the relationships
between them may provide information on the origin of oils and light hydrocarbons.
Straight-chain and branched hydrocarbons display both a molecular and isotopic
relationship to each other, while cyclic and aromatic compounds display much more
variable results. The data in this study support a steady-state or kinetic mechanism for oil
generation, in contrast to previous thermodynamic models. Systematic isotopic offsets of
individual compounds with similar carbon number or chemical structure both within and
between oil groups point towards some form of source control on isotopic composition of
oils. LMW compounds are generally depleted in *C relative to heavier compounds.
Thermochemical Sulfate Reduction (TSR) appears to result in pronounced "*C
enrichment for several compounds relative to unaltered samples.

Future directions of study would include exploiting new advances in chromatography
and mass spectrometry to analyze a greater number of gasoline range compounds. Co-
elution effects must be minimized as they were the primary obstacle in obtaining quality
results in this study. The CSIC technique has numerous potential applications outside the
petroleum industry. Identifying the source of fugitive oil spills in either soils or open
waters is a promising idea and should be developed. Other experiments examining the
effects of how microbial alteration influences &'"°C signatures of gasoline range
compounds would also aid in definitively establishing CSIC as another effective tool in

petroleum exploration.
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Appendix A - Devonian Petroleum Systems (DPS) Report

A recent report by the DPS group provides updated thermal maturity, organic
facies, and oil correlation data for Woodbend-Winterburn strata in the WCSB. The
report is summarized here as it contains proprietary data that cannot be made available

for publication at this time.

Facies Analysis

The organic facies of the Woodbend group showed a distinct regional pattern
throughout central Alberta, especially in the East Shale Basin where deep and
intermediate water depth facies dominate. Duvernay source rocks in the eastern
extremity of the basin are enriched in terrestrial-derived macerals (e.g. sporinites,
vitrinites). The DPS group suspects this may affect both kerogen quality and
hydrocarbon generation. For the West Shale Basin including parts of northern Alberta
and the Northwest Territories (NWT), Duvernay-Muskawa source rocks are dominated
by more shallow water facies, a direct contrast to those for the East Shale Basin.
Terrestrially derived inertinites and vitrinites are still the dominant constituents, with
graptolites increasing in abundance as one approaches the Peace River and Western
Alberta Arches.

A distinct, siliceous microfossil enriched unit is mixed with the shallow water
facies of the Duvernay/Muskawa through most of northern Alberta and the NWT,

indicating a potential hydrologic connection with a possible open marine shelf system to
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the north. Since paleocirculation patterns in this area would have been more efficient
than in central Alberta, the DPS group considered potential source rock deposition
unlikely. However, Rock-Eval and TOC data of core samples from northern Alberta was
undertaken to investigate if potential hydrocarbon source rocks occur in this largely
unexplored area. Samples of the Muskawa Fm. show hydrocarbon source potential in
several wells with higher than expected TOC. More work is being done in this area.
Source rock intervals in the Nisku and Camrose formations (Winterburn Group)
overlying the Duvernay in eastern/central Alberta show an abundance of shallow and
intermediate water depth facies that were considered deposited within a restricted marine
platform environment. Most of the maceral assemblages in lower Nisku samples were of
marine origin, with terrestrial input increasing as one approached the upper Nisku-
Camrose member contact. In southern Alberta, potential source rock intervals in both
formations showed influence from marine and terrestrial sources. The base of the
Camrose was distinguished by deep water, open-marine, terrestrially influenced facies
(stromatolites, prasinophytes), overlying organic facies of the Ireton Formation, similar in
composition to the Duvernay. Moving into western/central Alberta, the Nisku becomes
predominantly enriched in terrestrially derived macerals (sporinites, vitrinites), along
with a high detrital quartz content. Since the more oil-prone amorphous and alginite
macerals are less common in this area relative to central and southern Alberta, the quality
of the kerogen found in Nisku samples was considered to be of lower quality relative to
the Duvernay. Within many of the organic-rich zones of the Camrose member, sulfides
were often associated with the kerogen in significant quantities, thereby diminishing its

quality as well.
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Thermal Maturity

Thermal maturity data (vitrinite reflectance %Ro) for the Woodbend Group and
equivalent strata produced a pattern similar to that for the underlying Elk Point Group.
Maturity zones trend parallel to the deformation belt throughout most of northern Alberta
and the NWT, with most sediments increasing in maturity westwards from immature
(<0.6 %Ro) to overmature (>1.2 % Ro). Between townships 30-80, Ranges 25W4 to
8WS5 a significant NE-SW trending maturity deflection is observed corresponding to the
area encompassing the Bashaw Reef Complex and Rimbey-Meadowbrook Reef Trend.
This deflection places the area within the oil window (0.6 to 1.2 %Ro — marginally
mature to thermally mature), thus highlighting its exploration potential. In contrast, data
for the overlying Winterburn strata show a much more subtle deflection. Nonetheless,
the maturity anomaly places the Nisku strata within the oil window, corresponding to
known hydrocarbon accumulations in the Nisku and Camrose formations in southern
Alberta (e.g. Hays-Enchant). Other anomilies suggested updip, as yet undiscovered

reservoirs.

Source Rocks of the Nisku Formation

A section of the report is devoted to the geology and geochemistry of potential

source rocks and oils found within the Nisku Formation in southern and central Alberta.
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Based on an extensive collection of core samples and well logs, the geology, source rock
potential, and oil-source correlation of the Nisku formation from three main areas
(Bashaw, West Pembina, Hays-Enchant) were examined. Over 100 samples in the
Bashaw to Swalwell area (East Central Alberta) alone were collected for source rock
analysis. Organic geochemical results identified a widespread (Townships 29-44, Ranges
21-27W4) potential source rock in this area, located at the transition between the Upper
Ireton shale and basin filling evaporites of the Upper Nisku. The unit is 1-4 m thick, and
interfingers with the open-marine carbonate platform of the Lower Nisku Formation in
several locations, with the overall thickness of the unit greatest at its margins. The source
bed has no discernable logging signature, and was only discovered from examination of
core samples. Its lithology is comprised of three lithofacies, with the most organic-rich
being a fine crystalline dolostone (mudstone), with clay interbedded/interlaminated in a
coarser dolostone matrix. The organic material is classified as type II, with TOC values
up to 11%. The clay laminations are punctuated by another medium crystalline dolostone
(mud-wackestone) facies, with evidence of bioturbation. The base of the unit is a
submarine hardground, suggesting that the unit was deposited at the same time as the
carbonate platform (Lower Nisku).

Three oil families were identified in east-central Alberta from a combination of
gross composition, gasoline range, and biomarker data. Two families (B and C) were
attributed to a Duvernay source, with differing levels of thermal maturity. A possible
explanation for this was the organic facies variation within the Duvernay (shallow vs.
deep water). The oils were recovered from Nisku and Leduc reservoirs, and mixing

between the two pools was suggested. The third family (A) was confined to Nisku
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reservoirs, with high saturate/aromatic and low Pr/Ph, diasterane/sterane, Ts/Tm ratios.
One reservoir sample (Mikwan) showed biomarker characteristics suggesting a mixture
of type A and B oils.

In the West Pembina region (West-Central Alberta), the main goal of the study
was to re-evaluate the source rock potential of the Cynthia Shale, previously described by
the Chevron Exploration Staff (1979). Its lithology in this area is a dark gray,
calcareous, silty, shale, with rare plant fragments and brachiopods. Carbonate content
increases as one moves upsection. The basal part of the member (lowest 2 m - shale
dominated) is considered the main source interval, with TOC values up to 2% (avg.
0.8%). As stated earlier, the DPS group now attributes oils found in this region to a
Duvernay source based on stable isotope data, in contrast to the Cynthia source proposed
by Chevron Exploration Staff (1979). This is reinforced by low TOC data reported, as it
would be unlikely for the Cynthia member to be able to produce large quantities of
hydrocarbons. However, the underlying Bigoray member shows much higher TOC
values (up to 4%). Taking this into account along with the high thermal maturity data
recorded for this member (late mature to overmature), the original TOC content could
have been significantly higher. The DPS group propose that the Bigoray could be a
contributor for oils and condensates in this area, but a high component of terrestrial
organic matter in its kerogen and biomarker data still point to the Duvernay as the main
source.

In a previous report, the DPS group identified two primary, mappable, potential
source rocks within the Nisku formation in Southern Alberta. In the current report, they

have now delineated a third interval, extending between townships 1-15 and ranges



150

1-25W4. Two of the three source units are located at the base and top of the Camrose
Member, with the third unit situated in the middle of the Nisku formation overlying a
large nodular-mosaic anhydrite unit.

The geology of the potential source rocks was cataloged in great detail. The first
unit at the base of the Camrose (directly overlying the Ireton) is 0.5 to 3.0 m thick, and
covers a large portion of southern Alberta. Its lithology is dominated by two lithofacies,
one organic-rich, the other organic-lean. The organic-rich facies (constituting up to 50%
of the overall interval) is a dark shale/fine dolostone (mudstone). Interbedded within this
facies are laminations of light, organic-lean, coarse dolostone (wackestone) facies, with
little evidence of bioturbation. Deposition of this interval was postulated to have
occurred in an open-marine setting, possibly a large carbonate platform.

The second source rock at the top of the Camrose forms a sharp contact with
underlying strata, varying in thickness from 1.0 to 2.3 m. Its distribution is restricted to
that of a laminated anhydrite unit present below it, indicating restricted depositional
conditions (possibly a tidal flat). It is easily identified in well logs, and is composed of
lithofacies similar to the first source unit, with a minor clay component forming wavy
laminae within it. Some evidence of bioturbation was observed. Geochemical analysis
of samples from source units 1 and 2 show TOC contents up to 10%, comprised of
mostly Type I organic matter (marine, oil prone). However, the DPS group stated that
based on present data, these Nisku intervals were not mature enough to have generated
any substantial quantities of hydrocarbons in Southern Alberta.

The recently identified third unit is restricted to the south-eastern corner of the

province, with a thickness of up to 4.0 m comprising a large portion of the Nisku in this
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area. It is also situated above a large anhydrite unit, making it easily identifiable in well
logs. It has similar lithology to the previous two source rocks, and was thought to have
been deposited under conditions similar to the second unit.

Oils from the Hays-Enchant area of Southern Alberta showed similar
characteristics to each other, suggesting a common source. They differed substantially
from oils of East-Central Alberta, but showed evidence of migration over large distances.
This was confirmed by biomarker data on hydrocarbon stains taken from Nisku core
samples in wells unrelated to hydrocarbon production. The DPS group would not say
unequivocally that a separate Nisku source exists for oils in Southern Alberta, due to lack

of core samples examined between the southern and central Alberta (well logs do exist).
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