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Abstract

Thermochemical sulfate reduction (TSR) involves the reduction of anhydrite
to hydrogen sulfide by reaction with hydrocarbons. Information concerning the
alteration of hydrocarbons during TSR has been obtained from organic
geochemical and stable isotope analyses of hydrocarbon accumulations withinthe
Upper Devonian, Nisku Formation in the Brazeau River area, Alberta, Canada. The
Nisku Formation contains a series of oil and gas condensate pools that are
located at depths of 3 - 4 km. Hydrogen sulfide reservoir concentrations range
from <1 % to 31 % and reservoir temperatures range from 100 °C to 130 °C .

The eighteen oil and gas condensate pools sampled show a wide variation
in thermal maturity and hydrogen sulfide content. Generally, oil pools are located
updip in the study area with sweet gas condensate pools downdip, and then sour
gas condensate pools still further downdip. The maturity parameter, Pr/nC,,, was
not significantly affected by TSR and is used to determine the maturity level for
each pool. Hydrogen sulfide concentrations in hydrodynamically ‘isolated’ pools
gave a good estimate for the degree of TSR in these reservoirs. In constrast,
hydrogen sulfide concentrations and hydrocarbon compositions in poois that were
not 'isolated’ reflect migration and mixing of gases.

With increasing TSR the following changes in the oils and gas condensates

were noted:

(1)  Decrease in saturate/aromatic ratio,

(2) increase in organo-sulfur compounds (e.g., benzothiophenes);

(3) decrease {small or no change) in AP| gravity,

(4) &*S values of oils and gas condensates approached the values for
anhydrite of the Nisku Formation in the study area;

(5) increase in 6'°C in saturate fraction;

(6) decrease, in some cases, in normal heptane/methylcyclohexane ratio.
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CHAPTER 1
INTRODUCTION AND OBJECTIVES
1.1 Study area and Hydrocarbon Production

The Upper Devonian Nisku Formation in the Brazeau River area of west
central Alberta has been the focus of several geological and geochemical studies
(Chevron Exploration Staff Ltd., 1979; Machel, 1983; Anderson and Machel, 1988;
Machel et al., in press, b). Hydrocarbon ' pools ir the adjacent Bigoray and West
Pembina areas are producing mainly crude oil, whereas, both oil and gas
condensate (sweet and sour) are produced in the Brazeau River area (Figures 1
and 2).

The study area (Figure 3) is located between townships 45 and 48 and
ranges 12 and 16 west of the fifth meridian. The mean subsurface depth of the
Nisku Formation (Table 1) in the study area ranges from 3000 metres (2000
metres below sea level) in the northeast to greater than 4000 metres (2900 metres
below sea level) in the southwest as a result of a regional structural dip of about
1-2° to the southwest. Reefal buildups (reservoirs) are generally 50-100m thick and
1-2 km in diameter (Machel and Anderson, 1988; Villeger and Webb, 1992). There
are nine oil pools and seventeen gas condensate pools (Figure 3). Within the
study area, oil pools are located updip with sweet gas condensate and then sour
gas condensate pools occurring further downdip. Most of the hydrocarbon
reservoirs in the study area are located in the Brazeau River area. Each pool is
identified (Energy Resources Conservation Board, 1993a) by a single letter (for
example, pool 'A’ or pool 'S’). There are three pools located in the southwestern

' The term ’hydrocarbon’ is used throughout this thesis

to include all organic compounds in oils and gas condensates.

1l
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Figure 1: Location of the study area and paleogeography of Alberta
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part of the study area that are within the study area township and range
boundaries but are not in the Brazeau River area. These are: the only pool in the
Nisku Formation in the Peco area (officially called Pool ‘A’ and identified as Pool
'PA’ in Figure 3) and the only two pools in the Nisku Formations in the Columbia
area (officially called Pools 'A’ and ‘B’ and identified as 'CA’ and 'CB’ respectively
in Figure 3).

Reefs, which form the reservoir facies, occur as an elongated shelf margin
complex (band edge reef) and as a series of small reefs on the slope towards the
shale basin (Figure 3). These small reefs (reservoirs) in the shale basin are
surrounded by relatively impermeable calcareous shales and appear to be
hydrologically ‘isolated’ from each another as indicated by the virgin pressures
listed in Table 1. The shallowest 'isolated’ pools have pressures close to
hydrostatic, whereas, the deepest 'isolated’ pools in the shale basin have
pressures far in excess of hydrostatic. Expected pressures are based on the
present day depths at the normal hydrostatic gradient of about 10 MPa/km.

1.2 The Problem

Hydrogen sulfide concentrations in gas condensate pools in the study area
range from <1% to 31% (Table 1, Figure 3). Most of the hydrogen sulfide in the
pools with concentrations greater than 6%, was probably produced by
thermochemical sulfate reduction (TSR). This process, as originally discussed by
Orr (1974), essentially involves abiological reduction of sulfate ions by
hydrocarbons to produce a relatively high concentration of hydrogen sulfide (>5%
to 95%) in deep carbonate reservoirs (Orr, 1977; Mache! et al., in press, a).

Evidence for TSR activity in the Brazeau River area includes petrographic
features and stable isotope compositions (6'°C and §*S) of several solid phases
(saddle and matrix dolomite, calcite, anhydrite and elemental suifur) sampled from

6



pool U (Machel et al., in press, b). Anhydrite is normally a reactant, whereas
calcite, saddle dolomite and elemental sulfur can be formed as by-products during
TSR. Saddle dolomite, which occurred only in the water bearing part of the poo|,
had 6'°C values of -12 %o to +2 %oPDB. In contrast, §'°C values of the grey
matrix dolomite sampled ranged from -5 %o to +2 %oPDB. The depleted §'°C
values of saddle dolomite against the background normal marine §'C values of
the matrix dolomite were explained by the incorporation of organic carbon
oxidized during TSR. Late diagenetic replacive calcite (6'°C values: -12 %o to -18
%0FPDB) was present throughout pool U studied but occurred as a replacement
of anhydrite only in the uppermost, gas-bearing upper part. In addition, elemental
sulfur occurred only in the gas-water zone, with §*S values (24 %cCDT) similar
to thase of anhydrite (24 to 28 %0CDT).

Machel et al. (in press, b), interpreted these findings in conjunction with
hydrogen sulfide concentrations and stable isotope compositions of gases and
suggested (a) that TSR had occurred in the study area, (b) that it took place in the
gas-water transition zone and (c) that it resulted in a spatial distribution of the
inorganic solids relative to the gas-water contact. That study, however, was unable
to explain the observed variation in reservoir hydrogen sulfide concentrations.
Sour gas condensate pools located only a few kilometres apart display a wide
variation in hydrogen sulfide concentrations (Figure 3, Table 1). Generally,
however, there appears to be an increase in hydrogen sulfide content with
increasing depth of ’isolated’ gas condensate pools, whereas, pools along the
bank edge reef display no apparent trend in hydrogen sulfide content with depth.
The following questions, therefore, need to be answered:

1. What factors control the distribution of hydrogen sulfide concentrations
in both the ’isolated’ pools and pools along the bank edge reef?



2. How have hydrocarbons in these pools been affected by TSR?

3. The increase in depth observed across the study area could cause an
increase in thermal maturity of hydrocarbon pooled within the Nisku
Formation. Maturation is known to alter the hydrocarbon compositions.
Can the effects of thermal maturation be distinguished from those of
TSR?

Oils and gas condensates in the study area have not previously been
analyzed in relation to TSR. Because hydrocarbons are the reducing agents
during TSR, changes in hydrocarbon compositions (e.g., APl gravity and sulfur
content) should reflect the extent of TSR reactions in these reservoirs.

1.3 Objectives

The major objective of tr's study is to utilize organic geochemistry and
stable isotopes to distinguish the effects of thermal maturation and TSR on the
reservoir hydrocarbons pooled in the Nisku Formation in the study area. An
attempt will be made to define changes in hydrocarbon distribution and relate
these to TSR reactions and to provide some insights into the variations of reservoir
hydrogen sulfide concentrations in the study area. Other processes, for example,
biodegradation and water washing, which may also influence hydrogen sulfide
distribution and gross composition of liquid hydrocarbons, will also be discussed.
The result of this study will provide new insights into reactions involving TSR and
the resulting changes in hydrocarbon distribution in sour gas reservoirs. These
findings can assist in further sour gas exploration by providing information about
hydrocarbon involvement and the changes in reservoir hydrocarbon quality during
TSR. Estimation of the amount hydrogen sulfide generated, preserved and lost
from hydrocarbon pools as result of open or close systems may be quantify from
analysis of the reservoir hydrocarbons.



CHAPTER 2

GEOLOGY AND DIAGENETIC EVOLUTION

2.1 General Geology

The facies and stratigraphy of the Nisku Formation in the West Pembina
and Brazeau River areas are discussed in detail in Chevron Exploration Staff Ltd.
(1979); Machel (1983); Anderson and Machel (1988); and Watts (1987). Only the
salient parts are summarized here.

The Nisku Formation, in the Brazeau River area, consists of a platform
(called bank) facies, reefal facies, and off-reef facies (Figure 4). The Nisku
Formation was deposited on top of the flat-lying Ireton Formation (shale) and is
overlain by the Calmar Formation (shale). The reefal facies, called the Zeta Lake
Member, in which hydrocarbons accumulated, is a fossiliferous mud-mound
facies. It is preset as an elongate body fringing the bank-edge reef and as
numerous 'isolated’ buildups on the slope towards the adjacent basin. The off-reef
facies consist of the Lobstick, Bigoray, Cynthia and Wolf Lake members. The
Dismal Creek Member, propssed by Machel (1984) for the outer shelf (bank)
facies, is time equivalent to the Zeta Lake Member. The Cynthia Member lithology
{argillacecus mudstone and calcareous shale) is a good seismic reflector and was
used to el the outer bank (slope) boundary shown in Figures 2 and 3.

The depositional history of the Nisku Formation, discussed in detail in Watts
(1987) and Anderson and Machel (1988) is based on a conventional litho-
stratigraphic interpretation. More recently, Villeger and Webb (1992) and Villeger
(1994) have proposed an alternative interpretation using a sequence stratigraphic
approach. Hydrocarbon migration, maturation and TSR took place more than 300
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miillion years after deposition, making any further discussion of the depositional
history of the Nisku Formation irrelevant for the objectives of this study. For the

purpose of this study, the present geometry of the Nisku system, as shown in
Figures 2, 3 and 4, is the most important feature.

2.2 Diagenetic Evolution

In the study area, the Nisku Formation was affected by a complex
sequence of diagenetic events. The paragenetic sequence (Machel, 1985;
Anderson and Machel, 1988) involves six main diagenetic stages (Figure 5).

Diagenetic Stage |
Deposition and shallow burial up to a depth of about 300 metres, which

was reached at the end of the Devonian period. All reefal and non-reefal strata
were lithified.

Diagenetic “:lage |l

By the end of the Mississippian period the maximum burial depth was
about 1100 metres. Major events during this stage were chemical compaction,
matrix dolomitization and replacive anhydritization.

Diagenetic Stage Il

From end of the Mississippian to lower Cretaceous period, the rock record
contains no recognizable evidence of major diagenetic events during this period
of non-deposition, erosion and minor sedimentation.

Diagenetic Stage IV

At the end of the Cretaceous period, the burial depths in the study area
ranged from about 2000(NE) to 3400 metres (SW). The major events during this
stage were oil generation and migration.
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Diagenetic Stage V

Increasing burial depths during Stage V reached a maximum of about 4500-
5000 m (maximum burial temperatures 135-150°C). The major events were TSR,
and the formation of saddle dolomite and white calcite spar.

Diagenetic Stage VI

Stage VI from the Paleocene/Eocene to the Recent represents the period
of erosion and relative uplift of the study area to its present burial depth of
approximately 3500 m.

13



CHAPTER 3

THERMOCHEMICAL SULFATE REDUCTION

Thermochemical sulfate reduction was originally discussed by Orr (1974).
The process basically involves abiological sulfate reduction of anhydrite by
hydrocarbons. Significant products of TSR are hydrogen sulfide and elemental
sulfur because of their economic value. Studies in TSR environments have shown
that inorganic solids [late calcite cement (Sassen et al., 1987, Krouse et al., 1988;
Heydari and Moore, 1989; Kaufman et al., 1980), saddle dolomite (Machel, 1987a;
Kaufman et al., 1990; Machel et al., in press, b), sulfides (Macqueen and Powell,
1983) and elemental sulfur (Heydari and Moore, 1989; Machel, 1992)] are formed
as by-products of TSR. Machel (1987, 1988), based on an extensive literature
review, proposed a reaction scheme for bacterial sulfate reduction (BSR) and TSR
to account for the forrnation of hydrogen sulfide, elemental suifur, carbonates and
sulfides in shallow and deep diagenetic environments. The reaction scheme
proposed by Machel (1987, 1989) focused on the inorganic reactants and
products involved in TSR. Given that the main objective of the present study is the
analysis of the liquid hydrocarbons in relation to TSR, the reaction scheme
proposed by Machel (1987, 1989) wili not be discussed further. An overview of the
TSR mechanism concentrating mainly on the organics, suggested minimum
temperatures in TSR reactions, and a literature review of hydrocarbon alterations
previously documented for TSR environments is discussed in sections 3.1, 3.2 and
3.3 respectively.

3.1 Mechanism

BSR is known to occur at shaliow depths, under anaerobic conditions and
at temperatures less than 80°C (Orr, 1977; Trudinger et al., 1985). BSR is a
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comraon source of low concentrations of hydrogen suilfide in petroleum reservoirs
and in low-temperature diagenetic settings that are not hydrocarbons reservoirs.
The amount of hydrogen sulfide accumulated from BSR normally does not exceed
2-5 % and has 8>S values isotopically lower by 10 to 20 %cCDT than those of the
associated sulfate (Krouse, 1977; Orr, 1977; Machel et al., in press, a).

Orr (1974) was the first to provide an explanation for high hydrogen sulfide
concentrations in deep carbonate reservoirs. Orr (1974, 1977) illustrated that with
increasing depth, temperature and partial pressure of hydrogen sulfide, §*S of the
hydrogen sulfide and organic sulfur approach that of reservoir sulfate in many
deep carbonate reservoirs in several geological basins. High temperatures
(>100°C), high hydrogen sulfide concentrations (>10%), and a small sulfur
isotopic fractionation (from SO, to H,S), eliminated the possibility of BSR as the
source of the hydrogen sulfide in these reservoirs. Orr (1974) proposed that in
deep carbonate reservoirs the hydrogen sulfide was formed abiologically from the
reduction of anhydrite by hydrocarbons. The process, now generally called
thermochemical sulfate reduction, involves three main steps.

Step 1
Hydrogen sulfide is generated by thermal cracking of organo-sulfur
compounds in the oils. The amount of hydrogen sulfide produced is dependent

on the sulfur content of the original (or source) kerogen and is generally less than
3% (Orr, 1977).

Step 2
The hydrogen sulfide produced from thermal cracking may initiate TSR

reactions. H,S probably reacts with sulfate ions present in the formation water to
produce sulfur:

8O0, + 3H,S ---> 4S + 2H,0 + 20H (1)
Anhydrite (CaSO,) is the main source of sulfate ions in the subsurface formation

15



waters.

Step 3

The reduced sulfur (equation 1) reacts with hydrocarbons to generate H,S.
The reaction of sulfur with hydrocarbons is complex (Pryor, 1962). Sulfur can react
with hydrocarbons in a variety of ways, of which three are identified below and
discussed in sections 3.1.1, 3.1.2 and 3.1.3:

(1) In an aqueous medium, sulfur can oxidize hydrocarbons to carboxylic
acids.

(2 In a non-aqueous medium, sulfur can react with hydrocarbons to form
dehydrogenated products such as alkenes and aromatics.

(3)  Sulfur can be incorporated into hydrocarbon molecules to form organo-
sulfur compounds.

3.1.1 Oxidation of Organic Compounds by Sulfur

Tolani (1960) demonstrated that in a basic aqueous medium, organic
compounds react with sulfur to produce carboxylic acids at temperatures of 280-
330°C by the general reaction equation:

R-CH, + 38 + 2H,0 --—--> R-COOH + 3H,S (2
Decarboxylation of carboxylic acids can produce carbon dioxide and reduced
hydrocarbon species.

R-COOH --->R-H + CO, (3)
Reactions 2 and 3 result in the overall reduction in the length of the carbon chain,
by one carbon atom.

The formation of sulfur via equation 1 is important for equation 2 since
experiments conducted by Toland (1960) showed that sulfate does not directly
oxidize organic species. When xylene (dimethylbenzene) was heated with
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aqueous ammonium sulfate, no reaction occurred. When the experiment was
repeated, however, in the presence of hydrogen sulfide, phthalic acid
(CsH,(COOH),) was produced. Hydrogen sulfide, tiierefore, was needed to initiate
the oxidation reaction. Ammonium sulfate was the most efficient oxidant, because
of its high solubility, while calcium sulfate had the least oxidizing potential.
Paraffins and olefins were oxidized to carboxylic acids with yields falling off rapidly
as the length of the carbon chain increased above about C,. Alkylated aromatic
hydrocarbons were oxidized with higher yields to their corresponding carboxyilic
acids. Oxidation of hydrocarbons by sulfur, to produce hydrogen sulfide and lower
weight hydrocarbons, presumably occurs within the water column near the gas-
water interface in subsurface reservoirs (Figure 6).

3.1.2 Dehydrogenation of Organic Compounds by Sulfur

Sulfur is also a powerful dehydrogenating agent. "When sulfur is heated with
hydrocarbons in a non-aqueous medium, dehydrogenation of hydrocarbons and

hydrogen sulfide evolution commence at about 150°C (Pryor, 1962). Alkanes are
dehydrogenated to alkenes:

RCH,CH, + S —->RCH=CH, + H,S (4)

Bryce and Hinshelwood (1949) shoived that the reaction rates of sulfur with
straight chain paraffins (C, - C,) at 320°C to 349°C increase with increasing carbon
number. Cyclic alkanes can be converted to aromatic compounds (Pryor, 1962):

CeH,, + 35S - > CHy + 3H,S (at 300°C) (5)

3.1.3 Incorporation of Sulfur into Organic Compounds

Most of the organo-sulfur compounds present in oils are the result of early
incorporation of sulfur into kerogen during diagenesis. The sulfur generated from
TSR during catagenesis (equation 1, p.15) can react with hydrocarbons to form

17



GAS PHASE

Figure 6: TSR reactions involving hydrocarbons in the
gas-water interface of gas condensate reservoirs.
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additional organo-sulfur compounds (Orr, 1974; Ho et al., 1974) as shown below:

RH + 8 -—> RSH Mercaptans (6)
2RH + 28 --->RSR +H,S Dialkyl sulfides  (7)
RCH, + 28--—->RCH,S + H,S Cyclic sulfides  (8)
R-CHH, + 48 ——>R-CH,S + 3H,S Thiophenes (9)

3.2 Minimum Temperatures for TSR

Feely and Kulp (1957); Dhannoun and Fyfe (1972); and Anisimov (1978)
demonstraisd that TSR reactions are exothermic based on thermodynamic
calculations. Theoretically, therefore, a number of TSR reactions are possible. The
minimum temperature, however, of the onset of TSR is uncertain and has
stimulated much debate. Most TSR laboratory experiments have been conducted
at temperatures above 250°C (Toland, 1960; Kiyosu, 1980). On the basis f
thermodynamic calculations, Anisimov (1978) concluded that significant
accumulation of hydrogen sulfide from the reduction of calcium sulfate by
hydrocarbons in natural environments requires temperatures above 150°C. In a
critical review, Trudinger et al. (1985) concluded that abiological sulfate reduction
(or TSR) below 200°C has not been unequivocally demonstrated. Nevertheless,
minimum temperatures of about 100-140°C are suggested for the onset of TSR
(Machel, 1987; Krouse et al., 1988; Sassen, 1988; Sassen and Moore, 1988;
Machel, in press, a). These temperatures were derived from fluid inclusion and
maturity data from carbonate rocks, where TSR has been inferred to have
occurred. Sassen (1988) estimated that the onset of TSR (Figure 7) is at level of
thermal maturation at which crude oil is cracked to condensate (vitrinite
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reflectance of 1% R,, ~120°C). Therefore, TSR probably occurs to a significant
degree only in gas condensate and natural gas pools.

3.3

Organic Compounds

Although few studies have investiga. 1 the alteration of hydrocarbons in the

reservoir resulting from TSR (Orr, 1974; Sassen, 1988; Claypool and Mancini,
1989; Thompson, 1994; Machel et al., in press, a}, severa!l chemical processes
have been documented:

(i

)

®)

)

(%)

Krouse et al. (1988) showed, on the basis of §"C values, that propane
is more susceptible than ethane to TSR oxidation and that methane is the
least reactive. The increasingly negative §'°C values of carbon dioxide in
sour gas reservoirs were correlated with increasing TSR in that study.

The 6*S wvalue of hydrogern sulfide in the natural gas and §S value liquid

hydrocarbons approach that of the reservoir sulfate (Orr, 1974; Claypool
and Mancini, 1989).

Reservoirs in which TSR have cccurred display low C,,, saturated
hydrocarbon contents and relatively low saturate/aromatic ratios (Sassen,
1988; Claypool and Mancini, 1989). Normal alkanes are preferentially
removed during TSR and there is an increase in the gas/oil ratio.

Sour gas condensates formed during TSR have more positive §'°C values
than low sulfur condensates at similar maturity (Claypool and Mancini,
1989).

TSR is accompanied by the formation of organo-sulfur compounds during
catagenesis. (Orr, 1974; Ho et al., 1974).
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(6)

®)

High S/N ratios are observed in TSR-affected pools (Orr, 1974) with
values generally greater than 25 (Thompson, 1994).

TSR-affected condensates have lower API gravities than sweet condensates
(Claypool and Mancini, 1989), although the molecular distribution is shifted
significantly towards’ the lower molecular weight compounds in TSR-
affected pools.

Sulfur-rich bitumens are formed as by-products of TSR in geological
environments (Powell and Macqueen, 1984; Sassen and Moore, 1988;
Sassen, 1988). In laboratory experiments (Bryce and Hinshelwood, 1949)
the reaction of hexane and sulfur at 320°C produced hydrogen sulfide, a
small quantity of mercaptans and 'biack-coloured involatile tar'.

22



CHAPTER 4

MATERIALS AND METHODS
4.1 Sampling and Grouping

Liquid hydrocarbons from eighteen selected Nisku Formation pools in the
Brazeau River area were sampled from 28th November to 1st December 1993. For
safety reasons, samples were taken by field operators from Amoco, Chevron or
Petro Canada in steel 500 cc high pressure bombs, at the well head separators.
Tables 2a, 2b, and 2c list the hydrocarbon pools in the study area, their present
status (Energy Resources Conservation Board, 1993c) and which pools were
sampled for geochemical analysis. Hydrocarbon reservoirs in the study area fall
into one of three main categories based on their location within the basin and
production type:

(1) ’isolated’ oil pools (sweet),
(2) ‘isolated’ gas condensate pools (both sweet and sour), and
(3) bank edge reef gas condensate pools (sour).

'Isolated’ oil pools are compesed of a two-phase system where liquid
hydrocarbons are overlain by a gas cap. These pools are ‘sweet’, i.e., their gas
phases have less than one molar percent of hydrogen sulfide. Three of the
'isolated’ gas condensate pools sampled are sweet and the remainder are sour
pools (Table 1, Figure 3). In gas condensate pools, temperatures and pressures
are high enough that the reservoir fluids form a single phase. Reservoir gas
condensates separate at surface temperatures and pressures into two phases:
gas and liquid (condensate).
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Abbreviations used in Tables 2a, 2b and 2c.
Pool/Status Column

GAS-INJ: Gas injection pool

SUSP: Suspended pool

H20-INJ: Water injection pool

Weli Status Column
OIL-FLOW: Crude oil well
GAS-INJ: Gas injection well
OIL-SUSP: Crude oil well, suspended.
OIL-ABD- {"."ude oil well, abandoned
H20-INJ: ¥Water injection well.
GC-FLOW: Gas condensate well
GC-SUSP: Gas condensate well, suspended

FD DATE: Finisned drilling date

24



Table 2a: List of wells in 'isolated’ oil pools.

Pool/ Woell Weli Siatus FD DATE/ Operator Sampled
Status location/W5s yy-mm-dd
A *15-31-48-12 OIL-FLOW 80-01-22 Petro Canada Yes
GAS INJ 11-81-48-12 OIL-FLOW 91-01-22 Petro Canada
11-31-48-12 OIL-FLOW 77-09-28 Petro Canada
B 9-35N-48-12 GAS-INJ 79-06-24 Chevron Yes “
GAS INJ *9.35-48-12 OIL-FLOW 77-11-30 Chevron
8-35-48-12 OIL-FLOW £8-10-25 Chevron
il 8-35-48-12 OIL-FLOW 82-05-08 Chewvron
C *12-29-48-12 OIL-FLOW 92-02-04 Corex Yes
SUSP 12-29-48-12 OIL-ABD 78-02-21 Corex
i D *5-34-48-12 OIL-FLOW 79-08-22 Chevron Yes
GAS INJ 10-33-48-12 GAS-INJ 80-01-05 Petro Canada
7-33-48-12 OIL-ABD 78-05-01 Petro Canada
3-33-48-12 OIL-FLOW 92-11-08 Petro Canada
15-28-48-12 OIL-FLOW 83-02-02 Petro Canada
E *5.26-48-13 OIL-FLOW 78-12-05 Petro Canada Yes
GAS INJ 2-26-48-13 GAS-iNJ 78-07-03 Petro Canada
15-23-48-13 OIL-FLOW 78-09-23 Petro Canada
G 12-19-48-12 OIL-SUSP 78-07-08 Petro Canada No
SUSP
H 10-25-48-13 OIL-FLOW 78-07-03 Imperial Oil No
PRIMARY
I *5.27-48-12 OIL-FLOW 87-05-14 Chevron Yes
PRIMARY 3-27-48-12 OIL-ABD 79-02 4% Chevron
14-22-48-12 OIL-FLOW 79-08-22 Chevron
L *12-13-48-13 OIL-FLOW 88-01-27 Petro Canada Yes
H20-INJ 5A-13-48-13 H20-INJ 82-08-19 Petro Canada
—\——

* well location from which hydrocarbon sample was taken.



Table 2b: List of wells in 'isolated’ gas condensate pools.

Pool/ Well Woell Status | FD DATE/ Operator Sampled
Status location/W5 yy-mm-dd
J 9-1-48-12 GC-FLOW 79-12-14 Amoco Yes
PRIMARY *6-6-48-13 GC-FLOW 81-09-18 Amoco
M 7-20-48-13 GAS-INJ 79-09-23 Petro Canada Yes
GAS-INJ *6-20-48-13 GC-FLOW 80-10-21 Petro Canada
F 5-8-48-13 GAS-INJ 78-04-26 Amoco Yes
GAS-INJ 4-8-48-13 GC-FLOW 80-06-10 Amoco
*8-7-48-13 GC-FLOW 81-05-07 Amoco
K 2-11-47-15 GAS-INJ 81-04-10 Amoco Yes
GAS-INJ *14.2-47-15 GC-FLOW 79-08-01 Amoco
Y *6.36-47-15 GC-FLOW 81-11-28 Amoco Yes
PRIMARY
Peaeco A *6-1-47-16 GC-FLOW 84-08-28 Amoco Yes
FRIMARY
Columbia B 9-20-46-16 GC-SUSP 80-02-07 Husky No
SHUT IN

* well location from which hydrocarbon sample was taken.
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Table 2c: List of wells in bank edge reef pools.

Pool/ Well Well Status| FD DATE/ Operator Sampled
Status location/Ws yy-mm-dd
P 3-20-48-12 GAS-INJ 78-09-08 Petro Canada Yes
GAS-INJ 2-19-48-12 GC-SUsSP 79-12-30 Petro Canada
*11-12-48-12 GC-FLOW 83-02-27 Petro Canada
7-10-48-12 GAS-INJ 77-12-06 Petro Canada
11-09-48-12 GC-FLOW 80-03-04 Petro Canada
9-7-48-12 GC-FLOW 81-02-21 Petro Canada
11-04-48-12 GAS-INJ 85-08-09 Amoco
11-3-48-12 GAS-INJ 92-03-22 Amoco
10-02-48-12 GC-FLOW 78-11-23 Petro Canada
U 2-12-48-13 GC-SUSP 79-11-17 Petro Canada No
GAS SUSP
Vv *2-11-48-13 GC-FLOW 78-06-13 Petro Canada Yes
PRIMARY
X 6-3-48-13 OIL-FLOW 80-04-14 Petro Canada No
H20-INJ 3-3-48-13 H20-INJ 86-12-21 Petro Canada h
Q *3-32-47-13 GC-FLOW 78-038-30 Amoco Yes
PRIMARY 10-29-47-13 GC-FLOW 89-07-25 Amoco
S *12-10-47-14 GC-FLOW 88-05-26 Amoco Yes
GAS-INJ 15-07-47-14 GAS-INJ 79-10-27 Amoco
w *11-03-47-14 GC-FLOW 87-04-11 Amoco Yes
u GAS-INJ 5-2-47-14 GAS-INJ 74-05-08 Amoco
R 7-31-46-14 GC-FLOW 81-09-07 Amoco No
PRIMARY
N 8-26-46-15 GC-FLOW 80-02-0? Husky No
PRIMARY
Columbia A 7-4-46-15 GC-FLOW 81-01-08 Husky No
PRIMARY
SRS I

* well location from which hydrocarbon sample was taken.
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Bank edge reef pools are also gas condensate pools and exist along the
edge of the carbonate platform bounded on the west side by the Cynthia Member
and on the east by the Dismal Creek Member. Mean formation depth, reservoir
temperature, initial reservoir pressure and hydrogen sulfide concentration for each
poo! sampled were obtained from the Energy Resources Conservation Board
(1993a) and are listed in Table 1.

4.2 Analytical Methods

Anaiyses of liquid hydrocarbon samples for §'°C and §*S were conducted
at the Stable Isotopes Laboratory of the University of Calgary. All other organic
geochemical analyses were conducted at the Institute of Sedimentary and
Petroleum Geology in Calgary.

Gasoline range hydrocarbons (C; - C,) were analysed using the procedure
described by Snowdon and Osadetz (1988); and Snowdon and Powell (1979).
Samples were analysed on a HP5830 Gas Chromatograph connected to an Ol
Analytical 4460 Sample Concentrator. A small amount of the sample was mixed
with deactivated alumina and transferred to the Sample Concentrator. The
hydrocarbons were then swept onto the Gas Chromatograph 50m HP-1 column
and separated using the following temperature program: 30°C to 45°C at a rate
of 1°C/min. The initial and final temperatures were held for 10 and 25 minutes
respectively.

The AP gravity of each hydrocarbon sample was determined indirectly from
its specific gravity using the equation:;

APl = [141.5/(specific gravity @ 16°C)] - 131.5.
The specific gravity was obtained using a 10ml grade-A volumetric flask where:
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weight of flask and sample - weight of flask
Specific gravity =

weight of flask and water - weight of flac.

Gas Chromatograms of the whole oil and condensate samples were
obtained usnng procedures described by Fowler et al. (1991). Hydrocarbons
samples were anatysed on a Varian 3700 using 30m DB-1 fused silica column
connected to a flame ionization detector. The following temperature program was
used: 30°C to 300°C at rate of 6°C/min and held for 20 minutes at maximum
temperature.

The samples were distilled to 160°C and gross composition and stable
isotope analyses were performed on the residual fraction (>160°C). The distilled
samples (>160°C) were fractionated using open column (1:3 mixture activated
silica gel: alumina) liquid chromatography. Saturates were eluted with pentane,
aromatics with a pentane, dichloromethane (1:1) mixture, resins with methanol
and asphaltenes were recovered using a chloroform wash (Fowler et al., 1991).

Sulfur compounds, in the aromatic fractions of five selected condensate
samples, were analyzed using conditions similar to those for the whole oil and
condensate gas chromatography analysis except that the initial temperature was
60°C and a sulfur-selective flame photometric detector (FPD) instead of a flame
ionization detecter was used.

§C values were determined for distilled unfractionated hydrocarbon
samples and for saturate and aromatic hydrocarbon fractions. The procedure
described in Sofer (1980) involved combustion of a small amount of the sar:ple
overnight in a closed pyrex tube with copper (ll) cxide at 550°C. The carbon
isotopic composition of the carbon dioxide produced frem combustion was then
analyzed on a mass spectrometer constructed around Micromass 903
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components.

Sulfur in distilled samples was converted to SO, for 6*S analysis.
Approximately 1 - 4g of the liquid sample was first decomposed in a Parr Bomb,
then barium chloride was used to precipitate barium sulfate. The dried BaSO, was
then mixed with a 1.1 mixture of vanadium pentaoxide and silica and heated to
900°C to produce SO, (Yanaglsawa and Sakal, 1983). The sulfur isotopic
composition of the SO, produced was then measured on a mass spectrometer.
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CHAPTER 5

RESULTS

Figure 8 shows a typical gasoline chromatogram. Peak numbers in Figure
8 refer to compounds identified in Table 3 that were chromatographically
separated and integrated during gasoline analysis. Gas chromatograms for
'isolated’ oil pools, 'isolated’ gas condensate pools and bank edge reef pools are
shown in Figures 9a, 9b and 9c respectively. Normalized gasoline range
hydrocarbon concentrations for twenty eight (28) compounds for the oils and
condensates sampled in the Nisku Formation in the study area are given in Tables
4a, 4b and 4c. The values given in Tables 4a, 4b, and 4c are normalized i.e., the
sum of all the twenty eight compound percentages equals to 100. Selected ratios
of the gasoline range hydrocarbons calculated for the oils and condensates
analysed are given in Table 5. These ratios are used to indicate maturity levels,
and the degree of water washing and biodegradation (see sections 6.2.6 and 6.3).

Table 6 gives the API gravities, weight percentages of boiling point fraction
above and below 160°C and the normalized percentages of different fractions
(saturates, aromatics, resins and asphaltenes) of the hydrocarbons samples.
Insufficient amount of pool Y condensate sample was available for distillation. As
a result, the relative percentages of boiling point fractions are not reported for the
condensate sampled from pool Y. Weight percentages of hydrocarbon fractions
(saturates, aromatics, resins and asphaltenes) for pool Y was determined using
the undistilled sample.

Figures 10a, 10b, 10c shows gas chromatograms obtained for whole oil
and condensate samples. Fydrocarbons below C,, gave poor resolution and are
not shown on whole oil and condensate gas chromatograms. The ratios of
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pristane/phytane, pristane/n-heptadecane and phytane/n-octadecane (Table 7)
were calculated from integrated peak areas obtained from gas chromatograms of
oils and condensates.

FPD-gas chromatograms of aromatics from five selected condensate
sample are shown in Figure 11. These chromatograms were compared to sulfur
aromatics gas chromatograms in Hughes (1984). Table 9 lists the different types
of sulfur compounds found in oils. Numbers shown in Figure 11 refer to types of
sulfur compeounds listed in Table 9.

The results obtained from stable isotope analyses (6'°C and 6*S) of
distilled (>160°C) hydrocarbon samples and saturates and aromatic fractions are
given in Table 8. The carbon isotopic composition of whole distilled (>160°C)
samples and saturate and aromatic fractions are expressed relative to the Peedee
Belemnite standard (PDB) where:

8'°C (%0) = (°C/"*C)yunpiy - {°C/"*Clops 1000
%*

("*C/'*C) POB

Insufficient amount of pool Y condensate sample was available for distillation. As
a result no stable isotopes analyses were conducted on the condensate sampled
from pool Y. The sulfur isotopic composition of whole distilled (>160°C) sample
are expressed relative to the Canon Diablo troilite standard (CDT) where:

%S (%o) = (MSP 2S)umple - (MSF 2S)cm' . 1000

(**S/**S) cor
The amount of organo-suifur present in some oil and sweet condensate samples

was not sufficient for §*'S analysis and hence in these cases no results are
reported in Table 8.
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Table 3: Gasoline compound identification for peaks shown in Figure 8.
PEAK # COMPOUND

1 Iso Pentane

2 Normal Pentane

3 2,2-Dimethylbutane

4 Cyclopentane

5 2,3-Dimethylbutane

6 2-Methylpentane

7 3-Methylpentane

8 Normal Hexane

9 Methylcyclopentane

10 Benzene

11 Cyclohexane

12 2-Methylhexane

13 1,1-Dimethylcyclopentane

14 2,3-Dimethylpentane

15 3-Methylhexane

16 1,cis,3-Dimethylcyclopentane
17 1,trans,3-Dimethylcyclopentane
18 1,trans,2-Dimethylcyclopentane
19 Normal Heptane

20 Methylcyclohexane

21 1,cis,2-Dimethylcyclopentane
22 2,5-Dimethylhexane

23 2,4-Dimethylhexane

24 2,2,3-Trimethylpentane

25 Toluene

26 3-Methytheptane

27 1,cis,4-Dimethylcyclohexane
28 Normal Octane
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Figure 8: Typical gasoline gas chromatogram. See Table 3 for peak

identifications.
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Figure 9a: Gasoline chromatograms for 'isolated’ oil pools.
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Figure 9b: Gascline chromatograms for ‘isolated’ gas condensate pools.
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Figure 9c: Gasoline chromatograms for bank edge reef pools.
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‘isolated’ oil pools.

Table 4a: Normalized percentages of gasoline compounds in

COMPOUND *TYPE “C# POOL DESIGNATION
B D E A ]
iso pentane B 5 2,12 0.11 1.70 1.87 1.75
INovmal pantane N 5 3.44 0.34 3.00 3.62 3.47
2,2-Dimethylbutane B 6 0.05 0.03 0.09 0.04 0.04
Cyclopentane C 5 0.64 0.00 0.42 0.61 0.66
2,3-Dimethylbutane B 6 0.00 3.32 0.00 0.00 0.00
2-Methyipentane 8 6 5.35 0.00 5.26 5.07 4.68
3-Methylpentane B 6 3.37 2.04 3.08 3.13 2.98
[Normal hexane N 6 6.28 5.78 7.63 7.56 7.19
[methyicyclopentane c 6 667 | 386 | 5.00 | 589 [ 6.92
IBonzene A 6 0.41 0.75 0.87 0.64 0.59
ICycIohoxane C 6 3.79 2.19 3.72 3.7 3.562
2-Methylhexane B 7 5.00 6.11 5.89 4.92 4.42
1,1-Dimethylcyclopentane C 7 0.00 0.00 0.00 0.00 0.00
2,3-Dimethylpentane B 7 2.40 2.50 1.83 2.09 2.06
3.Methylhexane B 7 5.16 6.28 5.50 5.02 4.71
1¢3Dimsethylcyclopentane C 7 5.24 5.78 3.50 4.37 4,98
1t3-Dimethylcyclopentane C 7 4.90 5.37 3.29 4.02 4.70
112-Dimethycyclopentar: C 7 8.68 9.43 5.31 6.85 8.07
[Normal heptane N 7 6.35 11.19 10.04 9.09 8.91
1¢2-Dimethyicycloper. e C 7 3.83 4.83 2.84 3.22 3.36
{Methylcyciohexane C 7 15.01 17.47 17.08 14.97 13.72
2,5-Dimeihylhexane B 8 0.84 1.1 0.80 0.80 0.97
2,4-Dimethylhexane B 8 0.55 0.74 0.70 0.60 0.50
2.2,3-Trimethylpentane B 8 3.54 0.23 2.74 3.12 3.25
Toluene A 7 0.22 0.41 0.51 0.40 0.35
3-Methylheptane B 8 2.20 3.04 2.83 2.59 2.19
1¢c4-Dmethylcyclohexane C 8 1.86 2.57 1.87 1.72 1.78
Normal octane N 8 2.10 4.55 4.52 4.10 4.25

* C#: Number of carbon atoms

* B: Branched N: Normal (Straight) C: Cyclic (Naphthenes)
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Table 4b: Normalized percentages of gasoline compounds in
'isolated’ gas condensate pools.
COMPOUND *TYPE| “C# POOL DESIGNATION -
M F J K Y PA

jiso pentane B 5 0.44 1.24 1.60 2.16 0.27 0.67
INormal pentane N 5 1.1 3.11 3.50 3.97 0.63 1.34
2,2-Dimethylbutane B 6 0.03 0.04 0.05 0.07 0.04 0.02
|Cyclopentane C 5 0.00 0.38 0.39 0.60 0.00 0.16
2,3-Dimethylbutane B 6 3.81 4.84 4.35 5.93 3.24 2.51
2-Methylpentane B 6 0.00 0.00 0.00 0.00 0.00 0.00
3-Methylpentane B 6 2.16 2.78 2.50 3.39 1.93 1.34
{Normal hexane N 6 6.84 9.66 8.97 9.36 6.27 14.60
Methylcyclopentane C 6 3.10 4.35 3.82 5.40 1.92 1.96
IBenzene A 6 0.69 1.06 0.96 0.41 1.16 0.67
!Cyclohexane C 6 2.77 3.47 3.21 3.93 2.50 2.93
2-Meathylhexane B 7 6.37 5.72 5.65 6.07 8.95 7.97
1,1-Dimethylcyclopentane C 7 0.00 0.00 0.00 0.00 0.00 0.00
2,3-Dimethylpentane B 7 1.49 1.35 1.22 1.76 0.52 0./7
3,Methylhexane B 7 5.86 5.31 5.19 5.56 7.00 2.52
1c3Dimethylcyclopentane C 7 2.94 3.02 2.73 3.51 1.24 1.24
1t3-Dimethylcyclopentane C 7 2.72 2.80 2.55 3.31 1.16 1.15
1t2-Dimethycyclopentane Cc 7 4.09 4.00 3.69 5.82 2.01 2.15
{Normal heptane N 7 13.60 13.79 14.84 10.42 15.32 17.44
1¢2-Dimethylcyclopentane C 7 3.01 2,22 2.13 2,57 1.63 1.48
IMethylcyclohexane C 7 18.81 15.88 15.85 16.63 21.16 20.63
2,5-Dimethylhexane B 8 0.72 0.72 0.73 0.95 0.64 0.69
2,4-Dimethylhexane B 8 0.93 0.61 0.65 0.51 1.62 0.45
2,2,3-Trimethylpentane B 8 0.33 0.21 | 0.23 0.18 0.59 0.50
Toluene A 7 1.10 1.39 1.55 0.36 2.38 5.80
3-Methylheptane B 8 4,68 2,95 3.01 2.28 4.36 3.19
1c4-Dm.ethylcyclohexane C 8 2.35 1.45 1.50 1.24 1.71 1.73
Mormal octane N 8 10.04 7.68 9.13 3.63 11.96 6.10
* 8: Branched N: Normal (Straight) C: Cyclic (Naphthenes)

* Ci*: Number of carbon atoms.
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Table 4c: Normalized percentages of gasoline compounds in
bank edge reef pools.

COMPOUND *TYPE | "C# POOL DESIGNATION
P v Q w S
l'so pentane 1.14 1.71 1.05 1.31 1.01

INormal pentane 270 | 3.90 | 2.63 | 3.06 2.94

2,2-Dimethylbutane 0.05 0.06 0.03 0.05 0.03

[Cyclopentane 0.43 0.37 0.31 0.71 0.47
2,3-Dimethylbutane 5.20 5.76 | 4.49 5.39 4.89
2-Methylpentane 0.00 0.00 0.00 0.00 0.00

3.00 3.22 2.57 3.06 2.71

3-Methylpentane

{Norma! hexane 11.06 10.48 8.78 12.99 13.66

IMethylcyclopentane 3.99 3.79 3.82 4.82 4.65

IBenzene 145 | 099 | 090 | 1552 | 1.63

[cyclohexane 287 | 317 | 304 | 2.67 2.28

2-Methylhexane 6.65 6.78 6.25 6.66 6.59

1,1-Dimethyicyclopentane 0.00 0.00 0.00 0.00 0.00

2,3-Dimethylpantane 1.26 1.24 1.32 1.24 0.90

3,methylhexane 5.39 5.82 5.85 4.83 4.84

1c3Dimethylcyclopentane 2.48 2.53 2.92 2.36 2.39

1t3-Dimethylcyclopentane 2.25 2.31 2.68 217 2.19

1t2-Dimethycyclopentane 4.32 3.70 4.17 4.68 4.18

I[Normai hegtane 15.66 13.81 14.02 16.98 19.16

1c2-Dimethylcyclopentane 2.19 2.16 2.54 1.90 1.54

Methylcyciohexane 11.45 14.73 | 15.77 9.37 8.67

2,5-Dimethylhexane 0.83 0.65 0.78 1.05 1.13

2,4-Dimethylhexane 0.71 0.72 0.76 0.52 0.47

2,2,3-Trimethylpentane 0.31 0.25 0.27 0.25 0.21

Toluene 2.35 1.12 1.41 3.16 3.45

3-Methylheptane 1.60 2.52 3.18 0.47 0.44

1c4-Dmethyicyclohexane 0.62 1.06 1.50 0.31 0.27

ZiI0oOjmi> | |o|ojOIOIZI0IO00D|D[OB|IOIP|OIZ[|D|D]O||Z2]0
wlo|wiN|jowjolo NN |N|NINiNINjN|v|v|jojlolo |jlolojo oo |o o e

Normal octane 10.35 7.16 9.25 8.49 9.34

* B:Branched N:Normal(Straight) C:Cyclic(Naphthenes)
* C#:Number of carbon atoms.
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Figure 10a: Whole oil gas chromatograms for ‘isolated’ oil pools.
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Figure 11: FPD-pas chromatograms for selezted samples aromatic fractions.

Refer to Table 9 for compourxi identification.
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Class General Formula
1 | Alkyl thiois R-SH
s SH
2 |Cyclic thiols Mercaptans O’
SH
3 |Aromatics thiols Of
4 |Dialkyl sulfides RS-R
5 |Disulfides R-S-S-R
6 |Alkyl cycloalkyl suffide (y>R
SR
7 |Alkyl aryl sulfides Of
8 |Thiophenes @
9 |Benzothiophenes S|
10 | Dibenzothiophenes
11 |Benzonaphthothiophenes O O
O S
12| Methyldibenzothiophenes
13| C,-dibenzothiophenes
14} C,-dibenzothiophenes

Table 9: Classes of organo-sulfur compounds identified in crude oils.
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CHAPTER 6

DISCUSSION

6.1 Correlation Studies

Establishing a common source for all of the hydrocarbon pools sampled
is essential in order to eliminatu source variation as a factor influencing the
hydrogen sulfide concentrations in the study area. This problem was addressed
in two phases. First the oils and condensates were analyzed to determined if they
could be correlated (i.e., if vils and gas condensates have a common source).
Secondly, a possible source rock(s) for these hydrocarbons was investigated.

6.1.1 Qil-Oil Correlations

Several correlation parameters used in previous studies (as listed below)
were émployed in this thesis to determine if the oils and condensate sampled had
a common source. These correlation parameters include isoprenoid to n-alkane
ratios and stable isotopes (6'°C and §*S). Geochemical alteration of oils and
condensates by thermal maturation and TSR in the study area hinders the use of
other probably more useful correlation parameters. Correlation using biomarker
analysis, for example, was not possible. Steranes and hopanes were not detected
in condensate samples and are present only in very low concentrations (results
not reported) in the oil samples because of their high level of thermal maturity.

6.1.1.1 lIsoprenoid/n-alkane Ratios

A plot of pristane/n-heptadecane (Pr/nC,,) versus phytane/n-octadecane
(Ph/nC,,) rativs (Figure 12) can indicate maturity levels, biodegradation, and
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Figure 12: Use of isoprenoid/n-alkane ratios as indicators of
biodegradation, maturity and depostional environment
(modified from Waples, 1985).
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depositional environment (Taiukdar et al., 1985; Waples, 1985; Saban et al., 1987;
Osadetz et al,, 1392). Qils from different sources tend to piot along different
maturity lines. A similar plot for the oils and condensates in the study area (Figure
13) shows that the samples follow one maturity trend (Pr/nC,, = 1.3(Ph/nC,,) +
0.09) and, therefore, probably belong to one family.

6.1.1.2 &%*S Values

Sulfur isotopic compositions and sulfur concentrations have been used as
a bulk parameter in oil-oil correlation studies (e.g., Tissot and Welte, 1984). The
isotopic composition of sulfur in oils is dependent on that of the scurce rock. The
&*S values of oils sampled are about 10 %oCDT (Table 8, p. 50). This value,
however, increases with increasing molar concentration of hydrogen sulfide in gas
condensate pools. Such a change in sulfur isotopic coimposition is common in
TSR-affected pools (Orr, 1974; Claypool and Mancini, 1989). §*S was, therefore,
not a reliable correlation parameter in this study.

6.1.1.3 &'C Values

Carbon isotopic compositions of liquid hydrocarbons have also been used
to correlate oils (e.g., Stahl, 1978; Sofer, 1984). Maturation increases the §'°C
values of oils, but the change is not expected to exceed 2 %oPDB. Therefore, oils
that differ by more than 2 - 3 %oPDB are commonly interpreted to be from
different sources (Sofer, 1984). There are exceptions to this rule. Orr (1974} and
Chung et al. (1981) reported a 3.6 %oPDB range from the least to most mature
oils from the Big Horn Basin, Wyoming which had a common source. The
maximum difference in §'>C obtained for the oils and condensates sampled was
3.54 %0PDB (Table 8, p. 50) which is probably a reflection of not only maturation
but also TSR. Claypoo! and Mancini (1989) demonstrated that TSR also increases
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§'°C values of hydrocarbons in sour gas condensates pocis. Therefore,
hydrocarbon correlation using §'°C was also not reliable in this study.

Whole oil and condensate gas chromatograms of hydrocarbon sampled
which have similar maturity levels show simiiar distributions (e.g., oil samples B
and D, Figure 10a, p. 43 - 44 and condensate samples V, Figure 10c, p.47 and
Y, Figure 10b, p. 46). This observation, together with the isoprenoid to n-alkane
ratios, is conzistent with the interpretation that the hydrocarbons in this study
probably belong to one family. Previous organic geochemical studies in the study
area have implied that the Nisku pinnacle reefal reservoirs in the Bigoray, West
Pembina and Brazeau River areas all hiave one source (Allan and Creaney, 1991;
Creaney et al., 1994). However the actual source rock(s) for the hydrocarbons in
the Nisku Formation in the study area is still controversial (Chevron Exploration
Staff Ltd., 1979; Creaney et al., 1994).

6.1.2 OQil-Source Correlations

Pristane/phytane ratio has been used in previous oil-source correlation
studies (e.g., Snowdon and Powell, 1979; Clayton et al., 1987; Allan and Creaney,
1991). Sweet oils analyzed have pristane/phytane ratics (Table 7, p. 49) ranging
from 1.37-1.58 (average: 1.52). Mature condensate ratios are higher ranging from
1.69-2.27 (average: 1.89). These values indicate that the oils and condensates are
derived from a marine source rock (Tissot and Welte, 1984; Peters and Moldowan,
1993). The increase in pristane/phytane ratio from oils to condensates is expected
since the ratio has previously been shown to increase with increasing maturity
(Hunt, 1979; Tissot and Welte, 1984). Suggested source rocks for the
hydrocarbons in the Nisku Formation in study area are the Duvernay Formation
and the Cynihia shale Member (Chevron Exploration Staff Ltd., 1979; Allan and
Creaney, 1991; Creaney et al., 1994).

57



The Cynthia Member was described by the Chevron Exploration Staff Ltd.
(1979) and suggested to be the source of the oils in the Nisku reefs in the study
area. This conclusion was based on total organic carbon (TOC) vaiues and
comparison of 6§'°C values of oils in the Nisku Formation in the West Pembina
area to those of kerogens extracted from several possible source rocks. Cores
from the Cynthia Member were not sampled for the present study and therefore
data to corroborate the potential of the Cynthia as the source rock for the Nisku
hydrocarbons in the study area is lacking. Chevron Exploration Staff Ltd. (1979)
reported only 28% of the Cynthia shale sampled had TOC greater than 0.5% with
a maximum of 1.0%. The Cynthia Member based on TOC values has poor to fair
source rock qualities (Peters, 1986). Creaney et al. (1994) have, therefore, noted
that the correlation of the Cynthia Member to the Nisku reef oils is not definite.

The Duvernay Formation was eliminated as a possikie soiirce rock by
Chevron Exploration Staff Ltd. (1979) based on the guideline that source kerogens
have 6"C values 1.5 to 2.0 %oPDB higher than those of the generated oils. This
conclusion, however, may be based on a restricted premise. Bitumen (soluble
portion of kerogen) 6'°C values are generally about 3.5 to 1.5 %oPDB lower than
those of their source kerogens and &'°C values of oils are further depleted by O
to 1.5 %oPDB compared to those of the corresponding bitumens (Peters and
Moldowan, 1993). A negative correlation between oils and kerogens, therefore, is
generally accepted if §'°C values of oils and kerogens differ by more than 2 to 3
%0oPDB and when oils have &§'°C values higher than those of kerogens (Hunt,
1979; Tissot and Welte, 1984). The carbon isotcpic data reported by Chsvren
Exploration Staff Ltd. (1979) showed that §'°C values for the Duvernay kerogens
(-28.1 to -27.4 %0oPDB) are highar than those of oils in the Nisku Formation (-28.0
to -27.7 %oPDB), and the difference is less than 2 %PDB. Hence, §"°C values
suggest that the Duvernay Formation is a possible source rock for the Nisku reef
hydrocarbons.
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Allan and Creaney (1991) indicated that the oils derived from the Duvermay
Formation and the oils in the Nisku Formation are very similar. Both are low sulfur
oils (<0.5%) and have pristane/phytane ratios of about 1.5. Biomarker analyses
reported by Allan and Creaney (1991), however, showed that the distribution of
tricyclic terpanes and hopanes of the oils that were derived from the Duvernay
Formation and oils in the Nisku Formation were dissimilar. The authors suggested
that these differences may be due to a subtle difference in the original bacterial
population in the two source facies. It is also possible that the oils which were
derived from the Duvernay Formation and oils in the Nisku Formation in the study
area have a commor: source (i.e., Duvernay Formation) and that the differences
may be due to small changes in the bacterial population of the Duvernay
Formation at different parts of the basin or that the oils compared were at different
maturity levels.

Additional organic geochemical analyses are, therefore, needed to identify
positively the source rock(s) for the hydrocarbons in the Nisku Formation in the
Bigoray, West Pembina and Brazeau River areas. As stated earlier, based on
isoprenoid to n-alkane ratics, there is a high possibility that the hydrocarbons
sampled have a common source. Although the evidence is not conclusive, the
assumption is made for further interpretations in this study that the oils and
condensates sampled do have a common source.

6.2 Thermochemical Sulfate Reduction and Thermal Maturation

TSR is acknowledged to take place at temperatures and thermal maturities
commensurate with those at which the cracking of crude oil to condensate occurs
(Sassen, 1988; Machel et al., in press, a). The changes in hydrocarbon distribution
in the reservoir resulting from TSR are similar to those caused by thermal
maturation. Thermal maturation results in a decrease in heavier hydrocarbons
accompanied by an increase in natural gas (e.g., Hunt, 1979; Tissot and Welte,
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1984). Similar effects are seer: in TSR-affected pools (Sassen, 1988; Claypool and
Mancini, 1989, Machel et al., in press, a). The effects of TSR on hydrocarbons
may, therefore, be difficult to distinguish from the effects of thermal maturation.

In the study area, thermal maturation is probably the main factor controlling
the hydrocarbon distribution in isolated’ oil and 'isolated’ gas condensate pools
at depths shallower than 3360 m (<110°C). These reservoirs are 'sweet’ and
hence TSR has not occurred, at least not to any significant degree, within these
pools. However, ‘isolated’ pools which lie deeper than 3360 m (Figure 3, Table 1)
are sour and, therefore, the hydrocarbon distribution observed at present probably
reflects both thermal maturation and TSR zffects. Changes to the hydrocarbons
in the Nisku Formation in the study area reflecting either thermal maturation or/and
TSR are discussed in the following sections.

6.2.1 Isoprenocid/n-alkane Ratios

Based on Pr/nC,, and Ph/nC,, ratios (see section 6.1.1.1), hydrocarbon
pools in the Nisku Formation in the study area follow a distinct thermal maturation
trend (Figures 12 and 13). As expected, maturity inc.:.s2s from oil to gas
condensate pools. The maturation parameter (Pr/nC,,) does not show a direct
correlation with hydrogen sulfide reservoir concentrations (Figure 14a). The ratio
of PrinC,, can, therefore, be used as an independent maturation parameter that
is not significantly affected by TSR.

Pr/nC,, versus depth relations (Figure 14b) suggest that migration (and
possibly mixing) of hydrocarbons occurred along the bank sdge reef pools.
'Isolated’ pools follow the expected trend of increasing maturity with increasing
depth. All pools sampled along the bank edge reef except pool Q, however, have
higher Pr/nC,, values than expected for their present depths. The horizontal lines
extrapolated from poois S, W, V, and P in Figure 14b suggest possible source
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depths for the pooled hydrocarbons, implying updip migration and mixing of
hydrocarbons in the bank edge reef pools.

6.2.2 Gross Composition

The gross compositions of distilled hydrocarbon samples have probably
been affected by both thermal maturation and TSR. As an oii matures, the relative
amount of saturat2d hydrocarbens increases with a corresponding decrease in
aromatics (Tissot and Welte, 1884; Hunt, 1979). This trend is observed in oils and
sweet condansates with increasing thermal maturation (Figure 15. The opposite
trend is olbserved in sour gas condensate pools with increasing hydrogen sulfide
content and, to some degree, with thermal maturation. Thus, in sour gas
condensate pools, with increasing hydrogen sulfide reservoir content, the ratio
saturate/aromatic decreases. Similar trends have been previously ohserved in
other sour gas condensate pools and were attributed to the preferential removal
of saturated hydrocarbons during TSR (Sassen, 1988; Claypool and Mancini,
1989). Bryce and Hinshelwood (1949); Pryor (1962); and Valitov and Valitov (1975)
showed that the reaction of paraffins with sulfur can produce aromatic compounds
with alkenes as intermediates. An example of this dehydrocyclization reaction is
shown in Figure 16 for the conversion of hexane to benzene. Valitov and Valitov
(1975) showed that some of these reactions with gasoline hydrocarbons can
occur at temperatures as low as 50°C, and that reaction rates increase with an
increase in temperature and in the preserice of limestone. Dehydrocyclization of
paraffins to aromatics by reaction with sulfur provides one explanation for the
decrease in saturates with a correspcnding increase in aromatics in sour gas
condensate pools.

Saturates can also be removed from TSR-affected pools by sulfur oxidation
reactions. Generally, the length of a paraffin chain is shortened by such oxidation
reactions (equations 2 and 3, p.16). The rates of sulfur oxidation reactions,
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however, decrease with increasing carbon number (Toland, 1960) and therefors,
gasoline compounds are probably more prone to oxidation than are heavier
hydrocarbons. The decrease in saturate content via oxidation reactions can,
therefore, also reswii in an increase in aromatics content of sour gas condensate
pools.

Whole oil and condensate gas chromatograms provide additional evidence
that saturates have been removed from sour gas condensate pools. With
increasing therme:i maturation and hydrogen sulfide content in the gas condensate
pools (particularly in 'isolated’ pools), heavier n-alkanes decrease and lighter
hydrocarbons (<C,,) increase (Figure 10b, p. 45 - 46). This trend can be the result
of both thermai maturation and TSR. Thermal raturation results in the cracking
of heavier hydrocarbons to produce lighter hydrocarbons, while TSR removes
heavier hydrocarbons via oxidation reactions to produce lower molecular
hydrocerbons and via dehydrocyclization reactions to produce aromatic
compourids.

6.2.3 Organo-sulfur Compounds

Expected products from the reactions of sulfur with hydrocarbons are
organo-sulfur compounds. The different aromatic sulfur compounds detected in
selected gas condensate pools in the study area are shown in Figure 11. Prior to
TSR, the aromatic sulfur compounds present in an oil are wholly dependent on
its source and maturity level (Ho et al., 1974; Hughes, 1984). in an immature oil,
the source rock alone determines the type and distribution of organo-sulfur
compounds in the oil. Increasing thermal maturation causes a prominent decrease
in benzothiophenes relative to dibenzothiophenes. Carbonate-derived oils are
generally characterized by a significant content of benzothiophenes (Hughes,
1984).
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The absence of benzothiophenes in gas condensate from pool F (Figure
11, p. 51) suggests a high level of thermal maturity. However, with increasing
hydrogen sulfide and thermal maturity, these compounds are seen in pools PA
and W (Figure 11, p. 51). There is aiso an overall increase in aromatic sulfur
compounds in these pools with increasing hydrogen sulfide content. The
occurrence of benzothiophenes and heavier aromatic sulfur compounds in these
thermally mature pools is probably due to the reaction of sulfur (from reduced
anhydrite, see equation 1 p. 15) with the hydrocarbons, i.e., these compounds
were probably formed as by-products of TSR. The formation of organo-sulfur
compounds during catagenesis has been reported by Ho et al. (1974) in
condensates associated with high hydrogen suifide content. The authors
suggested that the mercaptans present in condensates were formed by the
reaction of hydrogen sulfide with light hydrocarbons. Whereas, the presence of
mercaptans were ..ot determined in the hydrocarbon samples, the formation of
benzothiophenes in sour gas condensates suggests that other lower molecular
weight sulfur compounds, including mercaptans, may also be present. TSR,
therefore, can alter the distribution of sulfur compounds in oils during catagenesis.

6.2.4 API Gravity

The incorporation of sulfur into liquid hydrocarbons (e.g., equations 6-9, p.
19) during catagenesis may be one factor contributing to the variation in AP}
gravity in hydrocarbon pools sampled. Thermal maturation results in the cracking
of heavier hydrocarbons and in an increase in gas content in reservoirs (e.g.,
Hunt, 1979). Therefore, an increase in thermal maturation results in a decrease in
the density of liquid hydrocarbons in reservoirs. This change was observed for oils
to sweet condensates in this study. Figure 17 shows that there is an increase in
API gravity (decrease in density) from oils to sweet condensates with increasing
thermal maturation. However, in most sour gas pools, there appears to be a no
significant change (e.g., pool Y) or a possibly decrease in AP| gravity (e.g., pool
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W) with increasing maturity, although there is a shift towards lower molecular
weight compounds in the sour gas condensate pools relative to sweet gas
condensates (Figures 10b, p. 45 and 10c, p. 47).

Claypool and Mancini (1989) report a similar decrease in APl gravity for
sour gas condensates relative to sweet gas condensates. The anomalies in API
gravities for hydrocarbon samples can possibly be explainec by the incorporation
of the heavy sulfur atom {atomic weight 32) into hydrocarbon molecules. The
expected increase in API gravity (decrease in density) in liquid hydrocarbons with
increase in thermal maturation as a result of removal of heavier hydrocarbons is
probably balanced by the increase in density resulting from the incorporation of
sulfur into liquid hydrocarbons. The net effect, therefore, results in either no
significant change (e.g., pool Y) or a decrease in APl gravity in sour gas
condensate pools (e.g.,pool W) relative to sweet gas condensate pools. The
decrease in API gravity is not directly correlative with hydrogen sulfide reservoir
cor:icentrations (Figure 17). Other factors (e.g., sampling and storage) may have
influenced the API gravity of hydrocarbon samples.

€.2.5 Carbon and Sulfur Isotopes

The 6*S values of liquid hydrocarbons in the Nisku Formation in the study
area shouid increase with increasing hydrogen sulfide content because tivs sulfur
source for the formation of organo-sulfur compourids during catagenesis is
inferred to be from the reduction of arhydrite (see equation 1, b. 15). As inaicatsd
by Figure 18, this appears to be the case. In oil pools with low hydrogen sulfide
concentrations, 6*S values obtained are probably similar to those of the source
kerogen. Wit increasing hydrogen sulfide concentration in the reservoir, 6*S
values quickly approach the %S values of the Nisku Formation subsurface
anhydrite (+24 to +28 %oCDT) reported by Machel (1985); and Machel and
Burton (1991). These results are consistent with the observations made by Orr
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(1974) who noted that the shift in §°S values of hydrocarbons towards that
reservoir anhydrite in the Big Horn Basin, Wyoming was compelling evidences for
abiological sulfate reduction (or TSR).

The &'°C values of satura:d hydrocarbons reflect the effects of both
thermal maturation and TSR. With increasing thermal maturation, the *2C content
of hydrocarbons increases in the gas phase and decreases in the iiquid phase.
Consequently, §'°C values of liguid hydrocarbons increase with increasing thermal
maturity (Fuex, 1977). The changes in the carbon isotopic compeosition of
saturated hydrocarbons of distilled hydrocarbon samples are consistent with this
observation, i.e., the §'C values are less negative with increasing therma! maturity
(Figure 19).

As stated earlier (see sections 3.3, p. 21 and 6.2.2, p. 62), saturates are
preferentially removed during TSR. Therefore, §'°C values of the saturated
hydrocarbons are affected not onily by thermal maturation but also by TSR.
Claypool and Mancini (1989) illustrated that high-sulfur condensates had higher
§'°C values than did low-sulfur condensates of similar maturity. The shaded region
in Figure 20 shows the suggested change for §"°C with increasing hydrogen
sulfide content (or TSR). Both bank edge reef pools P and V have lower §°C
values than may be expected. This suggests that the hydrocarbons in these two
pools were probably not the main reactants used to reduce anhydiite to nydrogen
sulfide during TSR. If so, the degree of TSR which has occurred in pools V and
P may be overestimated based on hydrogen suifide content. Updip migration of
hydrogen sulfide (with hydrocarbons) is probaily the main factor controlling the
hydrogen sulfide concentrations in poois V and P.

In a closed system where hydrogen sulfide is neither removed or
introduced, the concentration of this gas in the reservoir can bz a useful
parameter in determining the extent of TSR. In an open system, however,
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hydrogen sulfide content may not be a reliable parameter for estimating the extent
of TSR. 6"°C values of saturates can probably be a useful parameter to show the
extent of TSR, but it should be remembered that this parameter is also affected
by thermal maturation.

6.2.6 Paraffin Index and nC,/MCYC,

Paraffin index 2 (also called heptane value) is broadly defined as the
percentage of normal heptane in a group of C, compounds that are predominantly
cyclic alkanes. Paraffin Index 2 and the ratio of normal heptane to
methylcyclohexane (nC,/MCYC,) are parameters using gasoline range
hydrocarbons (C, - C,) that have been usec previously as thermal maturation
indicators (Thompson, 1983 and 1987). Naphthenes or cyclic alkanes are believed
to play a dual role in maturation; some molecules split open to form paraffins,
while others form aromatics by yielding hydrogen to paraffins (Hunt, 1979). With
increasing thermal metusation, therefore, cyclic alkanes decrease relative to
straight-chained hvyc:.corans. Consequently, Paraffin Index 2 increases with
increasing thermal riz.uration. This change is observed for the oils and
condensates in the Nisku Formation in the study area (Figure 21). Generally with
increasing thermal maturation (relative to Pr/nC,,), Paraffin Index 2 increases. Pool
K and to a lesser extent pool B, however, have lower values for this parame:sr
than expected suggesting that water washing or biodegradation may have
occurred in these reservoirs. The possibility of water washing and biodegradation
is discrissed in section 6.3, p. 76.

For reasons simlar, as to those outlined above for Parafiin Index 2,
nC,/MCYC, also increases with increasing thermal maturation. A plot of
nC,/MCYC, versus Pr/nC,, (Figure 22) suggests that both thermal maturation and
TSR may be affecting this gasoline maturity parameter. 'Isolated’ sour gas
condensate pools (PA, Y and K) show lower nC.,/MCYC, values than expected
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*Paraffin Index 2 = (normal heptane x100)/ A
where A = sum (cyclohexane, methylhexane, 1,1-dimethylcyciopentane,

3-methyihesane, 1,cis-3-dimethylcyclopentane,
i.trans-2-dimethylcyclopentane, n-heptane and methylcyclohexane)
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based on their maturity levels. Other TSR-affected pools, S and W, however, along
the bank edge reef trend, give the values expected for their maturity level. The
decrease in normal heptane relative to methylcyclohexane in ‘isolated’ sour gas
condensate pools can be explained by the reaction of sulfur with heptane. Valitov
and Yalitov (1975) reacted heptane with sulfur at 250°C in the present of limestone
for 10 hours. Methyicyclohexane, hydrogen sulfide and organo-sulfur compounds
were produced. The formation of methylcyclohexane from normal heptane can be
represented by the series of reactions shown in Figure 23. Previously reported
studies have not documented the effects of TSR on maturity parameters that
utilize gasoline range hydrocarbon compositior (in particular nC,/MCYC,). More
studies of in the gasoline range hydrocarbons in other sour gas condensates
pools are needed befcre one can attribute a decrease in nC,/MCYC, to TSR.

Table 10 summar.:ies the changes in oils and condensates in the study
area resulting from both th2rmal maturation and thermochemical sulfate reduction.

6.3 Biodegradation and Water Washing

Biodegradation and water washing reduce the overall quality of oils.
Biodegradation occurs at shallow depths, within the temperature limits (<80°C)
for bacterial activity (Bailey et al., 1973). Microorganisms can metabolize most
types of hydrocarbons, including aromatics and cyclic paraffins, but normal
paraffins are preferentially attacked (Tissot and Welte, 1984). Bacterial activity,
therefore, commonly reduces the overall paraffinicity of oils. The ratios of light
hydrocarbons [iso-pentane/normal pentane (iC,/nC;) and 3-methylpentane/normal
hexane (3MC,/nC,)] are useful biodegradation indicators (Welte et al., 1982,
Thompson, 1983; Osadetz et al., 1992). These ratios increase with increasing
biodegradat..'n. The values obtained for the hydrocarbons in the Nisku Formation
in the study area (Table 5) provide no evidence that any of the oils or
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Tabie 10 : Geochemical changes indicating thermal maturation and/or TSR.

Parameter Thermochemical Thermal
Sulfate Reduction Maturation
I[ Saturate/Aromatic Decreases Increases
i
Organo-sulfur Increases Decreases "
compounds
| AP| Slight decrease Increases
&§¥S Approaches CaSO, Little change
value
&8'*C saturates Increases Increases
Paraffin Index 2 Increases Increases
nC,/MCYC, Closed system: Increases

decreases
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condensates in this study have been biodegraded. This conclusion is supported
by the whole nil and condensate gas chromatograms. Normally severely degraded
oils’ gas chromatograms show removal of n-alkanes, an increase in isoprenoid
nydrocarbons (e.g., pristane end phytane) and an increase in the unresolved
napti:enic hump (Bailey et al., 1973). Gas chromatograms of the oils and
condensates sampled show normal distributions i.e., the disappearance of heavy

hydrocarbons with increasing thermal maturation (Figures 10a, 10b and 10c, p.
43 - 48).

Biodegraded oils are usually water washed but not all water washed oils
are biodegraded. Water washing removes soluble hydrocarbons by the flow of
water under-saturated with respect to these hydrocarbons. Generally lighter
hydrocarbons are more soluble than heavier hydrocar..ons. The solubility of
hydrocarbons in water can been used as a guide to the sxpected sequence of
compound removal with progressive washing. For a given carbon number, ring
formation and unsaturation, increase hydrocarbon solubility. Therefore, aromatics
are more soluble than paraffins; branched and cyclic paraffins have intermediate
solubility (Price, 1976). More recent water washing experiments (Lafargue and
Barker, 1988) suggested that in the gasoline range hydrocarbons, normal paraffins
are more affected by water washing than cyclic paraffins.

Light hydrocarbon ratios [3-methylpentane/benzene (3MC,/Ben);
methylcyclohexane/toluene (MCYC,/Tol) and cyclohexane/benzene (CYC,/Ben)]
increase with increasing degree of water washing. They can be used as
parameters to assess the degree of water washing. Figure 24 demonstrates that
with increasing degree of thermal maturation, the water washing parameter,
MCYGC,/Tol, decreases. Overall, most of the pools in the study, with the exception
of pool K, show no significant effects of water washing (Table 5, p. 41).

Higher values for water washing ratios for pool K than are expected based
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solely on its maturity level (Table 5; Figure 24) suggest that this pool has been
affected by water washing. Pool K also has relat'ely lower hydrogen sulfide
concentration than expected for its depth (Figure 25). If water washing occurred
simultaneously with or after TSR, hydrogen sulfide would have been easily
removed from the reservoir, as a result of its high solubility in water. Water
washing, therefore, provides one possible explanation for the relatively low
hydrogen sulfide content of peol K in relation to its depth. Based on initial
reservoir pressures (Table 1, p. 5), however, this pool appears o be 'isolated’
(sealed off from fluid flow). An understanding of the migration of formation water
and the geology of the study area are important to support the organic
geochemical evidence that pool K hydrocarbons have been affected by water
washing. This is, however, beyond the scope of the thesis.

6.4 Migration and TSR

The geochemical data obtained in this study do not clearly define the
migration pathway and the extent of mixing of hydrocarbons along the bank edge

reef pools. The hydrocarbon m=* = in pools P and V and, to a lesser
degree, in pools S and W r¢ resent depths (Figure 14b, p. 61),
suggest that these hydror- ted from deeper sources or are the
product of migrated hy Adigenous reservoir hydrocarbons.
Hydrogen sulfide from ~ould readily migrate updip along
the bank edge reef trer sneentration of bydrogen sulfide
in shallower pools (e.g., . ~igrated hydrogen sulfide couid then react

with the indigenous reservoir hydrocarbons and sulfate ions in tne formation water
to increase the hydrogen sulfide and the gas content in these reservoirs. The rate
of TSR reactions in these pools may be slower than those in deeper pools since
the shallower pools are at lower temperatures.

81



s n d g L

of /d

PM-1 3%:"x4" PHOTOGRAPHIC MICROCOPY TARGET
NBS 1010a ANSI/ISO #2 EQUIVALENT

!.O

||||4 R ———

|y ENIE

g 22
= 2

l—
F e fl20

e



"UOEJUBILOI aplyns uaboipAy JloAIasal snsian Yydap uoljewlio} uesiy 6z ainbig

Ge'0

jes1ebpayupq ©

8jpsuspuUo spb pPayp|os),

v

lo PaoIoS], &
(uonoryj sjows) S°H

€0 SZ'0 z0 SL'o {0 S0'0 0

000€
L |

\ 0 d 00zZ¢

swohS~N~__ | A7 wiv

uado o v
\ \ ' OOVQ
b 009¢

s
oS
] 008¢
€ |—-—-—- —- )V

\1 ,.; 000y
VST 074

oovy

(w) yideg

82



6.5 Temperature and Depth Boundaries for TSR.

In the study area, 'isolated’ pools provide some means fcr estimating the
minimum depth and temperature boundaries for TSR. Up-dip migration along the
bank edge reef gives a false indication of the extent of TSR, when estimates are
based solely on hydrogen sulfide concentrations. In the 'isolated’ gas condensate
pools, with increasing depth, hydrogen sulfide generally increases (Figure 25).
Using pool Y as the shallowest ‘isolated’ TSR-affected pool (Figure 25), the
minimum temperature and depth for TSR in the study area are 114°C and =3670
metres, respectively (Table 1, p. 5). This temperature is consistent with previously
reported minimum TSR temperatures (Orr, 1974; Macqueen and Powell, 1983,
Machel, 1987).

The Winterburn Basin (including the study area) was buried much deeper
«1an its present depth (see section 2.2, p. 11) and thus the rate of TSR reactions,
at present, are much slower than at earlier geological time. Maximum buirial
temperatures were estimated to be around 135°C to 150°C (Anderson and Machel,
1988). TSR reactions were probably initiated during this period of maximum burial
and highest temperatures and then continued at a slower rate during and aiter
uplift.

6.6 Implications for Exploration

It is estimated that 95% of all Alberta sulfur production is derived from the
processing of sour natural gas (Trollope, 1989). Once a stock piled 'waste
product’ dotting the Canadian landscape, world demand for sulfur in the 1980s,
however, has seen the drawdown of Canadian inventory from 20Mt to under 3.5
Mtin 1990 (Hyne, 1991). The hydrocarbon component of deep sour gas reservoirs
(natural gas and condensate) also contributes significantly to the economics of
deep gas projects by providing additional revenue. These two factors, therefore,
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will ensure continued exploration for other deep sour ga. ieservoirs.

The findings from this thesis can assist in explorations by providing some
insights into depth and temperature boundaries for TSR. For example, in the study
area, high hydrogen suifide concentrations were found in pools deeper than 3670
metres. The results obtained in this thesis can aiso help in distinguishing TSR
from BSR environments in areas where the concentrations of hydrogen sulfide is
less than 10%. Also, some of the documented changes in liquid hydrocarbons
(e.g., increase in aromatic content and organo-sulfur compounds) may assist in

evaluating the quality of reservoir hydrocarbons ir other sour gas condensate
reservoirs.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

The following conclusions can be drawn from the organic geochemistry,

isutopic compositions (6'°C and §%S) and physical conditions of oil and gas

condensate reservoirs in the Nis.cu Formation in the Brazeau River area, Alberta:

1)

(2)

&)

@

(5)

(6)

Liquid hydrocarbons in the eighteen reservoirs sampled in the Brazeau
River, Nisku Formation probably belong to one family, but further
geochemical analyses are needed to identify the source rock(s) for the
hydrocarbons.

Both TSR and thermal maturation reduce the proportion of saturated
hydrocarbons in liquid hydrocarbons. However, TSR resuits in a decrease
in the saturate/aromatic ratio, whereas thermal maturity results in an
increase the same ratio.

TSR removes saturates via oxidation reactions tc produce lower molecular
weight hydrocarbons and via dehydrocyclization reactions to produce

aromatic compounds.

Organo-sulfur compounds are formed during catagenesis in TSR-affected
pools.

The formation of organo-sulfur compounds during catagenesis may resulit
in a decrease in AP| gravity of condensates.

The 6*S of oils and condensates sampled approaches that of subsurface
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@)

(8)

()

(10)

anhydrite with increasing TSR.

Both thermal maturity and TSR result in an increase in §C values for

saturates in oil and condensate samples.

&'°C values for saturates from the bank edge reef pools V and P indicate
that the degrse of TSR in these pools may be overestimated if hydrogen
sulfide content alone is used.

Migration of hydrogen sulfide from deeper pools is probably the controlling
factor for present hydrogen sulfide concentrations in updip bank edge reef
pools P and V.

In 'isolated’ sour gas condensate pools, the ratio of normal

heptane/methylcyclohexane is lower than expected based on their maturity

(11)

(12)

level. This may be due to the reaction of normal heptane with sulfur to
produce metnylcyclohexane.

There is no evidence for bicdegradation of any of the oiis or condensates
in this study.

The composition of light hydrocarbons in pool K suggests that water
washing may have red:.:ced the hydrogen sulfide content in this pool.
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CHAPTER 8

RECOMMENDED FURTHER WORK

The complexity of TSR reactions makes it almost impossible to understand
fully all the different hydrocarbon alterations observed in this study. Liquid
hydrocarbons were the main focus of the present study, however, analysis of
other phases, for example, natural gas may provide additional insights into
mechanisms of TSR reactions. Recommendations for further work directly related
to the study area are listed below.

8.1 Source Rock identification

The source rock for the hydrocarbons in the Nisku Formation in the study
area needs to be properly identified. Previously reported studies have suggested
the Duvernay Formation and the Cynthia Member as possible source rocks.
Biomarker analysis was not possible in this study because of the high level of
thermal maturity in the samples. Oil poois updip in the study area, in the West
Pembina and in the Bigoray areas are at lower maturity levels and hence probably
suitable for oil-source correlation studies using biomarker techniques. Source rock
samples should be taken from the West Pembina or Bigoray areas, since the
Duvernay may have slightly different characteristics than those previously reported
for other parts of the Western Canada Sedimentary basin.

8.2 &S Hydrogen Sulfide in Natural Gas
&S of hydrogen sulfide in natural gas was measured. The results suggest

that §*S values for liquid hydrocarbon samples were higher than those for the
hydrogen sulfide in the natural gas (Figure 26). This is not consistent with results

87



27

25 ]
OA.
23 Q ] I
K o o
&
21 e

3%S permil CDT

17

A

15

0.00

0.05 0.10 0.15 0.20 0.25

H,S (Mole fraction)

» bank edge reef pool, H,S
@ bank edge reef pool, liquid

a— 'isolated' gas condensate pool, H,S
—a—— 'iISolated' gas condensate pool, liquid

vigure 26: Sulfur isotope for condensates and hydrogen sulfide in

natural gas versus reservoir hydrogen sulfide concentration.

88



reported in other TSR studies (Orr, 1974 and 1977, Krouse, 1977). Whereas the
results do show that the §*S values for hydrogen sulfide and organic sulfur in oils
and condensates approach the reservoir sulfate values with increasing hydrogen
sulfide concentration, the exchange is expected to be faster for hydrogen sulfide
than for oils. Previous studies have reported §*S for hydrogen sulfide in natural
gas to be higher than that of accompanying for oils (Orr, 1974, Krouse, 1977).
Sampling and determination of sulfur isotopic compositions should be repeated
to ensure that the data reported herein are not erroneous.

8.3 Gasoline Range Hydrocarbons

Compound specific isotopic analyses for the gasoline range hydrocarbons
can provide useful information about the relative reactivity of these compounds (Cs
- C,o) during TSR. It may also support the conciusion made in this study that n-
heptane is converted to methylcyclohexane in closed TSR systems.

The formation of lower melecular weight sulfur compounds in TSR-affected
pools suggests that §*S and percentage sulfur of the boiling point fraction below
160°C should be investigated to determine if it is possible to recognize effects of
TSR on these organo-sulfur compounds. The volatility of this fraction, however,

would make these procedures cumbersome,

8.4 Whole Oil

The high volatility of the hydrocarbon examined in this study made it
difficult to obtain reliable analyses for C, H, N, and S. Samples were analyzed on
the Perkin Eimer 240A Elemental Analyzer. Improved data should be obtained for
oils and condensates in the study area in order to compare S/N ratios to results
(>25) reported by Thompson (1994) for TSR-affected pools.
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Percentages of different types of organo-sulfur compounds (e.g.,
mercaptans, benzothiophenes, dibenzothiophenes etc.) should be determined to
assess variations in their concentrations at different stages of TSR.
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