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“SCIENCE IS NOT A PRETTY THING. IT IS GENERALLY PRACTICED BY
THOSE WHO LACK A FLAIR FOR CONVERSATION.”

-Fran Lebowitz



ABSTRACT

Thousands of heavy oil wells in Western Canada have already reached or are
approaching the end of their production lives, and require abandonment within the next
decade. [n the past, abandoned wells have been plagued by hydrocarbon gas migration
around the wellbores, leading to soil and aquifer contamination. Efforts to arrest gas migration
have been largely unsuccessful, due to a poor understanding of the origin of the gases.

Isotopic analyses of gases from the Lower Cretaceous Mannville and Colorado Groups
show that there are two very different mechanisms responsible for gas generation in the
heavy oil fields. The Mannville Group gases have 8°C_ =-64 %o, "C_,=-27 %o, 5"*C_,~-
20 %o, 8*C_.,=-22 %o (PDB). The unique isotopic reversal between propane and butane is
caused by extensive biodegradation. Colorado Group gases are significantly depleted in
13C, with §”C_ =-55 to -76 %o, 3"*C,=-63 t0-32 %o, §°C~-42 to -22 %o, 5"°C =-37 to0 -
23 %o. These are extremely immature, incipient thermogenic gases.

Isotopic ratios of migrating gases show that they are mostly sourced within the Colorado
Group. Recognition of two distinctly different gas generation mechanisms has greatly aided

the remediation of leaking wells.
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CHAPTER ONE
INTRODUCTION

1.1 THESIS FORMAT

This thesis is written in ‘paper’ format. A brief introduction in Chapter | provides
background information and the environmental motivation behind the project. Chapter 1
also discusses the methods and instrumentation used throughout this study, with a note on
the standardization and uncertainty of reported measurements. The main ideas that have
been developed are presented in two short papers that comprise Chapters 2 and 3. The
first paper discusses possible generation mechanisms of shallow gases, and the second
presents the environmental application of the isotopic fingerprinting technique. Chapter 4
deals specifically with data from one field located at Fort Kent, Alberta, where the heavy
oil wells have been steamed. These data do not contribute to chapters 2 or 3, but they are
nevertheless interesting and will be of use in further studies. The final chapter
summarizes the results of the study, and provides some suggestions as to the directions of
future research. Six attached appendices contain a large amount of data (Appendices A,
B, C, and D) details of some relevant calculations used in chapters 2 and 3 (Appendix E),
and a complete index of abstracts for papers that have been presented at major

conferences (Appendix F).

1.2 BACKGROUND

Thousands of wells have been drilled in northeastern Alberta and adjacent
Saskatchewan in order to develop the extensive heavy oil reservoirs. In as many as half

of these wells, vertical migration of hydrocarbon gas from depth is a significant problem



(Emo and Schmitz, 1994). Gas migration is herein defined as vertical movement of gases
from depth to the ground surface or to shallower horizons. The primary manifestations of
gas migration are pressure build-up in well casings, contamination of surface soils, and
dissolution into shallow aquifers.

Gas migration has been well documented (Saskatchewan Research Council, 1995)
within the Lloydminster area of Alberta and Saskatchewan. The problem of gas
migration, however, is not unique to the Lloydminster region, and it is expected that other
heavy oil producing regions worldwide suffer from similar migration problems. There is
a heightened awareness of gas migration in the Lloydminster area, due to the incredibly
high number, and close spacing of abandoned heavy oil wells. Recent remediation

efforts have been driven by:

[. industry and public concern regarding environmental damage to groundwater
resources

2. government imposed ‘zero tolerance’ limits which require that wells are free of gas
migration problems at the time of abandonment

3. alarge number of wells nearing the end of their production lives, requiring

abandonment within the next 10 years

Gas migration problems are largely due to a lack of understanding of actual
migration pathways, and poor cementing techniques (during initial well instailation and
in remediation activities). The poorly consolidated shales overlying the heavy oil
formations are intrinsically poor for achieving competent cement bonds. Well-specific

remediation has tended to be extremely time consuming, costly and of limited success.



The primary threat posed by migrating gases is the potential contamination of potable
surface aquifers. A directive issued by the Alberta Energy and Utilities Board (AEUB)
called for migrating gases to be stopped by first identifying the source depth, and then
initiating remediation efforts at the determined source depth (Wagenar, 1998). Itis
interesting to note that in accordance with the AEUB directive ‘non-serious’ gas
migration problems, i.e. wells with surface casing vent flow rates less than 300m*/day, do
not require addressing until the wells are abandoned. The Canadian Association of
Petroleum Producers recognized, however, that traditional logging techniques (sound,
cement bond) have not resulted in acceptable success rates in locating migrating gas
source depths (Jensen, 1998). New techniques must therefore be developed and practiced
in order to identify gas migration source depths in the Western Canadian Sedimentary

Basin (WCSB). One such technique employs carbon isotope ratio analyses.

1.3 PREVIOUS WORK

Stable Carbon Isotope Gas Migration Research Program-Phase [ (1995)

The Canadian Association of Petroleum Producers (CAPP) funded a two-year study of
the isotope ratios of gases in the Mannville producing horizons in the Lloydminster area.
The focus of that study was to determine the isotopic signatures of each of the production
horizons, using both §C and 3D analyses. It was discovered that each of the Mannville
formations had very similar carbon isotope ratios (Rich, 1995; Rich and Muehlenbachs,
1995), with 8"°C eihane(c) values ranging from -60%o to -70%o0, 8"C ;... c2) Values
from -30%so0 to -25%o and 8‘3Cpmpanc(c3) values from -18%o to -25%eo.

Analyses of migrating gases showed very different isotopic signatures from those of

the Mannville gases. While the 8°C, values were essentially the same, the

I



87Cp+(ethane. propane. butane) Y2lues were depleted in 13C with respect to their Mannville
counterparts. [t was concluded that the majority of migrating gases were not produced in
the Mannville formations from which the heavy oil wells produced, but rather the
shallower Colorado Group shales. Rich suggested that a rare biological process such as

ethanogenesis may account for the shallow gases, and realized that a more extensive

study was necessary to investigate the shallow gas generation mechanisms.

1.4 OBJECTIVES

The objectives of this study (Phase II of the CAPP Carbon Isotope Gas Migration
Research Program) are:
I. todevise an analytical method which can be used to identify the sources of migrating

gases in the heavy oil regions of Alberta and Saskatchewan

!\)

to characterize the mechanism(s) that dominate natural gas generation in the Colorado
and Mannville Groups
3. to expand the regional isotopic database to include fields outside of the Lloydminster

arca

1.5 METHODS- SAMPLING AND INSTRUMENTATION

Three types of samples were analysed in this study. The first was a set of approximately
40 samples from the producing heavy oil-associated Mannville and Colorado Group
formations. These samples were collected from wells that did not have migration
problems, and were used to broaden the regional extent of the ‘background’ database
from Phase I. The second set comprised approximately 175 migrating gas samples from

different wells throughout the heavy oil region. These gases were collected in 2L Tedlar®

4



bags or 500cc steel cylinders from surface casing vents and soils in wells troubled with
gas migration. The most novel and important type of samples were mud-gases, obtained
during the drilling of new heavy oil wells. Mud-gases were collected from the surface
down to the targeted Mannville formation (~550m below surface for most wells) at 50m
depth intervals for 23 new wells. [sotope ratios of mud-gases provided an isotopic depth
profile, or ‘fingerprint’ for each of the wells sampled. The mud-gas sampling/analysis
technique was developed specifically for this project with the help of G. Lorenz, G.
Vilcsak and A. Muehlenbachs, and is described in more detail in Chapters 2 and 3. [
personally sampled the first well, and the operators (according to my instructions)

sampled the rest.

Measurement of isotope ratios

A gas chromatography-combustion continuous-flow interface was added to the
existing isotope ratio mass spectrometer at the start of Phase II (August. 1996). The
continuous-flow capabilities of the new system led to several analytical benefits,
including:

1. the ability to measure §*°C values of minute hydrocarbon components well below the

detection limits of Phase I.

!\)

a decrease in sample analysis time from several hours, to approximately 30 minutes

per sample.

3. higher precision in measured 3”C values.

Figures 1.1 and 1.2 show a schematic diagram of the GC-C CF-IRMS system, and a

typical gas chromatogram for a natural gas sample.
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Figure 1.1 Schematic diagram of the Gas Chromatography-Combus-
tion Continuous-Flow [sotope Ratio Mass Spectrometer (GC-C CF-

IRMS).
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Figure 1.2 Sample gas chromatogram of a natural gas. Peaks are shown for
C,-C,4 hydrocarbons, carbon dioxide, and two standard reference injections.

[sotope ratios of hydrocarbon components were calculated by integrating the m/z 44, 45
and 46 ion currents of the CO, peaks resulting from on-line (continuous-flow)
combustion of chromatographically separated compounds (Brand, 1996). Laboratory
CO, pulses admitted directly into the mass spectrometer were used as reference. Isotopic
analyses are reported using delta (3) notation, representing the parts per thousand
deviation from the isotopic composition of the PDB standard (CO, 2) evolved from the
acidification of the Peedee Belemnite formation). § values are calculated using the

following equation:

(BC/quample'BC/lzcstandard)

81°C(%0)= x1000
1BC /lzcstandard

A positive 5'*C value (isotopically heavy, or enriched) indicates that the '*C/"*C ratio in
the sample is higher than in the PDB standard. In order to compare our 8"C values with

the PDB standard, the working reference gas in the mass spectrometer was calibrated to7



the VPDB (Vienna PDB) scale using the NBS-18 and NBS-19 standards. Analysis of the
International Atomic Energy Agency (IAEA) NGS-3 gas standard produced 3"C values

that are within the accepted range of values on the VPDB scale (see Appendix A).

1.6 UNCERTAINTIES

Uncertainties in the reported 8"°C values are not indicated throughout the text.
[nstead, uncertainties that apply to the entire thesis are provided in table 1.1 (compound
specific, for text and figures unless otherwise stated). Replicate analyses of a typical gas
sample were used to determine the instrumental uncertainty of each 6°°C value

(Appendix A contains the data).

Standard Deviation (%o)

Table 1.1 Compound specific instrumental uncertainty in measured 5°C

values.

Chapters 2 and 3 discuss isotopic analyses of mud-gases sampled from various
depths within the Colorado and Mannville Groups. In all cases. the depths are reported
in metres (m) below the ground surface. It was assumed that the mud traveled through
the annular space between the drill stem and the wellbore at a constant velocity,
determined by the fluid injection rate (Q) and the diameters of the drill bit and stem (R,

and r, respectively) (diameter of the drill collar was ignored, see figure 1.3), i.e.



Constant fluid injection rate (m*/min), Q,, =Q
Assuming no fluid sinks or sources at depth, 0, =@, =0

Volume of fluid leaving annular space(m °),V,,, =V,
= (Cross —sectional Area) -depth

=A-d

from a given depth, the travel time, ¢ (min) required for the mud at the sampling
depth to reach the surface for collection is
t = Vew _ Z(R-r) -d where (R-r )is the annular wi dth (space between

Q g
the pipe and wellbore) .

f Qin
o
3
=
[ To mud-pit (sample point)
A 4
Drill pipe > I
3
S
o]
S
v |2
Drill
Collar >
Bit
Figure 1.3 Schematic diagram showing the
travel path of drilling fluid (mud) through the
drill pipe and annulus.




Typical values for the above parameters used during drilling were O=1.4m*/min,
R=0.222m, r=0.111m. Substituting these values in the equation for time (above) leads to
travel times of approximately 1.4min (per 50m depth). If the uncertainty (due to timing
errors) in obtaining mud samples is +10 seconds, then the corresponding sample depth
will vary by +20m. The strong correlation of the mud-gas data with stratigraphic picks
from well-logs (accurate to <+5m) suggests that our depth estimates are in fact more

accurate than +20m.

1.7 SumMMARY

The Lloydminster heavy oil region is infamous for its gas migration problems, with
nearly half of its wells demonstrating measurable gas migration. Gas migration is not
only a problem in the Lloydminster area, it occurs throughout the heavy oil region of
Alberta and Saskatchewan. Previous isotopic studies have shown that most migrating
gases are sourced in the Colorado Group shales, not the Mannville Group sands.

Remediation of wells plagued by migration has been unsuccessful because
currently no method exists for accurately determining gas source depths within the
Colorado Group. Isotopic analyses of mud-gases from various depths within the
Colorado Group shales are a very useful tool for determining migrating gas source

depths, and for investigating the gas type and maturity.
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CHAPTER TwoO
ORIGIN OF SHALLOW NATURAL GASEs!

2.1 INTRODUCTION

The evolution of petroleum occurrences in sedimentary basins worldwide can be
better understood by distinguishing between products of biodegradation and thermal
maturation processes. The integration of isotopic and geochemical data is an instructive
tool in determining formation mechanisms, particularly when examining natural gas
reservoirs (Fuex, 1977; Schoell, 1980). A recent study revealed that shallow gas deposits in
the Michigan Basin shales are predominantly composed of biogenic methane formed in-
situ, with small amounts of thermogenic ethane and propane that have migrated from deeper
formations within the basin (Martini ez al., 1996). The origin of gas along the shallower
margins of the Western Canadian Sedimentary Basin (WCSB) is remarkably different from
the Michigan Basin. Along with in-situ biogenic methane, the shallow gases in the WCSB
shales are derived by very low temperature, incipient thermogenesis. Gases from deeper
within the basin are extensively microbially altered, and unlike the Michigan Basin, have
not migrated vertically into shallower formations. Our discovery of measurable quantities
of incipient thermal gas at shallow depths (less than 400m from surface) contradicts previous
suggestions that bacterial activity alone may account for the existing Colorado gas reservoir
(Rich, 1995; Rich and Muehlenbachs, 1995; Deroo et al., 1977). Incipient thermogenic gas
with near equilibrium isotopic composition derived at temperatures as low as 15°C is
surprising, and questions our understanding of conventional petroleum generation

mechanisms. Our findings provide new insight into the gas generation mechanisms of the

' A version of this chapter has been submitted for publication. D. Rowe and A.
Muehlenbachs, Nature submission number R04703.
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WCSB shales, and have led to the development of a very successful tool for efficient

environmental remediation of leaking oil wells.

The WCSB Upper Cretaceous Colorado shale Group is a thermally immature set
of marine deposits, ranging in organic content from about 4 to 12%wt (Leckie et al.,
1994). Gases contained within the shales are predominantly methane (CH,), with varying
amounts of ethane (C,Hy), propane (C;Hg), butane (C,H,) and carbon dioxide (CO,).
Detailed geochemical characterization of the Colorado Group is limited to regions where
the reservoirs are economically viable; hence, there are few studies that have investigated
the origin of hydrocarbon gases within these shallow horizons. Underlying the Colorado
Group shales are the Lower Cretaceous Mannville sands which host one of the world’s
largest deposits of biodegraded heavy oil (remaining reserves greater than 20,000 x 10°

m®) and associated natural gas (McRory, 1982).

2.2 REsuLTs AND DiscussioN

We examined gases collected at 50 m depth intervals during the drilling of 21 oil wells

located across the study area (figure 2.1).

13
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Figure 2.1 a) Study area in the Western Canadian Sedimentary Basin, Canada. The
location of 21 sites are shown where shallow gases were collected. At each location,
mud/water from 50 m intervals was collected in 1L plastic bottles, leaving room in the
bottles for gases to exsolve from the mud mixture. The ‘mud-gas’ that occupied the
headspace in the bottles was analysed for bulk gas and carbon isotope composition.
The 8“C values of the hydrocarbons were determined using a Finnigan MAT 252
(Conflo IT) continuous-flow isotope ratio mass spectromer (Brand, 1996). b) Mud-
gas isotopic depth profile or ‘fingerprint’ from a selected well (location marked in 1a).
The Colorado-Mannville geologic boundary coincides with a dramatic change (~10%o0)
in isotopic compositions. At shallow depths, the §'*C values increase with carbon
chain length, a uniquecharacteristic of thermally derived gases. Increased isotopic
separations towards the ground surface (i.e. gentle ‘fanning out’of data) show the
effect of lower temperatures on isotope fractionations in thermally derived gases.
31C is homogeneous throughout the profile.

methane
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The molecular compositions of the gases vary from roughly 95 to 99 vol.% methane, with
C,, components (ethane, propane, butane) accounting for up to 4 vol.%.
Colorado and Mannville Group gases are indistinguishable (except in a few cases)

based on composition and 8"*C, (methane) values (figure 2.2). 8“C__,; ... values of -52 to

10000
Biogenic
1000 S .
o P o
(-] oé A A
3 o BTREAR 8
-+
™ % a.
2, 100 - A o ©
A A
% mixing with |~ 4
(&) thermal Co
gases A
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1 v T T T v T " T v
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513Cmethane (%o

Figure 2.2 Plot showing (methane/
(ethane+propane+butane)) versus 3'*C (w.r.t. PDB) of
methane for Colorado (circles) and Mannville (triangles)
gases. Suggested biogenic and thermogenic fields have
been included. Carbon isotope compositions indicate
that both the Colorado and Mannville gases are com-
posed of predominantly biogenic methane. The arrow
shows the expected variation in composition due to
mixing of biogenic methane with thermally derived C,,
gases (ethane +propane+butane).
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-76 %o indicate a biogenic origin, with no regional or stratigraphic trends. The bulk
composition ratios (C,/C,,<1000) indicate that significant quantities of thermally derived
C,, components (especially in some of the deeper Mannville gases) have mixed with the
biogenic methane in both the Colorado and Mannville Groups. Methane concentrations
alone are often non-~diagnostic of origin due to mixing from various sources (Coleman et
al., 1995). Carbon isotope ratios of the C,, components in the Colorado and Mannville
Group gases, however, display two very different isotopic signatures, and these data
provide a more meaningful discriminant.

Isotopic depth profiles or “fingerprints’ from across the study area reveal a marked
difference in the isotopic signature of gases contained within the Mannville and Colorado
Groups (figure 2.1b). 87C values of C, indicate that the Colorado (3"°C,=-39 to -46 %o)
and Mannville Groups (8"*C,=-28 to -30 %o) contain two very different types of gas.
Isotopic fingerprints share three characteristics which suggest that the Colorado Group
gases are thermogenic: 1) 8"C values of shallow gases are more negative than gases at
depth, 2) §°C values of shallow C,, gases at a given depth increase with the number of
carbon atoms, and 3) the isotopic separation between hydrocarbon components tends to
increase at shallow depths.

Combining a theoretical ‘quasi-equilibrium’? thermal gas generation model with

known source conditions in the WCSB allows us to explain these observed isotopic

2 Hydrocarbon formation from organic matter is generally considered to be a
kinetic process, however James (1983) suggests that the carbon isotope distribution
in C, to C, gases may approach equilibrium distributions, hence the term ‘quasi-
equilibrium’. Theoretical equilibrium fractionation factors for C, to C, gases have
been calculated from gas partition functions. A discussion of these calculations with

detailed references can be found in James (1983).
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behaviours (James, 1983). Theoretical considerations require that the equilibrium
isotopic ratios of hydrocarbon gases generated from a single source material vary with
temperature. Ata given temperature, calculated 8"°C values increase with increasing
number of carbon atoms. Higher isotopic fractionation at low temperatures leads to more
negative 8"°C values in general, but calculations show that the magnitude of this effect
should decrease with increasing number of carbon atoms. Thus we also expect to see a
gradual fanning, or spreading out of isotope data at lower temperatures (figure 2.1b).

A calculated C4-C, fractionation line "=C versus &"C

propane ethane) has been

plotted for temperatures ranging between -10°C and 200°C, along with observed gas data

(figure 2.3).
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Figure 2.3 Isotope ratios of propane and ethane in WCSB
gases. Colorado gas data show good agreement with theoreti-
cal propane/ethane fractionation, shown in red. Theoretical
values have been calculated at several temperatures assuming
‘quasi-equilibrium’ thermal generation from a -30%o organic
source material. Biodegraded Mannville gases plot well away
from the calculated fractionation line. A regression line of the
Mannville data has been added (y=1.20x-10.30, r>=0.7), inter-
secting the equilibrium fractionation line at approximately 180
°C. This corresponds to the (average) initial formation tem-
perature and isotope ratios before biodegradation of these
gases occurred.




The calculated fractionation line fits the Colorado. but not the Mannville Group
data. The majority of Colorado samples indicate putative formation temperatures between
15°C and 65°C (*lo deviation from mean temperature), although several samples lie
considerably outside this range. Deviations in Colorado data are likely due to a
combination of kinetic isotope effects that have been ignored in the "quasi-equilibrium’
treatment, and variations in source material composition for which we have not accounted
(e.g. presence of localized coal beds (-25%0) versus the kerogen of the shales(-30%o0)).
The Mannville gases deviate significantly from the calculated fractionation line due to
microbial alteration; this process preferentially cleaves '*C-'*C bonds and results in
residual C,, gases that become progressively enriched in °C (figures 2.1b, 2.3).

Contrary to the results found in the Michigar Basin, the C,, components of the
shallow shale gases in the WCSB could not have migrated from deeper formations. If the
gases in the Mannville formations had migrated vertically into the Colorado shale Group,
isotope ratios of C,, in both Groups would be very similar. This is clearly not the case.
[sotopic reversals between C and C, components which are diagnostic of the Mannville

gases (e.g. 8°C,<8"’C 5, see figure 2.1b) do not occur in the Colorado shale gases.

2.3 CONCLUSIONS

The discovery of two gas reservoirs with distinctly different origins has important
environmental applications. Thousands of heavy oil wells throughout the WCSB (and we
expect other producing basins worldwide) are plagued by unwanted hydrocarbon gas
emission from depth (‘migrating gas’) that leads to soil and aquifer contamination (Erno
and Schmitz, 1994; Taylor, 1997). For the first time, the source depth of these gases can
be accurately determined using isotopic fingerprints generated via routine analytical

procedures. Past remediation strategies have often been based on the assumption that the
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source of migrating gases was the Mannville production horizons. We have found that,
in most cases, gases leaking around wellbores in the WCSB originate in the shallower
Colorado shales. Therefore, remediation efforts to stop migrating gases can be focused
on the Colorado shales, where the gases are actually sourced (figure 2.4).
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Figure 2.4 Isotope ratios of a migrating gas from a leaking well
are compared to a fingerprint from a nearby well. By matching
the isotopic separation of the ethane and propane components
with the fingerprint (8“*C ;.. values are not diagnostic in
determining gas sources), we can determine the source depth of
the migrating gas, in this case approximately 250m. Accurate
source depth determination has greatly increased remediation
success in the WCSB.
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Geochemical analyses continue to play an important role in assessing the origin of
natural gas deposits. We have identified two distinct generation mechanisms that
contribute to the gas deposits in the WCSB. and we are able to distinguish between the
different types of gases using 5'°C values alone. The discovery of quasi-equilibrium
thermogenic gas derived at temperatures below 70°C is surprising and suggests that we
should reconsider the limits of thermal gas generation mechanisms. We have shown that
gas generation mechanisms in two geologically similar environments can be very
different. and hope that our findings will encourage geochemical studies of this type (and

their applications) in other non-conventional gas deposits worldwide.
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CHAPTER THREE
IDENTIFICATION AND APPLICATION OF TRENDS IN THE 8*C VALUES
OF SHALLOW NATURAL GASES!

3.1 INnTRODUCTION

Thousands of wells have been drilled in northeastern Alberta and adjacent
Saskatchewan in order to develop the heavy oil reservoirs of the Lower Cretaceous Mannville
Group sands. In a large number of these wells, vertical migration of gas from previously
unknown sources to the surface via well casings and surrounding soils represents a serious
environmental problem. Mud samples from new wells being drilled in that area were collected
at 50m intervals from the surface down to the completion depth, and the gases contained
within the muds (‘mud-gases’) were analyzed for '*C/*C composition. Gases from the
various Mannville Group sands do not show unique isotopic signatures; they are comprised
of biogenic methane (8'°C ;= -70%o to -60%o (PDB)), with trace C,, components that are
residues from biodegradation processes. Gases from each of the overlying Upper Cretaceous
Colorado Group shale units are, however, isotopically distinct. The §"°C of methanes in the
shales have values equivalent to those within the Mannville sands, but the 5°C of the C,,
components are unambiguously different. Surprisingly, C,, gases from the shallower
Colorado shales are incipient thermal gases displaying equilibrium isotopic compositions.
Based on the isotopic data, this may be the most immature suite of thermogenic gases ever
reported (5”C,=-63%o0 to -32%s0, 8“C;=-42%o to -22%so, 6°C, c4~-37%0 to -23%o).
Comparisons between the isotopic characteristics of the shallow gases and the migrating
gases collected near surface reveal that most migrating gases are actually sourced in the

Colorado Group shales, and not the Mannville sands in which the wells were completed.

' 4 version of this chapter has been submitted for publication. Devon Rowe and
Karlis Muehlenbachs, Journal of Organic Geochemistry.



Carbon isotope fingerprints from mud-gases are used to identify specific source depths of
migrating gases for the first time. The ability to estimate migrating gas source depth greatly
aids in the remediation of ‘leaking’ wells within the Western Canadian Sedimentary Basin.

A variety of models exist proposing relationships between carbon isotope ratios
of natural gases and the properties of their source materialis (e.g. vitrinite reflectance,
coal rank, isotopic composition) (Stahl and Carey, 1975; Chung et al., 1988; Berner and
Faber, 1996). These properties can be excellent indicators of the presence and/or type of
petroleum deposits, and several researchers have proposed the use of carbon isotope
ratios for the study of hydrocarbon pools (Chung et al., 1988; Galimov, 1988; Clayton,
1991; Berner et al., 1992). Many of the existing models cannot yet be utilized in the
heavy oil region of the WCSB because very little isotopic data or source rock properties
have been published. In this study, isotopic analyses of mud-gases collected from
different depths at several locations provide a three-dimensional data set that is ideal for
studying the isotopic characteristics of these shallow gases.

It is generally accepted that kinetic isotope effects control isotopic fractionation
during natural gas formation. James (1983) proposed however, that the carbon isotope
compositions of light hydrocarbons (C, to C,) may approach equilibrium distributions,
and he derived an accompanying set of fractionation curves for determining the maturity
of gases based on these isotopic distributions (‘maturity diagrams’). James’ model has
been successfully applied in a variety of geologic scenarios (James and Burns, 1984;
James, 1990), which suggests that equilibrium isotopic compositions may widely exist in
nature.

James’ maturity diagrams are especially useful for comparing gases from
different sources or when source properties are unknown, but derivation of his model
requires a sophisticated knowledge of gas partition functions. Chung et al. (1988)
introduced a simpler model for determining relative thermal maturity of gases, and for

interpretation of natural gas origins. Laboratory heating experiments (Sackett, 1978;
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Chung and Sackett, 1980) and natural examples from several basins (Chung et al. 1988)
have also shown good agreement with this model. We have found that isotopic trends in
shallow gases are best explained by combining the individual plotting techniques

associated with James’ and Chung et al.’s models.

3.2 ENVIRONMENTAL ISSUE

Enormous amounts of oil and natural gas are stored in the Lower Cretaceous
Mannville Group sands and the overlying Upper Cretaceous Colorado Group shales of
the Western Canadian Sedimentary Basin (WCSB) (figure 3.1).

a) b)
Pleistod Glacial till - Sotucs
] 3 I Belly River
§ l & Lea Park o
B o | First White Speckied Shale
o = unnamed shale
§-_ 3 | Second White Speckied Shale
2 9 umamed shale
E Basal Fish Scales
3 Viking
5 Joli Fou
] Coloay oo :
=] : MCLaren |
8 & i L
§ 85  wem | TEEEEEE
5 i ¢ g o S 2 §
e - -—a— §ESFEEERZR
2 B3 A — - £y
3 g : Lloydminster £ S & |
% Cummungs ==
il Camrose
= ~700m
Figure 3.1 a) Stratigraphy of the Cretaceous Mannville and Colorado Groups in
the heavy oil region of northeasern Alberta, and northwestern Saskatchewan
(adapted from Orr et al., 1977; Rich, 1995).
b) Histogram showing total initial oil-in-place in the Western Canadian Sedi-
mentary Basin, by geologic age (Leckie et al., 1994).
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Several thousand wells are currently producing from the formations within these

Groups, and remaining reserves are estimated to be among the largest in the world

(McRory, 1982). Nearly half of the heavy oil wells in northeastern Alberta and adjacent

areas of Saskatchewan are plagued by gas migration (Erno and Schmitz, 1994). Gases

that migrate vertically from depth along the wellbores may contaminate shallow drinking

water aquifers and destroy arable soils around wellheads, as well as contribute to the

atmospheric methane concentration (figure 3.2).
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Figure 3.2 Schematic diagram of a typical heavy oil well,
showing various gas migration pathways
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Strict environmental regulations in Western Canada now require that gas
migration in these ‘leaking’ wells be stopped at the source during well abandonments.

Initially, the origin of migrating gases was assumed to be the Mannville
formations in which the majority of heavy oil wells are perforated. A study by Rich
(1995) characterized the carbon isotope composition of the Mannville gases in the hopes
of being able to identify gas migration sources based on their §*C values. Gases from
each of the Mannville formations were found to be isotopically very similar (6"°C, from
-57%o to -68%o0, 8°°C , from -23%o to -32%eo, 5"*C; from -17%o to -25%o, 3"*C, from
-20%o to -25%o, figure 3.3). The majority of migrating gases however, had distinctly
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Figure 3.3 Isotopic signatures of Mannville and Colorado Group forma-
tions in the heavy oil region (this study, and Rich, 1995).
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different isotopic ratios, characterized by unexpectedly light 5"*C, (-63%o to -31%0) and
313C; values (-42%so to -22%so) (figure 3.4). Contrary to previous assumptions, Rich
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Figure 3.4 Variation in 8C values of gases from the
heavy oil region. The mean 8'*C values of Mannville
Group gases (open symbols) and migrating gases
(filled symbols) are shown. Error bars represent the
standard deviations of Mannville gases, and the
minimun and maximum 8"C values of migrating
gases collected.

(1995) suggested that the source of these migrating gases was the overlying shallower
Colorado Group shales, not the oil-bearing Mannville sands.
Due to the paucity of producing gas wells, isotope ratios of only a few Colorado

Group gases have been previously studied. The method described herein utilizes gas
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chromatography-combustion continuous-flow isotope ratio mass spectrometry (GC-C CF-
IRMS) techniques to measure carbon isotope ratios of both Colorado and Mannville
Group gases sampled during drilling activities.

3.3 SAMPLING AND MEASUREMENT OF ISOTOPE RATIOS

The study area consists of the ‘heavy oil region’ of Alberta and Saskatchewan,
around the city of Lloydminster. Heavy oil wells are prolific in this area, and with a very
high well density there is a heightened awareness of gas migration.

Mud samples from the Colorado and Mannville Groups were obtained during
drilling of 21 new heavy oil wells (figure 3.5), and the carbon isotope ratios of the gases
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Figure 3.5 Locations of wells in the Western Canadian Sedimentary
Basin where mud-gases were collected. Sampling concentrated on
the heavy oil region, surrounding the city of Lloydminster.
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contained within these muds (‘mud-gases’) were measured. Automated ‘mud-loggers’
are not common on shallow WCSB drilling rigs, so mud-gases were sampled by a more
tedious manual procedure. Gases contained within the shale/rock matrix at depth were
mixed with loosened material and drilling fluid (fresh water) as the bit penetrated the
subsurface (wells were drilled overbalanced). This matrix/fluid mixture (mud) traveled
up the annulus surrounding the drill stem at a constant velocity determined by the drilling
fluid circulation rate. The time required for the mud to travel from the bit to the sampling
point was a function of bit depth and circulation rate, allowing samples to be collected at
known depth intervals. At each of the 21 wells, mud samples were collected from the
surface down to the targeted Mannville formation at 50m depth intervals. Each sample
was captured in a 1L plastic bottle before entering the ‘shale-shaker’, leaving a 3-5 cm
headspace for the gases to occupy. Copper sulfate was added (to kill any bacteria) before
sealing with tight fitting caps and electrical tape.

Carbon isotope ratios were obtained with a Finnigan-MAT 252 GC-C CF-IRMS
system. The gas chromatograph was equipped with a PLOT fused silica capillary column
(27.5m x 0.45mm, 0.32mm(L.D.), carrier gas: helium). Gases extracted directly from the
headspace of the plastic bottles were injected into a liquid nitrogen cooled cryogenic trap.
The cryogenic trap was then instantaneously heated to 180°C, and the gaseous sample
was introduced onto the GC column. The column was held at 30°C for 7 minutes,
ramped at 40°C/min to 80°C and held for | minute, ramped at 20°C/min to 200°C and
held for 11 minutes.

[sotopic values were calculated by integrating the m/z 44, 45 and 46 ion currents
of the CO, peaks resulting from on-line (continuous-flow) combustion of
chromatographically separated compounds (Brand, 1996). Laboratory CO, pulses
admitted directly into the mass spectrometer were used as reference. Carbon isotope
compositions are reported as 5°C values in ppt (%o) with respect to the PDB standard.

Reproducibility of the §°°C values was +0.1 %o for methane, and +0.2 %o for the C,,
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components (ethane, propane and butane). The additional analytical uncertainty in the

8"3C,, values is due to the extremely small concentrations of these components.

3.4 RESULTS AND DISCUSSION

Isotopic fingerprints from three wells are shown in figure 3.6a-c. In each of the
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Figure 3.6 (a-c) Isotopic depth profiles, or ‘fingerprints’ for three wells repre-
sentative of the data set (locations marked a, b, and ¢ are shown in figure 3.5).

fingerprints, the Colorado/Mannville stratigraphic boundary is mirrored by a distinct
change in isotopic signature. Mannville Group gases are significantly enriched in *C
relative to the Colorado gases (in some cases by as much as 20%o), and can be easily
identified from 8'*C,, values alone. The isotopic partitioning between C,, components
(i.e. §Cy-8C, or 81C (,-8"°C; ) shows a definite depth trend. Isotopic separations
gradually increase from ~2-5 %o at the Mannville/Colorado boundary, to differences of

31



10%eo or more in very shallow samples. These isotopic signatures reflect the different
genetic histories of the Colorado and Mannville Group gas deposits.

The Mannville Group sands are a basin-wide hydrocarbon trap, accumulating oil
and oil-associated gases sourced in underlying Jurassic, Mississipian and Devonian
reservoirs (Leckie et al., 1994). Gas chromatograms of Mannville oils in the
Lloydminster area show that they have been extensively biodegraded during up-dip
migration from deeper in the basin, resulting in the existing giant heavy oil deposits
(Deroo et al., 1977). Carbon isotope ratios of the gases associated with the heavy oils

also show the effects of biodegradation (figure 3.7). Unaltered Lower Cretaceous gas
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Figure 3.7 Isotopic composition of oil-associated Upper Devonian
and Lower Cretaceous (Mannville Group) gases from the WCSB.
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(from deeper in the basin) is isotopically almost identical to Upper Devonian gas,
presumably because they share the same source. Lower Cretaceous Mannville gases
associated with the heavy oils have migrated long distances, and bacterial oxidation has
significantly altered their isotope ratios. Preferential cleavage of '*C-'*C bonds (over °C-
12C bonds) during bacterial alteration of alkanes leads to residual gases that become
enriched in '*C (James and Burns, 1984). Bacterial alteration of Mannville gases has led
to characteristic isotopic reversals between the 6°C; and 8"°C, values (i.e.
81C4<8"C3). Similar bacterial enrichment has been observed in the other fields
(James, 1990). Mannville gases have mixed with large amounts of biogenic methane,

which accounts for very negative 8°C, values (-70%o to -60%o).

The Colorado Group is a self-sourced reservoir, containing unaitered incipient
thermogenic gas. Unlike the Mannville Group, the isotope ratios of Colorado gases
display the isotopic systematics expected for thermal gases. with methane being the
isotopically lightest component, followed by ethane. propane. etc. The isotopic
separation of the alkane components determines their maturities because the gases are

thermogenic. Figure 3.8 is a “‘maturity diagram’ of the Colorado Group mud-gases.
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Figure 3.8 Colorado Group gases plotted on James’ (1983) maturity
diagram.

Following James (1983), carbon isotopic separations between gas components are plotted
along the vertical axis using a sliding scale that is the difference (in ppt) between the 8"°C
values of gas components. The best fit of the data is found by positioning the measured
isotopic separations until they fit the calculated separations (lines), which then determines
the gas’ maturity in terms of the ‘Level of Organic Metamorphism’ (LOM, marked on the
horizontal axis)(Hood et al., 1975). The Colorado gas data fit the calculated curves
extremely well, with measured data essentially defining the ethane, propane and butane
curves. In most of the gases the methane values are considerably higher than the
calculated lines predict. This is also due to mixing with isotopically light biogenic
methane (James, 1983). The isotopic separations between Colorado gas components
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indicate that the majority of these gases was generated at LOMs of 6-8, although several
gases appear to be considerably less mature (LOMs ranging from ~2-5). These are some

of the most immature gases ever reported (table 3.1).

Carbon Isotope Composition, 33C (%0)

Methane -69.2 -70.7 -65.2 -62.9 -62.5
Ethane -54.0 -50.2 -49.6 -46.0 -42.6
Propane 42.6 -39.9 -41.2 -39.0 -37.4
N-butane -37.4 -35.6 -36.0 -37.1 -36.1
Estimated LOM | <2 ~2 ~4 7 8

Table 3.1 Carbon isotope compositions and estimated LOMs of several gases from
the Cretaceous Colorado Group shales, Western Canadian Sedimentary Basin,
Alberta.

It is evident that Colorado Group gases range considerably in their maturities.
“Natural gas plots’ (Chung et al., 1988) of mud-gases are useful for examining the
maturity trends that exist within Colorado gases from individual wells. Plotting the 5°C
values of individual alkanes, versus the inverse number of carbon atoms (i.e. °C;
versus 1/3) should result in a straight line for unaltered gas components generated from
the same source. The slopes of these lines reflect the relative gas maturities, and the y-
intercepts provide an estimate of the isotopic composition of the source. Less mature
gases tend to have larger isotopic separations, corresponding to steeper slopes on natural

gas plots. Figure 3.9 contains natural gas plots for each of the isotopic fingerprints in
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Figure 3.9 Isotopic data from figure 3.6 shown on ‘natural gas plots’ (after Chung
et al., 1988). Depths of Colorado Group gas samples are included. a) Mannville
and Colorado Group gases from one well b,c) Close-up of Colorado Group gases

from figures 3.6b and 3.6c (respectively).
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figure 3.6. The isotope ratios of Colorado gases display linear relationships with their
inverse carbon numbers, although agreement with the °C., values is probably
coincidental since these methanes most likely are biogenic (following the logic of figure
8) rather than thermogenic. The Mannville Group gases display a variety of non-linear
slopes due to the effects of bacterial alteration. In figures 3.9b and 3.9c only the
Colorado gases are shown, to highlight the trends within this Group. Slopes of $”C,,
versus 1/n decrease with depth indicating (as one might expect) that Colorado gas
maturities increase with depth. Two different source compositions are predicted from the
y-intercepts. Gases from deeper than 200m appear to be generated from a -30%o marine
source (consistent with type-II kerogen), but gases from 200m or shallower (9 b.c)

indicate an isotopically enriched -20%o terrigenous source material.

3.5 ENVIRONMENTAL APPLICATIONS

The following example illustrates the application of isotopic fingerprints of mud-

gases to the remediation of leaking oil wells.

3.5.1 Gas MIGRATION

Gas migration is primarily manifested as surface casing vent (SCV) flow, and/or soil gas
bubbles around wellbores (figure 3.2). The SCV functions as a bleed-off valve, allowing
built-up gases to vent directly into the atmosphere. SCV flow rates range from 0.01 m*/
day to 200 m’/day (Schmitz et al.. 1993; Emno and Schmitz, 1994). Although gas
migration through soils tends to occur at much lower rates (0.01 m*/day) than SCV flows,
soil gases can often be observed bubbling through ponded water around wellbores. The
gas migrating through soil frequently kills or stunts vegetation growth within a radius of
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Figure 3.10 Isotope ratios of three migrating gases (a-c) superimposed over an
isotopic fingerprint used to determin their individual source depths (Lindbergh
field, Alberta). The Colorado and Mannville Groups have been shaded to indi-
cate the boundary.

several meters surrounding the well (Rich, 1995). Isotopic analyses of hundreds of gases
have shown that most migrating gases are sourced in the Colorado Group formations, not
in the heavy oil pools of the Mannville sands. By matching the isotope ratios of
migrating gases with isotopic fingerprints from the same field, accurate estimates of

source depths can be made.
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The isotope ratios of SCV gas from two wells, and soil gas from a third well, all

from the same field are shown in figure 3.10a-c, and table 3.2.

a) SCV b) SCV c) Soil gas d)Production gas
13 0, 13 o, 13 o, 13 [»)
Methane |-60.5 | 97.27 {-50.9 196.72 | -51.6_|55.92 | -52.0 {99.50

Ethane |-43.0 | 0.33{-19.6 | 022 | 454 | 0.20 }-204 | 0.20
| Propane |-37.3 1 002 1-1801002 |-386 | 001 |-17.0 | 007

n-Butane | — - -21.01 0.02 346 1 001 | -21.3 0.03
Carbon
Dioxide - — - 0.15 -37.71 6.73 — 0.10
Source
Depth ~350m >450m ~245m N/A

— 3

Table 3.2 Carbon isotope and gas compositions of C;-C, and CO, gases from the
Lindbergh field, AB. Isotope ratios of C,-C, components are used to estimate the
source depths (figure 3.10). In (c), CO, derived from the oxidation of methane is
mixed with migrating gas, resulting in high concentration and very negative 5"°C
value.

Each data set has been superimposed over an isotopic fingerprint from that field.
The best fit of each data set is found by sliding the data vertically until the isotope ratios
of the C,, components best match the underlying isotopic fingerprint. This allows the
source depths to be extrapolated from the vertical axis. In gases a and c, remediation
efforts must be targeted in the shallower Colorado shales (at ~350m and ~245m,
respectively), rather than re-cementing the wells in the Mannville Group, the nominal
producing depth of the well. The majority of migrating gases are sourced in the Colorado
Group, but occasionally (e.g. figure 3.10b) the source horizon lies in the deeper
Mannville Group. In this case, the migrating gas sampled at surface is very similar to the

typical production gas from that field (gas sample d).
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3.6 CoNCLUSIONS

[sotopic fingerprints of mud-gases have shown that gases within the WCSB
Colorado Group shales and Mannville Group sands have evolved by two different
mechanisms. Surprisingly, it is the deeper Mannville Group gases that are extensively
biodegraded, whereas the shallow gases in the Colorado Group have remained unaltered.
The Colorado Group contains immature incipient thermal gases, displaying near
equilibrium isotopic compositions. When combined with isotopic fingerprints of mud-
gases, 5C values of Colorado gases provide an accurate estimate of source depth. The
ability to determine source depths of shallow gases is particularly useful for the

remediation of numerous leaking heavy-oil wells in the WCSB.
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CHAPTER FoUR
Isotoric ANOMALIES IN NATURAL GAS AsSOCIATED WiTH HIGH
TEMPERATURE STEAM INJECTIONS AT FORT KENT, ALBERTA

4.1 ForT KENT ANOMALY

Some heavy reservoirs in northeastern Alberta have been steamed for decades to
enhance oil recovery. Migrating gases obtained from above a steamed heavy oil reservoir

at the Fort Kent field (figure 4.1) differ systematically in isotopic composition from other
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Figure 4.1 Location of the Fort Kent heavy oil field, Alberta.

43



T A

MO} JUBA 10} palojiuow s|jop @
/661 Ul jJuswuopueqe 10} pauue|d sjjopm @
_

WM 19

 obuey

T )

G abuey

‘uoy
-I31w sl [108
pue ‘mo[y ADS
10} paalojiuow
2q 01 9nup
-uo9 S[jom usaIld
oYL (pa1) L661
ur  jJuowWIuop
-usqe I10J pa3ad
-18) U93q 9ARBY
18y} som Bui
-moys ‘yoaford
[BurIay], U9y
U0, 2} JO MIIA
u[d 7'y dandyy




nearby migrating gases. The 3°C,, values of the Fort Kent gases are enriched in “C,

compared to migrating gases from adjacent heavy oil fields.

4.2 SITE CHARACTERIZATION

The Fort Kent Thermal Project was initiated by Worldwide Energy in August
1976. Suncor Inc. purchased the site in 1980, and continued to drill new wells until 1986,
when a total of 139 wells had been installed at seven clusters (H, I, J, K, L, M, and N)
(figure 4.2). Steam cycles stimulated oil recovery at these seven clusters for a period of
approximately five years, from 1983 to 1988 (Tam and Yeung, 1989). Low oil prices
forced all operations to be suspended in 1989. [n 1996, Koch Exploration Canada
purchased the site but was not able to produce from any of the wells. Subsequently, they
initiated abandonment procedures on all active wells (figure 4.2). Details of any activity
at the Fort Kent site between 1988 and 1998 were unavailable, but due to low oil prices,
production was most likely suspended.

In 1996 Koch Exploration Canada identified a severe gas migration problem, with
measurable SCV flows at 39 wells (mostly in the [, J and M clusters). Initially, cement
plugs were placed near the Belly River formation (1996), but this was unsuccessful in
stopping the migration. Failure to stop the migration was due to the combination of not
knowing the origin of the migrating gases and poor cement bonding in the Belly River

formation.

4.3 RESULTS

Isotopic analyses of gases from 30 wells are shown in table 4.1, and figure 4.3.

Each of these wells is completed in the Mannville Group Grand Rapids formation, which
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has an isotopic signature similar to those of the Mannville formations eisewhere in the

heavy oil region (8°°C, = -55%o, 8%C, = -26%0, 8%Ccy = -24%0, 8°C iy = -24%0).
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Figure 4.3 Isotope ratios of migrating gases from the Fort Kent field. The
data are sorted according to increasing C;-C, isotopic separation.




\Well ID

-58.6 }-36.8 274 |-26.7 -27.8
559 1-36.3 -26.1  |-25.0 -23.1 -8.0

LSD |SEC|T BIM b=c-c1 lsuc-c2 |suc-c3 [svc-ica [s¢c-nCa [513C-CO2
8C_ 120 o144 }58.8 |-360 |-205 |284 |-29.1
M8B |28 J61la s I57.8 |364 |-279 |265 |296 }-135
IMaB |28 6114 4 t602 |406 |-327 |277 -34.2
3B |20 l614 4 1585 |-351 |-27.8 |269 [|-286 |-11.7
MiG |28 le1 4 4 572 [364 |-244
M6B |28 61 |4 4 }59.8 [|353 [-284 |-27.3 -13.5
1D |20 61|44 572 |-331 |-262 |262 |270 |88
I3F |20 6114 4 }56.0 |-35.0 |-27.0 |-264 |-289 |-129
IMsA 128 6114 4 [42.3 }324 |-259 -11.3
IM5A J28 6114 4 |617 |-369 |-286 |267 |295 [-158
l4H (29 6114 |4 590 J36.1 |-281 |-261  |-286  |-11.9
2E |20 le1lala [s8.1 |39.7 |-32.7 |299 |-334
14F |20 le1la |4 363 |-275 271 |292 |-186
b3 |20 le1lals |378 |318 |270 |257 |288 | 111
I3 |20 614 4 586 [|-386 [-28.8 [229 |259 |57
13G |20 614 4 371 |-306 [-262 |245 ]-25.0
U3D__|20 l61|4 4 }576 |353 [-285 [294 [301 [-120
2A 20 |6t l4 4 F580 [39.1 |-326 293 [-30.0 |-104
sA |20 le1fla 4 463 [29.3 |-24.8
11G_ |20 614 |s 1699 |331 |-253 [|250 |239 |56
)78 120 |61 |4 4 |57.7 |-36.2 |-27.1  |-255
M2 (28 6114 4 }526 J351 |-276 |264 ]-30.0 |-11.8
JoF |20 6114 4 |63.1 |-374 |-305 |-286_ [-30.1 _ |-19.8
2H 20 614 |4 I576 |374 |29 |2698 |272 |-146
11G |20 l61}4 4 §57.3 |-366 |-28.7 |-26.0 |-26.8
11G |20 614 4 F38.3 |363 [279 |263 |-267
AHE |28 6114 4 F452 |406 |-316 |-267 [286 |-18.2
IM2B [28 J61 14 |4 |582 |-373 [-28.0 [263 |-39.5 [-9.3
gn
N

M1C__ |28 |61
||1c 20 o1

Table 4.1 Isotopic ratios of migrating gases from the Fort Kent Thermal Project.

The 3°C -, and 8"C values of the Fort Kent migrating gases are isotopically different

than the Grand Rapids formation gas, and following the logic of Chapter 3, they appear to

be sourced in shallower horizons. Figure 4.4 is a comparison of the Fort Kent migrating
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Figure 4.4 Relationship between isotope ratios of propane and ethane components
of Colorado Group gases from oil fields near Lloydminster, and migrating gases
from the Fort Kent Thermal Project. A theoretical C,-C, fractionation line, assum-
ing a -30%eo source is shown in red.

gases with the shallow gases from adjacent oil fields. Isotopically, the Fort Kent gases
are clearly different from the shallow gases. A theoretical C,/C, fractionation line (see
figure 2.3, and Appendix E) has been superimposed over the shallow gas data, and this
line provides a reasonable fit. The isotopic composition of the source material used in the

calculation of this fractionation line is -30%o, typical of the marine derived type-II
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kerogen of the WCSB. The isotope ratios of the steamed (Fort Kent) gases are enriched
by about 10%o in both §*C, and 3"°C -, values relative to the shallow gases (8"Cey
values are also slightly enriched, see table 4.1 and figure 3.3) and because of this
enrichment, an acceptable fit with a theoretical fractionation line cannot be achieved (i.e.
by varying the source composition). It appears that in the Fort Kent gases, the intense
steaming has destroyed the quasi-equilibrium relationships that are characteristic of
migrating gases throughout the rest of the WCSB heavy oil region.

The origin of these migrating gases is uncertain. The intense heat may have
altered the isotope ratios of the existing shallow gas, or alternatively, the high
temperatures may be facilitating in-situ gas generation around the wellbores. Subsurface
temperatures greater than 100°C can be achieved during steamflooding, essentially
‘cooking’ the organic materials that surround the wellbores, liberating gaseous
hydrocarbons. The isotopic enrichment of the Fort Kent gases suggests that if the
migrating gases are being generated thermally, the isotopic composition of the source
material is significantly enriched (-20%o) relative to kerogen (-30%o). Coal (or other
terrestrial) deposits represent a potential source of isotopically enriched organic matter,
and a number of small coal seams can indeed be found throughout the Mannville Group
in the Fort Kent area. Although the majority of WCSB migrating gases do not originate
in the Mannville Group formations, the poorly cemented casings at the Fort Kent site
may provide extraordinary gas conduits for gas sourced in these deep horizons. Because
the wells are inclined at approximately 45°, the casing can shift several centimetres off-

centre, even with the use of casing centralizers (figure 4.5).
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Condurt for migrating gas
(dead volume between cement,
casing and wellbore)

Figure 4.5 Schematic cross section of an inclined well at the Fort
Kent site. In some cases, it was observed (pers. comm. Jim Quehl,
Abandonrite Environmental Services) that the casing had shifted sig-
nificantly, creating a large void between the wellbore and the ce-
ment. This void can act as a major conduit for migrating gases.

For natural gases generated thermally, the isotopic separation between propane
and ethane (i.e. 8"°C; - §°C,) can be interpreted as a maturity indicator. The data in
figure 4.3 have been sorted according to increasing thermal maturity (88Cp3-8"C
separation). Smaller separations (data located towards the top of figure 4.3) correspond
to more mature gases, while larger separations reflect lower maturity gases (also see
figures 3.8, 3.9). In figure 4.6, the relative thermal maturity (compared to the median
maturity, or §°C, - §°C, separation, well I1G) of the gases from each of the wells
studied has been indicated by colouring the wells red (more mature than the median) or

blue (less mature than the median). The wells from the Fort Kent suite were also sorted
50



awnjop wesls YbiH O

Aunmen ublH @

O BWN|OA Weslg Mo

Anjey mo

‘aum
-[oA urea)s/Kynyeu
Iomo] ayedrput s8ull
/S9]2410 anjq ‘awn
-[oA ureaIs/ALInyB
10y3ry ayeotput s3uLL
/sa[o110 aFuvlo/pal
91 ‘g a3y w erep
SY) WO SIN[eA UBIP
-ou1 3y} 0} sAlB[al
UMOYS 918 JWN[OA
uopoaful wresjs pue
Aimyew [surIay])
*(8ut1 191n0) SWIN[OA
uonoafur uregs)s pue
(s1o11d 10UUT) UONBI
-gdas ordojost )-¢9
oy woyy pajorpard
AInjewr [sulIdy)
91J) 93801pUT 0) PIPOD
INOJ0D U93q JABY
pasA[eue a1om sased
SunesSiwr  yorym
wogy sfapm 10901
[eutiayy, uay
og 94} Jo Mmata
ug[d 9y dandig

51



according to steam injection volumes. Analogous to the procedure above, the wells with
high and low steam injection volumes (relative to the well with the median injection
volume) have been marked in figure 4.5 by orange and blue rings (respectively).
Remarkably, in 19 cases, wells with predicted relative higher thermal maturities (from the
isotopic separations) also had relatively higher steam injection volumes (red wells with
orange rings), while wells with predicted lower maturites had experienced relatively
lower steam injection volumes (blue wells with cyan rings). Five wells showed

contradictory results (blue wells with orange rings, or red wells with blue rings).

4.4 IMPLICATIONS

Recognizing the possibility of multiple gas sources or generation mechanisms in
the Fort Kent field has implications to the interpretations of the data presented in
Chapters 2 and 3. Figure 4.4 shows the §'’C; versus 6°C, relationship between the
shallow Colorado Group gases collected from several locations in the heavy oil region.
The calculated fractionation line suggests that the Colorado Group gases were generated
at temperatures ranging from 30°C to 70°C (also see figure 2.3). There is considerable
scatter of the data about this theoretical fractionation line, however. Figure 4.7

demonstrates the degree of scatter that one would expect for gases generated from a
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Figure 4.7 Variation in isotope ratios of C,-C; components derived ther-
mally from different source materials.

combination of coal and kerogen sources. Small variations in the isotopic composition of
the shallow organic matter that is the source of gas could quite conceivably account for

the scatter observed in the gas data in figure 4.4 (and similarly in figure 2.3).
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4.5 CoNnCLUSIONS

The isotopic separations in the migrating gas at the Fort Kent site suggest that these
gases are thermally more mature than the migrating gases from adjacent heavy oil fields.
There is a positive correlation between high steam injection volumes and thermal
maturity (interpreted from C,/C, isotopic separations) in gases from the wells that have
been studied to date, and the increased maturities may be a direct result of the steam
injection operations at this site.

The fingerprinting techniques described in Chapters 2 and 3 have not been applied
at the Fort Kent field, as the migrating gases at this site appear to deviate significantly
from those in nearby fields that have not been steamed. Remediation efforts have
focussed on achieving competent cement squeezes above the Second White Speckled
Shale (SWS) formation, in the hopes that if the gases are sourced in deeper horizons they
will not migrate past the cement plugs. Some success in stopping SCV flows has been
reported, although soil migration has been observed at a number of wells (in some cases
in wells where soil migration was not previously noted). One soil gas (J9F) collected
before cementing at the SW'S had isotopic ratios similar to Grand Rapids formation gas
(8PCy = -55%so, 3-C, = -26%u0, 3PC 3 = -24%so, PC s = -24%s0), which suggests that
gases from the Mannville formations may be contributing to the migration problem.

The anomalous isotope ratios of the Fort Kent gases highlight the need to
combine geochemical data with well histories (e.g. steaming, firefloods, acid injection,
etc.), and an accurate geologic characterization of the area (including potential variations
in hydrocarbon sources) to determine the sources of migrating gases. Additional
emphasis should be placed on designing new cements and/or refining cementing
techniques for special applications such as inclined/horizontal, or steamed wells, where

traditional techniques may be of limited success.
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CHAPTER 5
CONCLUSIONS

5.1 ConcCLUSIONS

The main objectives of this study were to develop and apply a new technique for

identifying gas migration sources throughout the heavy oil region of Alberta and

Saskatchewan. In achieving these objectives, the following conclusions have been

reached:

I

813C isotopic ‘fingerprints’ of light hydrocarbons (methane, ethane, propane, and
butane) in mud-gases can be used to accurately identify the source depths of
migrating gases from the Colorado Group shales. The fingerprinting technique
developed in this study has been used to direct remediation efforts on a number of

‘leaking’ wells.

The Colorado Group shales contain very immature, incipient thermogenic gases
displaying near equilibrium '*C/"*C ratios in the ethane, propane and butane
(C,,)components. The isotopic separations between C,, components can be used to
determine the maturities of the Colorado gases. which generally increase with depth.
The §"C values of Colorado gases indicate that the isotopic composition of organic
source materials also varies throughout the Colorado Group. My calculations indicate
that the average isotopic compositions of organic source material are -20%o (for gases
shallower than 200m) and -30%so (for gases deeper than 200m). Mannville Group
gases are associated with the heavy oil, and extensive microbial alteration has lead to

distinctive '*C enrichment of the C, to C,components. The Colorado and Mannville
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Group gases are of two different origins and genetic histories.

3. The regional isotopic database (initiated in Phase I of the C.A.P.P. Gas Migration
Research Program) was extended to a number of fields outside of the Lloydminster
area. The collective data from Phases I and I have been compiled in ISOtrak, a
digital isotopic database created and maintained by Maxxam Analytics Inc. This

database will be available for purchase from Maxxam Analytics [nc.

In summary, the isotopic fingerprinting technique is a valuable tool in determining the
sources of migrating gases from heavy oil wells in Alberta and Saskatchewan. Isotopic
fingerprints have elucidated the contrasting generation mechanisms that are responsible

for Mannville and Colorado Group gases in the Western Canadian Sedimentary Basin.

5.2 Future WORK

Considerable research potential still remains in isotopic studies of WCSB shallow
gases. Future research should address the following concerns:
l. The number of mud-gas profiles was limited in this study, and should be increased in
future studies. Migrating gas source depths must be estimated on a case by case

basis; an isotopic fingerprint from the same field as the migrating gas is essential.

2. A number of wells that have used the isotopic fingerprinting technique for aiding in
remediation programs will have to be resampled to determine the success or failure of

the remediation. This resampling can begin as early as Fall 1998.

3. Carbon isotope compositions of Colorado and Mannville Group gases have provided
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a wealth of information, but for completeness, hydrogen isotope analyses should be
performed. §?H analyses of formation waters or mud-gases are two possible research
avenues, although the latter requires a significant analytical upgrade to a continuous-

flow mass spectrometer configured for hydrogen analyses.

. Very little geologic characterization exists for the shallow horizons of the heavy oil
regions of Alberta and Saskatchewan. In light of the realization that the shallow
gases may be sourced from organic materials of varying isotopic composition and/or
thermal maturity, a directed study of the physical properties of these shallow horizons
should be conducted. Other indicators of source maturity should be used (i.e. vitrinite
reflectance or coal rank) to determine quantitative relationships between the isotopic

variations in the shallow natural gases and the source material properties.
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APPENDIX A
IAEA CALIBRATION

The IAEA NGS-3 standard gas was purchased from the National Institute of Standards
and Technology. NGS-3 was chosen as a standard because its composition (table A.1)
most resembles typical gases analyzed in this study. The accepted range for 8"Ccy of

NGS-3 is -69.6%so to -73.1%o0, with respect to the VPDB standard (Hut, 1987).

NGS-3
3"°Cc1 (%o) Approximate vol%
-71.86 CH, 98.825
-72.09 C,Hs 0.042
-72.23 CsHs 0.004
-71.45 iCsHio 0.00
-71.43 nCsHjo 0.01
-71.39 [lC5H|2 0.00
-71.63 nCeHi4 0.00
-71.49 0, 0.002
-71.26 N, 1.118
CO, 0.009

Table Al Bulk composition (as reported by [AEA) and 8Cc, values (measured) of NGS-3 gas
standard.



Tedlar® bags versus steel cylinders

8l3CCl SIJCCZ SIJC(:; SIJCiC-‘ SIJCnC.‘

Tedlar bag | -48 312 | 277 | -265 -26.1

-47.8 -31.4 274 -27.6 -26.6

47.8 -31.1 -27.6 -27.6 -26.5

Steel cylinder -49 -31.7 -27.7 -27.7 -26.4
-48.7 -31.4 -27.5 -28.6 -26.8

-47.8 -31.7 -27.6 -27.7 -27.5

Table A2 Isotope ratios of identical natural gas, delivered to the laboratory in two different
containers

The data above are from a single well that was sampled in duplicate, in steel
cylinders. The first set of cylinders was received by Maxxam Labs, who transferred
the gases into Tedlar® bags. Transferring the high pressure samples (above
atmospheric) into the bags has resulted in a 0.5 %o 13C enrichment in the samples
analysed in Tedlar® bags. The second set of cylinders was accidentally sent directly
to the university laboratory. Fortunately, migrating gases are generally collected at
atmospheric pressure, so this enrichment rarely needs to be considered (the sample in

table A2 is from a deep conventional oil well located near the foothills).
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Appendix B
Mud-gases

Table B.1-B.20 Isotope ratios of 'mud-gases'

Isotope ratios of 'mud-gases' that were collected during drilling of new wells. Drilling muds were
captured in plastic bottles, and the gases retained within these muds were analysed for 13C/12C
composition. These data are used to create isotopic depth profiles, as shown in Chapters 2 and 3.
The tops of Colorado Group formations have been indicated (if known) to the right of the
corresponding table.

B.1 Husky Mervin |

LSD JSEC T |R_|M |Depth from [6°CCl1_J5-C-C2 [5°C-C3 [sPC-iC4 |5°C-nC4 5°C-CO2

A14 | 36] 49] 20] 3j100m 77.5] -63.4 8.7

Al4 | 36| 49] 20| 3[150m 73.7] 529] 406 -30.4 8.9

Ala | 36| 49] 20] 3]|200m 69.9] -492| 41.9] -333] -34.7 7.6

A14 | 36| 49| 20| 3]250m 691 471] -38.8] -33.1 37.1 2104

A14 | 36| 49] 20| 3[300m 59.5| 420) -390/ -31.7] -37.3 -14.6

Ai4 | 36| 49| 20| 3]350m 68.7] 461] 401] -32.2] -355 126

A14 | 36| 49] 20| 3|400m 68.0] 432] -334] -320] -33.2 -10.9

A14 | 36| 49| 20| 3{450m 66.6] -305] -188] -21.7] -18.38 -10.7

A14 | 36| 49] 20| 3]500m 64.1| -324] -234] 227 -195 114

A14 | 36| 49] 20| 3]|545m 653 -357| -23.8] -23.0] -20.2 7.6

B.2 Husky Frog Lake |

LsD |SEC [T |R [M |Depth from 55C-.C1 [6°CC2 |67C-C3 |5°C-iC4 |6"C-nC4 |6°C-CO2 |Picks |Depth (m)
128 7] 57] 3] 4]100m -14.7]SWS 265.0
128 70 57 3] 4{150m 72.0] -51.1 -10.1|BFS 307.0
12B 71 57] 3] 4]200m 63.9] 512 435 -10.7| Viking 362.0
12B 7] 571 3| 4|255m 65.7] -51.9] 433] -352] -37.2 9.4

128 7] 57 3| 4|300m 63.4| -501] <434] -338] -39.6 77

128 71 57|  3[ 4]|350m 60.8| 469) -37.7| -28.7] -24.5 -10.2

12B 7] 57| 3| 4{400m 54.5] -269] -22.8

128 7] 57] 3| 4]450m 550 -290] -27.2] -26.2]  -24.0 8.0

128 7] 57| 3| 4|500m 52.8] -27.9] -28.3 28.5 122

128 7] 57] 3] 4]545m 56.5| -31.0] -24.4] -222] -24.1 3.1
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B.3 Husky Frog Lake 2

LSD ISEC [T |R M |Depth from 5°C-Cl [6°C-C2 [6°C-C3 |6 °C-iC4 [6°C-nC4 |8°C-CO2 |Picks |Depth (m
118 7] 57] 3] 4[100m -3.3[SWS 259.0
11B 7| 57] 3] 4{150m 711 -52.0 3.9|BFS 304.0
118 70 57| 3| 4]200m 69.7] 526 426 -32.7] -388 -0.2}Viking 357.0
118 7] 57| 3| 4[250m 63.1] 495 431 -343] 403 -0.6

118 7] 57| 3] 4{300m 633| -50.1] 427 -337] -390 0.0

118 7y 57] 3] 4][350m 505| 46.2] -370| -284] -36.1 0.9

11B 7{ 57| 3| 4]400m -56.7 -32.4 333

118 7] 57| 3| 4[450m 53.3] -27.0] -240 3.8

118 7] 57] 3] 4|500m 540] -31.5| -28.8 -29.0 1.3

B.4 Husky Frog Lake 3

LSD JSEC T |R _|M [Depth from J6°C-C1 |6-C-C2 [6°C-C3 [6°C-iC4 |57C-nC4 5°C-Co2

14C | 7] 57] 3] 4]150m 73.3]  -51.6] -28.8 0.1

14C 7] 57] 3| 4]200m 69.2| -540) 426| -328] -374 0.4

14C 7| 57] 3| 4]250m 58.8] -52.2] -437] -354] -388 -1.0

14C 7] 57| 3| 4|300m 636] 506 444 -349] 430 1.2

14C 7] 57 3| 4[350m 598| -30.1] 405 -32.7] -384 3.5

14C 7] 57{ 3| 4]400m 56.8] -35.0| -32.8 9.7

14C 7] 57] 3| 4]450m 556] -27.4] -23.1] -22.1 -26.7 -10.5

14C 7] 57] 3| 4]500m 530] -291] -257] -22.1 -29.0 -10.1

14C 7] 57| 3| 4]550m 540|] -29.3] -246] -22.7] -259 -8.1

B.5 Husky Greenstreet

LsD JSEC It |R _|M [Depth from J6°C-C1 |6 °C-C2 [8"C-C3 [5VC-iC4 |5"C-nC4 §-°C-C02

5A 31] 51] 26] 3{250m -34.9 -12.4

5A 31| 51| 26] 3]300m 530] 474] -393] -33.3] -355 135

5A 31| 51] 26] 3]350m 551| -39.6] -37.8| -33.8] -35.7 14.8

5A 31| 51| 26| 3]400m 580] 46| -384] -330] -357 -12.6

5A 31] 51| 26| 3[450m 58.1| -342] -341] -327] -36.0 -10.3

5A 31] 51| 26| 3{500m 555| -30.5| -31.3] -29.8 -10.1

5A 31] 51| 26] 3{550m 56.3] -31.6] -31.7] -326] -342 115

B.6 Husky C7-6

LSD |SEC |T R _|M |Depth from 3°C-Cl |67°C-C2 [6°C-C3 [6°C-iC4 [6°C-nC4 |5"C-CO2

c7 6] 48] 21] [200m 54.1] 438 -27.5 122

c7 6] 48] 21| [300m 639] 442| 386 -345] -382

c7 6] 48] 21| [400m 596] -39.9] -352| -28.0] -28.1 7.7

c7 6| 48] 21] 1500m 589] -30.7] -21.0] -22.1 -14.8 215

c7 8| 48| 21] |545m 615 -31.7] -250] -23.3] -264 -19.6



B.7 Husky A3-14

LSD ISEC IT IR |M |Depth from [5-C-Cl |5°C-C2 |6°C-C3 |5°C-iC4 5°C-nCa |5°C-CcO2
a3 14] 45| 26] 3]100m -19.8
a3 14| 45] 26] 3]150m 67.1] -38.1 -20.2
a3 14| 45] 26 3[200m 664 -39.0 -18.8
a3 14| 45] 26| 3]250m 655 -40.2 -18.3
a3 14} 45] 26| 3[300m 656 427 292 -25.8 -19.9
a3 14] 45| 26] 3[350m 63.4] 415 -19.5
a3 14| 45| 26] 3[400m 639] -410] -38.3 -36.4 -18.2
a3 14| 45| 26| 3]450m 635] -399] -378f 312 -373 -19.7
a3 14| 45] 26] 3]500m 648] -348] -31.2| -287] -352 -18.0
a3 14] 45| 26] 3[550m 5.1 348! -321] -352] -354 7.2
a3 14| 45| 26] 3]600m 650 -347| -32.1] -294] -359 -18.0
a3 14] 45| 26 3[650m 649 -342] -316] -31.5] -355 -18.0
a3 14] 45] 26 3[700m 65.1) -32.7] -280] -31.0] -26.7 -18.1
a3 14| 45| 26] 3[TD 65.3] -32.1] -28.0 -18.7
B.8 Husky A9-3

LSD |SEC |T R |M |Depth from [5°C-CI [5-C-C2 ]5°C-C3 [5°C-iC4 [5"C-nC4 §°C-CO2
A9 a] s0f 27] 3[50m -54.8 -16.1
A9 3| 50| 27| 3]100m 590/ -426] -282 -16.2
A9 3] s0] 27| 3[150m -17.0
A9 3] 50| 27} 3]200m 56.0] 438] -381] -285 -15.4
A9 3] 50f 27 3[250m 56.3] 420] -382] 314 -16.3
A9 3} 50| 27] 3[300m 547] -419| -364] -22.8 137
A9 3] 50| 27] 3|350m 52.0] 406| -383] -309] -33.3 -15.2
A9 3| 50| 27| 3}400m 444] -371] -352] -336] -26.0 171
A9 3] s0] 27| 3]450m 545 -39.9] -358] -31.8 17.7
A9 3] 50{ 27] 3[500m 56.9] -31.7] -329] -282 115
AS 3] 50| 27| 3[550m 536| -279] -223] -252| -249 -12.2
A9 3] 50| 27] 3]600m 53.7] -26.4] -17.4] -240] -21.0 -13.9
A9 3] 50| 27] 3[650m 50.9| -276] -31.8] -282] -245 127
A9 3] 50| 27] 3[700m 559| -28.1)] -20.8] -248] 272 -13.5
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B.9 Husky Lashbum |

LD ISEC [T IR |M |Depth from |6-C-C_|5°C-C2 [s°C-C3 5" C-iC4 5°C-nC4 156"°C-CO2 |Picks |Depth (m)
A13 5] 48] 25] 3[100m 64.4] 48] -388] -310] -338 -8.5]SWS 327.0
A13 5] 48] 25| 3|150m 64.2] 463] 405] -386] -387 -10.1|BFS 362.5
A13 5] 48| 25| 3{200m 552] 496] 412 -336] -36.0 -13.3|Viking 426.0
A13 5| 48] 25| 3|250m 540 446] -398] -343] 372 -12.0

A13 5] 48] 25| 3|300m 51.3] <440| -39.4| -338] -39.3 212

A13 5| 48| 25| 3]350m 62.5] 430] -386] -343| -36.8 -20.6

A13 5| 48{ 25| 3|400m 624] 410] -35.7] -32.1 -36.3 184

A13 5{ 48] 25| 3|450m 29| -322] -293] -284| 322 -19.8

A13 5] 48] 25| 3|500m 529] -319] -309| -245] 436 9.7

A13 5| 48] 25| 3[550m §3.5] -30.2| -259] -224] -303 2.7

A13 5] 48] 25| 3|600m 63.7] -29.8] -256] -26.0 7.5

B.10 Husky Lashburn 2

1SD JSEC T |R_|M |Depth from J6-C-C1 ]5-C-C2 [6°C-C3 [5''C-iC4 5°C-nC4 [56°C-CO2 |Picks |Depth (m)
A5 5] 48] 25| 3[100m -74.1 -7.5|SWS 326.0
A5 5| 48] 25| 3]150m 71.7] _-54.7 -8.6|BFS 363.0
A5 5| 48| 25| 3]200m $6.3] 46.8| -405| -338] -356 -9.9]Viking 420.5
A5 51 48| 25| 3]250m 64.1] 47.1] -404] -346] -369 9.6

A5 5{ 48] 25| 3]300m 5221 440] 400/ -339] -37.7 8.4

A5 5| 48] 25| 3]350m 27| 442 -394] -322| -366 -14.0

A5 5] 48] 25| 3]400m 62.5| 426] -37.4] -33.1 -36.1 112

A5 5| 48| 25| 3]450m 25| -39.7] -36.0] -298] -342 6.6

A5 5] 48[ 25| 3{500m 52.8] -37.3] -340| -27.7]  -15.2 7.5

A5 5| 48] 25| 31550m 4.1 -30.3] -259] -28.7 132

AS 5| 48] 25| 3|600m 630 -30.4] -263] -269] -315 -16.1

A5 5] 48] 25] 3]617m 636] -306] -258] -260] -25.0 13.7

B.11 Husky Mervin 2

1SD JSEC T IR |M |Depth from [6-C-Cl 5" C-C2 [s"C-C3 [57C-iC4 §°C-nC4 |6"'C-cO2

A10 | 35| 49] 21] 3[100m 77.5 7.0

A10 | 35| 49| 21| 3[150m 71.4] -506] 40.5) -326| -34.8 46

A10 | 35] 48] 21| 3]|200m 70.7] -50.2] -39.9] -326] -356 7.3

A10 | 35| 48] 21| 3]250m 595 -471| 04| -328] -36.7 -20.0

A10 | 35| 49] 21| 3[300m 70.5| 45.9] -39.8] -326] -37.0 173

A0 | 35| 48] 21| 3]350m 69.6] 45.7] -39.4] -32.1 36.7 205

A10 | 35| 49] 21| 3]400m 67.9] -33.9] -26.8| -26.7] -29.9 -13.4

A10 | 35| 49] 21| 3]450m 66.0] -25.4| -208| -244| 247 -13.3

A0 | 35| 48| 21| 3|500m §8.1] -26.0] -20.0] -248] -22.4 3.7

A10 | 35 49] 21| 3]550m 48| -28.2| -195] -193] -23.5 -15.3

A10 | 35| 49) 21} 3|568m 66.1] -29.2] -24.1] -25.8] -222 -15.9




B.12 Husky Rivercourse

LSD ISEC IT IR |M |Depth from |5-C-C! [5°C-C2 |5°°C-C3 81C-iC4 [6°C-nC4 |5°C-CO2

ac 27] 47] 1] 4]100m -71.8 -12.8

9C 27| 47] 1] 4[150m 67.9] 474 1.7

aC 27| 47| 1| 4[200m 641] 46.1] -362 -30.3 -12.8

SC 27} 471 1] 4|/250m 628] 445 -378] -33.0 -33.8 -20.7

sC 27| 47| 1] 4{300m 625] 438 -38.3] -33.3 -37.1 8.0

3C 27] 47| 1] 4[350m 61.7] 42.7] -392] -295 -29.8 8.5

8C 27| 47| 1] 4|400m 598] 408 -385] -316 31.4 23.3

9C 27| 47| 1] 4}450m 584] -37.8] -33.6] -28.1 -26.3 -24.9

9C 27| 47] 1| 4]500m 60.3| -32.8] -279] -27.0 -27.6 116

3C 27] 7] 1] 4[550m 614| -326| -291] -26.1 -34.7 8.1

9C 27| 47 1] 4|600m 61.0] -30.7] -284] -282 22.8 1.2

9C 27| 47] 1] 4|650m 616] -29.9| -23.0f -26.8 28.3 13.9

9C 27| 47] 1| 4]{680m 508] -30.6] -27.0] -284 -29.2 -12.6

B.13 Husky Tangleflags

LSD ISEC IT IR | [Depth from J6°C-Cl_]5-C-C2 [5"C-C3 Js°C-iC4 [5"C-nC4 §°C-C02 |Picks |Depth (m)
A9 19] 50] 25| 3[100m 64.6 -11.0]SWS 338.5
A9 19| 50{ 25| 3}150m 629 460] -39.0] -34.0 -37.1 -10.9|BFS 385.5
A9 19] 50] 25| 3[200m 65.7] 46.5] 406] -33.9 42.7 -10.5

A9 19] 50| 25| 3[250m 65.1] 46.8] -40.1] -33.8 37.5 8.1

A9 18] 50| 25| 3[300m 642| 46.2| -404] -34.2 ~36.9 8.1

A9 19| 50| 25| 3[350m 62.8] 444 -395] -32.4 -37.2 8.6

A9 19| 50] 25| 3j{400m 632] 42.7] -382] -33.2 -35.3 -14.2

A3 19] 50| 25| 3]450m 61.3] -39.0] -3768] -31.5 -35.1 8.3

A9 19| 50] 25| 3[500m 588 -289] -280] -26.6 -25.4 5.7

A9 19] 50| 25] 3[550m 577 -285| -25.7] -27.9 -28.3 8.3

A9 19] 50| 25| 3]600m 59.6] -29.5| -253] -30.0 -34.0 -12.1

B.14 Husky Baxter Lake

LSD JSEC T IR |M |Depth from J5 C-Cl [5°C-C2 [5°C-C3 [86°C-iC4 |5"°C-nC4 §C-CcO2 |Picks [Depth (m)
D2 1] 47] 6] 4{150m -14.4][SWS 494.0
D2 1| 47] 6| 4]200m 69.3] -54.9| -30.3 -13.2|BFS 543.0
D2 1| 47| 6] 4]250m 55| -50.00 -39.9] -32.4 -36.4 -16.7|Viking 599.0
D2 1| 47| 6| 4[300m B46] -51.1] -39.7] -32.8 ~36.0 7.9

D2 1| 47] 6| 4/350m 62.1] -51.3] -357] -32.7 -34.3 -16.3

D2 1| 47] 6] 4l400m -31.6] -375] -39.5| -34.0 -37.1 -20.6

D2 1| 47] 6] 4]450m 31 394 -33.6 37.3 -20.1

D2 1| 47} 6] 4|500m 53.1] -39.1] -386] -32.9 -36.6 7.5

D2 1| 47] 6| 4|550m 46.0] -34.5| -358] -32.8 -36.2 7.5

D2 1| 47| 6| 4/600m 58.5] -31.7] -27.5] -271.3 26.3 12.0

D2 1| 47] 6] 4|650m B06] -35.1| -29.8] -28.0 27.9 -13.9

D2 1| 47] 6| 4)700m 59.3] -29.9] -23.1] -26.6 13.1
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B.15 Koch Cold Lake

1SD ISEC IT IR |M |Depth from [6-C-C1 [5°C-C2 [6"C-C3 [5"C-iC4 8°C.nC4 |6-C-CO2
50] 11] 65| 6] 4[100m 4.3
5.0] 11| 65| 6] 4[150m 8.0
5.0] 11] 65 6] 4[200m 79.3] 459 4.3
50| 11] 65| 6] 4]250m 693 441] -383] -29.8 -12.2
5.0] 11| 65 6| 4[300m 630 -39.4] 352| -209] -339 -18.4
50| 11] 65| 6] 4]350m 57.3] -31.5] -29.6 -10.0
50| 11] 65| 6] 4]400m 535] -24.9] -21.0] -22.4| -223 5.2
5.0] 11] 65 6] 4[445m 538] -26.4 252] 213 48
B.16 PCP Brooks

15D JSEC It IR |M |Depth from [8°C-C1_[8°C-C2 |5 °C-C3 [6"C-iC4 [5'C-nC4 5°C-CO2
6.0] 22] 19] 17| 4[150m £2.0

6.0] 22| 19] 17] 4]200m 3.3 3.2

6.0| 22| 19| 17| 4|465m 61.8] 485 -34.8 -17.5

6.0] 22| 19| 17| 4|558m 59.7] 490} -36.6 17.9

6.0] 22] 19} 17| 4[841m 60.0] 438 -37.3

6.0] 22| 19] 17| 4{876m 59.7 15,1

B.17 Murphy Elk Point

LsD |SEC JT |R [M [Depth from |5"C-C! S7C-C2 |6°C-C3 |6-C-iC4 |6°C-nC4 |5°C-CO2
6.0] 32] 57] 5| 4[200m 610] 478] -376] -289] -309 -10.7
6.0] 32| 57| 5| 4]250m 610 483] 421] -342| -374 13.1
8.0] 32| 57] 5| 4/300m 388| -39.4] -384| -289] -324 -16.8
6.0] 32| 571 5| 4[350m 556 43.7] 403] -335] -369 7.2
6.0] 32| 57| 5] 4]/400m 51.0] -32.3] -30.0] -27.7] -303 216
6.0] 32| 57| 5| 4[450m 5098] -322| -28.4] -28.8 -18.8
6.0] 32| 57| 5] 4|500m 50.3] -28.8] -30.8] -240] -27.0 -16.8
6.0] 32| 57] 5] 4|554m 514| -37.4] -30.6| -25.9] -28.2 -16.9
B.18 Koch Lindbergh

1SD ISEC It IR |M |Depth from J6°C-Cl_[6°C-C2 |5"C-C3 ]6'C-iC4 [6"C-nC4 |8'C-CO2
30] 31] 56] 5] 4[150m -66.0 -14.0
3.0] 31| 56| 5| 4[200m 57.0] 47.0] 43.0] -330] -375 -13.8
3.0] 31| 56| 5| 41250m 590] -45.0] -39.0] -31.0] -35.0 -13.6
3.0] 31] 56 5] 4]300m 56.0] 460} -39.5] -320{ -38.2 -14.0
3.0 31| 58] 5| 4[350m 550 42.0] -39.0] -340] -38.0 -12.0
3.0] 31| 56| 5] 4{400m

3.0] 31| 56| 5] 4]450m 510] -23.0] -200] -22.0] -280 -12.0
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B.19 Wascana Edam

(SD ISECIT IR M [Depth from [5°CCI |5 C-C2 |6"C-C3 [8"°C-iC4 |5"C-nC4 5"C-CO2
A5 20] 48] 20[ 3[200m -56.3 1.5
A5 20| 48] 20| 3[250m 63.7] 459 75
A5 20| 48] 20 3{300m -50.5 7.3
A5 20| 48] 20| 3]350m 435 7.7
A5 20| 48] 20| 3[400m 65.2| -371.5 8.7
A5 20| 48| 20| 3{450m 67.0] -38.5 -23.2
A5 20 48] 20| 3]500m 494| -248] -169 -26.2
B.20 Norcen Hairy Hills

LSD ISEC IT IR |M|Depth from J5-C-Cl [s°C-C2 [6°C-C3 |5°C-iC4 5"C-nC4 [5"°C-CO2
20] 2] s6] 15] 4]200m 0.8
2.0] 2| 56| 15| 4[250m 528 428] -372] -28.1 -30.4 1.6
2.0] 2| 56| 15| 4[300m 215 -341] -31.7] -354

20] 2| 56/ 15| 4[350m 396] -355) -367] -31.1 344 4.4
2.0] 2| 56| 15| 4[400m 55.1] -384] -386] -31.0] -33.3 4.9
20| 2| 56| 15| 4]450m 514 -30.9] -321] -29.8] -32.0 0.1
2.0] 2| 56| 15| 4/500m

2.0 2| 56/ 15| 4|550m 456] -23.9] -24.8 5.3
2.0] 2| 56| 15| 4|600m

2.0] 2| 56| 15| 4|650m 56.2| -244] -23.1] -215] -25.8 9.1
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Appendix C
Mannville Production Gases

Table C1. Isotopic ratios of Mannville production gases
These gases were collected from wells that did not display gas migration problems,
and are intended to expand the areal coverage of the isotopic database.
QJLsD JSE [T JR| [Company ]Formation|Sample ID [Coltection JSample Co J8"C-C [xC1 Js"c-ca]xc2 [8”c.c [xc3 [6”c.ic [xica {s"'c-nc4jxnca [8”c.co [xco2
B 1| 20038] 1]4]Murphy McLaren [96-16344-3 Jformationg | -569j0.9671] -28 70 0063| -256[0 0008 -262 .28 1 5 9j0.0037
18] 131391 1]4|Murphy Lloyd 96-16344-4 formationg | -61 40 9684] -3oslooi28] -183]o 00l o 0019]  -23.8]0.0004 -1.5)0.0023
A s) 28J49] 1]4]Murphy  JOP 96-138394-03 .62.000.9406] -276p00079] -179J00002] -234jo0003]  -21 50 ooot -3.2)0 0089
Al 14 sJso] 1]sfMurphy  [Spasky  [97-16785-0 formationg | -58 Sj0.9658] -259jo0083| -i3.d4foo002| -24.8povos| .22 8[0 0003 07
100/1 | 29}67] 2[4]AmocorPCP|Colony  ]97-17285-8]97/09/19  |wellhesd 527 58
12 4alo7] 3[4]Amoco/PCP|Colony  [97-17255.6]97/09/19 _ {wellhead -529 118
100/ | 9[68] 3[4 Amoco/PCP|Clearwater|97-17255-8]97/09/19 |wellhead 562
1071 | 968] 3]4] Amoco/PCP[McMurray[97-17255-9]97/09/19 _ [wellhead .582 22
10011 ] 9]68] 3]4]AmocoPCP|Colony  ]97-17255-7{97/00/19  [welthead ca] -53.8 46
4] 2sfis{1i]alrce SWS -68. 1 483 371 289 318 .16.0
7 16]21]18[4]pCP Milk Rivef] -67.9 .509) -380 308 .299 -18.4
C1 16] 20]61] 4}4]Koch 97-17103-) 882
g | 20f61] 4]4[Koch 171031 Product] -37.1 -30 -26 2 248 -25.0 13
G 1 | 20f61] 44]Koch Colony _ [16387-2 formationg | -699j09791] -33 1joools| -25.30.0006f 250 .23 9 -5 6]0 000%
Q1] 20j6!] 4]4]Koch SWS 16557-4 formationg ] -383)09935]  -363j0.0037] -279J00v04] -263 .26 7
K 25148] s[4fiMurphy t Loyd 96/08/15 |formationg| -59.3| -279] -198] 2226 2232 80
4] 28]1s[i1fa]rCP SWS 97-15083-0{97/03/10 |formationg| -65 1J0.9551] -a8.3jp0031] -37 1Joocos| -289kbooot] -3isfo.ocoi] -te.0jo 0008
4] 30]38] S}4]Elsn MecLaren formationg| -51.7 -26 0 -182 -224 -263 29
1] s]rs] 6]4]Amoco Clearwater] 164013 [97/07/03  |welihead 213
1] S]7s] 6[4]Amoco 16401-7 Producti 616
18] 24]47] 7]4]Husky Colony .54.2j09578] .24 sloo28s] -219jo00t2] 24 4jo0c0s|  -23.4]0.0000 -$.30 0120
6] 16]34]11]4]Norcen SWS 97158841 [97/08/23 -55.400.9097] -286J0 0341} -26.1Jo0215] -26 0jp.0048] .26 0o 0o4s]  -15.0j0 0036
10] 32]35]11]4]Norcen Belly Rive]97-15884-2197/05/23 571j09947]  -s3ojpoo2t] -41jooco2] 284 282 -8.60 0029
10] 29]$2]14[$]Norcen Basa) Qua [97-15927-6]97/05/23 -60 5]0.9850]  -40.7)0 0008 { -22[0 00)4
16] 31]55[14]4]Norcen Colony  [97-15927-9197/08/23 [formation g ] —-52 Sjo9e28] -25.6j0 0159] .23 8]0.0024] -25 sjo0007] -2 6[0.0004 10.210 0055
7] t6Jar]is]4}pCP Milk River]97.15083.0[97/03/10 [formationg| -679j09657] -s09j00029] -3sojoocoo3] -3o0sjoovol] 299 -18.40 0036
16] 16J21]15[4]PCP Medicine Hat 97/03/10 .70 3] -513] 378 -28 0] -229 226 |
3] 38]55]18]4|Norcen Sparky  [97-15927-7197/0812) 540009630 -269000146] -266J00024] -26 4jo0006]  -27 2]0.0004 09J0.0015
3 38[58[15)4]Norcen Viking  ]97-15927-8]97/08/2) 601109757 -36sjo0m2] -307j00003] -272f00001] 283 o 0034
A S| 18]482213|Murphy  [Waseca 96/08/15  [formationg| -667 -19 5] -171] -22.2) -18 3 -5 3)
Al 10] 24s[24]3|Murphy  [McLaren 96/08/15 |formationg| -726009707] -325jp00s4] -221j0.0026] -214jp.0002] .243J00063] .11 80139
C| 1] d]4o]26]3[Murpby  {Cummings/Dina 96/12/12 65 4 -347 222 -26.2 .25 4 -14.3
A s| 27]39]27]3]Murphy ~ |Sparky 658 -199 170 136 231 69
C 4] 9[46[27]3|Murphy 97-16785-0 formationg | -62.10.9088] -27.5p0110] -179jocoot| -226f.0001] 237 -12.4J0 0000
D 3] aJas]27]3]Murphy 96/08/15 [formationg| -57.8J09461] -255jp018s] -152J00025] -253j00064]  -22.4]0.0033 .6 8]0 0262
c| 16] al4of27{3]Murphy -56.5] .254 190 -25.0 233 |
Cl 16| 19]36]28]3|Murphy 16344-2 formationg | -582)0.9828] -278j0.0021] -226 6300028
3s[39f28] 3] 96/12/12 66909138 -290p0300] -122Jooo14] -257000269] -210j00067] -144j0.0212
] nl aj4o]28]3[Murphy  [Cummings/Dina 96/12/12 634 395 -29 8 271 .24 8 .16.0
A 7] _1]49]28]3|Murphy — [Sparky [97-16785-03 POP valve |Mat fat Nat flat
10] 24]30]29]3|Amoco Viking [formationg | -58.1 -33.7 215 211 .53
| | [Husky Camrose {formationg| -59.7 269 -21.8 232 66

Note- X= bulk composition fraction
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Appendix D

Migrating Gases

Table DI.

Isotopic ratios of migrating gases.

Migrating gases were collected from surface casing vents, or as
soil gases. Bulk composition data is included, if known

150 Isec]r JR IM Jcompany [Sampleid  |Cottection }Sample Comment et xar I'ccz Ixc2 [s"ces [xes [s''ceicalxica [8''cnca [xnca [8"ccor [xco2
10] 3s[ 1] 14] 4]Amoco  [97-16724-1 _lo7:81k -53 8] 09144 -300] 00274 .296] 00097]  -200] 00020 -30 5| 00021 0.0007
9] 3} 21] 19] JiNorcen  |97-173541 _ |97/05726 -689] 09368 -58 5| 00022 444] 00002] -318| 00001 376
10] 19] 47] 4] 4|Koch 96/08709 | Battery Separator/prod .563] 08128 -27 7] 00424 -205[ 00281] -25 1] 00420 22| 00349 ]
16] 8] 55] 6] 4lElen 15808-02 casing, nfter blow down -63 1 -48 4 -40.9 294 <356 -15.1
16] 8] 55| 6] 4]Elan | 5808-01 casing, before blow down =577 -46 8 -40 2 -29.3 <347
3343 29| 61] 4] 4|Koch 97.16647-06 |97/07725 |t bag SCV 378 318 270 2517 288 TN
18A13 | 20] 61] 4] 4]Koch 97-16647-05 (9707725 |fiat bag SCV 463 293 I
MsAS | 28] 61 4] 4]Koch 97-16647-04 Nat bag SCV 423 -324 .259 -113
8] 24| 471 5| 4[Einn 97/02/28  |migsating 5917 343 288 -209 203
7] 36| 551 14] S|Norcen  97-15927.3 970523 [migrating -670] 09802 -457] 00024 -38 5] 00002]  -303 332
6f 3] 55| 16] 4|Norcen  [97-15927-1 [97/0523 Imigrating 461 3| 09687 36 1] 00052 -316] 00006] -29.6] 0.000) -300] 00001 31| 00034
6] 11} 621 31 4jHusky 97-14973.02 [97/02/27  [migm outside of casing -40 | -38 6 -334 -14.3
14| 9] 34| 11| 4|Norcen  [97-15709-02 [97/04726 |migm outside of casing -61 0] 09982 -38 6] 00016 223 313
ol 11] 62 3] altiusk 97.18007-1  [97/11724 _|ouside casing 62 7] 09844 43 5| 00024 -344] 00001] -304 357
3] 17] 48] 19] 3]And 97.17889-2  [97/11/14_ |outside casing 643 386 318 274 .559
J9F 13 | 20] 61] 4] 4[Koch 97.15806-01 |97/05/09  |outside casing bubbles 63 1| 0989% -37 4] 00038 -30 5] o0004] 286 2301 -198] 00031
s| 21] 47} 4] 4JHusky 96/08724  |Prod Jack Gas -53.1| 09184 28 1] 00223 208} 00113] -246] 00136 221] 00128 08] 00219
3 16| 47| 4| 4]Koch 96/08/09 _|Production Casing .59.4] 09149 .28 0] 00365 -19.4] 00063] _ -230] 00038 -180] 00044 -68] 00341
6| 22| 61] 8] 4]|Kech 97-17890-1 _ [97/11/14 _|Production Casing _538] 09878 -26 2| 00022 289 233 241 64| 00004
o] 25] 47| 3| 4[Koch 1466 96/08/07 | Production Casing -55 1 270 212 -26 1 233 53
1| 28] 47| 5| 4]Koch bag 877 96/08/07 _ |Production Casing 601 -289) 219 -259 228 20
11] 25] 47] S| 4|Koch bag 819 96/08/09__|Production Casing -s40] 07353 -252] 00345 <202) 00481] -258| 00849 219] 00619 411 00354
1] 25] 41] S| 4lKoch bag 8/14 96/08/09 | Production Casing .544] 07486 2511 00321 -198] 004s0]  -256] 0.0808 217 00600 0.0335
65 12] 31} 60] 4] 4)Koch 97-15806-04 197/05/09 | Production Casing -552| 09902 <301} 00036 -233] 00029] -238] 00007 -228] 00009 81] 00013
13] 19] 47] 4] 4|Koch bag 15344-2 |96/08007__|Production Casing 55 6| 08286 287] 00339 212[ 00248] -206] 00473 -228] 00366 58] 00288
11C16 20] 61| 4] 4]Koch Production Casing -559 =363 <26 1 -25.0 -23.1 -8.0
13616 | 20| 61] 4| 4|Koch 16647-17 Production Casing _586] 09636 -386] 00033 -288] 0ocos]  -229] 0000t -25.9] 00001 57| 00001
13016 | 20| 61] 4] 4|Koch Production Casing 371 2306 -262 245 .250)
3] 17] 48] 19] 3]And 97-17889-1  |97/11/14__ |Production Casing -65 8 392 .33 6, .294 213
6] 29| 72] 7] e]pCP \Wembly bagl [96/08723 |Production Casing -35 9| 322 -264 -212 -254
6| 29| 12| 71| elpCP Wembly bag2 [96/08723 | Production Casing 584 409 -233 -228 -203
6] 7] 51} 24| 3]tlusky 96/08724__ | Production Casing 64 2 387 327 280 331 -89
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6] 18( 51] 24| 3|Husky 96/08724 | Production Casing <649 420 -350 282 +33.4 -83
S| 18] 51 24] 3]Husky 96/08/24 | Production Casing -64 6 -36 9/ -31 0 +262 -31.6 23
7] t] S1f 28] 3]Husky 96/08/24 _ |Production Casing 6117 442 1362 304 351 14
A 1] 3] 56] 6] 4jpCP 98-22749-02 {98/03731 _ |Production Casing 520 204 -171 228 213
S| 18] St] 24] 3]tusky 96/10725  |SCV <65 1 -368 -2.1
16] 18] s1] 24] 3[Husky 96/10725 _ |SCV -64 6 412
Husky Aber #1 96/10/25 _|SCV -547 -352 292 2233
Husky ¥13 96/11/29  |SCV <64 6 -45 4 -390 -29 1 -354
Husky Islay #1} 96/11/29 {SCV 634 -48 4 38 4 2293 -36 1 1123
Husky Wildmere #12 SCV -64 9 45 7 -376 211 =345 -10.3
Husky #13 SCV -64 6 -45 4 -390 29 1 -354
Husky L1}] SCV -63 4 48 4 384 293 -36.1 -123
16] 22| 38{ 1{ 4{Murphy  ]96-16344-1 SCV -157] 09537 -47 6] 00032 -388] 00003}  -322] 0000) -342 4120 0 0006
C 10] 8] 62] 2| 4|Husky 97-18007-2  [97/11/24 |SCV -66 3| 09832 -46 8] 00034 23771 00002  -316 2347 210
D 13] 29} 50] 3] 4|Maxx 97-17399-1  J91/1001  |SCV -60 2 426 373 <323 -36 2
10073A 7] 55] 5] 4jece 15910-4 14776}SCV 618 -48 1 -40.1 =294 =350 133
10} 7] 48] 8] 4jpcCP 15910-3 14775{SCV 708 472 -40 5 -04 359 RIK]
10] 31] 44] 11] 4|PCP 15910-1 14781]SCV -573 -47 1 374 300 -30.7
3] 7] 45) L] 4ipCP 13910-2 14779]SCV 59 9| 481 -389 -299 -12.5
C 3] 14] 521 4] 4]Muphy 96/08/29 |SCV -64 6 46 0 =351 -25.6 <232 9.2
C 2| 14] 52| 4] 4|Murphy 96/09/24 _ |SCV -63 9 416 -38.8 =310 -34.5 6.4
C 8] 14] 521 4] 4]Murphy 96/09/24 _ |SCV 63 7 -462 =381 <299 -29.1 -8.0
9] 25] 47] S| 4]Koch 96/08007 _|SCV 610 313 2302 =255 -28.7
10] 25] 47] 5] 4]|Koch 055441 SCV 596 <422 -4l 283 +30.0 -7
11] 28] 47] S| 4]Koch bag 8/9 96/08/09 |SCV -62.1] 09889 -377] 00086 -31.6] 00017 -29 0] 00008 -28.5{ 00003 0 0000
t1] 28] 471 S} 4lKoch bag 8/14 96/08/09 _ |SCV 62 1 -369 =344 =280 -29.1
C 11{ 20| s6] S| 4[Koch 97-16247-1  197/06/17  |SCV 64 7 480 2372 -30) -28.4
12] 28] 47 S| 4iKoch 96/08/09 |SCV -61 7 -379 <298 -262 -26 4
C 13] 19] 471 4] 4[Koch 96/08/07 _ ISCV -60 9 -319 -29.9 -269 -30.0/
100/5¢ 31| 60] 4] 4]Koch 96-15806-03  [96/05/09 [SCV -62.7] 09638 -42 5| 00032 -32 8) 0.0002 -289 -26.6 <73 00032
AH6 28] 61] 4] 4]Koch 15806-02 SCV -452| 09770 -40 6] 00035 -31 6] 00003] 267 -286 -18.2 0.0002
113 16 20] 61] 4| 4{Koch 16857-3 SCV -573{ 09765 -36 6{ 00010 -28 7{ 00003 -26 0, -268 00001
12H16 | 20{ 61] 4] 4]Koch 16557-9 SCV 576 314 299 <269 -21.2 -14.6
14F 16 20§ 61] 4] d]Koch 97-16557-6 SCV 09720 -36 3| 00026 -275] 000031  -27.1 -29.2 -18.6 0.000}
14H | 29] 61] 4] d4]Kach 97-16557-8 SCV =59 0| 09726 -361] 00028 -28.1] 00003] -261 <286 <119
JIPLY 20] 611 4| 4]Koch 97-16647-02 SCV -572| 0988l <33 1| 00034 -262| 00005| -26.2 -27.0 -88 0 0008
J2E14 20] 61} 4] 4]Koch 97.16647-15 197/01725 _|SCV -58.1] 09702 -39 7} 00033 -327] 00003]  -299, <334
JIBI| 201 6] 4] 4]Koch 97-16647-01 19707728 ISCV -58 5] 09730 -351] 00038 -27.8] 0000S] -269] 00001 -28.6 117 00001
D14 20} 61] 4] 4)Koch 97.16647-09 19707725 |SCV -$7.6] 09706 -35.3} 00033 -28.5] 00006] -29.4} 00001 -30.1] 00001 120
JIF14 20] 61 4] d4]Koch 97-16647-10 191/071725 ISCV -56 0 -350 2210 -26.4 -289 -12.9,
J1B13 20} 61] 4| 4)Koch 97-16647-12 1910728 |SCV -57.7]_096% -362) 00028 -27.11 00003] -255 0.0001
J8C1) 20§ 61] 4] 4|Koch 97-16647-13 SCV -588| 09704 -36.0} 00026 -29 5| 00002] -284 -29.1 0.0001
MIC 61] 4] 4]Koch 97-16647.07 SCV -58 6] 09825 -36 8] 00031 -27 4| 00005 -26 7 -27.8
MIGIT1 | 28] 61] 4] 4]{Koch 97-16647-20 SCV -512 <364 <244
M2B6 28] 61| 4| 4|Koch 97-16647-16 SCv -582 -37) 28 0 263 -39.5 93
M2H 61] 4] 4jKoch 97-16647-11 SCV -526] 09715 -35.1] 00032 -27.6] 00004 -264 -30.0 -118
M4B6 28] 61] 4] 4{Koch 97-16647-03 SCV +60.2| 09737 -40.6| 00025 «327] 00002] -277 =342 0.0002
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MSAS 28] 61] 4] 4|Koch 97-16647-04 SCV 61 7] 0972 -16 9] 00030 -28 6] 00003 2267 -295 -158 00001
Mol S 28] 61] 4] 4|Koch 97-16647-21 SCV -598] 08955 -35 31 00023 -284 2273 -1).5 0 000}
y 1] 291 461 6] d4]Husky 98-21586-04 [97/12722 |SCV -453] 097177 -351] 00049 -299| 00007 -274 -282
B 6 S) 48] 6] 4]Husky 98.21545-02 [911218 {SCV -69 9] 095638 -46 0] 00013 -1991 00003 =325 -370
D 10] 4] s0] 6] 4]Anderson |16498.1 SCV 65 1 -48 7 402 -2 -348 -16.7
9] 6] 35] 6] 4|Elen 1580803 SCV -64 4 -48 2 -409 2354
b 6] 11] 82| 7] 4{Husky 98.-21545-01 [97/12/18 |SCV <69 51 09669, -43 8] 00037 -390 00003 -31 9] 0000t -36 6
6] 34] 15] 12] 4)pCP 16458-1 scv -627] 09414 -§20] 000LI <712 0 0008
7] 2t 18] 18] 4jeCP SCV 610 458 -353 128
100/ 71 21] 15] 15] 4jpCP 91-16193-01 [9706/12 [SCV -63 3] 09776 -48 0 00026 -38 2| 00002 -304| 00001 2328 0.0001
102/ 12] 26} 17] 14] 4jpCP 97-11568-00 197/5/1 SCV -66 2] 09960 -$22] 00028 -120 00012
10] 35} $1] 14} 4]Amoco 97-16724-2 9770908 |SCV 588 38 8 -333 312 -340
10] 23] 55] 14] $|Norcen 97-15927.5  |9705723  |SCV -699] 0979 -49 3| 00019 -40 4| 00001 2318 -34) -78
9| 28} 55) 14] SiNorcen 97-18927-4  ]97/05/23  |SCV -64 31 09769 -46 6| 00023 -38 6] 00002 -296 <337 131 0.0034
7] 6] 53] 14] S|Notcen 97-15927-2  {97/08/23 |SCV <67 8] 09754 -46 0] 00028 -39 6] 00002 -284 =26 6 00033
CALI2 | 26{ 17} 14) 4|PCP 97/51 SCV -65 4 .48
CAL12 | 26{ 17] 14] 4iPCP 97-15835.04  {97/8/13 SCV -68 3| 09862 -52 5| 00034 -45 | 00103
13] 18] 18] 15] 4]PCP 97-16156-8  |9706/11  |SCV -619
100/ 13] 18] 18] 18] 4jpCP 97-16193-2 SCV -61 3| (9886 -48 0| 00022 -36 0] 00002 0.0001
100/ 1] 20] 18) 15] 4|PCP 97-16156-2 SCV -64 1] 09779 -46 5| 00021 -30 7] 00001 -122 00003
100/ 11] 20] 18] 18] 4|pCP 97-16156-3 SCV -60 3] 09704 -47 4] 00021 -304] 00001 -129 0.0001
100/ 11 9] 19] 13} 4jpCP 97-16156-5 SCV -716] 09790 -309| 00014 -1 41 00001 0.0002
100/ 11 9] 19] 13] 4|pCP 97-16156-6 SCV -64 0] 09129 -49 6] 00012 -123 0.0012
12] 10| 19] 16] d|PCP 97-16077-1  19706/04 ISCV 613] 09722 -41.9| 00024 -35 0} 00003 -11.2 0.0003
13] 19] 23] 28] 4}pCP 97.15799-01 [97/0809 [SCV <52 3] 09686 -43.91 00031 +33 4) 00001 ~12.8 00031
12] 21] 24] 21| 4IPCP 97-15799-02 SCV -561] 09811 -44 7] 00028 -31.8] 0000} -180 0.0001
100/ 16] 22| 24] 21] 4]pCP 97-16229-2  |97106/17  |SCV -60 1] 09926 -46 0] 00036 -28 8] 00004 -27 8] 00001 -25.3]1 00001 0.0001
11] 19} 28} 22] 4jpCP 97-15799-03 SCV -53 5] 09929 -42 0] 00038 29 3| 00003 -11.9 0.0029
)| 23] J6] 18] 4]pCP 97-17120-1 SCV 577 -419 -309 -288 <100
o] 6] 36f 37} 17) 4|PCP 97-16156-4  [97/06/11 |SCV -58 6] 09818 -45 2] 00029 -36 9] 00007 -286 -3 6 -330 0 0007
10] 31] 44] 1] 4|pCP 97-15910-1  [97/0572)  ISCV -573] 09614 -47.11 00031 -37 4| 00003 -300| 00001 +30.7] 00001 -13.7 0.0037
3 7] 45] 11| 4)pCP 97-15910-2  |9705/23  |SCV -59 91 09626 -48 1] 00028 -38 9} 0.0002 -29.9] 00001 -128 0.0033
10 7] 48] 8] 4|PCP 97-15910-3  197/05/2) |SCV -70 8] 09784 -47 2| 00030 -40 5| 00003 -304 <359 -11.6 0.0003
100/ JA 7] 55] S| 4jpCP 97-15910-4  197/08223 |SCV -61 8] 09618 -48 1] 00032 -40 1] 00003|  -294) 00001 350 <133 00033
A 14] 36} 48] 23} J|Husky 98-21586-03 197112722 |SCV «607] 09415 -34 8] 00058 -291] 0.0010) -27.7] 00002 -28 7| 00001
A 9] 12] S1] 24) 3]Husky 98-21586-02 197112722 |SCV -662] 09478 -52 5] 00016 -40.5| 00002) -326 -34.8
A 3| 20] 51] 24] 3]Husky 98-21533.02 |97/12/17 |SCV -702] 09563 -50.5] 00018 -40 8} 00001 <325 <362
A 10{ 11] 47] 26| 3I|Murphy 96/0829 [SCV -63 8 =393 -339 <246 -224 -100
M8BS 28} 61] 4] 4|Koch 97-16647-19 SCV -5781 09711 -364] 00032 -27 9| 00004 -26.5 -296 13,5 0.0001
21 29} 611 4] 4|Koch 97-16557-10 SCV -60 2] 09761 -39.8| 00037 -35 6] 00003 <315 23217 <16 2 0 0001
Husky #10 SCvV -53 4] 093187 -40 9 00070 -36 6] 0 0009 0 0000 0 0000 -65 7 0.0534
5 31 56] 6] 4]pCP 98-22140 SCV -509 -196 -180 =222 -21 0
B 9 3} 56] 6] 4jpPCP 98.22749-03 |98/03/31 |ISCV -60 § -4).0 =373
Husky Kindersley 4 ]96/11/11  |SCV -56 0 429 -296 2236
Husky Kindersley | [96/11/11 _{SCV 2727
Husky  |Kindersley2 [96/11/11__|SCV 68 6 555 429 286 362 219
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Husky Kindersley 3 96/t 111 |SCV -131 -557 -42 6 2295 -36.0/ «224
14 6| 28] 20 4jpCP 97-1584.01 |separatot -60 4] 0970} -44 51 00031 -29 8] 00005 -2) 71 00001 -26 7] 0000) 88 0 0003
10} 15] 51] 14] 4]Amoco 97-16724-3  |97/09/05  |Soil Gas 484 352 -308 416
A 8) 17} 49] 26] 3]|Husky 98-21586-01 [97/12722  |Soil Oas -$6 4] 09766 -36 8| 00040 -33 3| 00003 -269
¢ 13] 20] 49} 26] 3IfHusky 98-21513-04 {9%/t217 {Soil Uns <63 7] 09370 -37 7] 00033 -J0 8} 00003 -274 2323 0.000)
A 1| 3] s6] 6] 4|pce 98-22749.01 |98/03/31 _|soil gas -$1 6 454 -38 6 2346 -340
SE 16] 45 12{ 4{Husky 96/11/08 _|Water (Jug) 62 8 150
NE 14] 47] 13] 4]Husky Glen Hanson }96/11/08 | Water (Jug) -69 4 -5)6 45
SE 17] 47} 13] 4jHusky Well site indus}96/1108  |Water (Jug) 708 -55 9, 94
NV 34] 47] 131 A4[Husky Carrington  ]96/11/08 [ Water (Jug) 692 -56 ) -22 |
S8 16] 45] 12| 4]Husky 96/1108  |water balloon -64 ) 506 -190
NE 14) 471 13| 4]Husky Ulen Hanson [96/11/08  [water ball 678 559 41
St 17] 47§ 13] 4]Husky Well site indus]96/11/08  Jwater balloon -104
NWV 34| 47] 13] 4|Husky Cartington  |96/11/08 | water ball -529 23 6
14] 19] 28] 20§ 4|pCP 97-15834-02 welthead -61 7] 09670 -44 |} 00030 -30.6] 00003{ .28 6] 00001 =282 8.8 0.0035
14] 19] 44] 4] 4|Husky 96/11728 -6 || 08040 26 5| 00750 -476] 00679]  -22.9] 00098 -227| 00063 03 0.0369
C S| 18] 47| 4] 4]Husky #4) 40} RLE] -283 -31.6,
C 13] 19] 47] 4] 4]Husky 10524 -55 5] 08308 -28 2] 003§ -21 71 00241 =25 5] 00455 -250] 00375 -80 00289
¢ 10] 32] s0] 4] 4jHusky 6] | -48 9 -397 -3} 9 9 |
1] 11f 2] 4] 4|Wascana 97/10/1 63 6] 09630 -47 7] 00032 -388) 00003 -32.7{ 00001 2363 -126 0.0000
L2A Koch 97-16647-14 -58 0| 09704 -39.1]1 00031 -32 6] 0000) -29.) -30.0 <104 0.0001
9] 6] 55] 6] 4]Amoco -64 4] 09686 -48 2] 00032 -40 9| 00003 -30 11 0.0001 -340 -15.4 00032
8] 10} 33| 12] 4]Norcen 97-15709-03  |97/04/26 -62 1] 09976 -58 3| 00007 -48 8 2324
100/ 12] 26} 17] 14] 41PCP 97-15834.03 |97/5/13 716 -66.1
100112 8] 18] 15] d{pCP 97-16680-01 -626] 09978 -48 8| 00002 +341] 00002 -251 <120 00002
D 8] 19] 48§ 20] 3]Husky #37 960719 -68 9 2343 251 -242 -224
A 15] 30} 48] 20{ 3]\Vascana 64 1 421 -358 -21.7 -7.0
C 14] 24] 48] 21] 3]Wascana 72
A 10T 24} 48] 21] J3]\Vascana -4) 9 29
C 14] 24} 48] 21| 3|Wascana 6.1
D JR9 24] 48] 21} 3]Wascana 568 41 | -34 6 <267 -308 25
16] 13] 81} 23} 4jAmoco 96/05/18 <548 -309 -2} 0 -26 0/ -254 -17.6
8] 24] 81] 23] 4]Amoco 96/05/18 -53 5] 06769 +29 3| 00602 -22 7] 00746 -25 71 01000 -254] 00883 -178 0 0000
2 2] 50) 24} 3|Husky Aber 8 96/11/07 478 325 311 262 318 455
1] 36| 72| 8] 6|PCP Wembly sales |96/08/2) 442 2325 2309 30 -298
A 13] 16} 49] 26| 3{Husky Aber 6 96/11/07 45 0| 349 <326 2284 2328 -63.3
A 4] 16§ 49] 26] 3I]Husky Abesr 7 96/11/07 438 -332 <313 -40.5
A 8] 17] 49] 26] 3]Husky Abes 8 96/1107 60 4 406 347 49.5
1A} 20] 49] 26] 3]Husky Aber 3 96/10/28 -6117 2371 -295 -263 -313 -61.4
C 131 20] 49] 26] 3]Husky Aber | 96/10/25 -392 -309 -27) -25 8 2274 -18.3
C $] 20 49] 26§ 3]Husky Abet 2 96/10/2% 2339 288 -188
A 10] 23] 46] 28] 4]Husky bag 96/11/21 -65 3 -307 -264 <257 -26 5 -21.7
A 6] 26] 47| 28] 3|Husky Abet 9 96/11/07 -44 8 <309 <263 -24 0 -46 6
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APPENDIX E
CALCULATION OF FRACTIONATION CURVES

THEORY

The isotopic separations discussed in Chapters 2 and 3 are based on James' (1983)
quasi-equilibrium model. In this model, the isotopic compositions of light
hydrocarbons are assumed to approach the equilibrium compositions. If we assume
that the isotopic compositions of the light hydrocarbons are indeed due to equilibrium
processes, we can define an equilibrium constant for the isotopic exchange that occurs

between the various gases (Urey, 1947),
A"+Bo A+ B
where the * denotes an isotopically heavy atom in the molecule. The equilibrium

constant. K. can be written in terms of the total molecular partition functions. Q:

Q.9
0,05

K=
The total partition functions can be decomposed into vibrational. rotational,
translational, electrical, and nuclear contributions:
O = 4,59 roe D roms D ctec T e -

For isotopic exchange reactions between the molecules of interest Getec=1 and Gy 1S

the same for each molecule (i.e. it will divide out). The equilibrium constant can then

be reduced to
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where

(q 4 )rot = EO_IL.O' is the molecular symmetry number. 1 is the moment of inertia

q _ m .
( 4 )lrans—[——J .m is the molecular mass
m

hv, hv
rool-)

(q/)wb H ~ m{kr] :

v, is the frequency of the jth normal mode of vibration.

k is the Boltzmann constant. T is temperature
Combining the above three expressions, the equilibrium constant for the isotopic
exchange reaction becomes

k= ﬁ(v J l‘f[ﬁ_"} CXP{-;T(V y +V, —vk,—v'/_, )} (equation E.1)

4 k=t \ Vi
where m and n are the number of atoms in molecules A and B.
Therefore, given the normal mode frequencies (v,v') it is straightforward to calculate
the equilibrium constant at any temperature. (The Teller-Redlich product rule has
been applied, and symmetry numbers have been ignored following Bigeleisen and

Mayer (1947)).
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The actual vibrational frequencies of light hydrocarbons (needed to compute equation
D.1) can be determined in a number of ways. James (1983) calculated v and v from
force field matrices (Galimov and Iviev, 1974), while Richet et al. (1977) determined
them experimentally. For comparison. I chose a third method utilizing the ab initio
molecular orbital theory capabilities of a commercial software package (Gaussian 94)
(Hehre et al., 1986). This program builds the molecules 'from scratch’ by determining
the geometric configuration that minimizes the molecular energy. Once the
configuration is determined, the vibrational frequencies are calculated.

Knowledge of the value of K for a particular exchange reaction allows one to calculate
the isotopic fractionation of a heavy atom between two molecules, A and B at any

temperature,

A,,=08,-6,=1000lnK(T)

PROGRAM INPUT- GAUSSIAN 94

There are two routines that must be run in G94 to calculate vibrational
frequencies- GeomOpt and FreqTest. GeomOpt determines the optimal molecular
configuration given initial estimates and the FreqTest uses the results from GeomOpt
to calculate vibrational frequencies (alternatively, the geometric configuration can be
defined if it is known). One possible input file for the geometrical optimization ethane

is:

76



%chk=ethtestgopt.chk
# HF/6-31G* opt

Ethane Geometry Optimization

0 1

C

C 1 RCC

H 1t RCH 2 ACCH

H I RCH 2 ACCH 3 ACCH2

H ! RCH 2 ACCH 3 -ACCH2

H 2 RCH | ACCH 3 ACCH3

H 2 RCH I ACCH 6 ACCH2

H 2 RCH I ACCH 6 -ACCH2
Variables:

RCH 1.5

RCC 1.1

ACCH 1112

ACCH2 1200

ACCH3 180.0

The input file ethtestisot.inp defines the atomic masses of each atom (before

vibrational frequencies are calculated)

%chk=ethtestisot.chk
# freq=(ReadFC,Readlsotopes) geom=check

Ethane HF/6-31G* Isotope Frequencies and Thermochemistry
0t

3001.01.0

12

13
1

To call the appropriate subroutines, the following commands are required:

#1/bin/csh

runG94 ethtestgopt >& messages
/bin/cp ethtestgopt.chk ethtestfreq.chk
runG94 ethtestfreq >& messages
/bin/cp ethtestfreq.chk ethtestisot.chk
runG9%4 ethtestisot >& messages



The output file ethtestisot.out will contain a variety of thermochemical data, including

vibrational frequencies which can be used to compute K (equation E.1).

RESULTS

The calculated partition functions for methane, ethane and butane are shown in table

E.l.
Calculated "°C/*“C partition function (Q*/Q)
300°C 400°C 500°C 600°C 700°C

James James James James James
Component (1983) (1983) (1983) (1983) (1983)
C, 1.1302 1.1136 1.0885 1.1076 1.0648 1.0554 1.0496 1.0421 1.0393 1.0331
C, 1.1515 1.1317 1.0999 1.0861 1.0714 1.0610 1.0536 1.0455 1.0418 1.0353
nC, 1.1528 1.1419 1.1003 1.0915 1.0713 1.0641 1.0535 1.0475 1.0416 1.0366

Table E.1 Calculated partition functions from this study, and James (1983) for methane (C,),
ethane (C.) and normal butane (nC,).

Values for propane were not determined due to time constraints. The partition
functions calculated using the ab initio approach appear to be slightly higher than
those of James (1983). James' values agree with Richet et al. (1977), which suggests
that my values are likely in error. This is not surprising because the orbital basis set
used for the ab initio routines was quite simple (HF 6-31G*). In order to better
represent the molecular interactions in alkane structures, a more complex basis set

should be chosen (perhaps HF 6-31G** (d, f)).
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TEMPERATURE DEPENDENT FRACTIONATION CURVES

The theoretical C3/C, fractionation curves that are discussed in Chapters 2-4 were
calculated from the partition functions reported in James (1983). The partition
functions calculated from the ab initio approach were not used because time
constraints did not allow calculations for C3 to be made. To calculate Acsc; , we make
use of the relationship between the equilibrium constant K, and the isotopic

fractionation factor, a:

a=K"" sothat
Ac ¢, =0, =06, =1000Ina(T)

The fractionation factors are simply determined from the ratios of the partition
functions of propane and ethane, which gives the following simple temperature

dependent isotopic relationship between 53 Cc; and 53 Cca,

S¢. (T) =8, (1) +1000Ina,. . (T)

Combining this expression with an analogous one for fractionation between C; and Cso

(kerogen), and inserting the appropriate values,

O¢c,(T)=6.,(T)-1000Inac, (T)=-30+0.5034-1.5359 x I?Ef—

O¢,(T)=-30+0.5034 - 1.5359 % 15—26 +1000lne,. . (T)

Oc,(T)=-30+0.5034— (1 5359 x lf—f) -0.3512+ (0.5724x 1;:26 ) (equation E.2)

79



Equation E.2 defines the temperature dependent fractionation curve for the equilibrium
isotopic exchange between propane and ethane. Values of 8"3C30 can be chosen
depending on the desired source material. For the WCSB, type-II kerogen with values

from -25%o to -30%o are appropriate.
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APPENDIX F
INDEX OF ABSTRACTS

CSPG-SEPM Joint Convention, Calgary, Alberta
June 1997

Contrasting Carbon Isotope Fingerprints of Migrating and Solution Gas in
Heavy Oil Fields of Northeastern Alberta

Rowe, D., Muehlenbachs, K., Greenwood, G. (Chemex Labs), Jensen, E. (Amoco
Canada)

Thousands of wells have been drilled in northeastern Alberta and adjacent
Saskatchewan, Canada, in order to develop heavy oil reservoirs in the Lower
Cretaceous Mannville sands. In a large fraction of these, migration of gas to
surface has been observed (up to 200 m3/day) via well casings and adjacent soil,
and is a cause for concern for government and industry alike. We tested the utility
of 8'3C for fingerprinting gases in this region to facilitate remediation.

The solution gases in the heavy oil are comprised of biogenic methane, with
trace C,+ components that are residues from biodegradation. The various
Mannville sand units do not show unique fingerprints (typical 813C values C,= -66;
C,=-26; C3=-19; iC4=-25; nC4=-23). Gases from the overlying Upper Colorado
shale units are isotopically distinct. The 8"3C of the methanes in the shales have
values equivalent to those in the sands, but the 8"3C of the C,+ components are
unambiguously different. Surprisingly, and contrary to our previous reports, the
gases from the Upper Cretaceous shales have 8'3C values indicative of
thermogenesis (8"°Cc; from -73 to -64; C; from -56 to -37: C; from -43 to -31;iCs
from -30 to -28; nC, from -36 to -32). The "*C partitioning observed in the shale
gases reflect pseudo-equilibrium, indicative of very low maturation, whereas in the
Mannville sands, the solution gases show isotopic reversals between C; and Cs, iC4
and nCj,.

In our study, most of the gases migrating in and near the wells show the
isotopic signal of the shallower Upper Cretaceous shales and not the Mannville
sands in which the wells were completed. Graphically the migrating gases can be
differentiated by plotting the isotopic partitioning between iC4 and C3 versus 5C
of C4.
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The 4th Canadian Continuous-Flow Isotope Ratio Mass Spectrometry Workshop,
Waterloo, Ontario
August 1997

A successful application of GC-C IRMS: isotopic fingerprinting of trace
hydrocarbons in migrating gas for environmental remediation of Western Canada's
leaking heavy oil wells.

D. Rowe, K. Muehlenbachs

Thousands of wells have been drilled in northeastern Alberta and adjacent
Saskatchewan in order to develop heavy oil reservoirs. In a large number of these wells,
undesirable migration of gas to surface has been observed (up to 200 m3/day) via well
casings and surrounding soil, and is a cause for concern to government and industry alike.
Environmental regulations require remediation efforts to stop this migration, but current
methods are plagued by dismal success rates. Isotopic fingerprints of migrating gases can
be used to identify their source depths, greatly improving remediation success.

Continuous flow technology has significantly improved our ability to detect and
accurately measure the isotopic ratios of trace gases found in shallow formations of
Alberta and Saskatchewan's heavy oil fields. Gases exsolved from drilling muds
collected at well sites typically contain light hydrocarbons (methane, ethane, propane,
butane) and carbon dioxide, with abundances ranging from 0.01 to 95%. Even the most
dilute gas components can be quickly and easily analysed with the continuous flow
system. Hydrocarbons are converted directly to CO; in a Finnigan MAT gas
chromatography-combustion unit, which connected to a Finnigan MAT 252 isotope ratio
mass spectrometer used for isotopic analyses (GC-C IRMS). Since the addition of the
combustion interface 1 year ago, several hundred gas samples have been successfully run
without any mechanical failures or degradation of columns or furnaces.
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Geological Society of America Fall Meeting, Salt Lake City, Utah
October, 1997

Carbon Isotope Fingerprints of Solution and Migrating Gases in Heavy Oil Fields of
Northeastern Alberta
Rowe, D., Muehlenbachs, K., Lorenz, G., (Husky Oil Operations)

Thousands of wells have been drilled in northeastern AB and adjacent SK, in order to
develop heavy oil reservoirs in the Cretaceous Mannville sands. In a large fraction of
these, migration of gas to surface has been observed (up to 200 m3/day) via well casings
and surrounding soil, and is a cause for concern to government and industry alike. We
tested the utility of 8'*C for fingerprinting gases using CF/C/IRMS in this region to
facilitate future remediation. Mud samples from new wells being drilled were collected
at 50m intervals from surface down to completion depth, and the exsolved gases were
analysed for °C composition.

The gases in the heavy oil are comprised of biogenic methane, with trace C»+
components that are residues from biodegradation. The various Mannville sand units do
not show unique fingerprints. Gases from the overlying Colorado shale units are
isotopically distinct. The 8'3C values of the methanes in the shales have values
equivalent to those in the sands, but the 8'3C of the Cp+ components are unambiguously
different. Surprisingly, the gases from the Cretaceous shales have 8'3C values indicative
of thermogenesis. 8'*C partitioning observed in the shale gases reflect a very low
maturation, whereas in the Mannville sands, the (deeper) oil gases show reversals
between C; and iCy, iCs and nCs. Most of the gases migrating in and near the wells show
the isotopic signal of the shallower Cretaceous shales and not the Mannville sands in
which the wells were completed.
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American Chemical Society National Meeting, Dallas, Texas
March, 1998

IN SITU GENERATION OF GAS IN SHALES OVERLYING STEAMED HEAVY

OIL RESERVOIRS
D.M. Rowe, K. Muehlenbachs, S. Talman

Some reservoirs of NE Alberta have been steamed for decades to produce heavy oil. The
oil reservoirs are L. Cretaceous sands and are overlain by organic rich, immature shales.
The isotopic composition of hydrocarbon gases in the shales obtained from mud gases is
indicative of depth of origin, and is useful in designing remediation strategies for problem
wells. Gases

obtained from shales above steamed reservoirs differ systematically in isotopic
composition from virgin mud gases sampled in the same region and depth. For a given
delta 13C value of C2, the fractionation between C3 and C2 is 3 to 4 ppt greater in gas
from the heated shales. We

suggest that C1 and higher homologues are generated in the shale by the hot well bores
during steaming. This 'new’ gas is now migrating to surface.



CSPG-CSEG-CWLS Joint Convention, Calgary, Alberta
June, 1998

Economic benefits of carbon isotope fingerprint-logs used to determine
source depths of migrating gas in the heavy oil fields of Alberta and
Saskatchewan

D. ROWE* K MUEHLENBACHS, E. JENSEN (AMOCO CANADA PETROLEUM
COMPANY LTD.)

Natural gas migration to surface is an environmental and financial liability
in many heavy oil and conventional oil fields in Alberta and
Saskatchewan, especially in those fields that have very close well
spacings. Many thousands of wells are known to have undesired gas
emissions. In the past, remediation efforts have been unsuccessful due to
the inability of traditional geophysical and/or logging techniques to
accurately identify the source of gas migration.

Our study has shown that in most cases the problem gas does not originate
from the heavy oil reservoirs, but from the shallower overlying shales.
The two gas sources can be identified isotopically because the gases have
different origins in the two reservoirs. The gases associated with heavy
oils originated as thermal cracking products, but have since been degraded
and isotopically fractionated by bacteria that altered the oil after
emplacement. The shale gases are a mixture of bacterial methane and
traces of ethane, propane and butane produced by incipient thermal
cracking.

Isotopic profiles of gases extracted from drilling muds show the different
signatures of gases generated in the shales and those originating in the
heavy oil formations. Using these fingerprints or 'isotope logs', the source
depth of migrating gas in nearby problem wells can be accurateiy
determined. This information aids in assessing potential environmental
risk and guides engineering efforts at remediation in a more cost efficient
manner.
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