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ABSTRACT 

Natural gases in the Montney, Doig, and Halfway formations are charactenzed by 

variations in the proportion of methane to higher alkanes, affecting caionfic and 

commercial values. Stable isotope and compositional analyses suggest that wet gases in 

the central study a m  are produced via active thermogenic gas generation, with gases 

sourced in the Doig and Montney formations. Dry gases in shallow reservoirs near the 

Montney subcrop edge have a composition and isotopic signature characteristic of 

bacterial gas admixture. Deep Halfway and Doig gas pools on the western rnargin of the 

study area are extremely dry, having been generated at high source matunties. The non- 

hydrocarbon constituents H2S, CO2, N2 and He are present, further decreasing caiorific 

values. H2S and CO2 are produced by bacterial sulfate reduction in shallow reservoirs and 

themochemical sulfate reduction (TSR) in deep reservoirs, both of which involve basal 

Doig anhydrite as a sulfate source. TSR is no ionger extant, being limited by reservoir 

temperatures Iess than 1 40°C. 
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CHAPTER 1 - INTRODUCTION 

2. I Background 

Natural gases are ubiquitous constituents of sedimentary systems, being generated 

throughout the entire organic maturation process. Such gases consist predominantiy of 

methane, with lesser concentrations of higher alkanes and nonhydrocarbon species 

including nitrogen (IV2), carbon dioxide (COz), hydrogen sulfide WS), and helium (He). 

Natural gases are a significant target of hydrocarbon exploration activity owing both to 

their inherent value as £bels and chernical feedstocks, as well as their common occurrence 

with petroleum. Being considerably more mobile than petroleum hydrocarbon fractions, 

natural gas occurrences may also be indicative of nearby oil or condensate accumulations 

(Reitsema et al., 1980). Geochernical rnethods have been successfully employed in oil- 

oil and oil-source rock correlation. The most reliable correlation approaches have 

combined compositional and isotopic measurements of recalcitrant biomarker fractions in 

both oils and sedimentary organic matter to establish a genetic link between them 

(Schoell et al., 1992; Simoneit et al., 1993; Murray et al., 1994; Schoell et al., 1994). In 

contrast, no analogous compositional or isotopic approach exists for gas-source 

correlation. Owing to both the mobility and reactivity of natural gas constituents, 

correlation of reservoired gases with possible source rocks is inherently more difficult. A 

number of post-generation processes may alter gas composition and isotopic ratios, 

thereby obscuring source rel ati onships. 

The Triassic succession within the Alberta Basin has been the focus of 

considerable interest for gas exploration since the first discovery of Triassic-resewoired 

gas at Whitelaw, Alberta in 1950. These strata have been estimated to contain 2 .78~10 '  

m3 of naturd gas in situ within 217 gas fields, constituting 8 percent of al1 gas reserves in 

Western Canada (Edwards et al., 1994). Despite prolific gas reservoirs and almost half a 
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cenhuy of interest in their exploitation, little attempt has been made to establish the 

source- and migration-induced factors controlling gas composition and distribution in the 

subsurface Triassic. Gas composition, particularl y with regard to nonhydrocarbon gas 

occurrence, is known frorn production data to be highly variable in the Triassic. Severai 

gas pools in Lower and Middle Triassic reservoirs are characterized by high 

concentrations of nonhydrocarbon gases including hydrogen sulfide, carbon dioxide, and 

nitrogen, al1 of which have detrimental effects on the commercial value of reservoired 

gases. 

The application of combined analysis of isotopic ratios and chernical composition 

of natural gases has been used with some success to characterize the source- and 

migration-related factors influencing natural gas cornposi tion. Charactenzation of 

hydrocarbon gas sources using composi tional data in combination with carbon and 

hydrogen isotope ratios has been demonstrated by a number of studies (Schoell, 1980; 

James, 1983; Schoell, 1983; Clayton, 199 la). Similarly, isotopic data have been 

successfully used to identify the sources of H2S and CO2 in the subsurface (Krouse et al., 

1988; Worden et al., 1995; Worden et al., 1997). Nitrogen isotope data have also been of 

considerable utility in  the characterization of the source of N, in subsurface gas 

accumulations, with studies by Jenden et al. (1 988a; 1 988b) having demonstrated their 

application. 

2.2 Puvuse of Stutly 

One aim of the present shidy is to establish the source- and migration-related 

factors influencing the relative abundances of C 4 ,  alkanes in hydrocarbon gases 

reservoired in Lower and Middle Triassic reservoirs of the Alberta Basin. Relative 

abundances of these alkane fractions are of interest owing to the control of C,, abundance 

on the calorific value, and thus the commercial value, of extracted hydrocarbon gases. 
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Higher proportions of ethane and higher alkane fractions impart an increased BTU rating 

for a hydrocarbon gas, thereby increasing its commercial value. Consequently, an 

understanding of the controls on the relative abundances of longer-chained hydrocarbons 

is of considerable significance in establishing the economic feasibility of future 

exploration in the Triassic. 

Furtherrnore, this work seeks to establish the controls on the distributions and 

abundances of the non-hydrocarbon natural gas constituents H2S, CO2 and N1 High 

abundances of these three species present a significant exploration nsk owing to their 

detrimental effects on the calorific values of natural gases. Furthermore, H2S and CO2 

are known to have deleterious effects on some types of production and processing 

equipment. Thus, establishment of the distribution of these components and the factors 

controlling this distribution has significant implications for determining the economic 

viability of future exploitation of Triassic reservoirs. 

1.3 Study Area 

This study is confined to an area of approxirnately 85000 km2 in the Intenor 

Plains of west-central Alberta, approximately centered on the city of Grande Prairie 

(Figure 1.1). The area of interest extends between latitudes 54"N and 57ON and 

longitudes 1 16OW and l2O0W. This area was defined for the purposes of mapping drill 

stem test and production gas analyses (Rakhit Petroleum Consulting). Within this study 

area, a smaller region having an area of approximately 16000 km2 was defined for the 

purposes of gas sample collection and analysis. The area in which this detailed study was 

carried out is bounded by latitude 54.8"N, longitude 1 16S0W in the southeast and 

56.50N, 120°W in the northwest. Over 800 gas wells in this smaller area currently 

produce, or have previously produced, from the Triassic. A sui te of 35 wells taken to be 

representative of the range of reservoir dep ths, temperatures, and stratigraphic settings in 



Figure 1.1: Map depicting the area of interest for the present study. 
The hatched area represents the larger area for which drill stem test and 
production gas analyses were exarnined. The smaller shaded area is the 
area in which gases were sampled for this study. 



I Legend l 
0 Charlie Lake Forrnatbn gas sample A Doig Formation gas sample 

Halfway Formation gas sample Montney Fonnatbn gas sample * Dolg Fomtbn 'phosphate zonea anhydrite samples 

Fipre 1.2: Detail map of the sarnpling area, depicting the locations of wells sampled. The city of Grande Prairie (shown in 
upper case lettering) and watenvays are shown for reference. Shaded areas represent groups of wells in the sarne gas field 
(field narnes indicated in upper and lower case lettering). Wells falling outside the shaded areas are from undefined fields. Vi 
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existence were sampled for the present study. These samples were obtained from the 

Ante Creek Nonh, Elmworth, Girouxville East, Grande Prairie, Hythe, Knopcik, La 

Glace, Manir, Sinclair, Teepee, Valhalla, and Wembley gas fields, in addition to an 

undefined field identified only by Alberta Energy and Utilities Board field code 998. 

Figure 1.2 depicts the locations from which samples were collected. 

1.4 Revious Work 

There are few published studies regarding the geology and, in particular, the 

geochemistry of the Lower and Middle Triassic of the Alberta Basin. Hunt 

and Ratcliffe (1959) presented the first study of the subsurface geology of Triassic strata 

in the Peace River area, impelled by the discovery of Triassic gas accumulations at 

Whitelaw, Alberta in 1950. These authors established the first stratigraphic framework of 

the subsurface Triassic, descnbing six formations. In ascending order, these are the 

Toad-Grayling, Liard, Hal fway, Charlie Lake, Baldonnel and Pardonet. Armitage (1 962) 

extended this stratigraphic framework, proposing two formation names, the Montney and 

Doig, for the sediments underlying the Halfway. The division between these two units 

was defined at the base of a prominent phosphatic shale. These and other surficial and 

subsurface studies were summarized by Barss et al. (1964) in the first geological atlas of 

Western Canada. A more recent summary of Triassic stratigraphy and structure was 

presented by Edwards et al. (1994) in the second geological atlas of the Westem Canada 

Sedimentary Basin. 

A study by Riediger et al. (1990qb) constituted one of the earliest geochemical 

studies within Lower and Middle Triassic reservoirs. This work had as its objectives the 

characterization of potential source rock intervals using Rock-Eval and TOC analyses, 

the characterization of source rock extracts and oils by gas chromatography and coupler' 

gas chromatography-mass spectrometry, and the proposal of oil-source correlations on 
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the basis of these data. Biomsrker compositions were utilized to divide Tnassic oils into 

two groups, each with a different source. Group 1 oils were correlated with a Doig 

Formation source, while Group 2 oils were correlated with a Lower Jurassic source of 

possible stratigraphic equivaience to the Nordegg Member. Both the Doig Formation and 

the Lower Jurassic strata were found by this study to have high organic content and 

excellent source potential . 

Kirste et al. (in press) presented the most complete characterization of the fluid 

geochemistry of the Lower and Middle Tnassic to date. These authors combined 580 

publicly available analyses of water composition and 148 gas compositional analyses in 

order to constrain possible fluid sources and flow pathways in the Montney, Doig, 

Halfway, and Charlie Lake Formations. Fundamental to this study was the assumption 

that the Montney through Charlie Lake interval behaves as a single unit with regard to 

fluid flow. A strong similarity in fluid compositions, particularly in the case of natural 

gases, was taken as evidence for this connectivity between the various formations with 

regard to fluid flow. In the case of gas geochemistry, these authors argued that regional 

variations in hydrocarbon gas composition, charactenzed by wet gases approximately 

halfway between the deformation front and Montney subcrop edge flanked by dry gas 

areas, are attributable to either one of two processes. The first of these is mixing between 

bacterial and thermogenic sources in the vicinity of the Montney subcrop edge, thereby 

producing a marked increase in gas dryness. Aiternatively, the possibility was suggested 

that compositional fractionation of gases dunng migration (Leythaeuser et al., 1980; 

Leythaeuser et al., 1984) may have resulted in an increasing relative ennchment of gases 

in rnethane away from the zone of gas generation, producing the observed dry gas 

occurrences toward the east. In both scenarios, dry gas occurrences near the deformation 

front were taken to be the consequence of thermal cracking of C2 and higher carbon 

number alkanes, thereby producing a dominance of methane. 
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In their explanation of Sour gas occurrences in the Lower and Middle Triassic, 

Kirste et al. (in press) argued, on the basis of a frequently observed coexistence of H2S 

and CO2 in Sour pools. that sulfate reduction was the dominant mechanism producing 

Sour gas in these strata. However, a paucity of isotopic data precluded reliable 

assessment of the precise mechanism of sulfate reduction and H2S generation. Sirnilarly, 

a dearth of isotopic data prevented the source of elevated NI concentrations to be 

conclusively determined by these authors. On the basis of N2 concentration data and the 

spatial relationships between N2, He, and CH, distributions, these authors argued for 

either radiogenic production of nitrogen or pyrolysis of sedimentary organic matter as the 

principal mechanism of N, generation in the Lower and Middle Triassic. 

1.5 Methorh 

This section discusses the general methodology applicable throughout the present study. 

A more detailed discussion of the methods employed may be found in subsequent 

chapters, which describe the methodologies of relevance therein. 

Regional variations in gas composition throughout the larger study area delineated 

above relied on drill stem test and production gas data. Given the lack of a systematic 

and reliable means of culling gas data, only a nidimentary culling procedure was applied. 

Data were examined to ensure that the mole fractions of al1 analyzed species summed to a 

value less than or equal to 1 .O. Values in excess of 1.0 were taken to be erroneous and 

discarded. Funhermore, data were also investigated in order to identify the reported 

sampling point. Samples downstream of the separator, and particularly from the 

flareline, were flagged as unreliable. Data were divided into three groups on the basis of 

the formation from which the gases were produced, after which each group was gridded 

and contoured by means of the MCadContour mapping package (Aupperle Services and 

Contracting, Calgary, Alberta). 
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Gas samples were collected from producing wells either at the wellhead, or as 

near to the wellhead as possible. In al1 cases, sarnples were collected upstream of the 

separator in order to obtain a representative gas sample uninfluenced by the gas-liquid 

separation process. Samples were contained within stainless steel cylinders and seaied 

with leak-prwf valves to prevent sample loss and consequent isotopic fiadonation. As a 

precautionary measure, al1 valves were sealed with stainless steel caps or plugs to prevent 

sample loss in the event of valve failure. 

Mass spectrometric analysis was used to measure the "c/~*c and D/H ratios of 

hydrocarbon gases, in addition to the "C/ '~C ratio of CO2. In addition, the 3 4 ~ P 2 ~  ratio 

of H2S was measured. Al1 isotopic analyses were performed at the Stable Isotope 

Laboratory of the Department of Physics and Astronomy, University of Calgary. Isotope 

ratios are expressed for al1 species in terms of the familiar 6 notation, as given by the 

equation 

and expressed in parts per thousand (per mil, %). In equation 1.1. R,-,,,, and Kuidud 

represent the ratio of the heavy isotope to the light isotope within the sample and the 

standard, respective1 y. 

Following isotopic analysis, samples with pressures above 500 psig (3.5 MPa) 

were split using the apparatus depicted in Figure 1.3 in order to decrease their pressure. 

In order to cany out the splitting procedure without introducing air into the sarnples, the 

entire splitting apparatus was evacuated to a pressure of approximately 10" torr. Valve 1 

was then opened, thereby introducing sample into the splitting tee. Valves 2, 3, and 4 

were opened only if necessitated by the required pressure reduction. M e r  permitting the 

system to equilibrate for a few minutes. Valve 1 was closed and vaive 5 opened, with the 

resultant increase in the system volume permitting a substantial drop in pressure. 
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Subsequent to this pressure reduction, compositional analysis was performed 

using a Varian 3600 CX gas chromatograph equipped with both thermal conductivity and 

flame ionization detectors. External standards were used in ali cases, with 

standardizations being performed for evexy three sample runs. Details of component 

separation and measurement are described in subsequent chapters. 



CHAPTER 2 - GEOLOGICAL SETTING 

2.1 Strat i~rî i~hic Framework 

Triassic suata of the Alberta Basin comprise a westward-thickening succession of 

marginal-marine to marine siliciclastic and carbonate rocks, with lesser arnounts of 

evaporites. The areai extrnt of the Triassic is considenbly more mtricted than that of the 

pmMc Devonian strata of Western Canada, comprising an area of 144.262 km2 (Annitage, 

1962), as  compared with 2 . 5 ~ 1 0 ~  km2 of Devonian sediments (Moore, 1988). Maximum 

thickness of Triassic strata is 1200 rn in the vicinity of the Phanzromic Deformation Front, 

thinning to an erosional zero edge toward thc: north and east (Figure 2.1). Triassic 

sedimentation occurred within a westward-deepening stable continental shelf and shoreline 

of the Peace River Embayment, with clastic sediments denved from the North Amencan 

craton (Gibson and Edwards, 1990). Within the subsurface of the study area, Triassic 

sediments have k e n  subdivided into six formations cornprising the Daiber and Schooler 

Creek Groups (Figure 2.2). In order of decreasing age, these are the Montney, Doig, 

Halfway, Charlie Lake, Baldonnel. and Pardone t Formations. Geometrical relationships 

between these formations m depictld in Figure 2.3. The present study is confined to an 

analysis of gas composition and isotope systematics prirnarily within an intervd comprising 

the succession ktween the basal contact of the Montney and the upper surface of the 

Haifway Formation. 

The Montney Formation constitutes a succession of marginal marine to marine, 

calcareous and dolornitic siltstone and shale of Early Triassic age. It makes an 

unconforniable contact with the underlying Permian Beiioy Formation. Within the area of 

the present study. the Montney exhibits a maximum thickness of 592.8 m in the vicuiity of 

56.S0N. 122.1°W, and thins to an erosionai zero edge northward and eastward (Figure 

2.4). Approaching this erosional edge. the Montney is chancterized by the occurrence of 



Figure 2.1: Isopach map for the entire Triassic succession of the Alberta Basin, 
showing increasing thickness toward the Phanerozoic deformation front. Data 
are from the Geological Atlas of the Western Canadian Sedimentary Basin 
database, Canadian Society of Petroleum Geologists / Alberta Research 
Council, 1994. 
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Figure 2.2: Stratigraphie chut for the Triassic of the Northwest Plains and Deep 
Alberta Basin (after Riediger et al., in press). 





Figure 2.4: Isopach map for the Montney Formation. Thinning adjacent to the 
deformation front is attributable to decteased sedirnentation rates. Data are from 
the Geological Atlas of the Western Cmadian Sedimentary Basin database. 
Canadian Society of Petroleum Geologists 1 Alberta Research Council, 1994. 
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sandstone and coquina interbeds which constitute sipificant hydrocarbon reservoirs. 

Marked thinning of the Montney in the central portion of the Alberta Basin iilustrated in 

Figure 2.4 has been attributed LO a decreased sedimentation rate in the deeper areas of the 

basin (Edwards et al.. 1994). although in light of the considerable sedirnentary thickness to 

the north, a structural contml d s o  seems iikely (C.M. Henderson. persond 

communication). Signifcant unconformities occur within the Montney at the 

DieneriadSrnithian boundary, having developed during sea kvel lowstand (Markhasin, 

1997). Such unconformities are marked by the occurrence of conglomerates. breccias. and 

scours (Markhasin, 1997). which may constitute significant conduits for intdormationd 

fluid flow within the Montney. Coquinas developed below this sequence boundary may 

constitute significant fluid reservoirs, in similarity with reservoirs developed near the 

subcrop edge. 

The Montney is overlain by highly radioactive, granular to nodular phosphatic 

shales of the basal Doig Formation. The contact between the two units is variably 

interpreted as conforniable in the western Alberta Basin, and possihly unconformable in the 

eastem portion of the basin (Edwards et a!., 1994). Basal Doig shales achieve a maximum 

thickness on the order of 39 m. with the radioactive interval comprising 5-10 m of this 

thickness (Riediger ri ai., 1990b). Ovrrlying these s h a h ,  the upper Doig comprises a 

senes of large. isolated sandstone bodies of 30-55 m thickness. Maximum thickness of the 

Doig Formation occurs adjacent to the defornation front, and thins to an erosiond pinch- 

out in the northem and eastem part of the study area. Sandstone channels in the upper part 

of the Doig have previously ken  interpreted as either tidal or estuarine facies developed 

during sea level lowering (Monroe and Moslow, 1990). or as the result of infilling of 

abandoned channels in the lower shoreface margin (Gibson and Edwards, 1990). In the 

latter case, it is presumed that the fd sands constitute a part of the overlying Halfway 

Formation. The equivocal nature of these upper Doig sandstones poses significant 
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problems in assigning the contact between the Doig and Halfway formations. As a 

consequence of these difficulties, the two formations are combined in Figure 2.5 to yield a 

single cornbined isopach map for the Doig-Halfway interval. As illustnted on this map, 

the thickness of the combined units attains a maximum of 519 m in an m a  centered on 

%ON, 121.S0W. 

The uppermost unit of interest in the present study is the Halfway Formation, 

composeci predominantly of quartzose sandstone, with lower interbeds of siltstone, 

limestone, dolostone, and shale. As with the other formations discussed, the Halfway 

achieves its maximum thickntxs near the Phanerozoic Deformation Front and thins to an 

zero edge northward and eastward (Figure 2.4). The Halfway constitutes the most pmlifc 

reservoir of the formations examined herein. containing an estimated 7 X  106 m3 of gas in 

place (Edwards et al., 1994). 

2.2 Source Rock Characteristics 

The interval between the Montney and Hdfway formations contains organic-nch 

stnta that have excellent potential as source rocks for hydrocarbon generation. Riediger et 

(11. (1990b) conducted Rock Eval and Total ûrganic Carhon (TOC) analysis in order to 

chmcterize the organic matter quantities, types, and rnaturities present in the Montney and 

Doig formations. This study relisd in part on cross-plots of hydrogen index (mg HUg 

TOC) versus oxygen index (mg COJg TOC) for organic matter characterimion. It was 

established thnt the Montney Formation h e m  TOC contents typically ranging from 1 to 3 

weight 96, with a predominance of Type II/III organic kerogen. Doig Formation TOC 

contents are highly variable. Within the radioactive interval in the phosphate zone, shales 

contain 9- 1 1 weight % TOC. Above the radioactive interval, phosphate zone shales have 

lesser TOC percentages, with vdues of 2-7 9% being typical. A further decline in organic 

content is noted above the phosphate zone, with Doig sand bodies containhg less than 1-2 



Alberta 1 

Figure 2.5: Combined Halfway and Doig Formation isopach map. Uncertainty in 
the location of the contact between the two formations necessitates their 
combination for the purpose of mapping thickness. Data are from the Geological 
Petroleum Geologists / Alberta Research Council, 1994. 
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weight % TOC. Sirnilar variability is noted for organic matter types within the Doig. In 

the phosphate zone shales, a predominance of Type II (sapropelic) kerogen is observed, 

whereas Type Iym kerogen is prexnt in the upper Doig. 

Organic maturity in Lower and Middle Triassic strata was quanmed b y Etiediger et 

d (1990b) using Tm, the pyrolysis temperature of maximum hydrocarbon libention. as a 

rnaturity parameter. Although vitrinite reflectance is a more commonly utilized maturity 

quantifier in the tirne-temperature exposure range over which gas genention occurs (Hunt, 

1996). a scarcity of viuinite in Lower and Middle Triassic rocks (Riediger, 1990b) 

precludes the reliable utilization of this parameter in the formations of interest- Figure 2.6 

illustrates the T,, distribution for Lower and Middle Triassic units. As is evident from this 

map, Tm increases from northeast to southwest, p d e l i n g  trends of increasing smictural 

depth and thickness for Lower and Middle Triassic rocks. Maturity levels within the oil 

generation window correspond to T,, values of 430°C to 460°C ( H u n ~  1996). Figure 2.5 

reveals that over most of their distrihution. Lower and Middle Triassic uni& are at prexnt 

within the oil window. Overmnture organic matter is chancterizd by T,, values in excess 

of 455 to 460°C, a range exceeded hy Triassic rocks in the vicinity of the Phanerozoic 

deformation front. Source rocks in this range of maturity ail: still capable of condensate 

and gas generation, suggesting that active hydrocarbon genention is possible throughout 

the distribution of Triassic rocks. 

2.3 Present-Dav Temoeruture Distributioq 

Consideration of the present-day temperature distribution in Triassic reservoirs has 

implications regarding the timing of temperature-dependent processes such as hydrocarbon 

generation, sulfate reduction, primary liheration of N2 and H2S from kerogen, and thermal 

cracking of oil. Kirste et al. (in press) presented a regional temperature distribution for the 

interval comprising the Montney through Halfway formations. However, these authors 
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combined tempetaturie data for di three formations into a single temperature map. 

irrespective of well depth. Consequently, their temperature distribution is likely to show 

spatial anomalies in tempenturr: where no such anomalies actually occur. Thus, in the 

present study it was considered necessary to divide the data among the three formations and 

re-plot the temperature distributions. 

In order to approximate the temperature distribution in the Lower and Middle 

Triassic, bonom hole temperatures for Lower and Middle Triassic wells were extracted 

from the Alberta Energy and Utilities Board 1995 gas datahase. No correction for borehole 

effects was applied, as raw temperatures were iaken as adequate for the purposes of 

approximating regional temperature disuibution. Owing to the lack of correction, the 

temperatures reported herein are likely to be lrss than actual reservoir tempentures. 

Temperature data for each formation were gridded using a rectangular grid. the ceil density 

of which depended on the number and distribution of control points. Data were contoured 

using the MCadContour mapping package (Aupperle Services and Contmcting. Calgary. 

Alberta), which relies on a least squares method of mil value estimation. The resultant 

spatial distribution of reservoir tempentures is depicted in Figures 2.7a through 2 . 7 ~ .  As 

is shown by these maps, temperature increases toward the south and West, parallehg 

trends of increasing sedimentary thickness and structural depth. The depth profiles 

accompanying the rnaps in Figures 2.7a-c illustrate an approximstely Linm temperature 

increase with depth. For the data set u x d  herein, pak tempentures on the order of 90 to 

100 93 are observed within the Halfway Formation at depths of 2400 to 3500 m below 

sudace. It is presumed that similar tempentures are developed in the Montney at these 

depths. However, a dearth of temperature data for depths exceeding 2500 m precludes an 

assessrnent of actual Montney reservoir temperatures. 



Temperature (OC) 

Figure 2.7(a): Spatial and depth distribution of 
reservoir temperatures in the Montney Formation. 
Data are from the Alberta Energy and Utilities Board 
1995 gas database. 
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Figure 2.7(c): Spatial and depth distri- 
bution of reservoir temperatures in the 
Haifway Formation. Daia are from the 
Alberta Energy and Uiiliiies Board 



CHAPTER 3 - HYDROCARBON GAS DISTRIBUTION, ORIGIN, AND 
MIGRATION IN THE LOWER AND MIDDLE TRIASSIC 

Characterization of the subnirface distribution of natural gas components and the 

factors influencing this distribution are of critical importance in determining the 

econornic viability of extant and future exploration in a nahiral gas province. Given that 

the commercial value of natural gas is predominantly detemined by its calorific value, it 

is advantageous to exploit deposits having a greater proportion of larger carbon number 

high-calorific value constituents. For example, the heat output associated with the 

combustion of one mole of butane (C&Iia) is approximately 3.4 times that for a single 

mole of methane (Table 3.1). Thus, a spatial representation of the relative abundance of 

higher carbon number alkanes, combined with an understanding of the factors controlling 

this abundance, has implications for charactenzing the economic viabi lity of gas 

exploration. 

The relative abundance of C I  and higher alkanes may be characterized by means 

of a dimensionless parameter termed the dry gas index @Go. This index is a ratio of the 

concentration of methane to the sum of the concentrations of methane through butane, as 

summarized by the equation: 

DGI = CH, 
CH, + GH, + C3H, + C,H, ' 

Although the dry gas index may be defined to include aikanes having carbon 

numbers higher than four, these species were omitted from the present consideration 

owing to the potential for Cs+ alkanes to condense at surface temperatures, thereby 

resulting in uncertainty regarding the extent to  which measured pentane concentrations 

are representative of formation conditions. The dry gas index has a maximum value of 

unity, and reflects the relative proportion of methane to alkanes with higher carbon 



Methane, CH4 

Z% 

Table 3.1: Heat of combustion in kilojoules per mol for Cl- 
C4 allcanes. Data are from BoIz and Tuve (1973). 
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nurnbas. Thus, a higher dry gas index indicates a lesser proportion of CÎ+ alkanes 

having high combustion energies. 

3.1. i Controls on hv&.ocarbon gas composition 

Relative abundances of C2+ alkanes are controlled by a number of factors 

associated with both the primary generation of hydrocarbons, as well as post-generation 

processes including gas migration, mixing, bacterial methylotrophy, and dissolution. One 

of the principal factors influencing gas composition is the mechanism of gas generation. 

Hydrocarbon gases may be generated by one of two principal mechanisms, either 

bacteriai or thermal. Bacterial gas generation commences dunng sedimentation and 

diagenesis once anaerobic conditions have been achieved. This mode of gas generation is 

mediated by methanogens, which metabolize either CO2 or acetate to produce methane 

according to one of the following reactions: 

CO, + 4H2 + CH4 + 2 4 0  (3 .SI 

Gas produced by bacterial metabolism is charactenzed by a DG1 of approximately 

unity, being compriseci almost exclusively of CH,. Oremland et al. (1988) have also 

demonstrated bacterial ethane production in sediment slumes, although only in trace 

amounts. Bacterial methanogenesis is the dominant mechanism of gas generation up to a 

maximum temperature on the order of 70°C (Hunt, 1996), above which the abiotic 

production of methane becomes dominant. Thermogenic production of hydrocarbon 

gases from kerogen and larger carbon number hydrocarbons commences at a temperature 

of S O T .  The onset of thermogenic gas generation is charaaerized by dominant methane 

production, with significant proportions of C2 and higher alkanes generated at 

temperatures above 65-70'C (Hunt, 1996). 
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A second factor influencing the relative abundance of C2+ alkanes is the 

composition of the parent kerogen. Sapropelic, or Type II, kerogms are characterized by 

generation of a higher proportion of wet gas components for a given time-temperature 

exposure than are humic Type III kerogens (Figure 3.1). 

One post-generation process affecting reservoired gas composition is gas 

migration. Previous studies (Leythaeuser et al., 1980; Leythaeuser et al., i 984) have 

described the compositional fractionation of gases resulting through gas expulsion from 

source rocks and subsequent migration to reservoirs. During these processes, alkanes are 

separated in a process analogous to chromatographie separation, with the distance for 

each component fkom source to migration front increasing in direct proportion to the 

diffusion coefficient and, correspondingly, inverse proportion to molecular weight. Thus, 

methane would tend to migrate further from the source than ethane, which in him would 

diffuse further than propane, and so on. Graphical representation of DG1 would represent 

the effect of such a process as a pattern of increasing gas dryness away from the 

presurned gas source. 

Gas mixing may also influence the observed spatial pattern of gas dryness. 

Thermogenic gas with a high relative abundance of Ci+ aikanes generated at depth rnay 

undergo mixing with dry gases generated by bacterial metabolism in shdlower systems. 

Similarly, in systems containing a juxtaposition of humic and sapropelic kerogens gases 

from both sources may mix to produce intermediate dry gas index pools. Such mixing 

processes may complicate the pattern of gas composition obsened on a regional scale. 

Bacterial methylotrophy constitutes a third means by which gas composition may 

be altered following generation. Some genera of microbes utilize CH,, and higher carbon 

number alkanes as electron acceptors in their metabolic processes. Of these, the 

microbiology of aerobic methane oxidizers is best understood and evidence of their effect 

on gas composition best charactenzed. Compositional and isotopic evidence of methane 
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Figure 3.1: Relative yields of hydmcarbon and nonhydrocarbon gases with 
increasing pyrolysis temperature for sapropelic (Type II) and humic uype III) 
organic matter. These generation curves exclude non-organic mechanisms of 
H2S. C02, and N2 production such as sulfate reduction (after Hunt, 1996). 
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oxidation by aerobic bacteria to produce CO2 has been reported in diverse systems 

including laboratory cultures. surface water columns, freshwater and marine sediments, 

and soils (Barker and Fritz, 1981; Coleman et al., 1981 ; Whiticar and Faber, 1986 and 

references therein). More quivocal is the mechanism for anaerobic oxidation of CH, to 

produce CO2. Rosenfeld (1947) first reported the anaerobic oxidation of hydrocarbons 

by sulfate reducing bacteria, a process later refuted by Sorokin (1957). It is possible that 

the oxidation observed in the former study arose as a consequence of its use of impure 

bacterial cultures (Davis and Yarborough, 1966). Davis and Yarborough (1966) reported 

the anaerobic oxidation of methane by Desuljovibrio desuIfurzcans, a sulfate reducing 

bactenum. In an experiment, 14c-labeled methane and ethane were oxidized by pure 

cultures of sulfate reducing bacteria to produce 1 4 C ~ 2 ,  although the rate of oxidation was 

slow and that the amount of hydrocarbon reduced was small. The influence of anaerobic 

hydrocarbon oxidation on natural gas compositions has not yet been resolved. 

An additional means by which the composition of a reservoired hydrocarbon gas 

may be altered is dissolution. Alkanes coexisting with or having been generated in 

conjunction with oils are subject to dissolution into the liquid phase. Alkane solubility in 

liquid hydrocarbons increases with increasing chah length. As a consequence of this 

direct relationship between carbon number and solubility, it is expected that areas in 

which dissolution occurs would be characterized by relative increases in the dry gas 

index, as C2+ fractions would preferentially partition into the liquid phase (Clayton, 

1991b). Conversely, where sijpificant volumes of formation water occur in conjunction 

with gasews alkanes, a decrease in the relative proportion of gaseous methane would be 

expected. This pattern refiects the decreasing aqueous solubility of alkanes with 

increasing carbon nurnber. Given the expected gas-saturated nature of deep basin 

settings such as the one under present consideration, the magnitude of aqueous solubility 

effects is likely to be minimal. 



3.1.2 Primmy controls on  as isotope ratios 

Resolution of gas source and post-generation effects on 

be reliabiy carried out on the basis of gas composition alone, 

gas composition cannot 

owing to the numerous 

combinations of processes that could lead to a given gas composition. Integration of 

stable carbon and hydrogen isotopic data is fundamental to resolving these influences on 

gas composition. The preferential utilization of "C by methanogenic bacteria to produce 

'3~depieted CH, has long been recognized and foms the basis for a nurnber of methods 

of distinguishing bacterial from thermogenic methane. One reliable method of 

differentiating gas generation mechanisms was descnbed by Bemard et al. (1977) and 

relies on the graphical representation of gas composition using two parameters. The first 

of these is the I3c/l2c ratio of methane, reported in the farniliar delta notation (Equation 

1.1). This is plotted against the dimensionless Bemard Parameter, which is simply the 

ratio of methane concentration to the sum of the ethane and propane concentrations, as 

represented by the equation: 

Bacterial and thermogenic gas fields have been defined using empirical data on 

the basis of these two parameters, as illustrated in Figure 3.2. As is shown in this 

diagram, bacterial gases are characterized by higher ratios of methane to Ct and C3 

species, as well as relatively "c-depleted methane. It should be noted that the 

distribution of reservoired gas compositions on a Bernard diagram may not stnctly 

represent primary effects on gas composition. Microbial oxidation of CH4 may decrease 

gas dryness and enrich residual C h  in the 13c isotope, thereby moving bacterial gases 

toward the realm of thermogenic gases on the diagram (Figure 3.2). 



los 

-1 00 -90 -80 -70 -60 -50 4 0  -30 -20 

6'3CCH,('60 VS. PDB) 

Figure 3.2: Bernard (1977) diagram distinguishing bactenal from thennogenic gases on the basis of 
molecular composition (described by the Bemard Parameter) and carbon isotope ratio of methane. 
The arrow indicates compositional and isotopic alteration of bactenal gases induccd by microbial 
oxidation. 
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Maturation effects may also be resolved on the basis of 13c/12c ratios. Schoell 

(1980) developed a summary of the carbon isotopic variation and C2+ fraction as a 

fùnction of vitrinite reflectance (O? &). These isotopic and compositionai fields are 

summarized in Figure 3 -3. In general, Figure 3 -3 reveals a trend toward increasingly less 

negative 6 " ~  for methane generated from increasingly mature organic sources. This 

pattern of "C ennchment with increasing source maturity has been reported by more 

recent studies (James. 1983; Clayton, 199 1b) and will be discussed M e r  in subsequent 

sections. 

These source-related cornpositional and isotopic effects have been combined in a 

number of more sophisticated gas typing procedures. One means for the genetic 

characterization gases relies on the cornparison of cornpositional and isotopic data for 

sampled gases with established ranges for natural gases from other basins. Schoell 

(1980, 1983) defined a suite of genetic classes on the basis of gas composition and 

isotope ratios for cogenerated gases from North Amencan and European basins. 

Specifically, the compositional data on which this approach relies is the volume 

percentage of C2+ alkanes in reservoired gases, hereafier symbolized as X2+. Isotopic 

data used in this method comprise the 613c values of C& and C&, as well as the 6D of 

CH4. Cross-plots of (1) 6l3cCH4 versus LC2, (Figure 3.4). (2) 6l3cm, versus 8>,, 

(Figure 3 . 9 ,  and (3) S'3~cH4 versus 6L3~c2H6 (Figure 3.6) are used to define f've genetic 

classes. The first of these is biogenic gas, characterized by SL3cCH, more negative than - 
58 to -60 %O and CC2+ concentrations of 1-2 volume %. The second and third of these are 

oil- and condensate-associated gases, respectively. These are characterized by 613~cH4 

values between -52 and -34 %O, with condensate-associated gases tending towards the 

more positive end of this range. X2+ concentrations may range up to 50 volume percent 

or more for these associated gases. Nonassociated gases from humic and sapropelic 

kerogens constitute the fourth and fifth compositional fields, respectively. Sapropelic- 
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Figure 3.3: Variation in 613c of methane and C2+ concentration for generated 
hydrocarbons a s  a function of increasing organic maturity (after Schoeîi, 1980 
and Schoell, 1983). 
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Figure 3.4: Genetic classifications of natural gases defined by 
Schoell(1983) on the bais of methane 613c and the abundance 
of ethane and higher &anes. 
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Figure 3.5: Genetic classes of natural gases defined by Schoeil(1983) on the 
basis of empirical 613c and 6D ranges of methane. 
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Figure 3.6: Genetic classifications of natural gases defuied by Schoell(1983) 
on the basis of the carbon isotope composition of methane and ethane. 
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sourced nonassociated gases are characterized by 6 " ~ ~ ~  ranging from -45 to -30 %O and 

&+ less than 15 volume %. Nonassociated gases from a humic source have SL3cCH4 

between -35 and -20 % and LCZ+ less than 10 volume %. 

Some clarification of the terms associaled and nonassociated used in these 

diagnuns is necessq,  as the meanings used herein differ from standard petroleum 

geology usage. With respect to these compositional fields, associated and nonassociated 

have a genetic connotation, whereby associated gases are those generated together with 

oil or condensates within the "oil window" of source maturity. Nonassociated gases are 

generated at maturities exceeding the range over which oil generation occurs. The usage 

of these terms in petroleum geology parlance has no genetic connotation. The term 

"associated" in petroleum geology indicates gases which coexist with oil in a reservoir, 

wheress nonassociated gases are reservoired in the absence of oil. 

Although the empirical-range approach described by Schoell (1 980, 1983) is 

useful as a first approximation of gas source, it suffers from a number of limitations 

which preclude its use as a precise determinant of gas type. One of the fundamental 

limitations of this method lies in the relatively restricted data set on which it is based. 

Deviation of a given hydrocarbon system from the isotopic and compositional ranges 

employed by Schoell rnay contribute to erroneous classification of reservoired gases 

(Clayton, 1991a). Such deviations may be attributable to a diversity of factors, including 

differences in source isotopic composition and maturity between the gas of interest, and 

that on which the empirical ranges are based. Furthemore, the proportion of the gas 

generation potential realized for a given source may influence the isotopic composition of 

a reservoired gas, thereby resulting in a deviation from classifications based on empiricai 

data. 

A second approach used for the genetic characterization of natural gases is the 

partition function approach (James, 1983). This method relates the ciifference in 613c 
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values of cogenerated hydrocarbons (hereafter represented by the notation A'~c)  to 

source maturity. B y considering the 613c values of C aikanes relative to one another, 

rather than relative to the source kerogen, this method attempts to counteract any 

erronews results arising from variability in source 613c values. Two maturity-related 

effects are noted by James (1983). Firstly, a regular progression toward increasingly 

positive 6 " ~  values is noted with increasing carbon number. This &ses owing to the 

relationship of the mass difference between the I2c and "C isotopes with the mass of the 

alkane molecule. For lower carbon number alkanes, the 1 arnu mass difference between 

the two isotopes represents a greater proportion of the molecular mass. Hence, it is 

expected that a mass-discriminating process will be more greatly affected by the mass 

difference between the two isotopes when lighter molecules are involved, with a 

corresponding increase in isotopic fractionation relative to the kerogen. Secondly, with 

increasi ng maturi ty , and hence increasing temperature exposure for a aven time interval, 

a decrease in the isotopic separation of alkanes relative to the source kerogen is noted. 

This is related to the inverse relationship between isotopic fractionation factors and 

temperature described by Bigeleisen and Mayer (1947). 

Maturity-related effects on the isotopic composition of Cl-C5 alkanes have been 

surnmarized by James (1983) through the diagram depicted in Figure 3.7. The y-axis of 

this diagram employs a sliding 6 ' ' ~  scale rather than the fixed 613c ranges used in the 

ernpirical approach. On the x-axis are shown three maturity parameters: (1) Level of 

Organic Metamorphism (Hwd et al., 1979, (2) Thermal Alteration Index (Staplin, 

1969), and (3) vitrinite reflectance. The five lines shown on this diagram represent 

calculated isotopic separations for increasing maturity. The relative order of these lines 

from the top of the diagram downward reflects the increasing "C enrichment for higher 
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carbon number alkanes previously discussed. Convergence of the five lines toward the 

right side of the diagram reflects decreasing fractionation with increasing time- 

temperature exposure of the source organic matter. Maturity ranges for condensate and 

oil generation are also shown, as is the maturity range for methane generation through the 

cracking of higher carbon number alkanes. 

A more recentiy developed means of classiQing natural gases on the basis of 6% 

and compositional data has been described by Clayton (1991a). This approach is 

advantageous in that it employs elements of both the empirical and partition fûnction 

approaches, and accounts for the limitations inherent in each. As with both of the 

methods previously discussed, genetic characterization of gases in this approach employs 

a surnmary diagram (Figure 3.8) with which data may be cornpared. In similarity to the 

Schoell (1983) model, the 6 " ~  vs. DG1 surnmary diagram of Clayton (1991a) utilizes a 

fixed 6 W  scale. However, the latter makes no estimation of source 613c, instead 

requiring an independent determination of carbon isotope ratios for the source kerogen. 

The abbreviation GGI appearing in the compositional and isotopic field for labile 

kerogen-sourced gas denotes the Cas Generation Index, a parameter defined by Clayton 

(199 la) to describe the fiaction of the gas generating potential of a given kerogen that has 

been realized. The result of increasing GGI therefore parallels increased source maturity, 

insofar as the 6% signature of generated methane begins to approach the kerogen 6"~. 

3.1.3 Post-generution controis on gas isotope ratios 

The effect of gas migration and mixing on the isotopic signatures of hydrocarbon 

gases has been a topic of considerable controversy in the past. First proposed by 

Ingerson (1953) isotopic fractionation of gases during migration was invoked by 

Colombo et al. (1966; 1969) to explain observed patterns of 613c and DG1 variation in 

natural gas fields of southem Italy and Sicily. These authors noted a correlation between 



Dry Gas Index 

Figure 3.8: Clayton diagrarn for the genetic characterization of natural gases. The vertical 
axis indicates the difference between the carbon isotope ratios of methane and the presurnzd 
source kerogen. 
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the proportion of CI& in a reservoired gas and the 613c value of methane, whereby gases 

wntaining p a t e r  proportions of C1+ alkanes were characterized by more positive 6% 

values for the associated methane. This compositional and isotopic variation was 

attributed by these authors to migration, with increasing depletion of methane in "C 

paralleling increasing migration distances from the presumed gas source. More recent 

work (Fuex, 1980), involving both experimentai data and mathematical modeling of the 

gas migration process, indicates that under the steady-state generation and migration of 

natural gas, fractionation is negligible for both the carbon and hydrogen isotopes of 

methane. In a recent review, Whiticar (1994) reiterates that no convincing evidence has 

been found since Fuex's (1980) study to indicate that isotopic fractionation accompanies 

the compositional fractionation associated with migration 

Isotopi c fracti onation of hydrocarbon gases associated with microbial oxidation 

has been the focus of a number of studies. Barker and Fritz (1 98 1) report fractionation 

factors between substrate CH4 and CO2 produced by methane oxidation by M e h o m a s  

methanooxidarrs, an aerobic bactenum. It was found that bacterial selectivity favours the 

12c isotope, thereby enriching the residual methane in 13c and prducing 12~enriched 

COz. In al1 cases. the product CO2 was isotopically lighter than the residual Ch, 

although considerable variability was noted in the fractionation factor between CO2 and 

CH4. Fractionation factors of 1 .O3 13 to 1 . O 0 5 2  were reported. Coleman et al. (198 1 )  

reported a similar range of carbon isotope fractionation factors for mixed cultures 

containing methane oxidizers. These authors also determined fractionation factors of 

1.1 O3 to 1 -3 25 for hydrogen isotopes involved in the methane oxidation process. Thus, it 

can be concludeci that the progression of methane oxidation will serve to enrich residual 

methane in and 'H, while producing 12C-enriched COt. Owing to the equivocal 

nature of anaerobic oxidation of C2+ alkanes, fractionation factors for this process have 

not beem reported. 
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Isotopic fiactionation associated with dissolution of methane into coexisting 

liquid phases has been reported in laboratory studies by Colombo et al. (1966) and Fuex 

(1980). The earlier of these studies involved the dissolution of pure CH4 into n-heptane, 

water, and crude oil solvents at pressures approximately two times atmospheric. The 

pressure was subsequentiy decreased in a stepwise manner, allowing gas exsolution to 

occur. Aliquots of the exsolved gas were sarnpled and their 613c measured. It was found 

that the maximum fractionation was developed when n-heptane and oil were used as 

solvents. In these cases, the earliest exsolved gases differed from the last aliquot sarnpled 

by 1.5 %O, with the latter being isotopically heavier. Dissolution and exsolution of 

methane using an aqueous solvent did not impart a measurable isotopic fractionation. 

This finding was supported by Fuex (1980) who inferred on the basis of similar 

experiments, that the dissolution of methane in water and its subsequent exsolution are 

unlikely to impart a carbon isotope fractionation in excess of 1%. On the basis of these 

findings, it appears that dissolution of alkanes in coexisting or cogenerated fluids is 

unli Lely to affect signi ficanti y the isotopic corn posi tion of reservoired gases. 

3.2 Meihodology 

Regional variations in gas composition were characterized in the present study by 

the mapping of cornpositional data from drill stem tests. A total of 8 10 gas analyses were 

used, with 109 from the Montney, 203 from the Doig, and 498 from the Halfway 

Formation, respectively. Compositional data were gridded using a 100 horizontal ce11 by 

150 vertical ce11 rectangular grid and contoured using the least difference squared method 

by means of the MCadContour mapping package (Aupperle SeMces and Contracting, 

Calgary, Alberta). 

Thirty-five wells were sampled and analyzed for CI-CI alkane concentrations by 

gas chromatography. The separation of short-chah alkanes was carried out on a stainless 
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steel column having an intemal diameter (I.D.) of 3.175 mm, a length of 9 m, and 

utilizing 30% DC 200/500 as the stationary phase. Al1 separation was perfonned 

isothennally at a temperature of 1 50°C. Precise measurement of concentration relied on a 

flame ionization detector (Fm) and linear interpolation relative to a single-point 

calibration. Given the linearity of FID response over m e n  orders of magnitude (Skwg 

and Leary, 19921, a single point caiibration was taken to be adequate for concentration 

determinations herein. Measured peak areas were compared to an extemal standard 

containing 19.4I0.4 vol. % methane, 21.1M.4 vol. % ethane, 19.8I0.4 vol. % propane, 

20.lf0.4 vol. % isobutane, and l9.6W.4 vol. % n-butane in order to determine the alkane 

concentrations in the sample. Each analysis was repeated in triplicate in order to ensure 

reproduci bil i ty . 

An aliquot of each sample was separated for isotopic analysis. Carbon isotope 

ratios were measured by means of integrated gas chromatography-isotope ratio mass 

spectrometry (GC-IRMS). This measurement entailed the chromatographie separation of 

alkanes on a Porapak Q' stationary phase and detection by means of Thermal 

Conductivity Detection (TCD). Despite its higher detection limit, utilization of TCD was 

preferred for this application, owing to its non-destructive nature. Aikanes of carbon 

number 1 to 4 were then combusted to CO2 and H20 at 800-900'C and introduced into a 

magnetic sector mass spectrometer as CO2. The 1 3 C / ' 2 ~  ratio of the CO2 was then 

measured and expressed in terms of the delta notation (Equation 1.1) relative to the 

Viema Pee Dee Belemnite (V-PDB) carbon isotope scale. Errors for 613c measurements 

were f 0.6 %O. The &O thus produced was quantitatively reduced to Hz at 500°C using a 

zinc cataiyst (Coleman et ai., 1982) according to the reacîion 

H,O+Zt+  2hO+H, (3 - 5 )  
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and analyzed by conventional mass spectrometry. Hydrogen isotope ratios were then 

expressed in delta notation relative to the Standard Mean Ocean Water (SMOW) 

hydrogen isotope standard, with an error of i 2 %O vs. SMOW. 

3.3 Resdts 

3.3.1 Compositional variations 

Regional variations in the relative abundances of CI through C4 alkanes as 

determined from DST data are expressed in ternis of DG1 and mapped for each of the 

three formations in Figures 3.9a through 3 . 9 ~ .  Dry gas indices for gases reservoired in 

the study area range from 0.5 13 to approximately 1. The lowest DG1 values observed in 

the study area are developed within the Montney Formation in a single well located at 

54.8%, 117.2OW (Figure 3.9a). A similar DG1 distribution is observed for al1 three 

formations, in which a zone of lesser DGI values mming approximately north-south in 

the central part of the study area is flanked by high DG1 areas on either side. 

Measured compositional data for hydrocarbon gases sampled are summarized in 

Appendix A. The concentration ranges of CI to C4 alkanes, together with the resultant 

DG1 values, are listed in Table 3.2. These data reflect a simi1ar distribution to the DG1 

data from drill stem tests in a number of ways. Firstly, there exists good agreement in the 

overall range of values determined from both sources. In addition, a similar spatial 

disuibution arnong the two data sets is noted, with the central part of the sampled area 

being characterized by the lowest DG1 values (Figure 3.10). On either side of this DG1 

low, increasingly positive values are developed toward both the eastern and western 

limits of the study area. DG1 values in the westemmost part of the study area approach 

unity. Gases from this area are marked by an almost complete absence of C2 and higher 

al kanes, with methane being the only gaseous hydrocarbon species present. Toward the 

eastem Montney subcrop edge, DG1 values between 0.90 and 0.95 are developed. In 



Figure 3.9: Maps depicting the regionai distribution of Dry Gas Index of reservoired 

hydrocarbons. Lower DG1 values indicate an increasing proportion of C2 and higher 

carbon nurnber alkanes. 



Figure 3.9(a): Montney Formation DG1 map. 



Figure 39(b): Doig Formation DG1 map. 



Figure 3.9(c): Halfway Formation DG1 map. 
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Figure 3.10: Map depicting the spatial variation in Dry Gas Index of Triassic-reservoired gases, as determined from 
the sampling and analysis conducted in the present study. Data from al1 formations sampled are combined in this 
diagram. 
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contrast with the DST data, the lowest DG1 obtained frorn a sarnpled gas occurs in the 

Halfway Formation, with a value of 0.65. 

Figure 3.11 depicts the depth distribution of DG1 for Triassic-reservoired gases. 

As is shown in this plot, gases in shallow (< 1250 m depth) Montney reservoirs near the 

Triassic subcrop edge are marked by DGIs of 0.92 to 0.94, indicating a predominance of 

methane. Below this depth, and approaching the central part of the sampled area, DG1 

increases steadily, reaching a minimum at approximately 2200 m below surface. At 

depths greater than 2250 m, Triassic gases are characterized by highly variable DGIs, 

with a spread of 0.2 DG1 units observed. A gened trend toward increasing gas dryness 

is noted in this depth interval, with peak DG1 values approaching unity in five Doig and 

Halfway Formation samples collected at depths between 2400 and 2500 m. 

The spatial variation in DG1 within each formation is summarized in Figures 3.12 

through 3.14. DG1 varies within Montney reservoirs in a similar manner to the overall 

DG1 distribution, with a central area having DG1 < 0.80 bordered by areas of dner gas 

occurrences. Peak DGIs are observed in both the extreme northwest and northeast of the 

sarnpled area. Reservoin in the Doig Formation exhibit a pattern of increasing DG1 fiom 

east to west, with values increasing from < 0.85 to a maximum of 0.99. This spatial 

variation in DG1 parallels both increasing depth and thickness of sedimentary cover. It 

should be noted that the lirnited distribution of Doig reservoirs may conceal greater 

spatid variability in DG1 values, as well as a pattern more similar to DG1 variation in the 

Montney formation, than is indicated by Figure 3.13. Variability in the DG1 of Halfway- 

reservoired gases (Figure 3.14) parallels both the overall DG1 distribution as well as that 

in the Montney, with a centrai area of relatively low DG1 (< 0.75) surrounded by higher 

DG1 areas. DG1 increases steadily towards both the eastem and western limits of the 

study area, with peak DGIs observed in the northwestem portion of the shidy area. This 
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Figure 3.11: Depth profile of DG1 in Lower and Middle Triassic-reservoired 
gases, as determined from the sampling and analysis carried out in the present 
study . 
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area is characterized by DG1 values approaching unity, and coincides with the deepest 

part of the sampled area. 

3.3.2 g3c variatiom 

Ranges of carbon isotope ratios for hydrocarbons in the Montney, Doig, and 

Halfway Formations are summarized in Table 3.2. The overlap apparent from Table 3 -2 

in the 6I3Cm4 values from the three formations conceals significant differences in the 

carbon isotope composition between the Montney and the Haifway-Doig Formations. 

These differences are revealed in a plot of 8I3ccH4 versus depth below surface (Figure 

3.15). In this diagram, a separation of the 6% data is observed, such that at depths below 

2000 m, Montney gases tend to be characterized by 8l3ccH, values less negative than 

those of the majority of Halfway-reservoired methanes at equivalent depths. Although 

some degree of overlap in 613~cfl, values occurs among the three formations, the data 

tend to be distributed such that 13 
<613c~mm CC*.,, . Thus, the 

613c of methane appears to have a relatively strong stratigraphic control, with increasing 

depletion in the heavier "C isotope upward in the stratigraphic succession. At shallower 

depths, increasing depletion in the 13c isotope is noted for Montney formation reservoirs, 

with 6 " ~  values of approximately 4 8  to -50 %O occumng in the shallow, high-DG1 

reservoirs near the eastem subcrop edge. 

Consideration of the depth relationships for 6I3c values of and higher alkanes 

reveals that there is no systematic variation in the carbon isotope composition of these 

species (Figures 3.16-3 -20). Rather, in contrast to methane, 6 " ~  values of C2+ alkanes 

from the three formations overlap to a considerable degree, apparently reflecting the 

absence of any significant stratigraphic control. Furthemore, C1+ alkanes, with the 

exception of ethane, have a narrower range of 613c values than methane, with total 

variations on the order of 3 to 5 %O. For ethane, a spread of approxirnately 11 960 is 
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observed, with one Doig sarnple from the northwest corner of the study area and two 

Montney samples from the southeastem pari of the study area exhibiting relatively "c- 
depleted carbon isotope ratios (Figure 3.16). 

In order to refine the variations in composition and carbon isotope ratios within 

each formation, depth profiles (Figure 3.21) and maps depicting spatial variability in 613c 

values have been generated. Within the Montney Formation, 613c values for methane 

show maxima in both the central and the extreme northwestem parts of the study area 

(Figure 3.22(a)). Approaching the eastem subcrop edge, increasing depletion in the 13C 

isotope is noted, with minimum 613c vaiues coinciding with peak DG1 values. This 

spatial variation in 613c of methane toward the east cointides with a decrease in reservoir 

depth (Figure 3.21). The 6I3c of ethane decreases toward the centre of the study area, 

with a minimum occumng slightiy eastward of minimum DG1 for the Montney. Overall, 

ethane 6% values increase with increasing depth below 1500 m. Shallow Montney 

reservoirs in the northeastern part of the study area are characteriseci by 613c vaiues of - 
36 to -3 7 %O, deviating somewhat from this overall trend. Similar increases in 6 " ~  with 

depth are observed for both propane and butane. These depth-related variations appear as 

increased 6% values approaching the western limit of the study area. Pentane 6 ' ) ~  

values appear independent of both depth and spatial distribution, showing a relatively 

restncted range of values varying within approximately 3 %o. Hexane exhibits a trend 

toward increasingly negative 6 " ~  with increasing depth, although the small number of 

data points arising from the small proportion of wells in which appreciable hexane 

concentrations occur, precludes reliable interpretation of this apparent trend. This depth- 

related variation does not appear to coincide with any systematic spatial distribution of 

613c values. 

For Doig-reservoired natural gases, no systematic variation in 613c with 

increasing depth is noted (Figure 3.23). The 6 ' ' ~  data appear to follow two 





Figure 3.22(a): Maps depicting the spatial variation in 613c of C $3 allianes in 
Montney- reservoired na tural g ases. 



Figure 3.22(b): Map depicting the spatial variation in 6I3c of C4-Cg aikanes in 
Mon tne y- reservoired natural g ases. 
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approximately linear trends toward decreasing values with increasing depth. This trend 

toward decreasing 613c values follows an approximately east-west orientation, with 

incnasing depietion in the 13c isotope towards the westem limit of the sampled area 

(Figure 3.24). The 6I3c data for Doig-resewoired ethane show considerable variability, 

with values decreasing from 2000 to 2100 m depth, followed by a steady increase to a 

peak value at 2350 m. Below 2400 m, 6 " ~  values are highly variable and lack a 

systematic depth-related trend. An extremely "C-depleted ethane sample occurs at 

approximately 2430 m depth, having a 6 " ~  of -48 960. Propane data for Doig reservoirs 

show relaîively uniform carbon isotope ratios, with four of the five gases having 613c 

values of approximately 33.4 %O. A propane 6 " ~  minimum of approximately -35 %O 

occurs at 2340 m, and does not coincide spatially with the ethane 613c minimum. Butane 

shows relative uniformity in 6°C values to 2230 m depth, afier which a shift of 

approximately 4 %O towards increasingly "c-enriched composition is noted. The 6 " ~  

variation for pentane is comparativefy simple, showing a trend toward increasingly 

positive values westwards, and concurrently, with increasing depth. 

The carbon isotope ratios of hydrocarbon gases in reservoirs of the Halfway 

Formation are plotted against depth in Figure 3 -25 and spatially in Figure 3.26. Methane 

6°C shows no systematic depth-related variation, but rather shows the greatest "C 

depletion in the central shidy ara, with the degree of "C enrichment increasing towards 

both the eastem and westem margins of the study area. 6°C values for ethane through 

hexane are similady characterized by the lack of depth-related trends. Spatial trends in 

the 6 " ~  values of these hydrocarbon species are considerably more pronounced. Ethane 

exhibits a general trend towards increasingly positive 6 " ~  from southeast to northwest 

across the study area (Figure 3.26a). A similar pattern of 613c variation is observed for 

propane, with the northwestem part of the study area exhibiting the most 13c-enriched 

carbon isotope ratios. The trends observed for 613c of ethane and propane are not 



Figure 3.24: Maps depicting the spatial variation in 613c of Cl 'O Cg 
akanes in Doig-reservoired natural gases. 





Figure 3.Wa): Maps depicting the spatial variation in 6 13c of CI -C3 alkanes in 



Figure 3.26(b): Maps depichg the spatial variation in 613c of C4-C6 alkanes 
in Halfway-reservoired natural gases. 
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duplicated for the C4 and C, alkanes. Haifway-reservoired butane has its highest 6 " ~  

values in isolated areas in the east-central and northwest parts of the sampled area. 

Similady a 613c high is observed for pentane in the northeastem study area. In contrast 

with G, the northwestem study area is characterized by a relative 613c low for pentane. 

Although the hexane data are too few in number to permit reliable characterization of 

6 " ~  variations, it appears from the limited area of Cs occurrence that a relative depletion 

in I3c CS toward the northwest. 

3-3.3 rn variations 

Hydrogen isotope ratios of CI-C4 alkanes are sumrnarized in Table 3.2 and largely 

parallel the variations observed for the carbon isotope signatures of these species. For 

CH4, a depth profile of 6D (Figure 3.27) reveals that Montney-reservoired gases are 

characterized by more positive m) values relative to Halfway gases reservoired at similar 

depths. Thus, as occurs with the isotopes of carbon, hydrogen also shows a depletion in 

the heavy isotope for Halfway- and Doig-reservoired methane relative to Montney- 

reservoi red methane at an equivalent depth. Simil arl y, the trend towards increasingl y 

light carbon in gases reservoired at shallow depths in the Montney is paralleled by 

hydrogen isotope data, with shallow resewoirs in the northeastem part of the study area 

showing increasingly negative 6D values. Considering the 6D data for ethane and higher 

alkanes (Figures 3.28-3.32), the lack of a stratigraphie control over hydrogen isotope 

composition is apparent. There exists considerable overlap among the 6D values of al1 

three formations, with no bias towards more positive or negative hydrogen isotope ratios 

exhibited by any single formation. Owing to the similarity in the patterns of variation 

among hydrogen and carbon isotopes, the detailed characterization of spatial and depth- 
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Figure 3.28: Depth-related variation in 6D of ethane in Lower and Middle 
Tri assic-reservoi red natural gases. 
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related trends that was carried out for carbon isotopes will not be duplicated for hydrogen 

isotope ratios in the interest of brevity. 

3.3-4 Combination of gas composition and stable isoiope ratios 

Comparison of gas composition and carbon isotope data for Triassic-reservoired 

gases with empincally derived genetic classifications of gases permits greater insight into 

the factors controlling the compositional and isotopic variations described. As discussed 

earlier, a relatively simple method of gas typing relies on the cornparison of gases with 

the fields defined by Bernard (1977). Figure 3.33 illustrates the distribution of Montney- 

reservoired gases on such a Bernard diagram. As is aident fiom this distribution, natural 

gases within the Montney fa11 into the thermogenic gas field, with two of the sampies 

lying on the border between the thermogenic and mixed gas fields on the basis of their 

relatively 13c-depleted carbon isotope ratios. These two samples were collected from 

shdlow reservoirs near the eastem Montney subcrop edge. 

Of the six Doig sarnples collected, half occur within the thermogenic gas range, 

with the remainder falling distinctly within the mixed biogenic-thermogenic gas field 

(Figure 3.34). Although these samples have 6% values characteristic of thermogenic 

methane, they occur in the mixing region owing to their high abundances of methane 

relative to Ca and higher carbon number alkanes. Al1 of these sarnples were collected in 

deep pools within the Sinclair gas field near the Phanerozoic Deformation Front. 

A similar combination of gas occurrences within both the thermogenic and mixed 

biogenic-themogenic fields is noted for Halfway-reservoired gases. Four of the twelve 

samples collected from Halfway gas pools fa11 within the mixed gas range of gas 

composition and methane 6''~ signatures (Figure 3.35). For two of these samples, their 

occurrence in the mixing field is attributable to relatively "C-depleted methane. It 

should be noted that these samples were obtained the shallowest Halfway pools 
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Figure 3.33: Bernard diagram showing the distribution of Montney-reservoired gases. Two of the 
samples appear to have some bacterial gas input, falling on the border between the thermogenic and 
mixed gas fields. 
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Figure 3.35: Bernard diagram illustrating the distribution of gases in the Haifway and Charlie Lake 
Formations. Four of the Halfway samples shown fall into the mixed mixed gas field, and an 
additional two fa11 on the border beiween the thermogenic and mixed fields. 
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examined. The remaining two Halfwzy gases that occur in the rnixed gas range do so 

strictly on the basis of their high Bernard parameter values, as their methane 6 " ~  values 

are characteristic of a thermogenic origin. As with the Doig samples for which similarly 

high Bernard parameters were reported, these Halfway samples were aiso obtained from 

deep pools within the Sinclair gas field. The single sample collected from a Charlie Lake 

Formation gas pool fails unequivocally into the thermogenic gas range of composition 

and 6°C 

Applying the more rigorous genetic characterizations of gases as defined by 

Schoell (1983) confirms the possibility of mixing between themogenic and biogenic 

gases. Figure 3.36 illustrates the distribution of Montney-reservoired gases on the 

Schoell 6 " ~ ~ ~ ~  versus CI+ abundance diagram. As compared with the Bernard 

approach, this Schoell diagram indicates a greater number of gases that may have a 

degree of bacteriai input. Six of the samples shown on this diagram faIl into the region of 

overlap between the thermogenic oil-associated and the mixed themogenic-biogenic 

fields. These relatively dry gases were collected from shallow reservoirs near the 

Montney subcrop edge characterized by the lowest recorded reservoir temperatures. The 

remainder of the samples fa11 into the thermogenic oil-associated field. Gases reservoired 

in the Doig formation are plotted against these genetic classification fields in Figure 3.37. 

As with the Montney samples, the majority of these gases occur in the themogenic oil- 

associated field, with only a single sample having any indication of bacterial gas 

admixture. The extremely dry Sinclair field sarnples that plotted in the mixed gas field 

on the Bernard diagram occur in the thermogenic field on this Schoell plot. The 

implications of this discrepancy will be discussed below. Similarly, the number of 

Halfway-reservoired gases falling into the mixed biogenic-thennogenic field is lesser for 

the Schoell approach relative to the Bernard diagram. The majority of Halfway samples 

fa11 into the themogenic oil-associated field, with only two samples indicating the 
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Figure 3.36: Dismbution of Montney Formation gases relative to 
the genetic classifications defined by Schoeil(1983) on the basis 
of 813c of CH4 and the relative abundance of C2+ alkanes. 
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Figure 3.37: Doig-reservoired gases plotted on the methane 6I3c 
and gas compositional ranges defïned by Schoeli (1983). Doig 
gases fall into the thermogenic oil-associated field, with one of 
the samples indicating a possible admixture of bacterial gas. 
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possibility of bacterial gas mixture (Figure 3 -3 8). As wi th the Doig-reservoired gases, 

dry gases from Halfway pools in the Sinclair field plot in the thermogenic realm of this 

Schoell dia-. As with the Bernard diagram, the single Charlie Lake sample plots in 

the themogenic range. 

Comparable results are obtained from Schoell 613~cH, versus diagrams. 

Figure 3.39 illustrates the distribution of Montney-reservoired gases on such a plot. Five 

of the Montney sarnples plot in the mixed gas region of the diagram, with a sixth plotting 

on the border between the mixed gas and thermogenic fields. The remainder ofthe gases 

plot in the thermogenic oilkondensate associated gas field, a finding consistent with that 

of the Schoell approach discussed previously. Two of the Doig-reservoired gases fdl 

upon the mixed gas field (Figure 3-40}, with an additional two straddling the border 

between the thermogenic and mixed gas fields. The remainder plot within the 

thermogenic field, with the exception of one sample which plots outside of the diagram 

owing to its unusually "c-depleted ethane component. A significant discrepancy is 

noted between the distribution of Halfway-reservoired gases on the 

6 " ~ ~ ~ .  venus 6'3~c2H6 Schoell diagram (Figure 3 Al)  relative to the 8l3ccH4 versus C2+ 

abundance diagram. Whereas the majority of Halfway samples fdl into the thermogenic 

oil-associated field on the latter, the 613C'&, versus S " C , ~ , ~  diagram indicates that the 

rnajority of the gases collected from Halfivay pools represent mixtures of bacterial and 

thermogenic end-members. 

The third type of Schoell diagram employed is based on the carbon and hydrogen 

isotope ratios of methane. Montney-reservoired gases plotted on this type of diagram al1 

fa11 into the thermogenic oil-associated field, with no indication of gas mixing between 

thermogenic and bacterial sources (Figure 3 -42). For Doig-reservoired gases, al1 sarnples 

also fa11 into the thermogenic field, with three of the samples indicating oil-association 

and the remaining three indicating cogeneration with condensates (Figure 3.43). A 
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Figure 3.38: Distribution of Halfway Formation and Charlie Lake 
Formation gases relative to the genetic ciassifications defined by 
Schoell(1983) on the basis of 613c of CH4 and the relative 
ahundance of C2+ alkanes. 
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Figure 3.39: Schoell diagram based on the carbon isotope ratios of coexisting 
methane and ethane, illustrating the distribution of Montney-reservoired 
naturai gases. 
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Figure 3.40: Doig-reservoired natural gases plotted against the empirical ranges 
defmed by Schoell(1983) on the bais of the carbon isotope composition of 
methane and ethane, 
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Figure 3.41: Schoell diagram depicting the distribution of Halfway- and Charlie 
Lake Formation-reservoired natural gases relative to em pirical ranges defmed on 
the basis of the carbon isotope ratios of methane and ethane. 
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Figure 3.42: Schoeli 613c vs. 6D diagram showing the distribution of Montney- 
reservoired natural gases. 



Figure 3.43: Doig-reservoired gases plotted against the empiricd 613c and 6D 
ranges defhed by Schoell(1983). 
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sevemth sample for which no compositional data are available falls on the boundary 

between the two fields. Al1 but one of the Halfway samples also fdls into the oil- 

associated thermogenic field on the ba is  of its methane carbon and hydrogen isotope 

ratios (Figure 3.44). The remaining Halfway sample is classified as condensate- 

associated on the basis of its position on this diagram. The gas sample reservoired in the 

Chariie Lake Formation falls outside of the empirically derived fields on this diagram. 

It is recognized that significant discrepancies arise in the results of application of 

the Bernard and Schoell diagrams to Triassic gases. The reasons for these discrepancies 

will be discussed below in light of the limitations of these approaches. 

Given the equivocal nature of some of the results obtained using the empincal 

range approaches of gas classification set forth by Bernard (1977) and Schoell(1983) the 

partition function approach described by James (1983) was applied to the data obtained in 

the present study. Figures 3.45 through 3.47 illustrate the distribution of isotopic data 

frorn Montney, Halfway, and Doig reservoired gases relative to the calculated isotopic 

separations of James (1983). As per the method described therein, data were moved 

about the diagram to produce the best fit possible relative to the calculated curves while 

maintaining measured isotope separations. In cases where i sotopic data for al1 species 

from CI to Cs did not fit the curves precisely, an optimum fit between CZ& and C3Hs 

613c values was selected. This is consistent with the recoinmendation of James (1983), 

who noted supenor fit of empincal C2-C3 pairs from several localities to the calculated 

Curves. 

Placement of measured 6% values for Montney-reservoired gases on a James 

diagram (Figure 3.45) indicates that the matwity range over which these gases were 

generated extends from approximately 0.4 to 1.7 % vitrinite reflectance. This range falls 

within the oil generation window and is consistent with the present thermal maturity 
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Figure 3.44: Distribution of natural gases reservoired in the Halfway and 
Charlie Lake Formations relative to the empincal ranges defmed by SchoeU 
(1983) on the bais  of methane carbon and hydrogen isotope ratios. 
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Figure 3.45: lames diagram showing the distribution of Montney-reservoind natural gasrs. 
Maturities of c 0.5 to approximrtely 1.7 % vitrinite refiectance are indiçated, using optimal 
fit between the ethane-propane pair. 
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Figure 3.46: James diagmm for Doig-reservoired gases, showing the majority of samples in a maturity 
range of 0.8-1.3 % vitrinite rellectance. Samples for which Cg and higher alkanes are absent give 
erroneous macurity estimations, for reasons described in the text. 
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range observed for Lower and Middle Tnassic rocks. The majority of Montney- 

reservoired gases contain methane that is considerably 13~-depleted relative to the isotope 

composition predicted by the partition function mode1 upon which the James diagram is 

based. This discrepancy is evidenced by the distribution of a number of methane data 

points above the line describing the predicted carbon isotopic composition of methane. 

Maturity estimates denved using the carbon isotope ratios for Doig-reservoired gases are 

also valid, with a resultant range of 0.8 to 1.3 % vitrinite reflectance (Figure 3 -46). 

As with Montney gases, four of the Doig samples contain methane that is 13c- 

depleted relative to predicted isotope compositions. Two of the samples on this diagram 

fall into a very low matunty range, with vitrinite reflectance values of considerably less 

than 0.5 %. Owing to the absence of Cs alkanes in these samples, the fit of these data to 

the diagram is based on the methanaethane pair. If this sample is also characterized by 

methane having a 6 " ~  less than predicted by the partition fùnctions, then an erroneously 

low maturity would be indicated by the application of the James approach. Halfway- 

reservoired gases also provide a reasonable fit to the James diagram (Figure 3-47), 

indicating a maturity range of 0.9 to 1.6 % vitrinite reflectance for generation of the 

majority of samples. In similarity to the Montney and Doig Formations, methane in 

Halfway samples is 13c-depleted relative to the composition predicted by the partition 

firnctions. 

As discussed above, the Clayton (1991a) approach constitutes one of the rnost 

recent and reliable means for the genetic characterization of gases. This approach 

overcomes some of the uncertainties inherent in both the empirical range and partition 

function approaches, relying on an estimation of kerogen 613c in order to estabfish 

genetic ranges. Although kerogen 613c values were not measured in the present shidy, 

bulk 6 " ~  values for potential source rocks have been obtained (CL. Riediger, 

unpublished data) and are summarized in Table 3.3. As is shown in Table 3.3, these data 
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have an approximate mean value of -30 %O for the Doig and -33 %O for the Montney. 

These approximate values were used as estimates of kerogen 6 " ~  for the summary 

diagrams depicted in Figures 3.48 through 3.50. A value of -33 %O was applied for the 

Montney diagram (Figure 3-48}, whereas -30 %O was used for the Doig (Figure 3.49) and 

Halfway (Figure 3.50) diagrams. Cornparison of these values with temporal evolution 

m e s  for 6 " ~  of kerogen (Degens, 1969; Galimov et al., 1975) suggest that a value of - 

30 %O vs. PDB is approximately 2 %O more negative than expected for Triassic kerogen. 

However, it should be noted that considerable deviations in 613c values relative to these 

curves have been obsewed in previous studies (e.g. Lewan, 1986). 

Figure 3.48 illustrates the distribution o f  Montney-reservoired gas samples 

relative to the genetic classifications defined by Clayton (1991a). The majority of 

Montney sarnples fall in the range between the bacterial gas, exsolved gas, and gas from 

oil cracking fields, indicating that gas derivation from a mixture of sources is 

conceivable. Similarly, Doig-reservoired gases also occur in the region indicative of 

mixing between exsolved gas and biogenic gas sources (Figure 3.49). For Halfway- 

reservoired gases, a possible combination of sources is also indicated. Six of the samples 

lie in the mixing region intermediate between the exsolved gas and bacterial gas fields 

(Figure 3.50). An additional two deep gas sarnples from the Sinclair field lie in the zone 

intemediate between the cracked oil and biogenic compositional and isotopic fields. 

One additional sample occurs in this mixing region, although it lies below the region 

representing a lesser degree of oil cracking. Lastly, the single Charlie Lake-resewoired 

gas analyzed fdls unequivocally in the cracked oil field, within the region indicative of a 

lesser extent of oil cracking. These findings generally agree with the findings of the 

Bernard approach, dthough the latter underestimates the degree to which bacterial gas 

input, if present, is contributing to gases reservoired in the Montney through Halfway 
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Figure 3.49: Clayton diagram for genetic characterization of natural gases, illustrahg the distribution 
of Doig-reservoired gases. 
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3.4 Discussion 

Spatial variations in the relative abundance of hydrocarbon gas constituents 

detennined in this study from both DST data and sample collection agrees well with the 

results reported by Kirste et al. (in press). These authors argued that the eastward 

increase in the proportion of methane is attributable to one of two processes, either 

migration or mixing. In both scenarios, the observed DG1 lows in the central study area 

were believed to be indicative of active thermogenic gas generation, owing to the 

coincidence of these wetter gases with the highest gas pressures in the shidy area. This 

contention is supported by both the compositional and isotopic data reported in the 

present shidy. For example, methane 613c data for reservoired gases in both the Montney 

and Doig formations are indicative of a thenogenic origin for methane in the central 

study area. As indicated in Figures 3.22 and 3.24, methane reservoired in this area has 

the most "c-enriched isotopic composition relative to the remainder of the study area, 

with 8 " ~  values of > -46 %O in the Montney and > -48 %O in the Doig. The distribution 

of these gases on the Bernard and Schoell diagrams indicates that a thermogenic source is 

likely for these gases. 

Schoell diagrams for these Montney and Doig gases in the central shidy area 

indicate that these gases are oil-associated, in that they were generated in conjunction 

with liquid hydrocarbons in the oil window of source maturity. This result is also 

supported by the application of the James (1983) partition-function approach, which also 

indicates generation of these gases in the oil window. It is recognized that some of the 

Doig gases plot in the condensate-associated range on the Schoell methane VC vs. 6D 

plot (Figure 3.43). However, it is conceivable that this simply represents an erroneous 

result caused by differences in the hydrogen isotope composition of the organic matter 

from which Tnassic gases are sourced relative to the organic matter upon which 

Schoell's empirical ranges were defined. It should be noted that Schoell's biogenic 
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ranges were defined in shailow aquifer and surficial settings rather than sedimentary 

basins, and that it is reasonable to infer that hydrogen isotope compositions of organic 

matter may differ between the two systems. 

Maturities estimated by use of the James diagnuns are consistent with present-day 

maturïties in Lower and Middle Tnassic rocks measured and reported by Riediger et al. 

(1990a). This agreement between estimated and measured source maturities lends M e r  

credence to the argument by Kirste et of. (in press) that gas generation is an extant 

process. Suitable source maturities and high organic matter contents are present in the 

Montney, and particularly the Doig, thus suggesting that gases are likely sourced 

intemally within the interval of interest in the present study, and that vertical or 

horizontal migration of hydrocarbons from underlying strata need not be invoked. 

Using estimated kerogen 613c values of -30 %O for the Doig and -33 %O for the 

Montney as previously discussed, an estimate of source-gas isotopic separation was 

caldated for C& alkanes from the equation: 

(Whiticar, 1994). This approach yielded values ranging from 1 -0 16 to 1 -02 1 for methane 

within the Montney and Doig formations, with decreasing separations determined for 

alkanes of increasing carbon number. This range of estimated separations shows 

excellent agreement with the isotopic separation of 5 1 .O22 reported by Whiticar (1994) 

for gas generation from Type II kerogen. Furthennore, these estimates deviate 

substantially from the separations expected between organic matter and generated 

hydrocarbons from Type III organic matter. A separation of 1 .O05 or less is typical of 

gas generation from this kerogen type. In combination, the agreement between measured 

and expected isotopic separations for gaseous alkanes and organic matter would suggest 

that althwgh both kerogen Types II and III are present in the Montney and Doig 

formations (Riediger et al., 1990a; 1990b), the bulk of gas generation is occumng from 
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the Type 11 organic matter. Given that Type II organic substrates are more prolific 

producers of liquid hydrmarbons, the recognition of a dominant Type II source lends 

m e r  support to the argument that gases were generated in association with oit. 

Montney and Doig-reservoired gases plot outside the region delineating gases 

generated from labile or oil-prone kerogen on the Clayton (1991a) summary diagram 

(Figures 3 -48 and 3 -49). This deviation does not, however, refbte the explanation of a 

thermogenic source for Montney and Doig gases in the central study area. The methane 

component of these gases has 613c values consistent with a thermogenic origin, but 

overall, the gases are drier than anticipated for generation from labile kerogen. This 

compositional difference may b e  explained by the exsolution of gaseous alkanes from 

cogenerated or coexisting liquid hydrocarbons. As previously discussed and s h o w  on 

the Clayton (1 99 1 a) summary diagrarn, al kane dissolution into liquids favours higher 

carbon number species and imparts little or no isotopic fractionation. Thus, exsolution 

would be manifested as an increase in dryness of exsolved gases without attendant 

isotopic fractionation. Such a process readily explains the distribution of Montney and 

Doig gases from the Iow DG1 region on the Clayton diagrans. 

Spatial and depth-related variation in the carbon isotopic signatures of C2+ alkanes 

in Montney-reservoired gases parallel the increase in source maturity depicted in Figure 

2.6, whereby both source maturity and the 6 " ~  values increase westward. This likely 

indicates a causative relationship between the two parameters, in which the isotopically 

heavier hydrocarbons are generated at greater source mahirities. As previously discussed 

and illustrated in the James diagram (Figure 3.7), gases generated at increased source 

mahirities are charactenzed by preferential incorporation of the heavier isotope. Given 

the relatively small temperature gradient observed for the mata of interest, it is likely that 

this progressive enrichment in 13C is not attributable to temperature e f k t s  on the degree 

of isotopic fractionation. Rather, a more reasonable explanation is that progressive ' 3 ~  
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ennchment is a consequence of a Rayleigh distillation effect, whereby preferential 

generation of 12c-enriched hydrocarbons dunng early stages of maturation leaves the 

residual organic matter I3c -e~ched ,  and imparts a heavier isotopic composition in later- 

generated gases. The smdl number and restricted areal extent of gases obtained from 

Doig gas pools preciudes a reliable explanation of 613c variation in CI+ alkanes. These 

data do show similar patterns for C4 and C5 alkanes, with CÎ and showing no 

systernatic variation that is easily explained in terms of source maturity. 

Data from the Halfway Formation exhibit a number of significant deviations from 

the patterns observed for the other formations. Within the Halfway, peak 6 " ~  values for 

methane do not coincide spatially with minimum DGIs. Rather, maximum 6 " ~  values 

occur West of the DG1 minimum, being developed in the dry gases obtained from the 

Sinclair field in the westemmost limit of the study area. As previously descnbed, 

Halfway-reservoired gases tend to be relatively depleted in the 13c isotope by a few %O 

relative to Montney gases at a given depth range (Figure 3.15). This is manifested in the 

spatial distribution of methane 6I3c as a I3c depletion on the order of 2 to 3 %O in the area 

of lowest DGI, as compared with Montney and Doig samples. In the vicinity of this DG1 

low, Halfway-reservoired gases have 6I3c values on the order of -49 to -50 %O. 

The distribution of Halfway-resentoired gases on a Bernard diagram shows some 

samples falling within the region of mixing between thennogenic and bacterial gas. This 

apparent admixture of bacterial gas is fùrther supported by the distribution of the data on 

the Schoell 6 ' ' ~ ~  versus %C2+ diagram (Figure 3.38) and particularly the Schoell 613cI 

versus 613c2 diagram Figure 3.41), on which several of the data points fall ont0 the 

mixed gas field. Gas mixing is not supported by the Schoell S13c versus 6D diagram for 

methane (Figure 3.44), on which no samples fa11 into the mixed gas field. As previously 

discussed, this deviation is presumably attributable to differences in the hydrogen isotope 



composition between the system being studied and the substantially different 

environments upon which Schoell's m) ranges are based. 

Application of the partition fùnction methodology of James (1983) to the Haifway 

data indicate that gas generation took place over mahirities of 0.9 and 1.6 % vitrinite 

reflectance, a reasonable interval in light of measured source maturities. However, it 

should be noted that several of the methane samples exhibit considerably greater 

depletions in the I3c isotope than is predicted by the partition functions for thermogenic 

gas production. Such a pattern would be expected in the case of admixture of isotopically 

light methane, such as bactenal methane, with thermogenic gas. Admixture of biogenic 

gas, although not unequivocally indicated by the distribution of Halfway-reservoired 

gases on the Clayton diagram (Figure 3.50), is certainly not refuted. Indeed, a 

combination of thermogenic gas exsolution from oil and bacterial gas input readily 

explains the occurrence of Haifway gases in the area of the diagram intermediate between 

the exsolved and bacterial gas fields. 

Admixture of bacterial gas seems to constitute a reasonable explanation for the 

discrepancies between the isotopic composition of methane in Halfway reservoirs and 

that within Montney and Doig gas pools. The 6 " ~  values of -49 %O or less measured for 

Halfway-reservoired methane are consistent with bacterial production, being similar to 

the "c-enriched end of reported bacterial gas compositional ranges. For example, 

Whiticar (1994) reports a 6I3c of -50 %o versus PDB as the upper 6I3c Iimit for bacterial 

methanogenesis via the methyl fermentation pathway, and a maximum of -55%0 for CO2 

reduction. If such a contribution of bacterial methane is extant in the Halfway, it would 

explain the shift towards increasingly negative 613c values relative to Montney- 

reservoired gases at comparable depths. An alternative explanation may involve lesser 

source mahuities contributing to the relative depletion in the 13c isotope within Haifway- 

reservoired methane. However, it is presumable that the organic-rich basal Doig shales 
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also constitute the organic source for Halfway gases owing to their close proximity and 

high organic content relative to Haifway strata. Given an identical hydrocarbon source 

and a relatively restricted area of active gas generation, no maturity-related isotopic 

variations wouid be anticipated. Furthemore, a similar differentiation in 613c values is 

absent for C2 and higher carbon number alkanes. If maturation effects were dominant, it 

would be expected that al1 generated hydrocarbons would exhibit a similar pattern. The 

present data suggest that only methane is being subjected to any degree of stratigraphie 

control over isotopic composition. 

The combination of isotopic and compositional data applied in the present study 

afso permits identification of the factors influencing the progressive increase in gas 

dryness toward the eastem limit of the shidy area. One possibility invoked by Kirste et 

al. (in press) to explain this observation is that gas migration from sites of active gas 

generation in the central part of the study area is accompanied by compositional 

fractionation. As described by Leythaeuser et al. (1 980; 1984), such a process would 

tend to Iead to a progressive enrichment in methane near the migration front. Although 

this process explains the compositional variations observed, it is not supponed by 

isotopic data. Data from the Montney formation cover the largest areai distribution of the 

sampled formations and have the greatest east-west extent. From the area of lowest DG1 

to the shallow pools in the northeastem study area, a maximum difference in 8l3cCH, of 

over 4%0 is observed for Montney-reservoired gases. In the case of active gas generation 

accompanied by migration, no measurable carbon isotopic shifl would be anticipated, in 

concurrence with the expenmental results reported by Fuex (1980). 

An alternative possibility discussed by Kirste et al. (in press) is that thermogenic 

gas generated in the central part of the study area is mixing with a bacterial gas end- 

member reservoired to the e s t .  Owing to the low abundance of C2+ alkanes in bacterial 

gases, increasing proportions of a bacterial component in reservoired gases in the eastem 
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part of the study area would appear as a progressive increase in the dry gas index. This 

possibility is supported by the isotopic compositions of reservoired gases, whereby 

samples from both the Montney and Halfway Foxmations show progressive enrichment in 

the 12C isotope parallelling the DG1 trend. The most "c-depleted of these gases occur in 

shallow Montney reservoirs in the northeastern corner of the study area, having 6 " ~  

values on the order of -50 %o. As discussed with reference to Hdfway-reservoired gases, 

such "Gdepleted isotopic compositions fidl near the range of bacterial methanogenesis 

through either the methyl fermentation or CO2 reduction metabolic pathways. Severai of 

these isotopically light Montney gases fall into the mixed gas region on the Bernard, 

Schoell, and Clayton diagrams, supporting the occurrence of bacterial gas input. An 

alternative cause of the increased gas dryness and decreased 6 " ~  values toward the east 

is spatial variation in source maturity. Both the compositional and isotopic trends 

observed parallel an overall decrease in source maturity toward the Montney subcrop 

edge (Figure 2.6). Although still within the oil window, lower source maturities may 

impart both a lesser proportion of C2+ alkanes and more negaiive 6 ' ) ~  values to generated 

gases. Neither possibility can be excluded on the basis of the existing data alone. 

Relative highs in the Dry Gas Index are observed in the westemmost part of the 

study area in al1 three formations. Samples fkom the deepest gas pools in this part of the 

study area reveal a near complete absence of C2 and higher alkanes. Similar patterns of 

DG1 variation were reported by Kirste et ai. (in press) and were attributed to thermal 

cracking of higher carbon nurnber alkanes to produce methane. Although consistent with 

compositional data, this contention may be refuted on a number of grounds. Firstiy, the 

thermal cracking of C2 through C4 alkanes proceeds significantly only at extremely high 

ternperatures, well in excess of the peak resenroir temperatures observed within the study 

area. Secondly, gases generated from alkane cracking would be expected to plot in or 

above the cracked oil range on the Clayton diagrams, as the wmplete thermal destruction 
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of C2+ alkanes having a 6 " ~  range of -30 to -35 %O would tend to shift methane 813c 

values towards increasingly positive values relative to thermogenic methane unafkted 

by thermai cracking. Such a shifi is not observed for gases reservoired in any of the three 

formations. The two Halfway gases from the deepest pools sarnpled in the present study 

instead plot below the cracked oil field, occumng in the area intermediate between the 

thermal cracking and bacteriai gas fields (Figure 3 S0). 

A more likely mechanism by which the high DG1 values in the westernmost part 

of the study area may be achieved is the dissolution of C2+ alkanes in coexisting reservoir 

fluids. Ethane and higher alkanes are characterized by increasing solubility in liquid 

hydrocarbons with increasing chain length (Clayton, 1991b). Owing to the increase in 

reservoir pressure at depth, and considenng the comparatively small temperature increase 

across the study area, it is conceivable that the effect of increased pressure would be to 

force the dissolution of C2+ alkanes into the liquid phase. As described in Section 3.1, 

this process would not be expected to alter the isotopic compositions of gaseous 

hydrocarbons, and indeed, agreement is observed between 8 " ~  of methane in these deep 

pools and that of methane in the areas of lowest DG1 (Figures 3.22 and 3.26). However, 

dthough only a qualitative detemination was camed out, chrornatographic analyses in 

the present study reveal no detectable concentrations of Cs or higher alkanes. Thus, if 

such dissolution effects are occumng, then they presumably involve either water or very 

high carbon number hydrocarbons as solvents. 

The most reasonable cause of these dry gas occurrences is likely to be related to 

organic maturities. Ovemature organic matter is known to be present within Tnassic 

rocks occumng in the vicinity of the Phanerozoic deformation front (Riediger et al., 

1990b). Gas generated from such strata is characterized by a very low abundance of Ci+ 

alkanes, being composed almost predominantly of methane. Frequently, such gases are 

marked by CI+ concentrations less than that of bacterial gases, containing less than 1 
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volume % &+ (Schoell, 1983; Figure 3 -3). If generation of these gases is occurring from 

labile Type Ii kerogen at maturities in the upper range of the oil gemeration window or 

slightly above if then the methane produced would be expected to show a 6 " ~  value of 

-40 to -45 %O versus PDB, similar to that of CH, in thermogenic wet gases (Figure 3 -3). 

Deepreservoired d v  gases in both the Montney and Haifway formations exhibit isotopic 

compositions similar to this expected range, with 8 " ~  values of > -45 to -46 %O. This 

agreement between measured and expected carbon isotope compositions lends support to 

the contention that dry gases in the western part of the sample ara are attributable to hi& 

source maturities. 

3.5 Conclusions 

The integration of stable isotopic and gas compositional data in characterizhg the 

f a o r s  controlling hy drocarbon gas corn posi tion in Lower and Middle Triassic reservoin 

has significant advantages over previous studies that have relied solely on compositionai 

data. A number of conclusions may be drawn from this integrated approach. 

1) Thennogenic production of hydrocarbon gases appears to be an extant process 

in the Lower and Middle Tnassic, as suggested by a coincidence of maximum gas 

pressures with the greatest proportion of wet gas components in the central study area. 

This argument is supported by carbon isotopic compositions that are characteristic of a 

thermogenic origin for gaseous hydrocarbons. 

2) Estimated i sotopic separations between source organic matter and hy drocarbon 

gases indicate that, although both Type II and Type III organic matter are present in the 

Montney and Doig strata, that the majority of gas generation is occumng frorn Type II 

kerogen. 

3) Halfiway-reservoired gases are characterized by similar 6 " ~  values for Ca+ 

alkanes as Montney reservoired gases at a given depth interval. However, a relative 
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depletion in the 13C isotope is noted for Halfway-reservoired methane. It is believed that 

this depletion in the heavy carbon isotope is attributable to admixture of bacterial 

methane, likely generated by methyl fermentation. 

4) An increase in gas dryness towards shallow gas accumulations near the eastern 

Montney subcrop edge padlels a decrease in the 6I3c of methane. The underlying cause 

of these variations c m o t  be unequivocally determined on the basis of the available data, 

but two possibilities are identifiai. Firstiy, it is conceivable that mixture of thermogenic 

gas with shallow bacterial gases is occumng in this area and contributing to the observed 

compositional and isotopic variation. Altematively, these trends parallel decreasing 

source maturity. It is therefore possible that generation of gas at these lesser maturities is 

producing relatively "c-depleted dry gas. The data collected herein do not support the 

argument of Kirste et al. (in press) that gas migration is accountable for the observed 

increase in DGI. 

5) Gas dryness increases significantly towards the western margins of the study 

area. Although previously inferred to be the result of thermal cracking, the most 

reasonable conclusion that may be derived from the data herein is that generation of these 

dry gases is occumng from high source maturities. Generation under such conditions is 

marked by thermogenic 613c signatures and extreme gas dryness. Both of these 

characteristics are observed for gases collected from deep pools in the western part of the 

study area. 
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CHAPTER 4 - GAS SOUIRING PN THE LOWER AND MIDDLE TRIASSIC 

4.1 Introduction 

The occurrence of high concentrations of hydrogen sulfide in reservoired gases 

poses a considerable exploration risk. Firstly, the toxicity of H2S necessitates its costly 

removai from the gas prior to distribution to consumers. Although the elemental sulfur 

thus produced has commercial value, volatile sulfur markets cause the profitability of 

such processes to fluctuate considerably. Furthermore, H2S is corrosive and may darnage 

process equipment. Lady,  the presence of high H2S concentrations reduces the calonfic 

value of extracted gases. Conseguently, a thorough characterization of H2S distribution 

and an understanding of its generative mechanisms is of cntical importance to an 

assessrnent of future exploration risk within any locaiity in which H2S may occur. 

Hydrogen sulfide is generated by three distinct mechanisms in hydrocarbon 

reservoirs. One of the means of its production is through the thermal cracking of 

orgar;osulfur compounds in kerogen and liquid hydrocarbons (Le Tran et al., 1974). The 

onset and timing of H2S generation varies according to the kerogen type concemed. For 

sapropelic kerogens, the onset of H2S generation generally occurs at 80-8SaC, with peak 

generation developing at temperatures in excess of 200°C (Hunt, 1996). Both the onset 

of H2S production and the peak generation of H2S from humic kerogens develop at higher 

temperatures than in sapropelic kerogens (Figure 3. l), with the onset occumng at 

approximately 1SO'C and the peak well in excess of 200°C, respectively (Hunt, 1996). 

Furthermore, at a given temperature, humic kerogens generally produce a lesser amount 

of H2S as compared with sapropelic kerogens (Hunt, 1996). Owing to the limited 
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abundance of organosulfur compounds in most kerogens and Iiquid hydrocarbons, it has 

generally been presumed that the pnmary generation of H2S is incapable of resulting in 

H2S concentrations in excess of 10 percent (Orr, 1977; Machel et al., 1995). In order to 

produce concentrations above this limit, additional mechanisms of H2S production 

involving the reduction of sulfate must be invoked. 

The first of these H2S-generating dissimilatory sulfate reduction mechanisms is 

bactaid sulfate reduction (BSR). BSR entails the microbial utilization of dissolved 

sulfate and hydrocarbons as electron acceptors and donors, respectively, in cellular 

metabolic processes. This process is mediated most commoniy by bacteria of the genus 

Desu~oviibno, a genus of microaerophyllic anaerobes. Owing to the low oxygen 

tolerance of these microorganisms, the onset of BSR occurs during sedimentation and 

early diagenesis, following the development of anaerobic conditions afier the near- 

complete utilization of oxygen by fermentative bactena. BSR generally ceases above 60- 

80'C (Machel et al., 1995). In addition to the effect of temperature, BSR is limited by a 

nurnber of factors necessary to maintain viable populations of sulfate reducing bacteria. 

For the development of BSR, it is necessary to have a suitable organic substrate, typically 

pyruvate or short chained aliphatic acids (On, 1977). In general, alkanes or aromatic 

hydrocarbons in gaseous or liquid hydrocarbon fractions cannot be utilized as the sole 

carbon source for the metabolic processes of sulfate reducers (Whiticar, 1994). Sulfate 

reducers are also inhibited by high formation water salinities. Lastly, it has been 

speailated that high H2S concentrations are toxic to sulfate reducing bacteria (Orr, 1977), 

necessitating its removal from sites of active sulfate reduction. As a result of these 

considerations, it has been argued that BSR is incapable of producing H2S concentrations 



120 

in excess of a few percent in most hydrocarbon resewoirs (On, 1977; Machel et al., 

At temperatures above the BSR threshold, the abiological reduction of dissolved 

sulfate occurs, a process known as thennochernical sulfate reduction (TSR). Although 

the lower temperature lirnit for TSR has been the subject of controversy, recent studies of 

gas composition, fluid inclusions, and authigenic mineralogy in the Permian-Triassic 

Khuff Formation of Abu Dhabi have reliably established the onset of TSR at 140'C 

(Worden et al., 1995; Worden and Smalley, 1996; Worden et al., 1997). It is reasonable 

to presume that this threshold temperature applies in the majonty of instances in which 

gas sounng occurs by TSR (Machel et al., 1995). For both biologically and abiotically 

mediated sulfate reduction, a representative reaction mechanism is 

~0:- + 1.33(CH2) + O 5 6 4 0  + H,S+ 1.33C0, + 2 0 K .  (4.1) 

In the stratigraphie succession of interest in the present study, abundant anhydrite 

occurs in the Charlie Lake Formation, with lesser arnounts of anhydrite in the phosphatic 

basal Doig shales. Given that these strata constitute the only volumetrically significant 

source of sulfate minerds in the Lower and Middle Triassic, it is presumed that the 

dissolved sulfate is sourced locally within the Montney through the Charlie Lake interval. 

Thus, transport of sulfate from an extemal source need not be invoked. It should be 

noted the methyl fiindional group (CH2) in Equation 4.1 is meant to represent a reduced 

form of carbon, and not to irnply selective utilization of methyl groups by sulfate 

reducing bacteria. 
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Recognition of the mechanisms of H2S production cannot rely on a consideration 

of the relative distribution of gas constituents alone. A wincidence of elevated H2S and 

CO2 concentrations may be, but is not necessarily , indicative of sulfate reduction as the 

generative mechanisrn for H2S. Coexistence of high &S and CO2 concentrations may 

&se through the primary generation of natural gas, as the onset of CO2 generation occurs 

at Iowa temperatures than H2S generation Figure 3.1). Thus, the onset of primary H2S 

generation would have been preceded by passage of the kerogen thrwgh the CO2 

generation "window", resulting in the coexistence of both gases. A more reliable 

characterization of H2S source is possible through measurement of the stable isotope 

ratios of the products of sulfate reduction, notably that of H2S. The primary generation of 

H2S through the desulfurization of organic matter results in P4s values similar to that of 

the parent sulfur compounds, owing to the small isotopic fractionation involved in the 

thermal cracking process (Orr, 1977). As both kerogen and petroleum are 34~-depleted 

relative to the majority of sulfates (Hunt, 1996), it is expected that H2S produced during 

maturation will be characterized by relatively low 6 3 4 ~  values, typically 15f S%O more 

negative than coexisting sulfate (Orr, 1977). In the case of BSS a 6 3 4 ~  ratio for H2S of 

up to 20 %O more negative than the reactant sulfate has been identified (Nakai and Jensen, 

1964). 

In contrast to BSR, both early (Orr, 1977) and recent work (Worden et al., 1997) 

has demonstrated the lack of sulfur isotope fractionation for TSR In the Worden et al. 

(1997) discussion of TSR, sulfate dissolution is poshilated to be the rate-lirniting step for 

the process. As a given amount of solid anhydrite is dissolved, it undergoes quantitative 
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reduction to H2S, thereby negating any fractionation that is involved in the actual 

mechanism of reduction. This contention is supported by the rapid reaction rates 

detemineci for experimental TSR studies by Orr (1977). As a consequence of the lack of 

sulfur isotope fractionation for TSR, it is expected that the 6 3 4 ~  ratio of the produa H2S 

should be identical to that of the parent sulfate and, therefore, considerably 34~-enriched 

relative to BSR- or maturation-derived H2S. This process-controlled sulfir isotope 

variation in H2S constitutes a reliable means of differentiating the source of elevated H2S 

concentrations. 

Post-generation processes rnay significantly affect the concentration of H2S in gas 

reservoirs, owing to its high reactivity. The occurrence of ferrous iron in reservoir 

sediments will tend to cause the precipitation of iron sulfides (predominantly pyrite) 

according to the r d o n  

~ e ~ '  + H,S -+ FeS + 2H+ (4-2) 

(Anderson and Garven, 1 987). As H2S has a high aqueous solubility (Barta and Bradley, 

1985), it is expected that advective transport may also be a significant means of HzS 

removal, provided there is adequate contact between the gas and aqueous phases to 

permit dissolution. Lastiy, it is conceivable that reoxidation of sulfide could constitute a 

third sink for H2S. However, the lack of abundant suitable oxidants in deep basin settings 

such as that in which these Tnassic strata occur would suggest that such a process wodd 

not be extant. In this setting, it is remonable to assume that only the first two H2S sinks 

described are in operation. Both of these are charactenzed by negligible sulfur isotope 
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fiadonation (Orr, 1977). indicating that 6% values for Triassic-reservoired H2S should 

be representative of the conditions of generation. 

Recognition of a 6 " ~ ~ ~ ~  range charactenstic of sulfate reduction is inherently 

more difficult than isotopic characterization of H2S for a number of reasons. Firstly, CO2 

rnay be contributed to a reservoir through processes unrelated to sulfate reduction or 

organic maturation, thereby obscuring the initial 613~coz. Arnong these are reactions 

between clay and carbonate minerals in clastic systems and dissolution of carbonates. In 

contrast wi th H2S, pst-genetic processes may si gni ficantly alter the isotopic ratio of 

CO2. For example, dissolution of COi will impart a fractionation of 7 to 8 %O, favounng 

incorporation of 13c02 into the aqueous phase. Furthermore, utilization of CO2 by 

methanogenic bacteria as described by Equation 3.2 will tend to leave residual CO2 

considerably depleted in the 12c isotope. As deconvolution of the relative effects of these 

post-generation processes i s extremel y di ficult, the following discussion will rel y solel y 

on the sulfur isotope signature of H2S as an isotopic determinant of the mechanism of gas 

souring. 

The aim of this part of the present study was to characterize the distribution of 

H2S in the Montney, Doig and Halfway Formations. Furthermore, the present study 

aimed to identiQ the mechanism or combination of mechanisms by which H2S is 

generated in the Lower and Middle Triassic by application of the principles discussed 

above. In so doing, it was aimed to establish a predictive capacity for assessing the 

likelihood for occurrence of high H2S concentrations in Lower and Middle Triassic strata 

in the Alberta Basin. 



4.2 Méthodoiogy 

Assessrnent of the regional distribution of H2S concentration relied pnmarily 

upon the analysis of DST data. The number of analyses utilized for each formation is 

identical to that reported in section 3 -2 for hydrocarbons. Of the analyses used, 47 1 

lacked a reported H2S concentration. Given that H2S is routinely analyzed for as a 

consequence of its undesirable properties, it was assurned that wells for which no H2S 

concentration was reported have concentrations below detection limits. For the purposes 

of mapping H2S distributions, these wells were taken to have an H2S concentration of 

zero. Compositional data were gridded and contoured according to the same procedures 

as applied in section 3.2. 

For the 35 wells sampled in this study, H2S concentrations were measured by gas 

chromatography. Gas constituents were separated using a 0.53 mm ID by 30 m long 

molecular sieve column (J&W Scientific) and anaiyzed using a thermal conductivity 

detector. H2S concentrations were then determined by means of a linear interpolation of 

measured peak areas within a calibration curve established using extemal H2S standards 

of 0.95 1 and 18.5 volume percent, respectively . Carbon dioxide concentrations were also 

measured by this procedure, with the calibration curve based on extemal standards 

having concentrations of 1.12 and 20.0 volume percent. For the measurement of 6'"s 

ratios for H2S, an aiiquot of each sample was bubbled through an solution of cadmium 

acetate in acetic acid, thereby wnverting H2S to cadmium sulfide (CdS) according to the 

reacti on 



As this is a quantitative conversion of H2S to CdS, the effects of any isotopic 

hctionation during the reaction are negated, redting in agreement between the isotopic 

compositions of reactant and product sulfùr. The CdS was then reacted with excess silver 

nitrate solution to quantitatively produce silver sulfide (Ag2S) as represented by the 

reaction 

CdS + ZAgNO, + Ag2S + Cd(*), . (4.4) 

This conversion was necessitated by the instability of CdS under high combustion 

temperatures in the m a s  spectrometer source. Rather than undergoing combustion to 

S 0 2  at elevated temperature, CdS evaporates undesirably. The "S I~ 'S  ratio of the S 0 2  

produced by Ag2S combustion was measured using a Micromass mass spectrorneter and 

converted to the familiar delta notation according to equation 1.1 by cornparison to the 

Calion Diablo Troilite (CDT) standard. 

Anhydrite nodules of 2-3 centimeters in diameter are present in core sarnples 

obtained from the phosphate zone of the basal Doig Formation. Such nodules were 

milled with a rotary tool to obtain a few milligrams of sample and combusted to S& 

34 32 according to the sarne method applied to Ag2S. The SI S ratio of this S 0 2  from each 

sample was rneasured as described above and reported in delta notation against the CDT 

standard. In order to ensure a representative sample, care was taken to prevent the 

incorporation of any of the surrounding sedimentary matrix into the milled samples. 



4.3 Results 

Hydrogen sulfide is a commonly occurring constituent of Lower and Middle 

Triassic-reservoired gases, being present in concentrations of up to 29 mole percent. The 

regional distribution of H2S in Lower and Middle Triassic pools is characterized by a lack 

of large-scale concentration trends. Rather, relatively elevated H2S concentrations are 

confined to isolated pools in the Montney and Halfway Formations (Figures 4. l a  and 

4. lc). H2S is widespread in the Doig Formation in concentrations between 5 and 10 mole 

percent, with concentrations exceeding 10 mole percent in isolated pools situated in the 

southwestern part of the study area (Figure 4.1 b). 

A depth profile of H2S concentration is depicted in Figure 4.2, as determineci from 

the Alberta Energy and Utilities Board 1995 gas database. DST data could not be used 

for this profile owing to the lack of depth data for compositional measurements. Peak 

H2S concentrations occur in the Halfway and Doig Formations at approximately 2500 m 

below surface, with Montney Formation reservoirs exhibiting maximum H2S 

concentration at approximately 1700 m below surface. Below 2500 m depth, there 

develops a decline in H2S concentration. Present day temperatures comesponding to the 

depths of peak H2S occurrence may be interpolated from the temperature gradients 

depicted in Figures 2.7a-c. From these gradients, it is detemineci that the H2S peak in the 

Montney occurs in coincidence with temperatures of approximately 60°C, while 

temperatures of 80-8S°C coincide with the H2S maxima in the Doig and Halfway 

Formations. 



Figure 4.1(a): Map of H2S distribution in the 
Montney Foxmation, as determined from DST and gas 
production data. 
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Figure 4.l(b): Map of H2S distribution in the 
Doig Formation detennined from DST and gas 
production data.. 



Figure 4.l(c): Map of H2S distribution i n  the Halfway 
Formation, as determined from DST and production gas analyses. 
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The distribution of CO2 concentration closely pardlels that of H2S both spatially 

and with depth. Maps of CO2 concentration Figure 4.3a-c) show a similar distribution to 

that of H2S. In particular, the H2S highs developed in the Doig and Halfway Formations 

in the southwest corner of the study area (Figure 4.1 b, c) coincide with C G  highs in al1 

three units (Figure 4.3 a-c). A sisilar coincidence is noted for the depth profiles of both 

gases. As is illustrated in Figure 4.2, relative highs in the CO2 mole fraction of 

reservoired gases occur at the same interval over which peak H2S concentrations are 

observed within each formation. Further evidence for a coincidence of elevated H2S and 

CO2 concentrations in Lower and Middle Triassic gas pools is found in the positive 

correlation exhibited by a nurnber of pools when concentrations of the two gases are 

pl otted against one another (Figure 4.4). 

Measured H2S concentrations for the sarnples collected in the present study have a 

maximum value of 4.1 f 0.2 volume % occurring in the Halfway Formation. Maximum 

H2S concentrations of 1.66 f 0.09 and 1.57 f 0.01 vol. % are observed in the Doig and 

Montney Formations, respectively. Al1 H2S concentration and isotopic data are tabulated 

in Appendix B. Spatial variations in reservoired H2S concentrations in dl three 

formations are summarized in Figure 4.5. Relative highs in H2S concentration are 

confined to the no&-central and northwestem parts of the study area, increasing in 

magnitude toward the northwest. Maximum H2S concentrations occur in the deep, high- 

DG1 gas pools in the northwestem part of the study area. H2S is absent fiom the shallow 

dry gas reservoirs in the eastem part of the study area approaching the Montney subcrop 

edge. Figure 4.5 also depicts spatial variations in CO2 concentration within the sampled 

area. The distribution of CO2 parallels that of H2S, apart ftom the relatively elevated CO2 
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Figure 4.3(a): Map of CO2 distribution in the Montney 
Formation denved from DST and production data. 
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Figure 4.3(b): Map of CO2 distribution in the Doig 
Formation, derived from DST and gas production data. 
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Figure 4.3(c): Map of  CO2 distribution in the Halfway 
Formation, denved using DST and production gas compositions. 
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Figure 4.4: Plot of H2S versus CO2 concentration in Tnassic- 

reservoired gases, denved using DST and production data. 





137 

concentrations in the shallow eastem reservoirs. Maximum CO2 concentrations are 

congruent with peak H2S concentrations in the northwestern part of the study area. Depth 

profiles of H2S (Figure 4.6) and CO2 (Figure 4.7) concentrations in reservoired gases 

reflea the coincidence in peak concentrations of both gases, indicated concentration 

maxima d n g  at 2500 m depth. 

Sulfur isotopic composition of H2S demonstrates a similar pattern of spatial 

variation to the concentration distributions of both H2S and CO2. Measured 6Y~Hzs 

values range from 6.2 to 23.6 %O vs. CDT, with both the maximum and minimum values 

occumng in the Halfway Formation. A systematic variation in 6 Y ~ H 2 ,  values is 

observed across the study area, with minimum values of 6 to 8 960 developed in the 

approximate centre of the area of H2S occurrence (Figure 4.8). This minimum in PsH2, 

coincides with the lowest DG1 values recorded in the sampled area (Figure 3.10). 

Toward the eastern and western margins of the study area, an increase in SYsHZs is 

observed, with peak values in excess of 22 %O developed in the northwestem part of the 

study area. 

Figure 4.9 illustrates the distribution of P ' S ~ ~ ,  values with increasing reservoir 

depth. Montney-reservoired sour gases exhibit the most restricted 6 % ~ ~ ~ ~  range of the 

three formations, with values between 13.2 and 14.7 %O vs. CDT. Variation in SYsHzs 

within the Montney appears largely independent of depth. Considerably greater 

variability in 6 % ~ ~ ~ ~  is observed in the Doig and Halfway Formations. Within the 

former, a range of values between 9.5 and 22.9 %O is observed. In contrast to the 
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Figure 4.6: Depth profile of H 2S concentration in b w e r  and Middle 

Triassic-reservoi red gases . 
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Figure 4.7: Depth-related variation in CO 2 concentration withi n Lower 

and Middle Triassic-reservoired natural gases. 
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Figure 4.9: Variation in 6 3 4 ~  of H2S with increasing depth in Lower and 

Middle Triassic reservoirs. The shaded a r a  represents the range of 6 3 4 ~  
values measured for basal Doig anhydntes. 
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Montney-resenroired gases, 6 % ~ ~ ~  of gases in the Doig exhibits a good positive 

correlation with depth. For samples reservoired in the Doig at 2210 to 2200 m depth, an 

average 6Y~H2,  of 9.6f0.2%0 is observed. At approximately 2500 rn depth, H2S exhibits 

considerable enrichment in the 3 4 ~  isotope, with an average 6% value of 22.5I0.7%0. 

Hydrogen sulfide in the Halfway formation exhibits the most variability in 6 3 4 ~  values, 

incorporating both the maximum and minimum values listed above. At depths shallower 

than 2240 m, a large spread in 6W~,2, is observed, with a minimum and maximum of 6.3 

and 20.6 %O, respectively. In Sinclair field pools at approximately 2500 m depth, 6)4S,2s 

values of 2 1 .O to 23 -6 %O are measured for Hal fway -reservoired gases. These values are 

comparable to those for Doig-reservoired gases at similar depths in the Sinclair gas field. 

The shaded region of Figure 4.9 illustrates the range of 6 3 4 ~  values recorded for 

anhydrite nodules in the Basal Doig. The four samples analyzed, despite being collected 

from two widely spaced localities, exhibit good agreement in B4s, ranging from 23.9 to 

26.3 960 vs. CDT. 

4.4 Discussion 

A strong spatial and vertical correlation is noted between H2S and CO2 

concentrations in the DST and production gas compositional data, as well as in the data 

denved from the sarnples collected herein. Such a congruence was previously reported 

by Kirste et al. (in press) for Lower and Middle Tnassic gas pools. It is believed that this 

coincidence in H2S and CO2 maxima is attributable to the wgeneration of these gases 
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through sulfate reduction according to Equation 4.1. Although primary generation of H2S 

and CO2 could contribute to a coïncidence between the spatial distribution of both gases, 

this possibility can be discounted through a consideration of the limited abundance of 

organosulfur compounds in most kerogens. In light of the small pool of available sulfur 

for H2S generation by thermal maturation, it seems unlikely that the high concentrations 

observed, partinilady in the case of the DST and production data, would be generated by 

thennal cracking of organi c matter alone. Furthemore, extant temperatures in the 

reservoirs of interest lie below 100 O C ,  the temperature of onset of significant H2S 

liberation from kerogen. Thus, any contribution of H2S and CO2 would have been made 

at a previous stage of burial, and is li kely to be obscured by other mechanisms having the 

capacity to generate greater amounts of H2S, as discussed above. 

Recognition of the mechanisms of HiS generation in the reservoirs of interest 

relies upon the 6 Y ~ H 2 ,  values measured herein. Deep Halfway- and Doig- reservoired 

samples from the Sinclair field are characterized by substantiaily 34~-enriched isotopic 

compositions relative to samples obtained frorn shallower reservoirs. In the case of the 

former, 6 9  values of H2S approximate the 6 3 4 ~  range observed for basal Doig anhydnte. 

Given the abundance of this anhydrite and their extremely close proximity to the 

reservoirs of interest, it is presumed that dissolution of basal Doig anhydrite constitutes 

the sulfate source for sulfate reduction. Further evidence for sulfate reduction acting on 

anhydnte in the lowermost Doig Formation lies in the frequently observed occurrence of 

pyrite surrounding the anhydrite nodules, suggesting the precipitation of sulfides 

according to Reaction 4.2. The ob served coincidence between H2S and dissolved sulfate 
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S 3 4 ~  signatures could be attributable to H2S generation by themochemicd sulfate 

reduction, given the absence of significant fractionation for this process (Orr, 1977; 

Worden et al., 1997). However, at present, temperatures in the Halfway and Doig 

formations at this depth interval are on the order of 85 to 90 OC, approximately 50 to 55 

OC below the minimum TSR threshold temperature reported by Worden et (11. (1995). It 

is conceivable that that the observed H2S and CO2 highs at 2500 m depth constitute 

migrated gases derived from greater depths at which TSR is occurring. Given the 

geothermal gradient of approximately 25 to 30 O C  km" observed in the Doig and 

H a h a y  Formations over this interval (Figure 2.7@),(c)), such a migration process would 

necessitate approxirnately 2000 m of vertical migration of H2S and CO2 without any 

migration-induced separation of the two gases, a scenario which seems unlikely. 

More plausible is the contention that themochemical sulfate reduction occurred at 

a previous stage of burial. Although the thermal history of Triassic strata has not been 

well constrained, maximum paleotemperatures for overiying Cretaceous strata have been 

measured using a combination of vitrinite reflectance and clay mineralogy ( C o ~ o l y ,  

1989). Within the Lower Cretaceous Wilrich Formation, maximum paleotemperatures 

of 150 to 171 OC were extant at the time of maximum foreland basin subsidence during 

the Laramide orogeny. Such elevated temperatures are well above the minimum 

threshold for TSR indicating that this process developed at previous stages of burial and 

has subsequentl y ceased. 

Two factors are believed to contribute to the isotopicaily lighter H2S occurrences 

in shallower Halfway and Doig rese~oirs. The observed isotopic composition in such 
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resewoin is explicable in ternis of bacterial sulfate reduction and its attendant sulfur 

isotope fractionation. Isotopic selectivity in favour of 3 2 ~  accompanies BSR, resulting in 

a maximum fractionation of 20 !%O towards less positive 6 3 4 ~  values, as reported by Nakai 

and Jensen (1 964). Ln the case of the maximum 6 3 4 ~  of basal Doig anhydrite, 26.3 %O vs. 

CDT, a 20 %O maximum fiadonation for BSR would generate H2S having a 634S value 

of 6.3 960. This value is aimost identical to the most 34~depleted signatures recorded for 

Halfway-reservoired H2S in the present study, suggesting that such a scenario is feasible. 

Halfway- and Montney-reservoired H2S having 6 3 4 ~  ratios on the order of 13 to 

15 960 likely reflect contribution of dissolved sulfate from the Charlie Lake Formation. 

Given the abundant anhydrite in this unit, it is likeiy that some degree of dissolved sulfate 

contribution is being made. Figure 4.10 depicts the spatial variation of dissolved sulfate 

concentrations within Chariie Lake-reservoired formation waters. In the region of H2S 

occurrence within the sampled area, Charlie Lake pore waters contain dissolved sulfate 

concentrations of 1ûûO to 2000 mgL. Sulfates in the Charlie Lake are characterized by 

considerably 34~-depleted suifur isotope compositions relative to Doig phosphate zone 

anhydrites, with a range of 13.7 to 14.8 %O vs. CDT reported by Claypool et al. (1 980). 

Complete reduction of sulfate having this range of isotopic composition readily accounts 

for both the low concentrations and uniformity of 6% values in the Montney Formation. 

If downward transport of dissolved ~ 0 ~ ~ '  originating fiom anhydntes in the basal Doig 

Formation is impeded by the low permeability of the Doig shales, then it is reasonable to 

presume that Charlie Lake anhydrites constitute the only source of dissolved anhydrite in 



Figure 4.10: Map depicting the spatial variation of dissolved sulfate concentrations 
within formation waters of the Charlie Lake Formation (after Kirste et al., in press). 
The bold rectangle deiineates the area from which pases were collected. 
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the Montney, being introduced across the contact between these units east of the 

erosionai pinch-out of the Doig Formation. As this direction of sulfate transport is 

counter to the expected direction of fluid flow as reported by Kirste et al. (in press), 

diffisive transport would be expected to dominate. The slow rate of this process w d d  

presurnably lead to a relatively small concentration of dissolved sulfate limitation in the 

Montney, resulting in low H2S concentrations within the sarnpled area. The occurrence 

of TSR acting on thi s dissolved sulfate pool during maximum burial would thus explain 

the agreement between the sulfur isotope signatures of Montney-reservoired H2S and 

Charlie Lake anhydrite. 

4. S. Conclusions 

The spatial relationships observed in the present study among H2S and CO2 

concentrations in Lower and Middle Triassic reservoirs parallel those previously reported 

by Kirste et al. (in press). These authors attributed the observed elevated H2S 

concentrations to sulfate reduction, a contention supported by the results herein. 

Integration of sulfùr isotope data and a consideration of both the present-day thermal 

regime and the stratigraphie framework within which the strata of interest occur has 

permitted the following conclusions to be drawn. 

1) The contribution by thermal alteration of organosulfur compounds in kerogen 

to relative H2S highs in Lower and Middle Tnassic reservoirs appears to be minimal, in 

light of the low abundance of organosuifur compounds in most kerogen. Furthemore, at 

present the strata of interest are not subject to temperatures adequate to liberate large 

volumes of H2S from organic matter. Such a process occurring at a previous stage of 
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burial would necessitate that the H2S and CO2 thus produced have not been dispersed 

significantly by subsequent migration. 

2) The observai congruence of H2S and COa concentration is the result of sulfate 

reduction. Given that the thermal regime affecting the Tnassic strata at present is 

characterized by maximum temperatures 50 to 55 OC less than the minimum threshold for 

TSR ocmence, it is suggested that BSR constitutes the principal mechanism of extant 

H2S generation. The interval of interest is characterized by temperatures within the BSR 

optimum of approximately 60 to 80 OC. 

3) Variability in the measured P4s values of Lower and Middle Triassic- 

reservoired gases appears to be induced by the occurrence of dissolved sulfate fluxes 

from two sulfate sources having disparate g4s signatures, as well as by the occurrence of 

TSR at previous stages of deeper burial. 

4) The majority of Halfway and Doig reservoirs appear to derive dissolved 

sulfate from anhydrites in the basal Doig phosphate zone. Deeper reservoirs are 

charactenzed by residual H2S remaining in situ after previously occurring TSR, showing 

agreement between the P4s values of reservoired H2S and coexisting anhydnte. 

5) Shallow Halfway and Doig reservoirs reveai considerable 3 4 ~  depletion in H2S 

relative to both Montney and deeper Halfway-Doig gases. The PS values measured are 

consistent with BSR-induced sulfur isotope fractionation of basal Doig anhydntes. 

6) Montney-resewoired gases exhibit low variability in H2S abundance and 6% 

signature. Reported H2S concentrations in Montney reservoirs range from below 
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detection limits throughout most of the study area, with a single isolated area in the 

southwestern part of the study area exhibiting peak concentrations of 10 mole percent a 

value approximately half the peak concentration in either the Doig or Halfway 

formations. Measured 6 3 4 ~  ratios for Montney H2S fa11 into a restricted range of values 

from -13 to -15 %O vs. CDT. 

7) A small nurnber of Halfivay-reservoired gases, and al1 Montney-reservoired 

gases, exhibit highly consistent 6 3 4 ~  values between approximately 13 and 15 %O vs. 

CDT. These show excellent agreement with the range of P4s  values between 13.7 and 

14.8 %O reported by Claypool et al. (1980) for Charlie Lake Formation anhydrite. It is 

believed that difisive transport of dissolved sulfate across the contact between the 

Montney and Charlie Lake formations contributes sulfate to Montney reservoirs. 

Subsurface distributions of these formations suggests that they contact one another 

northward and eastward of the Halfway-Doig subcrop edge. The slow rate of this 

transport process would account for the relatively low H2S concentrations measured in 

the Montney. TSR occurrence at previous stages of burial has resulted in agreement 

between the  US signatures of both H2S and Charlie Lake anhydrite. 



CHAFIER 5 - NITROGEN GENERATION AND DISTRIBUTION IN THE LOWER 
AND MIDDLE TRLASSIC 

S. 2 Introduction 

The occurrence of high nitrogen concentrations in reservoired gases presents a 

considerable exploration n sk. M o l d a r  nitrogen lessens the wrnmercid value of naturai 

gases owing to its deleterious e f f ~  on calorific value. Additionaily, N2 damages certain 

catalysts used in hydrocarbon refining and processing. Consequently, rdiable 

characterization of the distribution of N2 in natural gases, combined with an understanding 

of its mechanism of generation is highiy desirable in assessing future exploration tisk. 

Moleailar nitrogen occurs in reservoired gases worldwide, with the highest reported 

concentrations equaling 98.5 to 99.5 percent by volume in natural gases reservoired in the 

Lower Carnbrian of Estonia (Beyer, 1955). Sediment-hosted Nt is ultimately of either (1) 

primordial ongin, and its principal s w c e  is the mantle or deep mst, or (2) of 

atmospheric oxigin. In the latter case, two general methods of incorporation into the 

sedimentary system are possible: (1) direct incorporation from the atmosphere, or (2) 

fixation via the biosphere as organic matter. 

Considered in greater detail, eight mechanisms of direct N2 contribution to natural 

gas pools have been identified (Krooss et al., 1995; Littke et al., 1995). In summary, 

these are (1) direct contribution from the mantle, (2) volcanic or magmatic fluxes, (3) 

generation from metamorphic rocks, (4) adiogenic input, (5) direct atmospheric input, (6) 

N2 generation from coals and dispersed sedimentary organic matter, (7) production from 
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evaporites in sedimentary sequences, and (8) inorganic production wi thin sediments 

(Littke et al., 1995). 

Primordial nitrogen fluxes are the consequence of mantle outgassing which has 

promideci since the accretionary phase of Earth's development and is presurned to be 

occurring at present. The present N2 flux a m s  continental lithosphere attributable to 

m a d e  outgassing has been estimated at 23 g N2 km-2 ~ear-' (Krooss et al ., 1 99 5) .  On the 

basis of this relatively srnall flw, Krooss et al. (1995) argue that primordial N2 

contributions to reservoired gases are m a q u i  for the major@ of basin systems. Areas 

in which a significant contribution of mantle N2 may be expected include active areas of 

seismicity or voIcanism, or regions in which deep cmstal faults may act as conduits for 

primordial N2. Previous studies (Gold and Hel4 1987; Jenden et al., 1988a) have 

observed a strongly linear, positive correlation of high N2 and He concentrations 

indicative of primordial gas contributions to reservoired gases. Primordial gas fluxes are 

characterized by relatively low N2/He ratios, with values of 20 to 200 having been 

identified Frorn made helium trapped in mid-ocean ridge basalt (Kun and Jenkins, 199 1; 

Sakai et al., 1984). In contrast, gases denved from thermal maturation of sedimentary 

organic matter have considerably higher N2/He ratios, with a value of 350 having been 

reported from the Great Valley of California (Jenden et al ., 1 988). 

The largest cmstal reservoir of atomic nitrogen is present within igneous rocks, 

with an estimated magnitude of 14 x 102' g N (Blackburn, 1983)- Krooss et al. (1995) 
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argue that libaation of nitrogen fiom ignews rocks is likely to proceed only at extremes 

of temperature, such as those developed during active volcanism and igneous intrusion. 

Radiogeaic production of N2 involves one of two nuclear reactions. The first of 

these is the reacticm of the ':B boron isotope with a-particles to gaierate the 

14 , N nitrogen isotope, according to the reaction equation 

~ B + ; H ~ + ~ : N  + n + 0.1579MeV (5.1) 

(Krooss et al.. 1995). The heavier l: N isotope is generated through the reaction of ':c 

with a-particles, as represented by 

';C+:H~ + 4.9656~e~+';ïV+:~ 

(Krooss et al., 1995). 

For both of these mechanimis of Ntrogen generation, a-particles are contributed 

by the decay series of the crustal radioisotopes U2~h,  23v, anâ " 8 ~ .  Considering the 

average crustal concentrations of these radioisotopes and their associated adecay rates in 

light of the p a t e r  abundances of boron and carbon in the crusf it has been infemd 

(Littke et. al, 1995; Krooss et d., 1995) that a-particles constitute the limiting reactants 

in reactions (5.1) and (5.2). Consequendy. it is expected that signifiant radiogenic NI 

production will occur on1 y where appreciable concentrations of uranium or thorium are in 

occurrence. 

Entrapment of atrnospheric N2 is a possible mechanism of N, contribution to 

subsurface reservoirs. This mechanisn presupposes the dissolution of N2 in meteoric 
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waters and subsequent advective transport into the subsurface. Subsequent a d u t i o n  of 

N2 at elevaîed temperature and formation water salinity would liberate a fkee N2 gas 

phase, contributing to reservoired gas pools. The aqueous solubility of N2 constitutes the 

lirniting factor on the amount of N2 contribution to gas reservoirs by exsolution. At 

surficial temperatures and atmospheric pressure, molecular nitrogen has an extremely low 

solubility of 5.6 1x1 o4 M (Smith et d, 1962). As basinward infiltration of meteoric 

water is accompanied by temperature, pressure, and formation water salinity increases, a 

change in the solubility of nitrogen is anticipated. Figure 5.1 illustrates the variation in 

nitrogen solubility as a function of temperature, pressure, and formation water sali nity . 

Considering an approximate surficiai condition of 30°C, 1 atm, and pure water and 

subsequent migration to a condition of 51.S°C, 200 atm and 1 molal NaCl under a 20°C 

km" geothermal gradient and hydrostatic pressure , it is seen that the solubility of 

nitrogen exceeds the amount of atmospheric N2 that would initiaily have undergone 

solution. Thus, it appears that pressure effects on N2 solubility would dorninate under 

deep basinal conditions, and the attendant increase in solubility would preclude signifiant 

exsolution of atmospherically derived N2 in the absence of additionai NÎ sources. 

One process by which large volumes of N2 may be incorporated into basinai 

reservoirs is through biosphenc fixation, a summary of which is presented in Figure 5.2. 

Atmospheric N2 is fixed by bacteria of the genera Rhizobium, Klebsielh, Achromobacter, 

and Clos~ridia, as well as by photosynthetic algae. Degradation of the constituent organic 

materid of these organisms results in the liberation of organic nitrogen fiom cellular 
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Figure 5.1: Variation in N2 solubility as a fundon of pressure, temperature and 

formation water salinity . Data are from Smith et ai. (1 962) and O' Sullivan et ai. 
(1966). 
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tissues. The majority of the inorganic nitrogen pool is made up of labile compounds that 

are reutilized by bacteria, leaving lesser amounts of a recalcitrant fraction of the nitrogen 

to precipitate dong with sedimentary material. This refractory component, together with 

any labile components that are not degraded, undergo burial to form nitrogen compounds 

in the sedimentary organic matter. Continued time temperature exposure results in the 

incorporation of these nitrogen-bearing compounds into kerogen. With continued thermal 

maturation, the liberation of molecular nitrogen from these organic precurson occurs. The 

onset of N2 genenition fiom sedimentary organic matter occurs at approximately 8S°C in 

both sapropelic and humic kerogen (Figure 3.1; Hunt, 1996). For both kerogen types, and 

Type II in particular, there is a coincidence of peak N2 generation with peak generation of 

C2+ alkanes. Hurnic kerogens tend to produce slightly greater amounts of rno lda r  NÎ 

for a given time-temperature exposure relative to sapropelic kerogen. 

Althaigh the bulk of sedimentary nitrogen is organic, inorganic fonns of nitrogen 

are also present and may contribute NÎ to hydrocarbon accumulations. Nïtrogen-bearing 

evapori tes are known to ocair infrequentl y in sedi mentary successions, being confined 

mostly to terrestrial evaporite deposits (Litîke et al., 1995). An aiternate source of 

inorganic nitrogen is the fixation of organic nitrogen ont0 sediments. In particular, 

sorption of amino acids ont0 the surfaces of clay minerals is known to occw (Baxby et 

al., 1994), fixing nitrogen as m'. Dunng pyrolysis of organic matter, this nitmgen is 

liberated as N&, which undergoes subsequent oxidation and release as NÎ (Hunt, 1996). 



The regional distribution of NI was determined corn 810 gas compositional 

analyses from DSTs. The number of compositional measurements fkom each of the three 

formations is identical to that reported in sections 3.2 and 4.2. Owing to the absence of 

reported O2 or Ar concentrations for these analyses, no quantitative method existed for 

distinguishing in situ elevated NI concentrations from erroneously high values produced 

by air contamination. In general, N2 highs supported by multiple wells are considered 

more reliable than singlewell anomalies, and are considered to be of greater significance in 

the discussion that follows. 

N2 concentration measurements were also made on gases collezted in this study 

using gas chromatography. Separation of N2 from other gas constituents was carried out 

isothermally at 40°C using a 0.53 mm LD. by 30m long molecular sieve capillary cdumn. 

Peak area counts for N2 were m w e d  using a thermal conductivity detector (TCD) and 

compared to standards of 1.63 and 18.0 volume percent N2, respectively. Concentrations 

were determined using linear regression to the standard data. Sarnples were also run in 

ttiplicate to ensure reproducibility. For some of the analyses, sample pressures were 

insuficient to prevent the entry of air into the delivery lines leading to the sample port on 

the GC. The presence of air was indicated by the occurrence of an 0 2  peak in the 

chromatogram, and was taken to invalidate the N2 result. This approach assumes that no 

mdeailar O2 is present within the reservoired gases. Given the depths of the sarnpled 

reservoirs, this is a reasonable assumption. For such analyses, only runs in which no O2 
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peak was present were used in concentration determinations. In the case where only a 

single uncontaminateci analysis couid be obtained, a conservative error of 5% of 

concentration was applied. 

5.3 Resula 

Nitrogen concentrations in the Lower and Middle Triassic formations of interest, 

as determined fiom DST data, range from <1 to 30.7 mole percent. Both the highest 

concentrations and the greatest frequency of relatively elevated N2 concentrations are 

observed within the Halfway Formation. Maximum concentrations of 26.25 mol %, 1 9.6 

mol Yo, and 30.7 % are reported in the DST data set for the Montney, Doig, and Halfway 

formations, respectively. Nitmgen distributions in each of the Montney, Halhvay, and 

Doig Formations are summarized in Figures 5.3(a) through 5.3(c). In each case, the 

distributions lack a systematic trend across the study a r e -  developed instead as a 

collection of isolated pools sdiibiting elevated concentrations. The exception to this 

statement is the Montney, in which a pervasive distribution of N2 in concentrations 

ranging from 1 to 4 volume percent is observed. Among the three formations, there is no 

significant positive correlation in the spatial distributions of elevated N2 concentrations. 

However, a coincidence between the distribution of certain regions of peak N2 

concentration in the Doig and Halfway formations and faults in the Pace River 

Embayment is observed (Figures 5.3(b) and 5.3(c)). 



Figure 53(a): Montney Formation N2 concentration 
map, as determined from DST and production data. 



Figure 5.3(b): Doig Formation N2 concentration 
map denved from DST and production analyses. 
Dashed Lines indicate the distribution of known faults 
in the Peace River Embayment (after Richards et al., 
1994). 



Figure 5.x~): Haifway Fornation N2 concentration 
map derived from DST and production data. Dashed 
lines illustrate the distribution of h o w n  fadts in the 
Peace River Embayment (after Richards et al., 1994) 
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Cornparison of the spatial distributions of NÎ and He concentrations (Figure 5.4) 

in the Halfway Formation indicates the absence of a spatial correlation between 

concentrations of the two gases. The oniy possible exception is a single pool centered on 

55.9%, 1 19.3W, whidr shows a coincidence between highs in both gases, although it 

should be noted that these high concentrations are developed in different wells. A cross- 

plot of N2 versus He concentration in the Halfway Formation (Figure 5.5) confimis the 

lack of a positive linear correlation between peak N2 and He concentrations. Rather, peak 

concentrations in the two gases in- independently of one another, appearing as a 

distribution of points dong the vertical and horizontal axes of the plot. Helium 

occurrences are not reported in the DST for the Montney or Doig formations. 

Given the concurrent generation of N2 and C2+ hydrocarbons from sapropelic 

kerogens (Figure 3. l), it is expected that a positive correlation between concentrations of 

these constituents may be developed if the observed nitrogen highs are derived nom 

organic maturation. A plot of N2 concentration against the sum of the Cz+ alkane 

concentrations in reservoired gases (Figure 5.6), however, indicates the absence of such a 

correlation. Rather, peak N2 values reported in DST gas analyses tend to coincide with 

minimum concentrations of C2+ alkanes. Although a conpence between high N2 and 

high-DG1 gases would arise if atmospheric nitmgen and bacterial methane were in 

coexistence, such a pattern would be expected to be most prevalent for shallow reservoirs. 

In particular, shallow reservoirs in the Montney Formation should reveal bigh N2 

concentrations under this scenario, given their considerable potential for bacterial gas 



Figure 5.4: Map of He concentration in mole percent within gas 
pools of the Halfway Formation, as detemined from drill stem test 
data. 



mole percent N,  

Figure 55: Plot of N2 concentration venus He concentration for Halfway Formation 
gas pools. based on drill stem test gas analyses. 



Zcp+ (vol. %) 

Figure 5.6: Cross plot of N2 concentration versus the sum of the 

concentrations of C2 and higher alkanes, generated using DST and gas 

production data. 
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occurrence. In contrast, the spatial distribution of Na shows relatively lesser values 

nearest the subcrop edge. 

Measured gas compositions for samples collected in the present study show 

considerably lower N2 concentrations than reported in the DST data set, ranging from 

undetectable to a maximum of 1 S8I0.08 vdurne % in the Halhay Formation. Nitrogen 

concentration maxima of a similar magnitude are observeci in both the Doig and Montney 

formations, with values of 1.1H. 1 and 1 .O 1f0.07 volume %, respectively. Al1 NI 

concentration measurements are listed in Appendix B. Figure 5.7 illustrates the spatial 

variability in N2 concentrations within gases resewoired in the three formations of 

interest. The distribution obsenred in the Montney is similar to the pattern derived from 

the DST data, insofar as the N2 highs are developed in isolated pools. However, as 

previously describeci, peak rneasured N2 concentrations are an order of magnitude less 

than the majority of the analyses reported in the DST database. Furthemore, measued 

N2 concentration peaks d o  not coincide spatially with those developed in the DST data. 

The shallow, high DG1 Montney reservoirs in the northeastem part of the study area 

exhibit comparatively Iow N2 concentrations. 

A systematic spatial variation in N2 concentration is obsewed within the Doig 

Formation. Samples from this unit rweal a continual increase in the percentage of 

nitrogen in reservoired gases westward across the sampled area, paralleling increases in 

organic maturity. Three wells on the western margin of the study area reveal maximum 

N2 concentrations, exhibiting values in excess of 0.95 volume %. The westward increase 



Fi- 5.7: N2 concentration maps for the formations of interest, 
as derived from the samples coilected herein. 
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in N2 within Doig reservoia is antiwrrelated with NI variation in the overlying Haifway 

Formation. Within the latter, resewoired gases reveal maximum N2 proportions in the 

norih-cemtral part of the study area, with the western margin king characterized by the 

minimum detectable NÎ concentration measured. An additional N2 high within the 

Haifway is noted dong the southem margin of the study area. 

A depth profile of Nz concentration in the three formations is shown in Figure 5 -8. 

This profile reveais that peak N2 Occurrences in both the Montney and Halfway 

formations are developed at depths of 1900 to 2000 m. Both above and below this 

intexval, both formations show decreases in NI abundance. Also shown is the systematic 

trend apparent in the spatial distribution of NI within the Doig, whereby an increase in 

Nt concentration is noted with decreasing depths between 2550 and 2 100 m depth. 

Additionally, Figure 5.8 reveals considerable overlap in the concentrations of Nt among 

resexvoirs in al1 three formations. 

To examine the possibility of a relationship between N2 and C2+ concentrations, a 

cross-plot analogous to Figure 5.6 was generated for each of the three formations (Figure 

5.9). These plots reveal positive correlations of varying degree. Data for the Doig 

formation exhibit the strongest correlation between the two parameten, with a correlation 

coefficient, ?, of 0.807. The Montney and Halfway Formations exhibit a considerable 

de- of scatter about a linear fit to the data, with consequently poor correlation 

coefficients. The Montney exhibits a correlation coefficient of 0.278, while that for the 
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Figure 5.8: Depth protile of measured N 2 concentrations in Lower and 

Middle Triassic gas pools. 

O Halfway Fm. 

O Doig Fm. 

Montney Fm. 



Figure 5.9: Cross plots of N2 versus the sum of C2+ concentrations in the 
formations of interest. 
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Halfway data is 0.176. By a considerable margin, the most convincing relationship 

between Nt and CI+ concentrations is observed within the Doig. 

5.4 Discussion 

A significant outcome of the sampling and analytical program applied within the 

present study is the recognition of major discrepancies between meanneci nitrogen 

concentrations and those reported in publicly available DST and production gas 

compositionai data. Clearly, the undedying cause of such significant disagreement 

between the two data sets requires identification. It is believed that the data collected in 

this study constitute values representative of reservoired gas compositions on two 

counts. Firstly, precautions were taken to ensure that no N2 introduction through air 

contamination codd occur. Samples were collected as close to the wellhead as possible, 

ensuring the minimum system volume between the reservoir and sampling apparatus. 

Secondly, each sampling vesse1 was purged with several volumes of gas, ensuring the 

removal of air frorn the apparatus and the collection of a mid-stream sarnple. Lastly, the 

occurrence of any possible atmosphenc N2 contamination was identified by monitoring of 

4 concentrations during compositionai meanirements, and the results fiom suspect 

analyses discardeci. 

In wntrast, personal communication with a number of well operators suggests 

that the sampling protocol employed during collection of DST and production gas 

compositional data may potentially introduce atmospheric N2 into samples. In the 
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method most commonly employed, evacuated sampie containers are connecteci at various 

points in the gas production strearn and a sample collected without first purging the 

sampling apparatus of residual air. Residual air trapped in the process piping may 

contribute to erroneousty high N2 concentrations. To compound this problem, samples 

are frequentiy collected at points other than the wellhead, and cornrnonly at the flareline. 

As discussed by McLellan (1995), sarnpling points downstream of the separator, and 

particularly at the flareline, are unlikely to produce representative sample compositions. 

Owing to the suspect nature of reported NI concentrations within the DST 

database, d l  subsequent interpretations are based upon N2 data collected in the present 

study . The only observation from the DST data that ments discussion is the observation 

that certain areas of elevated Nt concentration in the Doig and Halfway coincide with the 

distribution of faults in the Peace River Embayment If the pervasive occurrence of N2 in 

Montney resenroirs represents a true distribution, then it appears that faults penetrating 

the Montney through Halfway interval a d  as conduits for Ni migration in this 

succession. Thus, NÎ generated in the Montney may have rnigrated vertically dong 

fractures to produce some of the N2 highs in the ovedying formations. 

The distribution of nitrogen, together with examination of coexisting gas 

constituents, perxnits inference to be made regarding the source of elevated NI 

concentrations in Lower and Middle Triassic reservoirs. Although quantitative 

measurements were not attempted, qualitative examination of chromatograms for each 

sample do not indicate the ocmence of signifiant helium concentrations in sampled 
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reservoirs. As mentioned previousl y, fluxes of primordial nitrogen into sedimentary 

systems are typically characterized by a positive correlation of elevated Nt and He 

concentrations in reservoired &ases. Furthermore, cornparison of measured Nt 

concentrations in the Halfway Formation with He rneasuremmts from DST data indicate 

no spatial comlations between maximum concentrations of these two gases. 

Similady, the generation of nitrogen fiom igneous intrusion can reasonably be 

excluded as the source of the N2 hi& in the Lower and Middle Tnassic. The only 

appreciable occurrences of igneous rocks in the study area occur in the crystalline 

basement, several hundred metres below the lower contact of the Montney Fonnation. 

Furthermore, the extremes of temperature necessary to liberate free N2 from these rocks 

are not known to have been achieved at any time since the development of the Peace 

River Embayment and deposition of the strata of interest. An additional mechanism of 

N2 generation that may be d e d  out is libaation from evapontes. As previously 

described, such a process is wnfined almost exclusively to terrestrial evapontes 

containing nitrogen. Given the predorninance of marine rather than terrestriai evaporites 

in both the Chariie Lake Formation and the Lower Carboniferous strata below the 

Montney, it is not expected that nitrogen-bearing evaporites constitute a significant 

generator of rnolecular N2 in Lower and Middle Triassic reservoirs. 

A likely mechanism of signifiant N2 contribution to the reservoin ercamined is 

pyrolysis of sedimentas, organic matter. The strongest evidence for this Nrgenerating 

process occun in the Doig Formation, whereby a strong positive correlation between N2 
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and C2+ aikane concentrations is developed. As descnbed in Section 5.1, gas generation 

from Type II organic matter is characterized by a coincidence of peak N2 Iiberation with 

maximum production of and higher carbon number alkanes. It is expected that such a 

coincidence w d d  be manifesteci in reservoired gases as a correlation between the 

concentrations of these constituents, as is observed for Doig gases. The reason for the 

occurrence of peak concentrations of both N2 and C2+ hydrocarbons at approximately 

2100 m depth (Figure 5.8) remains equivocal. It is conceivable that organic matter 

maturities at this intemal correspond to those for which peak NÎ and C2+ liberation are 

observed, and that increasing mahinties below this level generate lesser amounts of these 

species in concurrence with the a w e s  depicted in Figure 3.1. Nitrogen concentration 

& in both the Montney and Hafalfway formations also occur at this depth interval, 

possibly indicating an organic source as well. 

Radiogenic production remains a viable source of molecdar N2 in these units, 

given the high concentration of radioactive elements known to ocair in the basal Doig 

Formation as well as at the base of the Montney. Both uraninite (UOz) and organo- 

uranium complexes are often found as dispersed phases in organic-rich sediments such as 

shales (Cortial et al., 1990; Meunier et d, IWO), and may constitute the source of a- 

particles for the nucleosynthetic reactions by which nitmgen is genenited. Varying 

contributions of mdiogenic Nt migrated from the basal Doig Formation may be the source 

of the high degree of scatter observed in the N2 versus C2+ concentration plots for the 

Montney and HaIfway formations. Such a mechanism of N2 production d d  dso 
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reasonably account for the deviations fiom the linear N2 versus C2+ trend observed within 

the Doig. 

On the basis of the spatial distribution of N2 concentrations and consideration of 

the pressure &ect on N2 solubility, the magnitude of atmospherically denved N2 

contributions to Lowa and Middle Triassic reservoin appears minimal. If transport of 

Nz in recharge waters were the dominant mechanisrn of contribution, it would be 

expected that gas exsohtion would generate peak concentrations in the shallowest 

reservoirs. Such a pattern would be manifested as N2 hi& in reservoin adjacent to the 

Montney subcrop edge, which instead exhibit concentrations approaching the lower end 

of the measured concentration range. A more likely source of the NÎ obsewed in shallow 

reservoirs in the northeastem part of the study area is the advective transport of organic 

and radiogenic nitrogen fiom the basal Doig Formation. 

5.5 Conclusions 

On the basis of nitrogen compositional data collected in the present study and 

comparison with coexisting gas constituents, inference can be made into the possible 

mechanisms of nitrogen generation in Lower and Middle Triassic strata. Conclusions that 

may be drawn are as folIows. 

1) Discrepancies have been noted between compositional measurements from 

DST and production data and measurements of N2 concentration made in the present 

study in terms of both the magnitude and locations of maximum N2 concentrations. It is 
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believed that such discrepancies are ami butable to the possible introduction of air 

contamination dunng the sampling and analytical protocol employed during DST data 

cdlection. 

2) If some of the trends in the DST database represent a tme distribution, then 

the coincidence of N2 highs with faults in the Doig and Hal fway formations suggests that 

migration of N2 generated in the Montney has contributed to elwated concentrations in 

the overlying formations. 

3) The lack of spatial and depth-related coincidence of N2 and He concentrations 

suggests that a nitrogen flux from the deep crust and upper mande is not extant. 

4) Nitrogen liberation fiorn igneous rocks as the source of Y highs in the 

Montney through Halfway interval may be excluded. The only significant source of 

crystalline rocks in the vicini ty of the study area lies in the Precarnbrian basement, and no 

reasonable mechanisrn of N2 transport over the intervening sedimentary thickness can be 

established. Furthemore, the Iiberation of N2 from igneous rocks necessitates extrernes of 

temperature that are not known to have been realized in the Peace River Embayment. 

5) A significant mechanism of N2 generation in the strata of interest is the 

alteration df nitrogen-bearing corn pounds during thermal maturation of organic matter. 

Given the coincidence between the thermal intervals for generation of N2 and CÎ+ 

hydrocarbons, conpence between the concentrations of these species is expected. A 

strong positive correlation is observed for N2 and C2+ hydrocarbons in the Doig 

Formation, suggesting the predomi nant generation of NÎ b y organic mahirati on. Lesser 
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degras of positive correlation are obse~ed  for both Montney and Halfway-resenoired 

&ases. 

6) Radiogenic N2 contributions to Lower and Middle Triassic resemoirs are also 

believed to be extant, owing to the occurrence of highly radioactive zones in both the basai 

Doig Formation and the lowermost sediments in the Montney. The occurrence of 

uraninite and organO-IU8tYum complexes in organic-rich sediments within these intervals 

c d d  wnûibute a-particles to nitrogen-generating reactions. Vatying contributions of 

radiogenic Nt nîay be the contrdling factor in the high degree of scatter observed in the 

Montney and Halfway NI versus C2+ concentration plots. 

7) Consideration of the effect of elevated pressure on N2 solubility suggests that 

vdumetrically sigrificant proportions of atmospheric N2 are not present in the 

formations of interest. Further exclusion of atmosphencall y-denved N2 is indicated b y 

the spatial and depth relationships of N2 maxima in the formations of interest. If 

d n g ,  exsolution would be expected to produce maximum gas-phase concentrations of 

N2 in the shallowest reservoirs in each formation, a pattern contrary to observed spatial 

distributions of N,. 



The Montne y through Hal fway Formation interval is c haracterized b y sy stematic 

variations in gas composition across the study area. Despite this variability in 

composition, a number of generaiizations are possible for the entire succession. Firstl y, 

hi& organic matter contents and present-day maturities within the oil window indicate 

that hydrocarbon gases in Lower and Middle Triassic reservoirs are sourced in the 

Montney and Doig Formations. In particular, the organic-rich shales of the basal Doig are 

prolific generators of hydrocarbon gas. Measured isotopic compositions of CI through C, 

alkanes were compared with an estimated kerogen 6'" value of -30 %O vs. PDB derived 

from measurements of bulk organic rnatter 6'3~ to infer the types of organic matter from 

which the gas is sourced- Or. the basis of calculateci isotope separations, it appears that 

although both Type II and III organic matter are present, the former constitutes the 

principal gas sswre for Lower and Middle Triassic-reservoired gases. Application of 

established gas typing procedures (Schoell, 1983) indicates that Montney, Halfway, and 

Doig-reservoired gases at intermediate depths within the study area are of thennogenic 

origin and have been generated in association with oil and condensates. Differential rates 

of migration may have contributeci to the physical separation of these gaseous and liquid 

hydrocarbons fdlowing expulsion from source rocks. 
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Thmogenic gases most closely reflecting primary genetic characteristics occur in 

the approximate centre of the sampled area. and predominantly within the Montney 

Formation. These gases are charactenzed by thermogenic 6I3c signatures, and the 

greatest proportion of & and higher alkanes of any of the gases sarnpled. The ana of 

ocairrence of such gases coincides with highest gas pressures reported by Kirste et al. (in 

press), suggesting that hydrocarbon gases may be actively generated at present. Halfway- 

reservoired gases in this area have a C2+ hydrocarbon abundance characteristic of a 

thermogenic ongin, but r e v d  8I3c signatures 2 to 5 %O more negative than Montney- 

resenroired gases at equivalent depths. A similar pattern of I3c depletion in the Halfway 

Formation is not repeated for Ci and higher hydrocarbons, which show 6I3c values 

similar to those of Montney-reservoired gases. This observation, combined with the 

distribution of Hal fway data on the Cl ayton (1 99 1) gas typing summary diagram, suggest 

admixture of relatively 12c-enriched methane to thermogenic wet gas. Bacterial g is  

produced by methy 1 fermentation constitutes the most reasonable I2c-e~ched end- 

member for this mixing process. 

Significant deviations in gas composition from that present in the central study 

area are noted. Towards both the eastem and western limits of the study area, increases 

in the relative proportion of methane are observed. The mechanisms by which gas 

dryness increases differ between these two regions. Approaching the Phanerozoic 

Deformation Front toward the west, deep Halfway and Doig Formation gas pools in the 

Sinclair gas field are characteIized by a near-complete absence of C2+ alkanes, as weil as 
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peak CO2 and H2S concentïations. Given the juxtaposition of C2+ deficiency and H2S 

maxima, it could be wntended that hydrocarbons are wmpletely ox id id  by 

thermochemicai sulfate reduction. Howwer, this scenario seems unli kel y given the 

cessation of active TSR and extant maturities within the range for hydrocarbon generatioa 

Thenna cracking of C2+ aikanes to fom methane, as previously suggested by Kirste et al. 

(in press), also appears uniikely given that the high temperatures required for thermai 

cracking of C2X4 hydrocarbons are neither extant, nor are known to have been achieved at 

any time during the burial history of these strata. 

The most likely explanation for dry gas occurrences in deep westem gas pools is 

gas generation at elevated source maturities. Maturities in this region are at present 

within the upper range of the oil window, with ovemature organic matter being 

developed westward of the western margin of this study area. At this range of maturity, 

generated gases are characterized by themogenic 613c signatures and total CI+ abundance 

less than 1 %. Both of these characteristics are present for gases reservoired in the 

westernmost part of the study area, lending credence to the contention that generaîion 

fiom high source maturities constitutes the control over hy drocarbon gas composition in 

this area. 

Montney gas pools in the eastem part of the study area, occumng eastward of the 

Doig erosional pinch-out, are also characterized by d y  gases. This increase in gas 

dryness was previously attributed to either migration-induced compositional fractionation 

during transport of gases eastward from the zone of active gas generation, or to rnixing 
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with a bacterial gas pool (Kirste et al., in press). Isotopic data cdlected in the present 

study reveal a shift toward increasingly negative methane 6'" values toward the east. 

Whereas gases in the deeper pools described above are characterized by thermogenic 

63~cH,  signatures, these Montney pools have methane 6 " ~  values 5 to 6 960 more 

negdve than those in thermogenic gases genaated M e r  west. In light of the 

dernonstrated lack of carbon isotope fractionation d u ~ g  steady -state gas gaieration and 

migration, compositional fiadonation induced by gas transport does not account for the 

obsented DG1 increase and relative "C depletion. More reasonable is the explanation that 

this combination of hi& dry gas indices and relatively "~-de~leted isotopic carbon 

isotope compositions is the result of mixing between themogenic gas and bacterial gases, 

as is suggested to occur in HaIfway reservoirs. This conclusion is supported by the 

application of the Bernard (1977), Schoell (1983), and Clayton (1991) gas typing 

methods. 

Thus, hydrocarbon gases seem to occur in three distinct regimes in the Lower and 

Middle Triassic strata of interest. Below the basal Doig shales, themogenic wet gas 

appears to be predominant. With increasing reservoir depth toward the west, 

thennogenic dry gases are generated from organic matfer of high maturity, constituting the 

second g e n d  type of hydrocarbon distribution observed. Lady, in shallow Halfway 

resavoia overiying the Doig shales, and in shallow Montney reservoirs east of the Doig 

pinch-out, dry gases occurrences are attributable to admixture of bacterial Ch. The 

control over the occurrence of thermogenic gas versus such gas mixtures appears to be 
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controiled by the stratigraphie relationship of reseivoirs relative to the Doig phosphate 

zone shales. 

Doig shales also appear to exert considerable influence over gas souring in the 

strata of interest, owing to their containeci anhydrite. Hydrogen sulfide occun diroughout 

the central and western parts of the sampled area, increasing in abundance in deep 

Halfivay and Doig gas pools. The H2S reservoired in these deep pools has 6% values of 

21 to 24 960 vs. CDT, which approach the 6% of 24 to 26 %O meamed for basal Doig 

anhydrite. Such agreement between the sulfur isotopic compositions of H2S and the 

presumed sulfate source reflects the pnor occurrence of TSR when reservoir temperatures 

exceeded the minimum TSR threshold temperature of 140°C at a previous stage of burial. 

Halfway- and Doig-reservoired H2S having 6% values of 6 to 9 %O is taken to be 

indicative of zones in which sulfate reduction occurs by BSR, reflecting attendant sulfur 

isotope fractionations up to 20 960 relative to the parent sulfate. 

Intermediate SY~H2,  values of 13 to 14 %O vs. CDT are reported in one Halfway 

reservoir and ai l  Montney reservoirs, irrespective of depth. Such d f u r  isotope 

compositions agree with the 6 3 4 ~  values of Charlie Lake Formation anhydrite reported by 

Claypool et aL (1980). This similarity in isotopic composition is also taken to be the 

consequence of TSR operating under higher paleotemperatures. Given that downward 

transport of dissolved sulfate from the Chariie Lake Formation into the Montney is likely 

to ocau only where these formations are in contact east of the Halfway and Doig 
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subcrops, diffisive transport of sulfate into the Montney is likely to be extremely slow, 

accounting for the relatively low H2S concentrations observeci within the Montney in the 

sampled area. Presumably, such sulfate transport would preferentially be confined to the 

1- unwfomi ty  surface occurring in the centre of the Montney (Markhasin, 1997), 

which constitutes a likely conduit for fluid migration. 

Exphnation of the apparent coexistence of bacterial methane and BSRderived H2S 

in Halfway reservoirs is necessary, given that it is generally taken that sulfate reûucers 

wtcompete methanogens for carbon substrates. One likely possibility is that the process 

of methanogenesis is occurring in the overlying Chariie Lake Formation where 

temperatures are below the range of significant BSR Altematively, methanogenesis via 

the acetate or methyl fermentation metabolic pathway has been demonstrated to ocair in 

modem sediments within which BSR is d n g  (Galimov, 1995). In light of the 

contention that methyl fermentation is the source of the bacterial end-member of these 

mixed gases, the second scenario also seems reasonable. 

Nitrogen concentrations up to approximately 1.6 volume percent are recarded in 

gases occurring in the Lower and Middle Tnassic strata of the Alberta Basin. 

Exasnination of the distribution of nitrogen relative to other gas constituents, notably 

helium and &+ alkanes, permits inference into the source of nitrogen in these reservoirs. 

Gases reservoi red within the Doig Formation il lustrate a strong positive correlation 

between NI and total C2+ concentrations, as expected for the generatim of nitrogen by 

thermal alteration of nitrogai-bearing urganic wmpounds in kerogen. Lesser amounts of 
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inclusion studies. Identification of approxi mate maximum temperatures to which these 

sediments were exposed would assist in conclusively identifying whether TSR wuid have 

contributed H2S to these strata and produced the observeci agreement between sulfùr 

isotope compositions of H2S and Doig sulfates. In order to confirm the potential for 

radiogenic NÎ production, analysis of total uranium and thorium concentrations should be 

c d e d  out for radioactive intervals in the Montney and Doig formations. Furthemore, 

techniques for nitrogen isotopic analysis of natural gas would permit accurate 

identification of the occurrence and proportions of pyrolitic versus radiogenic N2. 

Lady, extension of hydrocarbon gas typing procedures into shallower Triassic 

reservoirs should be canied out in order to characterize, both compositionally and 

isotopically, the bacterial end-mernber that is mggestecl to be mWng with Doig- and 

Montney-sourced therrnogenic gas. 
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APPENDZX A 

Hydrocarbon Composition and Isotope Data 

(Note: "M" indicates that the measurement was not made owing to insufficient sample; 

"nd" indicates that the species was below detection limits) 



1 06-15-072-03W6 1 Halfwav 1 Grande Prairie 1 1858.2 1 

Location 

05-28-073-09W6 
W29-073-08W6 
15-20-073-06W6 
08-23-073-09W6 
14- 14-073-09W6 
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APPENDIX B 

Non-hydrocarbon Composition and Isotope Data 

(Note: b b ~ "  indicates that the measmement was not made owing to insufficient sample; 

"nd" indicates that the species was below detection bits) 



Location 
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05-28-073-09W6 
06-29-073-08W6 
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Zone 

Doig 

06- 13-073-09W6 
02-32-073-06W6 

Halfway 
Montney 

Field 
Hythe 

H~KFV& 
Montnev 

14- 1 3-074-07W6 
06-03-069-06W6 
06- 13-073-ON6 
06- 16-072-MW6 
06-34-072-08W6 
07-22-073-MW6 
08-07-076-20W5 
08-09-069-06W6 
14- 10476-2OW5 
1434-075-2OW5 

Deph (ml , 
2229.4 

Valhalla 
Grande Prairie 

16-34-072-08W6 
14-34-074- IOW6 

2025.9 
2094.5 

1 

&the 2 166.4 

Montney 
Halfway 
Halfway 
Montney 

Doig 
Montney 
Monîney 
Hal ftvay 
Montney 
Mon- 

13- 14-074- 1 lW6 
06- 14-074- 12W6 
08-27-073- 12W6 
15-3 1-074- 13W6 
12-20-074- 12W6 
10-22-073- 12W6 
05- 17-072- 10W6 
10-31-074-10W6 
1 1-34-076- 10W6 
1 1-06-074-03W6 
06- 15-072-ON6 
03-28-073- 10W6 
09-33-074- 1 1 W6 
06-26-068-25W5 
1623-068-2SWS 

Grande Prairie 

Doig 
Montney 

2068.8 

La Glace 
Elmworth 

Undefined (998) 
Manir 

Wembley 
Teepee 

Girouxville East 
Elmworth 

Girouxville East 
Girouxville East 

Montney 

b i g  
b i g  

Halhay  
Halîivay 

Doig 
Charlie Lake 

Montney 
Hal h a y  
HalfYvay 
H d h a y  

Doig 
Montuey 
Montney 
Montney 

207 1.6 
2349.0 
1723.0 
1984.0 
2 13 1.0 
1718.0 
1042.5 
237 1.0 
da 

1062.5 
Wembley 
Knopcik 

21 10.0 
2348.5 

Knopcik 
SincIair 
Sinclair 
Sinclair 
Sinclair 
Sinclair 

Undefined (998) 
Knopcik 
Valhalla 
Tee pee 

Grande Prairie 
Knopcik 
Knopcik 

- 

da 
2426.5 
2537.0 
250 1.0 
2428.0 
2535.5 

d a  
2427.0 
1937.8 
1566. O 
1858.2 
234 1.5 
2557.0 

Ante Creek North 
Ante Creek North 

1755.0 
da 



del 13C CO2 (X, vs. PDB) f 05% del 34s HLS (5 vs. CDT) f 0.5% 
-1 1.2 d a  
- 12.7 8.1 
- 10.2 13.2 



N2 (vd. VO) 
not measured 
not measured 
not measured 
not rneasured 

CO2 (vol. %) 
not measured 

not measured 
not measured 

HZS (vol. %) 
not measured 

not measured 
not measured 

not measured 
not measured 

notmeasured 1 notmeasured 
not measured 
not measured 

not measured 
not measured 

not measured 
1 . W . 0 7  

not measured 
not measured 

n d  measured 
not measured 

not measured 
1 -32I0.07 
0.94H.08 
O.%M.O5 
0.8m.04 
0.66f0.09 

not measured 
not measured 

-- 

not measured 
OSM. 1 

0.4 110.02 
0.4910.02 

- 

- not rnea&ed 
not detected 

not measured 
0.78M.02 
0.8 1f0.0 1 
0.7W.02 
1.14iû.O 1 
0.29f0.02 

1. lfo. 1 
O. 8 l m 0 4  

not measured 
not measured 

0.8M.09 
1 S7H.O 1 

not detected 
not detected 

1 -54H.07 
1.59Hl.05 

not measured 
O. 1310.0 1 

not detected 
not detected 

1.18f0.02 
0.53iû.07 

0.64W.03 
0.64I0.07 

0.7 1kO.04 
not detected 

not measured 
1 -8M.02 

0.4539.08 
0.2310.05 

- - 

I 0.71f0.04 1 -9I0.2 not detected 

not measured 
1.66H.09 

2.5M.1 
not detected 

0.53f0.03 
0.84f0.08 
1 .O 110.07 
0.56M.03 

1 -38H.03 
0.5M.O 1 

1.06f0.06 
0.58I0.03 

not detected 
not detected 

1.18f0.08 
1.69I0.02 
O. 87f0.0 1 
1.7133.01 

1 -48I0.09 
not detected 
not detected 
not detected 
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