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ABSTRACT 

Organic petrology and RockEval-TOC pyrolysis studies were carried out on over 600 samples 
of shales, siltstones, marls and coals from forty three sections in the Upper Devonian and 
Carboniferous strata of the northern part of the Liard Basin and adjacent areas of northern Canada 
between latitudes 59° 30' N and 60° 30' N and longitudes 121° 30' W and 125° W, to determine the 
hydrocarbon source potential, thermal maturity and thermal history. The focus of the study is on the 
optical characteristics and genesis of bitumens and their viability as indicators of thermal maturity. 

Total organic carbon (TOC) contents indicate that potential oil and gas source rocks occur in 
the Muskwa, Kotcho, Besa River, Exshaw, Lower Banff, Yohin, Clausen, Golata and Mattson 
formations; the latter includes thin algal laminites and sapropelic coals. Hydrogen versus oxygen 
indices indicate that the organic matter comprises Type II kerogen, except for the Golata and Mattson 
formations which contain mixed Type II and Type III kerogen. Petrographic analysis indicates that the 
organic components consist of primary and secondary liptinites of marine origin and indigenous 
microscopic bitumens. In addition, shales in the Golata and Mattson contain structured liptinite 
macerals, predominantly sporinite derived from Carboniferous mega- and microspores. 

A genetic classification of microscopic bitumens is established using optical properties and 
"morphological associations" with primary organic constituents. It is proposed that indigenous 
bitumens are intermediate products or by-products of hydrocarbon generation from primary macerals. 
Six types are recognised. The weakly fluorescing, low reflecting types 1,2 and 3 are associated with, 
and presumably originate from, alginite, sporinite and bituminite, respectively. Type 4 bitumen is a 
matrix pore-filling solid showing intermediate reflectance and no fluorescence; it is interpreted as a 
by-product of thermal maturation of matrix bituminite. Type 5 and 6 are highly reflecting with well- 
defined margins and are probably polycondensation products of hydrocarbons generated during 
diagenesis. 

The type 1 and 2 bitumens occur over a maturity range of 0.55% - 0.6% VR° up to 1.3%, and 
1.5%, respectively. Type 3 and type 4 bitumens span broader maturity ranges (0.4% to 2.5% VR°; and 
4.0% VR°, respectively) and show strong positive correlations between R. and depth (Type 3: R2- 
0.61 to 0.99; and Type 4: R2- 0.8 to 0.96) and Tmax, suggesting that thermal maturity in this region 
is closely related to the burial history. Vitrinite reflectance equivalent data suggest that the source rocks 
in the deepest part of the basin are gas-prone while the oil-generating potential increases from west 
to east and in the younger strata. Correlations between type 4 bitumen reflectance and measured 
vitrinite reflectance follows closely the relationship demonstrated by Jacob (1985): VR°- (B4R0 x 
0.618) + 0.4. Type 3 bitumen Ro is closely related to that of type 4 (B3R° - 0.73 x B4R°) and vitrinite 
[Vl. @ (0.817 x B3R) + 0.41 ]. Minor "discontinuities" in the bitumen k- depth plots are attributed 
to suppression of the Type 3 and 4 bitumen R° in TOC-rich, black shales of the Muskwa, Besa River, 
Upper Kotcho, Exshaw and Lower Banff, which may be associated with sulphur-rich kerogen. High 
maturity (reflectance) gradients for the Upper Devonian (0.15 to 0.47 log%RJkm) indicate that 
significantly higher geothermal gradients prevailed, relative to the Carboniferous (0.09 to 0.261og%R. 
/km); these gradients were highest in the western part of the study area throughout the Upper 
Palaeozoic. Basin modeling using VR°equivalent data to constrain the thermal history also suggests 
that significantly higher regional heat flows prevailed during the Upper Devonian, particularly in the 
region of the Kotaneelee and Beaver River gasfields. 

Bitumen reflectance anomalies and bitumen cokes observed near the Bovie Fault suggest it 
was an additional source of thermal conductivity/convection during the Upper Devonian. Similar 
trends and anomalously high Ro gradients in the northwestern part of the Liard Basin, suggest an 
additional thermal event, e. g. hydrothermal activity, may have occurred during the Upper Devonian- 
Lower Carboniferous, promoting early (? Late Carboniferous) or even syndepositional petroleum 
generation and may be related to Middle and Upper Devonian SEDEX mineralization. 
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1.0 INTRODUCTION 

The Liard Basin (Fig. 1) is considered a frontier exploration basin (Leckie et al., 

1991) with only eighteen wells having been drilled, mostly in the southern portion of the 

Liard Basin, during the late 1950's and early 1960's. This resulted in development of 

Canada's most northerly gas fields at Beaver River, Pointed Mountain and Kotaneelee 

(located east and west of longitude 124° W and between 60° N and 600 27'N) (Morrow et 

al., 1993). Since 1992, there has been a flurry of drilling activity following renewed 

economic interest in the region, especially in the areas north and east of Fort Liard, and in 

northeastern British Columbia. Despite this, there is limited information available regarding 

the source rock potential and thermal maturity of the region. 
Estimation of hydrocarbon source potential by characterization of the dispersed 

organic matter or kerogen using geochemical and organic petrological techniques has 

become an integral part of hydrocarbon exploration in frontier basins (Brooks, 1981; Tissot 

& Welte, 1984). This involves identifying the potential source rocks, measuring the total 

amount of organic matter present, the type or quality of the organic matter and the level of 

thermal maturity attained (Hood et al., 1975; Dow, 1977). In addition, reconstructing the 

burial and thermal histories of a sedimentary basin are facets of basin modeling that help 

determine the timing of hydrocarbon generation and ultimately, the hydrocarbon potential 

of the basin (Waples, 1980; Tissot & Welte, 1984; Tissot et al., 1987). 

Conventional parameters used to evaluate thermal maturity and constrain the 

thermal histories of hydrocarbon source rocks, such as vitrinite reflectance (VR0; Durand et 

al., 1986), cannot always be applied to Palaeozoic rocks of marine origin. Vitrinite is the 

predominant group of macerals found in humic coals and its reflectance is related to the 

level of coalification (Stach, 1982;. Teichmüller, 1982). It may also be found dispersed in 

sedimentary rocks deposited in terrestrial (e. g. lacustrine, fluvial) and marginal marine 

environments (e. g. deltaic, lagoonal, nearshore shelf). However, vitrinite is a product of the 

coalification or thermal maturation of humic substances derived from the cellulose and 

lignin of terrestrial plants (Teichmüller, 1982) and therefore it is rare to absent in marine 

rocks (e. g. basinal shales) and in rocks of pre-Upper Devonian age. Durand et al. (1986) 

indicate that vitrinite-like macerals derived from algal remains occur in marine and 

lacustrine rocks, but they are chemically distinct from terrestrial vitrinites, although 
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corpohuminite-like bodies derived from algal akinetes with similar optical properties and 

maturation tracks to vitrinites have been identified in the Lower Palaeozoic of 

Saskatchewan by Stasiuk et al., 1994. 

The use of vitrinite reflectance in the Liard Basin is extremely limited. The Upper 

Devonian strata are exclusively marine in origin and potential hydrocarbon source rocks are 

predominantly shales and marls which accumulated in a basinal setting. Carboniferous 

strata in this region are also predominantly of marine origin, except for the Upper Visean- 

Serpukhovian Mattson Formation which comprises sandstone-dominated delta plain 
deposits and includes thin coals and carbonaceous shales. The coals are localized to the 

region around the Tlogotsho Plateau (Fig. 1) and dispersed vitrinite in found in only three 

surface sections in this area. The viability of bitumen reflectance as an alternative 

maturation parameter is therefore examined in terms of : 1) qualification of the indigenous 

nature of the bitumens (Le. their origins, organic affinities and modes of genesis); 2) optical 

trends with increasing depth and maturity, and their relationship to the tectonic history of 

the region; and 3) basin modeling applications. 

1.1 ORGANIC PETROLOGY AND HYDROCARBON POTENTIAL 

Petroleum and gaseous hydrocarbons are generated biogenically and during 

thermal maturation of organic matter (kerogen) dispersed in sedimentary rocks (Evans & 

Staplin, 1970; Dow, 1977; Hunt, 1979; Tissot & Welte, 1984). The type of hydrocarbons 

generated (e. g crude oil, condensate, wet gas, dry gas), depends upon the nature of the 

organic matter or kerogen in the source rock and its diagenetic state (Tissot et al., 1974; 

Leythaeuser et al., 1980), the latter being controlled by the composition of the biological 

source and redox conditions at the time of deposition (Demaison & Moore, 1980; Huc, 

1988,1990). Most petroleum source rocks were formed in dysaerobic to anoxic, marine 

environments (Demaison & Moore, 1980; Tyson, 1987), predominantly on the continental 

shelf and upper slope, in regions associated with moderate to high organic productivity 
(Demaison & Moore, 1980). 

Kerogen types 
The term "kerogen" refers to the fossil organic matter in sedimentary rocks that is 
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insoluble in common organic solvents (Durand, 1980) and in aqueous alkaline solutions 

(Tissot & Welte, 1984). Kerogen may include "geochemical fossils", i. e. organic 

compounds that are chemically and biochemically resistant to the processes involved in 

transportation, sedimentation, burial and diagenesis (Eglinton, 1968; Tissot & Welte, 1984, 

p. 97 ), as well as the complex organic polymers produced by reconstitution and diagenesis 

of biologically degraded sedimentary organic matter. The geochemical fossils include 

saturated hydrocarbons, vegetable waxes, resins, sporopollenin and chitin (Durand, 1980). 

Palynological and petrographic examination of kerogen is commonly done after separating 

the organic matter from the rock matrix using HF and HCL Visual examination using 

transmitted or reflected light microscopy indicates that kerogen is composed of amorphous 

and structured liptinitic components; phytoclasts (vitrinite and inertinite fragments; sensu 
Tyson, 1995), zooclasts and microfossils may be minor components (Combaz, 1975). The 

structured liptinites are similar to the those found in oil shales and coals (especially 

sapropelic coals) which are predominantly derived from higher plants and algae (Robert, 

1981; Alpern, 1981; Hutton & Cook, 1981). Amorphous kerogen is usually present in 

significantly greater proportions in dispersed organic matter than in coals. 
Kerogens assemblages are geochemically classified according to elemental H/C: 

O/C ratios, into four types, I, II, III, (Tissot et al., 1974) and IV (Harwood, 1977; Brooks, 

1981; Peters, 1986; Fig. 2). The elemental compositions of these different types of 
kerogen have been shown to be analogous to those of coal macerals belonging to the 

liptinite (Types I& II), vitrinite (Type III) and inertinite (Type IV) groups (van Krevelen, 

1961; Durand, 1975; Harwood, 1977; Peters, 1986) and they follow similar evolutionary 

trends on thermal maturation. Kerogens with the greatest hydrocarbon-generating 

potential are lipid-rich, typically having high H/C (> 1) and low O/C ratios (<0.12; Types I 

and II). Type I kerogen is typically hydrogen-rich, commonly derived from alginite and is 

most abundant in oil shales (Alpem, 1981) and boghead coals (Durand, 1975). Type II 

kerogen is derived from lipid-rich algae, bacteria, zoo- and phytoplankton, and lipid-rich 

components of terrestrial plants, such as spores, cuticles, resins. Type I and II kerogens 

are oil-prone (Tissot, 1973; Durand, 1975), i. e. they generate liquid hydrocarbons when 

thermally mature (Fig. 2b), and are found in source rocks deposited in variety of non- 

marine and marine environments, where organic matter is preserved due to anoxic 
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conditions (Demaison & Moore, 1980). Type III kerogen is oxygen-rich due to an 

abundance of oxygen-bearing functional groups typically found in "humic" matter (Tyson, 

1992, p. 13); the vitrinite macerals are produced by coalification of cellulosic and lignified 

tissues of terrestrial plants but Type III kerogen may also reflect "humic" degradation 

products of marine organic matter. Type III kerogen is typically hydrogen-poor and 

therefore wet gas-prone (Tissot & Welte, 1984; Harwood, 1986), i. e. it produces 

predominantly gas (and condensate) when thermally mature. Type IV kerogen is oxygen- 

rich and hydrogen-poor, and often corresponds to inertinite macerals produced by bacterial 

oxidation or combustion of organic matter, the hydrocarbon potential is typically poor, it 

can generate only small amounts of gas upon maturation (Snowdon & Fowler, 1986). 

Powell and Snowdon (1982) have developed a hydrocarbon generation model that relates 

the type of hydrocarbon products to the type of source rock kerogen for northern and 

western Canadian hydrocarbon-producing regions (Fig. 3). 

Although vitrinite is not an important source of liquid hydrocarbons, its reflectance 
is the industry standard for determining the level of thermal maturation; precise recognition 

of vitrinite is thus very important. Mukhopadhyay (1994) reviews some of the problems 

associated with identification of vitrinites. True vitrinites are the remains of cellulosic and 
lignified tissues of ancient plants which have been biochemically and geochemically altered 

to varying degrees; there are many types of vitrinite (i. e. vitrinite macerals), just as there 

are many different groups of plants, types of plant tissues, and variations in the depositional 

and diagenetic environment (Stach, 1982). Typically, vitrinite is the dominant group of 

maceral constituents in humic coals (Stach, 1982); it is also found in organic matter 

accumulated in non-marine and marginal marine facies. Furthermore, vitrinite occurs only 
in rocks of Devonian age and younger, reflecting the evolution of terrestrial plants 
(Teichmüller & Teichmüller, 1982). 

Vitrinite-like organic matter of uncertain origin has been identified microscopically 
in marine and lacustrine sedimentary rocks of early Palaeozoic age; it possesses optical 

properties similar to true vitrinite but lacks morphological definition and it also differs 

chemically (Nissenbaum & Kaplan, 1972; Larter & Sentfle, 1985). Durand et al. (1986) 

also point out visual similarities between dispersed vitrinites in shales and true vitrinites of 

coals, but note that not only are they chemically different, but their maturation patterns also 
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differ. Early recognition of differences between the reflectance of vitrinites in coals and 

other sedimentary rocks was, in part, attributed to the host lithology (Bostick & Forster, 

1975). 

Solid Bitumens 

Dispersed solid polycondensed hydrocarbons, or "bitumens", are also relatively 

common in hydrocarbon source rocks. They are amorphous solids which occupy pore 

spaces, intergranular spaces, fractures and veins (Robert, 1973,1981). They assume the 

shape of the occupied cavities and can only be distinguished from primary macerals such 

as liptodetrinite and vitrodetrinite, when observed in whole rock samples (Jacob, 1989). 

Jacob, (ibid. ) considers all dispersed bitumens to be secondary in origin. His classification 

recognizes three groups: naphthenic, asphaltic bitumens, and impsonites (Fig. 4); further 

subdivision is based purely on physical and optical properties including reflectance, 
fluorescence, microsolubility in CSZ and micro-flow point (Abraham, 1960; Jacob, 1989; 

Fig. 5). Geochemical analysis of some of the bitumens have shown that the genetic 

relationships inferred by Jacob (1983) and Jacob and Hiltmann (1985) are unsubstantiated 
(Khavari-Khorasan & Michelson, 1993). Hunt (1978) considers that bitumens are 

generated from plankton which are higher in protein, and therefore sulphur and nitrogen, 

than organic matter derived from terrestrial plants. Although the origin of bitumens is still 

poorly understood, it is generally held that dispersed bitumens (i. e. except for the 

"migrabitumens" associated with metamorphic zones of mineralization, Jacob, 1989), 

may be residual products of the cracking of petroleum liquids (pyrobitumens) or 
hydrocarbon fractionation during secondary migration; they may also be products of 
biodegradation during diagenesis (Klubov, 1993) or may form during early catagenesis, as 

a result of the early generation of a heteroatomic organic phase (Reidiger, 1993) from 

sulphur-rich kerogen (Powell et al., 1975; Powell & Snowdon, 1993 ). Machel et al. 
(1995) consider bitumens as possibly arising from the polymerization of the products of 

either bacterial sulphate-reduction or thermo-sulphate reduction of high or low molecular 

weight hydrocarbons (alkanes, alkenes and methane) or carbohydrates, in the presence of 
SO4 . ions. Lewan (1990) found that slow vaporization and removal of pyrolysates during 

hydrous pyrolysis experiments promotes conversion of soluble bitumen to solid bitumens 
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by recombination of free radical fragments which form carbon-carbon bonds and cross- 

linkages. 

Curiale (1986) investigated solid bitumens geochemically from a genetic 

standpoint, and viewed dispersed bitumens simply as "organic matter that has migrated 
from its source". On the basis of aromaticity and H/C ratios, he related them to the source 

and classified them, according to thermal maturity, into pre- and post-oil bitumens; pre-oil 

bitumens being "produced in, or close to, the source rock" (Fig. 6). Gentzis (1991) 

recognized the presence of bitumens generated in situ due to thermal maturation of 

primary organic matter in Palaeozoic and Mesozoic strata of the Canadian Arctic. In this 

study, and in work by Landis and Castano (1995), the genesis of dispersed bitumens is 

also viewed as a consequence of the thermal maturation of primary organic matter, 

occurring within the source rock at various stages of maturity and according to kerogen 

type. While Landis and Castano (ibid. ) recognize morphologically similar (granular and 

homogeneous) indigenous bitumens to some of those described in section 2.3, they make 

no reference to their kerogen precursors. A genetic classification of indigenous bitumens is 

used in this study and is discussed in detail in Section 2.3 and Chapter 3. 

Thermal maturation 

It is generally accepted that, following diagenesis, thermal maturation or 

"catagenesis" is the predominant process by which economic quantities of hydrocarbons 

are produced from the kerogen in source rocks (Vassoyevich et al., 1969; Tissot et al., 

1971); this occurs subject to burial of the kerogen to depths at which temperatures are in 

the 60°C to 150°C range (Tissot & Espitali6,1975). Generation of petroleum and gaseous 
hydrocarbons results from thermal rupturing of C-heteroatom, C-H and C-C bonds which 

requires activation energies of between 38 and 74 kcal/mole (Sweeney et al., 1987; 

Sweeney & Burnham, 1990). The burial temperatures required to effect these reactions 

range from 100°C to 150°C for hydrocarbon generation (Quigley et al., 1987); oil to gas 

cracking which involves cleavage of C-C bonds (catagenic gas generation) requires 

significantly higher temperatures, between 150°C and 220°C (ibid. ). These values all 
depend upon kerogen type and the depths at which these reactions take place is a function 

of the local geothermal conditions (Tissot & Espitalie, 1975; Demaison, 1975). 
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In addition to elemental analysis, the thermal evolution of kerogen can be 

evaluated chemically by using oxidation, hydrogenolysis, or pyrolysis to simulate thermal 

degradation. Many methods have been used to do this, including liquid chromatography, 

gas chromatography (Radke et al., 1984; Leyhaeuser et al., 1980), gas chromatography- 

mass spectrometry (Comford et al., 1979), high-pressure liquid-gas chromatography 

(Radke & Welte, 1981), infra-red spectroscopy (Ganz & Kalkreuth, 1987; Christy et al., 

1989), pyrolysis-gas chromatography (Tissot & Welte, 1984; Horsefield et al., 1989) 

hydrous pyrolysis (Lewan, 1985,1990,1992; Lewan & Williams, 1987; Lewan et al., 
1979; Winters et al., 1983). While effectively yielding chemical parameters for kerogen 

type and maturation, these methods are highly specialized, time-consuming and require 
isolation of the kerogen from the mineral matrix of the source rock. Espitalie et al. (1977) 

developed a rapid, inexpensive method of kerogen characterization and source rock 

analysis using pulverized drill cuttings or whole rock samples. The Rock-Eval Pyrolysis 

method is carried out in conjunction with TOC analysis and provides information 

regarding the kerogen type and thermal maturity; it is widely used in source rock 

evaluation but the results require careful consideration (Tarter, 1984; Peters, 1986). The 

Tmax parameter is considered a very reliable indicator of thermal maturity of Type II and 

Type III kerogens, but not for Type I (Espitalie, 1986). A more detailed account of Rock- 

Eval Pyrolysis is given in section 2.4. 

The chemical changes that occur within the kerogen are reflected in the changing 

optical properties of the microscopically recognizable constituents (Hood & Castano, 

1974; Hood et al., 1975; Dow, 1977). Changes in the reflectance of vitrinite-like 

components express the increasing aromatization of the kerogen and decreasing H/C as 

hydrocarbons are released due thermal rupturing of C-C and C-heteroatom bonds, in much 

the same way as vitrinite reflectance changes with increasing coalification (Teichmüller & 

Teichmüller, 1966,1982; Teichmüller, 1971; McCartney & Teichmüller, 1972). 

Fluoresence characteristics of liptinite macerals, such as an increase in the ratio of the 

intensity of the red (650 nm) to green (500) fluorescence (Q) and a red-shift in the 

wavelength at which maximum fluorescence occurs (I max) were also found to change 

with increasing maturation and coalification (Ottenjahn et al., 1975; Teichmüller & Wolf, 

1977; Teichmüller & Durand, 1983). Teichmüller and Durand (1983) compared the 
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fluorescence characteristics of liptinite and vitrinite macerals in coals to the results of 

Rock-Eval pyrolysis and concluded that Tmax could be used as a maturity parameter in 

coals. Espitalie (1986) demonstrated good correlations between the Tmax parameter 

derived by Rock-Eval Pyrolysis and vitrinite reflectance for organic matter of Type II and 

III, up to a VRn of 1.5% (after this the S2 peak disappears and Tmax cannot be 

determined). Dow (1977) related the level of thermal maturation of different types of 

kerogen with zones of petroleum formation and destruction, defining the "oil window" in 

terms of the vitrinite reflectance (VR. ): 0.5% and 1.3% VR,, representing the respective 

"birth and "death" lines for oil generation. Heroux et al. (1979) and Mukhopadhyay 

(1994) have published reviews of the major petrographic and geochemical maturity 

parameters and their relationship to hydrocarbon generation. 

Hydrocarbon source potential 

Momper (1978) reviewed the essential requirements for commercial oilgas 

accumulations, the first of which is an effective source system with a minimum of 0.5% 

organic carbon and 30% clay minerals in argillaceous rocks, kerogen composed 

exclusively or partly of a combination of lipid-rich, amorphous, sapropelic and structured 

liptinites with a relatively high hydrogen content (HIC ratio is > 1.0), a favourable thermal 

history such that the kerogen has past peak oil generation (>83-84% C), and oil 

generation and over-pressuring sufficient to expel hydrocarbons. Zielinski and McIver 

(1982) and Dembicki and Pirkle (1985) have devised source potential rating indices for 

individual source units, based upon the organic richness (TOC), formation thickness and 

maturity, in order to permit regional mapping of hydrocarbon potential. Dembicki and 

Pirkle (ibid. ) devised separate oil and gas maturity factors based on vitrinite reflectance 
data, although other maturity parameters such Time Temperature Index (TTI; Lopatin, 

1971; Waples, 1980) or Thermal Alteration Index (TAI; Staplin, 1969) can also be used; 

eight separate stages of oil or gas generation are each represented by maturity factors, 

ranging from 0.0 to 1.0, with 1.0 representing peak oil/gas generation (Fig. 7). 

BASIN MODELING 

Basin modeling is the integration of geophysical, stratigraphic and geochemical 
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data from a sedimentary basin to generate a model whereby the hydrocarbon potential of 

source rock can be determined at any time in its history (Tissot & Welte, 1984). With the 

development of sophisticated modeling programs and recent advancements in the 

capabilities of personal computers, basin-modeling has become an integral part of 

hydrocarbon exploration in frontier and offshore basins. The products of most modeling 

programs are burial and thermal history curves which relate the stratigraphic, burial and 

maturation histories of a given area to the timing of hydrocarbon generation. 

Catagenesis involves the thermal evolution of sedimentary organic matter and 

simultaneous generation of the hydrocarbon products. During catagenesis, the chemical 

and physical properties of the kerogen, like coal, change as a result of thermally-induced 

chemical reactions over time (Karweil, 1956). Because these reactions are irreversible, the 

maximum temperature to which the kerogen was subjected during burial, governs the 

thermal maturity of the kerogen. Reconstructing the palaeotemperature history (thermal 

modeling) is therefore a critical aspect of the assessment of the hydrocarbon potential of a 

sedimentary basin (Weite & Yukler, 1980; Tissot & Weite, 1984). Kerogen maturation 

and hydrocarbon potential are thus ultimately governed by the geological history, i. e. 

geothermal regime (palaeotemperatures, regional and local geothermal gradients, thermal 

conductivity of host rocks), burial history (rates, depth and length of burial) and tectonic 

history (Weite &Yukler, 1980). Hydrocarbon generation and expulsion potential is 

greatest in young, rapidly buried source rocks (Dow, 1977). 

Many thermal history modeling methods involve initial reconstruction of the burial 

and tectonic history of the region (basin modeling) followed by application of the time- 

temperature index (T'fl) concept of Lopatin (1971) to determine organic maturation; this 

step links vitrinite maturation directly to burial time as a function of sediment temperature 

(Waples, 1980) and thereby relates the timing of hydrocarbon generation to the burial 

history. This approach to basin modeling is based on the assumption that kerogen 

maturation proceeds by a series of first order reactions, at a rate that doubles with every 
10°C increase in burial temperature, according to the Arrhenius equation (k - A. e"ET 

where k- Arrhenius rate constant; A- frequency factor; Ea - activation energy; R- 

universal gas constant; Ta temperature). This basic approach is still used by Barker (1989) 

and Lerche et al. (1984). The first of the kinetic models was proposed by Tissot (1969) 

and Tissot and Welte (1984) who viewed kerogen degradation as a series of first order 
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reactions triggered at a single, low activation energy. As depth and temperature increase, 

the kerogen is irreversibly broken down as the C-heteroatom, C-O, C-H and C-C bonds 

are sequentially thermally ruptured, producing heavy heteroatomic compounds, carbon 

dioxide and water, and finally hydrocarbons (Tissot & Welte, 1984). More recently, 

Burnham and Braun (1985) and Burnham and Sweeney (1989) recognized that there are a 

range of chemical reactions involved in kerogen degradation that must be accommodated 

in any kinetics-based, thermal model. In their attempts to determine organic maturation 

(vitrinite reflectance), Burnham and Sweeney (ibid. ), use a single Arrhenius reaction rate 

factor in the application of first order reaction kinetics to vitrinite degradation and a 

distribution of activation energies ranging from 38 to 76 kcal per mole, for four reactions 

that involve the elimination of water, carbon dioxide, methane and higher hydrocarbons. 

The resulting maturation is predicted in terms of vitrinite reflectance and has the 

advantage of application over a wide maturity range (0.5% to 4.0% VRO). Furthermore, 

their results suggest that the relationship between vitrinite reflectance and oil generation is 

independent of heating rate. Larter (1989) also used a kinetic approach to thermal 

modeling using pyrolysis data (phenol yields) to predict the vitrinite reflectance but the 

application range is limited to the oil window (0.5 to 1.4% VR0). 

While a number of conceptual models have been reported in the literature, many 

petroleum companies have developed modeling programs for their own use. Many are 

based on modeling programs that are commercially available such as Basinmod (1992) and 

Matoil (1990). The basic requirements and products are similar. Input data requires 

accurate information regarding the stratigraphy, ages of rocks layers and layer thickness, 

as well as lithological information. In young and constantly subsiding basins, this 

information can be determined fairly accurately and directly by careful interpretation of 

geophysical logs and lithologic studies of core and drill-hole cuttings and measurements of 
bottomhole temperatures. In regions with more complex geological and subsidence 
histories, ages and durations of unconformities and estimates of age and thickness of the 

eroded intervals and variations in the geothermal gradient determined based on available 

geological information; this introduces a significant level of subjectivity into the process of 

basin modeling. Successful models are therefore built upon a comprehensive knowledge of 

the regional geology and geological history of an area. 
In unmetamorphosed sequences, the maturation of sedimentary organic matter is a 
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product primarily of heating due to burial; the chemical composition evolves in a manner 

similar to coalification trends in coal-bearing sequences (Dow, 1977; Fig. 2b). The level of 

thermal maturation attained by the organic constituents is an irreversible expression of the 

maximum temperatures encountered on burial (Barker et al., 1986; Barker, 1989) and 

therefore geochemical or petrographic parameters can be used to constrain the burial 

temperatures (Dow, 1977; Barker, 1983; Durand et al., 1986; Barker & Pawlewitz, 

1989). Geochemical maturity parameters which are relatively simple to determine 

routinely, such as Tmax, the temperature at which maximum hydrocarbon yield is obtained 

through laboratory pyrolysis of kerogen (Espitalie, 1986), or petrologic characteristics 

that reflect directly the chemical changes in the kerogen resulting from thermal alteration, 

such as vitrinite reflectance measurement (Teichmüller, 1982), are the most widely used. 

Vitrinite reflectance (VR0) remains the preferred choice of maturation parameters used for 

modeling because it is relatively easy to obtain. Further discussion on the applicability and 

limitations on the use of vitrinite reflectance is given in the section on "Reflectance data in 

basin modeling". Most programs also incorporate the thermal conductivity of the rocks 

and compaction history of the rock layers into the model. 
The modeling output files are commonly represented graphically by burial history 

curves and the oil window is superimposed showing the timing and history of hydrocarbon 

generation (Fig. 8). 

Reflectance data in basin modeling 

(i) Vitrinite 

Most reflectance data can be obtained relatively easily from borehole core samples 

or drill cuttings; the samples require minimal pretreatment and measurements can be taken 

from samples with relatively low organic contents ( <1%). The use of reflectance 

measurements is not limited to organic-rich, fine-grained rocks, but it can also be applied 

to organically lean sediments. Although the level of sophistication of basin modeling 

techniques has grown significantly in recent years (Larter, 1989), most programs continue 

to use vitrinite reflectance data (VR) to constrain the temperature because, despite 

limitations (Barker, 1985; Barker & Pawlewicz, 1985) and variability (Buiskool 

Toxopeus, 1983), it is probably the most definitive parameter (Price & Barker, 1985; 

Durand et al., 1986). It is used to establish maximum burial temperatures and to define the 
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boundaries of the oil window (Dow, 1977; Fig. 2). However, Durand et al. (1986) caution 

that vitrinite reflectance should not be used to constrain the burial temperatures in basin 

modeling once the reflectance exceeds 2% VRo because the kinetics are no longer the 

same. 

The potential problems associated with the use of vitrinite reflectance are relatively 

well-known (Barker, 1983; Price & Barker, 1985; Barker & Pawlewitz, 1985b; Durand et 

al., 1987). In addition to the subjectivity of particle selection and the accuracy of 

measurement, it is clear that "vitrinite" in marine and lacustrine sediments has a different 

composition and maturation track to the vitrinite of coals derived from terrestrial plant 

remains (cf. Larter & Sentfle, 1985; Durand et al., 1986). It has also been recognized that 

reflectance can be suppressed in liptinite-rich coals (e. g. Hutton & Cook, 1980; Kalkreuth, 

1982). Price and Barker (1985) observed similar anomalies in source rocks rich in 

amorphous Type II kerogen, which they attributed to absorption of early-generated, 

hydrogen-rich hydrocarbons (vitrinite being still porous at low maturity). Apart from 

underestimation of source rock maturity, the effects of vitrinite suppression can result in 

significant overestimation of the amount of section eroded by extrapolation of the log Ro- 

depth profiles (Price & Barker, 1985). 

(ii) Bitumen 

Samples containing vitrinite are rare in the sample suite used in this study, due to 

both facies and stratigraphic controls on vitrinite occurrence; however, limited vitrinite 

reflectance data was obtained from surface sections in the northern part of the study area 

around the Tlogotsho Plateau. Most of the reflectance data are derived from indigenous 

bitumens and bitumen-like intermediate products or by-products of thermal maturation of 

liptinites; these may be analogous to the "prebitumens" of Jacob (1984) and "pre-oil" and 

"post-oil" bitumens of Curiale (1986). Although any organic components not originally 
deposited within the sediment are considered secondary according to the maceral concept 
(Teichmüller, 1982c), in this study they are considered as primary bitumens if they are 
indigenous to the source rock, i. e. generated in situ. 

The use of bitumen reflectance as an indication of thermal maturation is well 

established. Jacob and Hiltmann (1985) related the reflectance of solid bitumens to that of 

vitrinite reflectance in coal-bearing sections in northwest Germany. Reidiger (1991) 
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correlated the reflectance of solid bitumens in the Triassic source rocks of the Western 

Canada Sedimentary Basin to Tmax, and Gentzis (1991) used Jacob's relationship (BRo - 
0.618 x VR. + 0.4; Fig. 9) to determine the thermal maturation in Palaeozoic and 

Mesozoic sediments in the Canadian Arctic. More recently, Landis and Castano (1995) 

demonstrated strong correlations between "homogeneous" bitumen and vitrinite 

reflectance and bulk chemical properties of hydrocarbon source rocks. Therefore, while 

there is sufficient evidence in the literature to warrant the use of bitumen reflectance as an 

indicator of thermal maturation, it is apparent from the organic maturation studies 

conducted by Reidiger et al. (1989), Reidiger (1991) and Gentzis (1991) that several 

populations of bitumens may be present in organic-rich sediments but the selection of 

which bitumen population to use is subjective and thus somewhat arbitrary, being based on 

the middle reflectance range. This can result in significant errors in the estimation of 

organic maturation if bitumen reflectance data alone is used and not supported or 

substantiated by geochemical or additional petrographic data. In addition to the problems 

of relating bitumen reflectance to oil generation and thermal maturity, bitumen reflectance 

anomalies (R0 suppression) have been observed in sulphur-enriched source rocks (Fowler 

et al., 1994). Koch (1997) has indicated that the upper limits for vitrinite and bituminite 

reflectance are 6% and 4% R. random, respectively; similar limits may be applicable to 

bitumens. 

In this study, the use of bitumen reflectance as a maturation parameter is 
investigated with respect to bitumen genesis and hydrocarbon generation models with a 

view to establishing criteria for obtaining the most reliable maturity data. For modeling 

purposes, all data are converted to VR, equivalents using Jacob's relationship (Jacob, 

1984) and whenever possible, are supplemented by Rock-Eval parameters (Tmax), 

palynological information (e. g. thermal alteration index, TAI, sensu Staplin, 1969) or 

conodont alteration indices (CAI sensu Epstein et al., 1977). To this end, many different 

populations of bitumen have been examined within a variety of organic-rich and organic- 
lean rocks ranging in age from middle Devonian to Cretaceous, and spanning a broad 

range of thermal maturity (0.4%-4.5% VR0). 
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1.3 THE STUDY AREA 

The study area is located on the western margin of the Interior Plains of Northern 

Canada between latitudes 59° 30' N and 61° 30' N and longitudes 121° 30' W and 125° 00' 

W and encompasses an area of approximately 40,000 km2 (15,445 square miles). 

Geographically, this is the region drained by the Liard River and its tributaries, the 

Nahanni, LaBiche, Beaver, Jackfish, Muskeg and Petitot Rivers which span the 

southeastern Yukon Territory, the southwestern comer of the Northwest Territories 

(District of Mackenzie) and Northeastern British Columbia. It is a region of broad 

variations in physiography and geology. The western portion consists of the Liard Plateau, 

a mountainous region over 1500m above sea level (Torrie, 1973), the Kotaneelee Range 

and the Liard Range; the northern region comprises the southern tip of the Mackenzie 

Mountains (Douglas et at., 1970) and the Nahanni Range; and to the east lies the Great 

Slave Plain (Fig. 10). 

Geology and Stratigraphy 

Most of the study area is shown on the Southern Mackenzie Mountains Map 

1141A, Scale 1: 506880) and includes the northern part of the Liard Basin (i. e. north of 

59° 30'N) which is predominantly located in northeastern British Columbia. Geologically, 

the term "Liard Basin" refers to a major tectono-stratigraphic element, bound to the west 

by the Rocky Mountain Foothills and to the east by the Bovie Fault Zone (Fig. 10). 

Leckie et al. (1991) define "the Liard Basin" as the basinal structure located to the west of 

the Bovie Fault Zone (Fig. 1). Although it is recognized as a Tertiary Foreland Basin 

(Wright et al., 1994), it is characterized by an anomalously thick wedge of Upper 

Palaeozoic carbonates and siliciclastic rocks (Gabrielse, 1967) and a forerunner of the 

Liard Basin, as it is known today, has therefore been in existence since Middle to Upper 

Devonian times (Peltzer, 1966). 

To facilitate presentation and discussion of the results, the study area is broken 

down into two major components: the Liard Basin located to the west of the Bovie Fault 

Zone; and the Interior Plains/Platform, located to the east of the Bovie Fault Zone (Fig. 

10). According to Richards (1989), the Upper Devonian and Lower Carboniferous basin- 

fill in the study area consists of "a thick, shallowing-upwards succession of continental 
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terrace deposits, which accumulated on the western margin of the downwarped North 

American Plate". Extensive surface exposure of the Upper Devonian and Carboniferous 

occurs within a series of north-south trending anticlines and synclines (Fig. 11) to the west 

which are capped by Cretaceous strata that thins to the south and east approaching the 

exposed Precambrian basement (Fig. 12). 

The geology of the region is described by Douglas, (1959; 1976), Douglas et al. 
(1963), Douglas and Norris, (1960; 1976a; 1976b); and Harker (1961; 1963). The 

stratigraphy of the Upper Devonian of the Northwest Territories was described in detail by 

Peltzer (1966), Torrie (1973), de Wit et al. (1973) and Meir-Drees (1989); and in 

Northeast British Columbia, by Peltzer (1966) and Halbertsma (1959). The Carboniferous 

Mattson Formation was first described by Patton (1958). The Upper Devonian and 
Carboniferous stratigraphy and sedimentology in the region north of latitude 60° have 

subsequently been described in detail by Richards, (1983,1989). The stratigraphic 

nomenclature used in this report follows that of Peltzer (1966), Torrie (1973), de Wit et 

al. (1973) and Richards (1989) and is summarized in Fig. 13. 

While much of the study area formed part of an emergent land mass during the 

Lower Palaeozoic, shallow water sediments dominated by carbonates were deposited on a 

broad continental shelf (Mackenzie Shelf) over much of this area during the middle 
Devonian (Morrow & Geldsetzer, 1988). During Upper Devonian times, the Mackenzie 

Basin was established giving rise to a thick accumulation of basinal shales and siltstones of 

the Besa River Formation in the Liard Basin. During the same period, inner shelf deposits 

comprising shales and siltstones of the Fort Simpson Formation were deposited marginal 

to the cratonic platform in the Interior Plains to the east (Figs. 12 & 13). The Fort 

Simpson Formation is the basal unit of the Woodbend Group and is overlain by shallow 

water carbonates and siliciclastics (the Winterbum Group) that include the Redknife, 

Trout River, Tetcho and Kotcho formations. The Woodbend and Winterbum Groups 

were deposited within the platform (Morrow & Geldsetzer, 1988) following a brief period 

of deep water accumulation of siliciclastics that gave rise to black shales of the Muskwa 

Formation. The lower part of the Besa River contains two organic-rich, highly radioactive, 
black shale intervals which may be stratigraphically equivalent to the exceedingly organic- 

rich shales of either the Muskwa (Late Devonian) or Exshaw (Late Devonian-Early 

Carboniferous) formations (Figs. 13 & 14). 
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During Carboniferous times, a Carboniferous foreland basin, the Prophet Trough, 

developed on the western margin of the ancestral North American Plate marginal to the 

cratonic platform (Richards et al., 1993) and occupied the western part of the study area. 

(The central section was formerly designated the Liard Trough by Douglas (1970) but 

subdivision of the trough has subsequently been abandoned. ) Active subsidence within the 

trough during the Lower Carboniferous, resulted in an extremely thick accumulation of 

siliciclastics (Besa River) in the axis of the trough which intertongue north and eastwards 

with basin and shelf deposits of the Exshaw, Banff, Yohin, Clausen, Prophet and Golata 

formations; and with carbonate platform and ramp deposits of the Prophet Formation and 

the Rundle Group which formed marginal to the interior craton (Fig. 12). 

The Lower Exshaw Formation (Fig. 15) is a thin (2-10 m), but laterally persistent, 

radioactive brown to black shale that was deposited in relatively deep waters of a dysoxic- 

anoxic basin (Richards, 1993) throughout most of the eastern part of the study area during 

late Fammenian to middle ? Tournaisian time. It is a prominent source rock found 

throughout the Alberta Basin to the south. In the study area, it is conformably overlain by 

basinal, calcareous shales of the Banff and Clausen formations, sandstone-dominated shelf 

deposits of the Yohin Formation and the prodelta shales of the Golata Formation. 

An overall marine regression during Visean times, culminated in the deposition of a 

thick sequence of deltaic deposits. The Mattson Formation (and its equivalent, the 

Kiskatinaw Formation in northeastern British Columbia), is a sandstone-dominated 

sequence of delta plain, delta front and shallow marine shelf deposits which includes 

shales, siltstones, thin limestones, delta top lacustrine/lagoonal shales and sapropelic coals 

(Potter et al., 1993). This was followed by a significant period of emergence that led to 

the erosion or non-deposition of Upper Carboniferous strata throughout the region. 

Details of the stratigraphy, sedimentology and geologic and tectonic settings of the Lower 

Carboniferous are given in Richards (1983; 1989) and Richards et al. (1993). 

The potential source rocks in the Upper Devonian-Lower Carboniferous 

succession in the study area are the basinal shales of the Muskwa, Besa River (Devonian- 

Carboniferous), Fort Simpson, Kotcho (Devonian), Exshaw (Devonian-Carboniferous), 

and Banff formations, plus the basinal, slope and pro-delta shales of the Clausen, Golata 

and Yohin formations and the delta-top shales and thin coals of the middle and upper 

Mattson Formation. Typically, these intervals give anomalously high gamma ray and low 
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sonic log signatures on geophysical well logs (Fig. 15). 

Previous work 
Palynological studies of the Golata and Mattson formations have been carried out 

by Staplin (1960), Braman and Hills (1977), Utting (1981) and Bamber et at. (1984); 

Hacquebard and Barss (1957) have also reported on the palynology of coals from the 

Mattson Formation south of the Nahanni River. Preliminary studies of the petrology of the 

coals were carried out by Cameron and Pratt (1982) but these were limited to reflectance 

and maceral group analysis of only two samples from the Jackfish Gap area. During the 

course of the present study, Potter et al. (1993) conducted a study of the reflectance and 

maceral composition of coals outcropping in the Jackfish Gap-Clausen Creek region, 

concluding that they were sapropelic coals of lacustrine origin that formed within the delta 

plain. Cameron et al. (1994) compared them to Lower Carboniferous coals found in the 

Hoiydahl Dome (northern Yukon) and Sverdrup Basin (Canadian Arctic). 

Feinstein et al. (1988) conducted thermal maturity studies in the Mackenzie 

Corridor, Northwest and Yukon Territories which included Rock-Eval pyrolysis and 

reflectance data. Preliminary data on the organic petrology and maturity of potential 

source rocks in the Beaver River and Jackfish Gap areas of the Liard Basin were 

published by Potter et al. (1993). A broad regional study of the thermal history and 

organic maturation trends in Cambrian to Tertiary strata was carried out by Link and 
Bustin (1989) in the northern Yukon and northern District of Mackenzie between latitudes 

65° and 69° N and longitudes 120° to 140° W. Source rock maturity was found to vary 

with structural complexity and the Lower Palaeozoic was overmature throughout the area. 

Basin modeling using vitrinite reflectance data from the Beaver River, Kotaneelee and 
Island River districts was interpreted by Morrow et al. (1993) to indicate high Palaeozoic 

heat flows and late Palaeozoic to early Mesozoic maturation and migration of oil and gas. 

More recently, Morrow and Gallagher (in press) have reinterpreted some of this data using 
inverse modeling procedures. 
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2.0 ANALYTICAL METHODS 

2.1 SAMPLING PROCEDURES 

Upper Devonian and Lower Carboniferous shale, marl and siltstone samples were 

collected from outcrop localities in the north and west, and from 40 subsurface borehole 

sections throughout the study area (Fig. 16). The outcrop samples were collected 

primarily from thick exposures of the Besa River and Mattson formations at Jackfish Gap 

(type section of the Mattson Formation), Yohin Ridge, Clausen Creek and Tika Creek by 

Dr. B. C. Richards of the Geological Survey of Canada during the course of several field 

mapping projects in the southeastern Yukon and southwest District of Mackenzie. The 

subsurface samples were collected by the author, predominantly from drill cuttings 

obtained from exploration wells drilled between 1958 and 1993. Samples were also 

obtained from cored intervals in the Lower Carboniferous (Mattson Formation) in a 

limited number of wells. In the subsurface sections, Cretaceous and Permian samples were 

collected in addition to samples from the Upper Devonian and Lower Carboniferous in 

order that vertical reflectance profiles could be constructed for the whole section and 

relatively complete reflectance data sets could be obtained for basin modeling. Figure 16 

shows the sampling locations; the UTM coordinates of all sample locations numbers of 

samples collected at each are listed in Table 1 and stratigraphic intervals sampled at each 

locality are shown in Table 2. 

Samples were selected on the basis of organic richness. Gamma ray and sonic 

geophysical logs (Fig. 15) were used to infer intervals with TOC contents >0.5%. Shales, 

marls, siltstones and coals were preferentially selected to reduce the potential for 

reworked organic matter. When plentiful drill cuttings were available, the samples were 

washed and air dried and approximately 50g were collected for petrographic analysis, 
Rock-Eval pyrolysis and TOC analysis. Sample sizes were restricted to 5-lOg of cuttings 
in sections where small, washed sample sets were available, due to provincial (B. C. ) and 
Canadian Federal government regulations governing sampling. In such cases, only 

petrographic analyses were carried out. All samples were hand-picked and representative 

splits were used for petrographic analysis and Rock-Eval-TOC determinations. 
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2.2 SAMPLE PREPARATION 

Sample splits were prepared for Rock-Eval by crushing whole rock cuttings 

to a fine powder with a mortar and pestle. For petrographic analysis, no size reduction of the 

cuttings was employed except for core and outcrop samples. In this case, oriented blocks or 

particulate samples were prepared by crushing to -20 mesh size (- 840pm). 

For petrography, particulate and oriented block samples were made into epoxy 

pellets by placing the sample into one inch diameter Metaserv molds and impregnating with 

Beuhler epoxide resin. The surface of the cured pellets was ground off automatically on a 

Beuhler Automet wheel using 240, followed by 600 grade carborundum grits and distilled 

water as the lubricant, under approximately 351bs pressure. The pellets were then polished 
for 3-4 minutes using a similar procedure and increasingly finer grades of alumina powders: 
0.3 pm. alumina (with distilled water on Texmet paper) followed by 0.05p m alumina (with 

distilled water on silk). The samples were thoroughly washed with water between each of 

the polishing and grinding stages (cf. Pratt, 1986), the final washing being done in an 

ultrasonic bath. Finally, the samples were air-dried. 

2.3 ORGANIC PETROLOGY 

Qualitative organic petrology of polished core and whole rock cuttings samples 

were carried out using a Zeiss Universal (UMSP) incident light microscope equipped with 

white light (12V 50W halogen) and fluorescent light sources (HBO 100W) using a x40 

epiplan- neofluor oil immersion objective. Samples were alternatively observed in plane- 

polarized white light and then blue light, the latter using a 400-440nm excitation filter (with 

460nm beam splitter and 470nm barrier filter) and non-fluorescing immersion oils (n - 1.812 

at 25°C). The principal lithology of the rock matrix was assessed microscopically and coded 

according to the scheme in Table 3. 

Numeric code 1 2 3 4 5 6 7 8 9 

Rock type carbonate calc' 
shale 

marl Garb. " 

shale 
shale cherty 

shale 
carb. " 

siltstone 
siltstone 
(lean) 

coal 

'calc. - calcareous 'carb. - carbonaceous 

Table 3 Numeric codes for rock matrix lithology (see Appendix A, Tables 1-13). 
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Optical identification of the various macerals in coals and source rocks is based on 

internationally- recognized definitions described in ICCP handbooks (1963,1971,1975, 

1995) and Stach et al. (1982); brief descriptions are given in Table 4. Because organic 

richness is measured using a significantly more accurate method (section 2.3), no attempt is 

made to determine the abundance of the various maceral species using petrographic methods 

except to indicate the dominant and subordinate kerogen types. This follows the findings of 

Powell et al. (1982), who indicated that the abundance of amorphous organic matter in 

kerogen concentrates is commonly overestimated by petrographic methods, and that of Cole 

(1993) who demonstrated that there was no correlation between TOC and visually- 
determined estimates of kerogen abundance in whole rock samples. Many samples contained 

only bitumens (no primary macerals) and the TOC values were less than 1 %, so only the 

ranked relative abundances of organic components were assessed visually. These appear in 

the samples descriptions given in Appendix C. 

Reflectance measurements were carried out on selected alginite, sporinite, vitrinite 

and bituminite macerals together with all identified bitumen populations. Random 

reflectance (Rom) measurements were carried out using a Zeiss Universal microscope- 

photometer system and polarized, monochromatic light (546nm). Schott precision glass and 
diamond standards were used to calibrate the instruments before, after and mid-way through 

each analysis, in accordance with standard procedures (Mackowsky, 1983; ICCP, 1975, 

Bustin et al., 1983). For coals, the mean random reflectance values quoted are based on a 

minimum of one hundred measurements on each maceral type. For dispersed organic matter, 

mean random reflectance is determined from between 5 and 50 measured values (Appendix 

D). The reflectance data were collected and processed using an HP personal computer and 
Zeiss "Coflex" software. In samples of elevated maturity, apparent Rm,, and R;,, were 
determined on high grade bitumens to establish individual bitumen populations displaying 

significant optical anisotropy (bireflectance); however, true Rm, and R. - can only be 

determined on samples oriented parallel to bedding (Davis, 1978). 

Classification of indigenous solid bitumens 

Petrographic identification of solid bitumens can only be accomplished using whole 
rock samples and is based on relative differences in the optical properties, i. e. reflectance 

and fluorescence and the morphology by virtue of association with the primary organic 
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Reflected light Transmitted light Multimode illumination 

huminitelvitrinite woody vitrinite 

collotelinite* 
detrovitrinite* 

inertinite coaly inertinite 

fusinite 

semifusinite 
funginite** 

macrinite 

micrinite 

inertodetrinite 

liptinite herbaceous liptinite 

sporinite 

cutinite 

suberinite 

resinite 

chlorophyllinite 
liptodetrinite 

alginite algal 

bituminite amorphous amorphinite 

exsudatinite 

faunal relicts faunal relicts 

bituminous 

mineral-bituminous groundmass amorphous mineral groundmass 
(matrix bituminite)*** bitumen 

Teichmüller & Ottenjann (1977); Burgess (1974) van Gijzel (1979); Sentfle et 
* ICCP (1995); ** ICCP, 1998; al. (1987), modified 

** Creaney (1980) 

Table 4 Classification of coal and source rock macerals (from Sentfle et al., 1996; 

modified). 
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components and the rock matrix. All solid bitumens are amorphous in nature and the shape 

of the bitumen mass assumes the shape of the space or pore that it occupies; the size can 

therefore vary from fractions of a micrometre to fractions of a metre depending on the mode 

of origin or emplacement. Two classes of bitumens are recognized in this study: indigenous 

(or primary) bitumens and migrated (or secondary) bitumens. The migrated bitumens are 

pore, microfracture- or vein-filling solids whose geochemical and optical properties are 

completely independent of the organic components of the rock in which they are found. It is 

the indigenous bitumens which are important from the aspect of hydrocarbon generation and 

thermal maturity. 

The indigenous bitumens are those which are generated within the source rock as a 

consequence of organic maturation of primary or secondary macerals (Table 5). A variety of 
different forms are illustrated in Plates I to V and their unique properties are described 

below. The various populations of indigenous bitumens observed in Devonian to Upper 

Cretaceous strata in the study area can be distinguished on the basis of reflectance and 
fluorescence differences. Low, medium and high reflectance populations are recognized. 
Further subdivision into bitumen types is based on morphological, optical and genetic 

characteristics, i. e. differences in morphology, reflectance, fluorescence properties and 

affiliation with other organic components. 
The low reflectance bitumens (types 1,2 & 3) are found in relatively lean (less than 

0.5 % TOC) shales and siltstones as well as rocks with higher TOC values. Types 1 and 2 are 

related to primary liptinite macerals (alginite, sporinite); they are typically massive or 
homogeneous in nature. They show weak fluorescence when observed in blue light and are 
directly spatially associated with the precursor macerals, usually occupying microporosity in 

the matrix marginal to the primary maceral, or internal porosity which is interpreted to have 

been created by shrinkage of the original kerogen as hydrocarbons and bitumen were 

generated through thermal maturation. In the case of alginites, the bitumen commonly forms 

a thin rind or film on the surface. With thin stringers of lamalginite, the bitumen lies within 
the plane of the bedding, on the surface of the alginite itself (Plates II and III). Bitumens 

associated with sporinite, occur as a coating on the surface or enclosed within the spore 
lumina (Plate III). The reflectance and fluorescence of the bitumen is used to distinguish 

types 1 and 2. Type 1 typically shows low reflectance, rarely more than 0.04 %R0 greater 

than the R. of the primary maceral, and exhibits weak yellow-brown fluorescence with 
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slight positive alteration. The reflectance of the type 2 bitumen is typically an order of 

magnitude greater than type 1, between 0.1 and 0.25% greater than the primary maceral, 

and shows weak brown fluorescence but no alteration. Stasiuk (1991) and Stasiuk and 

Osadetz (1993) and Stasiuk and Fowler (1994) have observed similar materials in source 

rocks in the Ordovician of the Williston Basin and the Devonian of the Canadian Arctic, 

considering them to be alginite-bitumen transitional macerals. 

Low reflectance bitumen (type 3) is related to the secondary macerals termed 

bituminites I and II by Teichmüller (1978); the bitumen associated with bituminite I is 

commonly homogeneous while that associated with bituminite II is commonly granular or 

microporous in nature and has poorly defined margins that diffuse into the associated 

bituminite (Plate IV). Neither of the type 3 bitumens show fluorescence under blue light. 

These bitumens are found in close proximity to, or directly in contact with, the precursor 

macerals and occupy porosity created by geochemical alteration of the kerogen structure as 

hydrocarbon and bitumens are generated through thermal degradation. 

Medium reflectance (type 4) bitumen is observed only in shales and siltstones with 

TOC values greater than 0.5% and is associated with the amorphous mineral-bituminous 

groundmass (Robert, 1981; cf. matrix bituminite, Creaney, 1980). It is typically 

homogeneous in nature and occurs in small pods (rarely greater than 50 pm in diameter) 

within the mineral-bituminous matrix of shale interstices or laminae (Plate V). The margins 

are well defined and these bitumens commonly occupy pore space in which euhedral to 

subhedral dolomite crystals are also present. The reflectance is in the order of 0.3% Ro 

greater than the type 3 bitumen for a rock whose vitrinite reflectance equivalent falls in the 

peak of the oil window (ca. 0.85% R0). No fluorescence is observed in either blue or UV 

light. 

The high reflectance bitumens (types 5& 6) are homogeneous with well defined 

margins and occur within the organic-mineral matrix of shales and within the shaley 
interstices of silty shales and within the intercrystalline porosity of siltstones. They are 

related by reflectance to the other indigenous bitumens but have a reflectance an order of 

magnitude greater than them (Plate V) and do not show fluorescence. They are interpreted 

to be either by-products of early generation formed through polycondensation reactions in 

hydrocarbons generated during late diagenesis or early catagenesis. These highly reflective 
bitumens are referred to in this study as pyrobitumens (Table 5). The organic affiliations and 
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modes of genesis of the indigenous bitumens will be discussed in more detail in Chapter 3. 

Vitrinite and vitrinite reflectance equivalent values derived from the indigenous 

bitumens are used to determine thermal maturity of the kerogen in potential Upper Devonian 

and Lower Carboniferous source rocks in terms of the oil and gas windows defined by Dow 

(1977)(Fig. 2b). 

2.4 ROCK-EVAL 

Selected cuttings, core and outcrop samples were analyzed, in-house, at GSC 

Canada-Calgary', with a Delsi Rock-Eval II pyrolysis unit equipped with a Total Organic 

Carbon (TOC) analysis module; consequently, "Rock-Evan' analyses herein refer to TOC as 

well as the conventional pyrolysis parameters. Weighed (100mg) samples of powered rock 

were inserted into the sample carriage and then transferred into the pyrolysis oven where 

pyrolysis and subsequently, oxidation, take place. Duplicate runs were carried out on each 

sample using procedures described by Espitali6 et al. (1977) and Espitali6 (1986). The 

instruments were calibrated using 100mg IFP standards at the beginning, and after every 
fifteen runs. 

Rock-Eval programmed pyrolysis takes place in an inert atmosphere (helium) at a 

preselected rate of heating, and occurs in three stages: 1) volatilization of the free gaseous 

and liquid hydrocarbons, at 300° C- detected by a flame-ionization detector and recorded as 

the S1 peak; 2) thermal cracking of the heavy hydrocarbons and insoluble kerogen between 

300° and 600°C, yielding lighter hydrocarbons which are also detected by the flame 

ionization detector, and recorded as the S2 peak; and 3) desorption of CO2 adsorbed on to 

the molecular sieve which is detected by a thermal conductivity detector, yielding the S3 

peak. Figure 17 shows a hypothetical pyrogram illustrating the relative distributions of the 

S 1, S2 and S3 peaks. 
Oxidation occurs in two stages: 1) combustion of the rock produces CO2 which is 

adsorbed on to a molecular sieve in the TOC module at 70° C; 2) desorption of CO2 on the 

molecular sieve by reheating at 250° C and passing it to a conductivity detector within the 

TOC module, yielding an S4 peak. The S4 peak is not normally cited separately in the 

'Geological Survey of Canada-Calgary, formerly the Institute of Sedimentary and 
Petroleum Geology (ISPG) 
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RockEval Output Trace 

18463 
T max 

S3 

4" TCD baseline 

0 

Si S2 

start heating 600 C 
ramp 

9706- 
22468 10 12 14 16 18 20 

time (min) 

Figure 17. Pyrogram produced by RockEval pyrolysis showing Si, S2 and S3 peaks 
and Tmax determination (from Snowdon & Fowler, 1986). 
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results, but it is used to determine the amount of organic matter (TOC) in the rock 

according to the following formula: 

%TOC-k(S1 +S2)/ 10+S4110. 

The S1 peak is an indication of the light indigenous hydrocarbons present within a 

source rock and correlates to extractable hydrocarbons. The S2 peak is a measure of the 

quantity of hydrocarbons produced by thermal conversion (pyrolysis) of the kerogen and 

CS2-soluble bitumen in the sample and is therefore indicative of the genetic potential; the 

temperature at which 

maximum hydrocarbon generation occurs (which corresponds to the temperature of the S2 

peak) is the Tmax value, which is used as an indication of the thermal maturity for Type II 

and Type III kerogen (Espitalie, 1986). An S2 peak of greater than 0.2mg HC/g rock is used 

as the threshold for reliability of Tmax data (Peters, 1986; Peters & Cassa, 1994). The S1+ 

S2 value is measure of the overall genetic potential of the source rock. The S2: S3 ratio is 

an indication of kerogen type, and so also are the hydrogen index (S2/TOC x 100) and the 

oxygen index (S3/TOCx100). The Production index (PI) is determined by Si! S1+S2 and is 

an indication of the oil-generating potential; and the decrease in the hydrogen index (i. e. 

between depth Om and Xm) = the initial hydrogen index (at depth Om) is the Transformation 

Ratio, which is also a good indication of thermal maturity for Type III kerogen. The general 

guidelines used for the evaluation of hydrocarbon-generating potential, kerogen type and 

maturity using Rock-Eval pyrolysis data are summarized in Table 6. The units used for S 1, 

S2 and S3 values are mg HC/g rock. 
In addition, the empirical data obtained by rapid pyrolysis can be used to determine 

the kerogen type and level of maturity by analogy with elemental analysis (H/C, O/C) of 

coals and kerogens (Espitalib et al., 1977; Fig. 2). Espitalil et al. (1977) demonstrate 

correlations between the H/C ratio of kerogens and the hydrogen index (S2/TOC x 100) and 

also the O/C ratio and oxygen index (S3/TOCx 100). These pyrolysis parameters can also be 

plotted on a modified van Krevelen diagram to indicate the kerogen type and maturation 
(Fig. 18). 

Other maturation parameters 
In addition to or, in the absence of, reflectance and Tmax data, visual or qualitative 
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a 

SOURCE POTENTIAL 

ROCK-EVAL 
PARAMETER 

V. 
POOR 

POOR FAIR GOOD V. GOOD EXCEL 

S1 value* 0.0-0.25 0.25-0.50 0.5-1.0 1.0-2.0 2.0-4.0 > 4.0 

S2 value* <2.0 2.0-5.0 5.0-10.0 10-20 >20 

TOC carbonate 0.0-0.12 0.12-0.25 0.25-0.5 0.5-1.0 1.0-2.0 

TOC shale 0.0-0.5 0.5-1.0 1.0-2.0 2.0-4.0 4.0-8.0 

*mg(g rock 

h 

ROCK-EVAL 
PARAMETER 

KEROGEN TYPE 
TYPE I TYPE II TYPE III 

S 1: S2 10-5 5.0-2.5 0-5 

Pyrolized carbon (PC) 0.8 (TOC) 0.5 (TOC) 0.1-0.3 (TOC) 

Hydrogen Index (HI) 900-600 600-300 <300 

Oxygen Index (01) 0-15 15-75 >75 

S2: S3 >15 10-15 1-10 

r 

ROCK-EVAL 
PARAMETER 

MATURITY (PRODUCTS) 
Immature (gas) Mature (oil) Postmature (gas) 

T max °C <435 435-465 >465 

S2: S3 >5.0 5.0-2.5 2.5-0.0 

S 1: S2 <2.0 2-6 >6.0 

d 

ROCK-EVAL 
PARAMETER 

OIL GENERATION 
Immature (gas) Mature (oil) Postmature (gas) 

S 1/ S 1+ S2** <0.1 0.1-0.4 >0.5 

** Production Index (PI) 

Table 6 Interpretation of Rock-Eval pyrolysis results with respect to a) source rating; 
b) kerogen type; c) maturity (oil, gas); and d) oil generation (from Peters & 
Cassa, 1994, modified). 
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Figure 18. Correlation between Atomic H/C and O/C ratios and Hydrogen and Oxygen Indices 
determined byRock-Eval pyrolysis (Espitalie et al. 1977). 
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spectral analysis, quantitative spectral fluorescence were carried out and conodont alteration 

(CAI) and thermal alteration indices (TAI) were used when available. The qualitative, 

spectral analyses were carried out on fluorescing liptinite macerals such as alginite and 

sporinite macerals. The fluorescence colour, as observed under blue light illumination, was 

graded numerically to reflect colour shifts associated with increasing maturation. The 

fluorescence index used is shown in Table 7. 

Fluoresence 1 2 3 4 5 6 7 8 9 10 
index 4d* 

colour green light med butter yellow- orange light med dark black 
yellow yellow yellow orange brown brown brown 

"4d - dull yellow 

Table 7 Liptinite fluorescence index 

Spectral fluorescence was carried out on selected macerals (sporinite and Tasmanites 

alginite) from coals and shales of the Mattson Formation. The spectral scan procedure 
consisted of illuminating the sample with incident UV light (365nm) and measuring the 

intensity of the fluorescence emitted, at 10 nm intervals, throughout the spectral range from 

400 to 750nm The spectral curves are corrected by a "black body" scan to standardize the 
instrument and remove the effects of spectral variations in the incident light beam, optical 

system and photomultiplier response. The spectrum obtained is characterized by the shape of 

the curve which is described by two parameters (Fig. 19): 

1) Lambda max (I max) the wavelength at which the maximum intensity occurs; 
2) Red\Green quotient (Q): R\G - Intensity at 650 nm = Intensity at 500nm. 

The Conodont Alteration Index (CAI) was determined for 15 samples (Table 1) by 
J. Docherty at the Geological Survey of Canada, according to Epstein et at. (1977). 

Thermal Alteration Index (TAI) was determined on 10 samples by J. Utting based on the 

approach of Staplin (1969). Table 8 shows the relationships between vitrinite reflectance, 
bitumen reflectance, CAI and TAI. 
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Figure 19. Fluorescence characteristics of resinite from Hat Creek coal, from Bustin 
et al. (1983). 
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2.5 HYDROCARBON SOURCE POTENTIAL 

The unit thickness, %TOC and maturity values based on measured or VRo 

equivalent values derived from bitumen reflectance data or other maturity parameters, are 

applied to determine source rock potential of individual stratigraphic intervals using to the 

method of Dembicki and Pirkle (1985) illustrated in Figure 7. 

2.6 BASIN MODELING 

Vitrinite reflectance measurements and VR) equivalent values determined on 

medium Ro bitumen (type 4; according to Jacob & Hiltmann, 1985) were used in this study 

to constrain the maximum burial temperatures in basin modeling using the Burial 3a 

program. Burial 3a is a two-part Fortran program that creates a stratigraphic and heat 

flow model and calculates burial history curves for a stratigraphic section which can 
include eroded layers; the program also makes provision for erosion through several layers. 

For each layer at each age, the following are calculated. thermal conductivity, temperature, 

R0 max. It accounts for compaction due to burial of the various lithologic units in the 

section. The program is modified from the ̀ Burial" program developed by Osadetz and 

Mottershead (1994), which takes an empirical approach to modeling based on the time- 

temperature relations (i. e. the Time Temperature Index, TTI of Waples, 1980), by 

incorporating a subroutine that uses the Easy Ro algorithm of Sweeney and Burnham 

(1990) instead of TTI (Morrow and Issler, unpublished work). In addition, the Burial 

programme was modified to include a subroutine that performs a statistical comparison 

between the measured and calculated Ro data (Burial 3b; Morrow and Issler, unpublished 

work). It is suitable for analysis of the Liard Basin because of the complex geologic history 

associated with the Upper Devonian, Lower Carboniferous and overlying Mesozoic and 
Cenozoic strata. A schematic flow diagram of the program logic is given in Figure. 20. 

`Burial" recognizes the deposition and removal due to erosion of individual 

stratigraphic unit as separate events, and in doing so, acknowledges stratigraphic 

unconformities. The first stage in the modeling process (Burial 3a) is to compile a detailed 

reconstruction of the chronostratigraphic history of the named stratigraphic sequence. An 

example compiled for the Imperial Island River No. 1 section is given in Table 9. Each 

event is assigned a geological age, in sequential order of occurrence, beginning with the 
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curves and TTI values 
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Figure 20. Schematic flow chart illustrating the logic of "Burial" model of Osadetz and 
Mottershead (1982), modified. 
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Event Age Contact Age Desciption of Event T/F Thickness Age 
no. no. Format (m yrs) (m) 

1 Age 1 38 415 Base of sequence T 000.00 
2 Age 2 38 401 Granite wash (regolith) deposition T 025.00 
3 Age 3 38 392 Chinchaga T 078.00 Eifelian 
4 Age 4 38 386 Keg River +Evie Mbr T 090.5 Eifelian-Givetian 

5 Age 5 38 380 Mid Devonian Sh/Lmst (? Sulphur Point) T 106.00 late Givetian 
6 Age 6 38 377 Slave Point T 117.00 late Givetian 
7 Age 7 38 373 Muskwa +Fort Simpson T 530.00 Frasnian 
8 Age 8 38 370 Jean Marie T 15.20 late Frasnian 
9 Age 9 38 369 Redknife T 142.80 
10 Age 10 38 367 Kakisa + Trout River T 672.00 Fammenian 
11 Age 11 38 365 Tetcbo T 076.00 Fammenian 
12 Age 12 38 363 Kotcho T 212.5 Fanunenian 
13 Age 13 38 353 Exshaw + Banff T 370.00 late Fammenian-TI, 
14 Age 14 38 350 Rundle-part remaining (Pekisko) T 003.00 Tournaisian -T2 15 Age 15 26 347 Rundle F 310.00 Tournaisian -T3 

-part eroded at Sub-Cretaceous Unconformity 
16 Age 16 19 346 Rundle deposition Tournasian F 025.00 Toumaisian-T3 

-part eroded at Sub-Permian Unconfonnity 
17 Age 17 18 330 Mattson F 150.00 Serphukovian 
18 Age 18 38 295 Sub-Permian Unconformity T 000.00 

(Mattson erosion) 
19 Age 19 38 290 Sub-Permian Unconformity F 000.00 

(Rundle erosion) 
20 Age 20 25 280 Kindle F 020.00 Ass-Sak-Art 
21 Age 21 22 262 Fantasque F 025.00 Guad (Road-War) 
22 Age 22 38 250 Sub-Triassic Unconformity T 000.00 

(Fantasque erosion) 
23 Age 23 24 230 Toad-Grayling F 140.00 Scythian-Norian 
24 Age 24 38 205 Sub-Cretaceous unconformity T 000.00 

(Toad-Grayling erosion) 
25 Age 25 38 190 Sub-Cretaceous unconformity T 000.00 

(Kindle erosion) 
26 Age 26 38 185 Sub-Cretaceous unconformity T 000.00 

(Rundle erosion) 
27 Age 27 38 112 Buckinghorse T 197.5 Early-mid Albian 
28 Age 28 38 108 Sikanni T 085.00 M. Albian 
29 Age 29 38 102 Sully T 177.00 Late Albian 
30 Age 30 38 96 Dunvegan deposition -part remainimg T 166.00 M-Late Cenomanian 
31 Age 31 36 95 Dunvegan deposition -part eroded F 084.00 

At Sub-Cretaceous Unconformity 
32 Age 32 35 15 Kotaneelee F 200.00 Santonian- 

Campanian 
33 Age 33 34 71 Wapiti F 200.00 Maastrichtian 
34 Age 34 38 65 Sub-Tertiary unconformity T 000.00 

(Wapiti erosion) 
35 Age 35 38 60 Sub-Tertiary unconformity T 000.00 

(Kotaneelee erosion) 
36 Age 36 38 40 Sub-Tertiary Unconformity T 000.00 

(Dunvegan erosion) 
37 Age 37 38 02 Quaternary deposition T 020.00 

Table 9 Stratigraphic classification and data from Imperial Island River 
No. 1. 
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oldest. Unconformities are considered true layers by virtue of the erosional events they 

represent but are assigned zero (0.00m) thickness. Using this information together with 

heat flow, lithological information and maturity data, three input files are compiled: 

1) Dat file: Name. dat; 2) Age file: Name. age; 3) Ro file: Name. ro. 

Table 10a summarizes the information contained in the input data file "Name. dat". The 

data file (Name. dat) requires detailed stratigraphic information regarding the relative age 

and thickness of each stratigraphic unit numbered in accordance with the age of the event 

in which it was formed. It is laid out in twelve columns and the number of rows 

corresponds to the number of events leading to the formation of the named stratigraphic 

sequence. Column 1 is thickness of the unit (in feet or metres); column 2 is a declaration 

of the units existence, as either a true or false layer (T or Fa); column 3 is the contact 

format - if the unit described in column 2 is a true layer, then the number in column 3 is the 

total number of layers recorded +1; if it is a false layer, then the number in column 3 is the 

number of the event during which the unit was eroded + 1; columns 4 to 10 record the 

lithology of the unit: column 4-% shale; column 5-% sandstone; column 6-% 1st; 

column 7-% dolomite; column 8- %siltstone; column 9-% evaporite; column 10 -% 

chert. In column 11, a heat flow (mW ni2 sec'') is assigned to each unit, the values based 

on calculated heat flows in the northern Yukon reported by Majorowitz et al. (1988). In 

column 12, the present surface temperature (°C) is recorded. 
The "Name. Age" file (Table 10 b) contains additional chronostratigraphic 

information on the age and duration of each geologic event (Table 9). Data is entered in 

two columns and the number of rows corresponds to the number of events leading to the 

formation of the named stratigraphic sequence: column 1 gives the age of the event/unit by - 
assigned number, and in column 2, the corresponding age in millions of years of the 

unit/event is recorded. Geological ages are assigned using palynological information, when 

available, and by reference to the Geological Time Chart (Okulitch et al., 1995). Actual 

numbers in millions of years represent the estimated time that deposition or erosion began 

2Ta true layer, if present; F- false layer, if eroded; unconformities are recognized as 
true layers. 
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i. e. the base of a stratigraphic interval. 

The "Name. Ro" file (Table 10 c) contains maturation data. The data is compiled in 

two columns and the number of rows corresponds to the number of events involved in the 

formation of the named stratigraphic sequence. The first column records the age of the 

stratigraphic event during which a particular unit was deposited, and the second column 

contains the maturation level in vitrinite reflectance equivalent (% Ro). Examples of the 

input files compiled for the following well sections are given in Appendix E: Imperial 

Island River No. 1, Canada Southern et al. North Beaver River YT 1-27 and Pan Am 

Beaver G-01. 

The program then computes the thermal conductivities of individual lithologies 

based on thermal conductivity data from Majorowitz et al. (1989) and lithological 

compaction due to burial. The output files present the following data: 

1. Layer thickness changes with time (thick. age) 
2. History of the Ro values for each layer (Ro. age) 

3. Temperature history for each layer (temp-age) 

4. Ro values for the top of each layer 

5. Age of the sampled horizons (smage. age) 
6. Temperature of the sampled horizons (stemp. age) 

The latter two files, 5 (smage. age) and 6 (Stemp. age), serve as input files for the 

second part of the program (Burial 3b) which computes the Ro values (Scalc. Ro) for the 

sampled horizons and compares them with the measured Ro values using the Kolmogorov- 

Smirnov Test for the non-parametric comparison of two sets of unbinned data (Press et 

al., 1992). The output is a probability index for the proposed burial history model based 

on the fit of the measured and calculated Ro data. 
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3.0 BITUMEN GENESIS AND REFLECTANCE IN RELATION TO 

HYDROCARBON GENERATION 

The petrography of the indigenous bitumens in potential source rocks is examined 

from a genetic standpoint and a bitumen generation model is proposed (Fig. 21) that links 

the occurrence and genesis of the different bitumen populations observed to hydrocarbon 

generation. A genetic link between bitumen and primary dispersed organic matter is 

important because it proves the indigenous nature of the microscopic bitumens. 

Furthermore, if the "microbitumens" are formed as a natural consequence of thermal 

alteration of primary organic matter (coincident with hydrocarbon generation) and the 

optical and chemical properties of those bitumens change progressively with subsequent 

thermal alteration or transformation, then this further justifies their use and enhances their 

credibility as indicators of thermal maturity. 

3.1 GENESIS OF INDIGENOUS BITUMENS 
Four populations of indigenous solid bitumens are recognized in the Upper 

Palaeozoic of the study area (Fig. 21a). The relationships observed between the bitumens 

and macerals of the Liptinite group strongly suggest that the microscopic bitumens are 
formed directly from the individual liptinites as a consequence of thermal maturation 
(Plates I to V, X). The most compelling evidence comes from samples which are currently 

within the oil window, i. e. with VR. equivalent values (VRO eq. ) between 0.45 and 1.3%. 

Low-reflecting, type I bitumen (type 1) is directly associated with the liptinite 

macerals sporinite and alginite (subtypes s and a, respectively). When observed under 
incident white light, the type 1 bitumen is a weakly reflecting, dark grey mass, commonly 
less than 30pm diameter, occurring within transparent brown-orange (sporinite) or red 
(alginite) liptinitic bodies (Plates I& II) or forming a thin rind on their surface. The 

reflectance is between 0.09% to 0.4%R0 and is commonly ca. 0.20%R0 in the middle of 

the oil window (i. e. 0.85% VR. ). The generation of type 1 bitumen from structured 
liptinite macerals occurs only in samples with VRo eq. values of at least 0.7%. 

Low-reflecting, type 2 bitumen ( type 2) occurs external to the structured liptinite 

maceral but commonly remains within the same pore, either as a surface coating on the 
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Figure 21 a. Reflectance histograms for the indigenous bitumen in samples from 
the Amoco LaBiche a-67-D section at: a) 1220m, and b) 1561 m, 
illustrating 5 and 4 distinctive populations, respectively. 
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PLATE II 
TYPE 1 MICROBITUMENS 

a) Type 1 bitumen in the Banff Formation at Imperial Sun Netla C-07. The bitumen 
typically exhibits weak reflectance, a microporous appearance, sometimes referred 
to as "granular", and occupies the pore created by the shrinking liptinite 

precursor. 

b) Fluorescent light image of a). Note the fluorescent halo in the bituminous matrix 
caused by adsorption of hydrocarbons generated from the primary liptinite. 

c) In sections perpendicular to the microlamination, weakly reflecting sinuous strings 
of type 1 bitumen are found parallel to bedding and internal microfractures. 
Exshaw Formation, Imperial Island River No. 1. 

d) Fluorescent light image of c). At peak oil generation stage, type 1 bitumens show 
strong fluorescence intensity and positive alteration. 

e) Reddish brown litpinite (? alginite) showing early type 1 bitumen generation; the 
bitumen is typically located along the margins of the liptinite or lining the pore 
walls; Mattson Formation, Pan Am Pointed Mountain P-24. 

f) Fluorescent light image of e). 

g) White light image showing early type 1 bitumen generation (centre) from sporinite 
(Densosporites) in the Mattson Formation, Amoco Bovie Lake, M-05. 

h) Fluorescent light image of g). 

i) Type 1 bitumen ( 0.32% R0) generated from sporinite (Murospora) in the Mattson 
Formation at Clausen Creek. 

J) Weakly reflecting lenses of bitumen embedded in, and generated from within a 
phosphatic ? pellet in Formation F, Pan Am et al. Celibeta No. 7. 

k) Weakly reflecting type 1 bitumen encasing and exuding from within a ? faecal pellet 
in the Exshaw Formation at Imperial Island River No. 1. 

Magnification: scale bar shown on a) applies also to b); scale bar shown on c) applies also to d)-h), j) & k). 
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liptinite or as a lining on the inner wall of the pore (Plate III ); the reflectance is between 

0.22% to 0.75%Ro and is commonly between 0.4% and 0.55%R0 in the middle of the oil 

window. This is interpreted as early-formed bitumen that has exuded from the liptinite and 

is in the earliest stage of migration out of the liptinite-bearing pore. It may have a granular 

appearance, especially when derived from sporinite (Plate IIIa, f&g), otherwise it 

appears homogeneous in nature. 

Low-reflecting, type 3 (type 3) bitumen is directly associated with the liptinite 

maceral bituminite, which is usually the dominant constituent of marine source rocks 

(Teichmüller, 1977). When viewed in sections perpendicular to the bedding planes of the 

rock, bituminite commonly occurs as bedding-parallel lenses or elongate "stringers". Type 

3 bitumen commonly forms a complimentary, thin elongate film on the surface of the 

bituminite or coats the inner wall of the pore enclosing the bituminite (Plate IV). Surface 

scratches are a common feature, indicating the softness of the bitumen. The reflectance is 

relatively low but higher than that of types 1 and 2 (0.15%R0 higher than that of type 2 in 

the middle of the oil window) and it is commonly equivalent to 75% to 80% of the 

reflectance of the type 4 bitumen. Type 3 is found in most source rocks, regardless of their 

richness and is observed in rocks with maturation levels as low as 0.4% VRo eq. and as 

high as 2.5% VR,, eq. 

Medium reflectance (type 4) bitumen has no affinity with structured liptinite 

macerals but is present as a homogeneous mass in micropores within the bituminous 

matrix, lining microfractures or in voids associated with the growth of dolomite crystals. 

The shape is dictated by the void it occupies (Plate V) but, unlike the pyrobitumens (e. g. 

type 5 below), the margins of the type 4 bitumen are rounded and often ill-defined, 

sometimes having a corroded appearance which grades into the bituminous matrix. The 

observed interfingering with the bituminous groundmass of shales and mudstones, and 

their occurrence in argillites lacking structured liptinites, suggest that these type 4 bitumen 

originate from the matrix bituminite. The reflectance is intermediate between those 

associated with liptinites and the pyrobitumens. Type 4 bitumen occurs over an extensive 

maturity range, from 0.4% to over 4% VR,, eq. 

High reflectance (type 5) bitumens (pyrobitumen) are amorphous, homogeneous 

and have well-defined and commonly linear margins. They occupy vuggy pores and 
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PLATE III 
TYPE 2 MICROBITUMENS 

a) Type 2 bitumen (0.35% R0) derived from sporinite in the Mattson Formation, 
Aquitaine et al. Tatoo a-2-D. 

b) Type 2 bitumen adhering to the walls of a pore in marl from the Prophet 
Formation, Pan Am et al. Celibeta C-07. 

c) Type 2 bitumen almost fills the porosity created by thermal destruction of the 
primary liptinite in shale from the Flett Formation, Texaco Arrowhead N-2. 

d) Type 2 bitumen (0.32% R) derived from sporinite in the Mattson Formation, 
Aquitaine et al. Tatoo a-2-D. 

e) Type 2 bitumen (0.31% R0) derived from reddish brown sporinite in shale from the 
Mattson Formation at Clausen Creek. 

fl Type 2 bitumen derived from sporinite in the Mattson Formation, Aquitaine et al. 
Tatoo a-2-D; note the accumulation of the bitumen along the pore wall. 

g) Two generations of bitumen (types 1& 2) generated from sporinite in the Mattson 
Formation at Clausen Creek; Type 1 (weakly reflecting, 0.25% Ra) is currently in 
the process of being generated from the primary sporinite while type 2 bitumen 
(0.45% R. ) adheres to the surface. 

h) Type 2 bitumen generated from ? alginite in the Banff Formation at Imperial Sun 
Netla C-07 occupies the pore created by shrinkage of primary liptinite. 

Magnification: scale bar shown on b) applies also to c) - b). 
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PLATE IV 
TYPE 3 MICROBITUMENS 

a) Type 3 bitumen (0.52% R0) derived from bituminite I in the Mattson Formation at 
Clausen Creek is typically "granular" or microporous. 

b) Slightly more massive Type 3 bitumen derived from bituminite in the Mattson 
Formation at Aquitaine et al. Tatoo a-2-D. 

c) Type 3 bitumen (1.0% R0) derived from bituminite in the Lower Banff Formation 
at B. A. Texaco Arrowhead N-2. 

d) Type 3 bitumen derived from bituminite in the Mattson Formation at Pan Am 
Pointed Mountain P-24. 

e) Chain-like arrangement of Type 3 bitumen inclusions in bituminite lense in the 
Lower Banff Formation at B. A. Texaco Arrowhead N-2. 

i) Irregular amorphous mass of Type 3 bitumen (0.61% R) derived from bituminite 
in the Golata Formation at Pan Am Kotaneelee; arrow shows typical small, 
isolated inclusion of bitumen 3 trapped against the wall of a small pore. 

g) Large accumulation of type 3 bitumen from the Mattson Formation at Pan Am 
Pointed Mountain P-53. 

h) Type 3 bitumen (0.76% R0) derived from bituminite in the Mattson Formation at 
Clausen Creek. 

i) High grade type 3 bitumen (1.3 % R0) derived from bituminite in the Besa River 
Formation at Pan Am Beaver G-01. (? metaexudatinite of Teichmüller & 
Ottenjann, 1977). 

Magnification: scale bar shown on a) applies also to d), e), f), and h); scale bar shown on b) applies also to c), g) 
& i). 



ýG/ J 



66 

PLATE V 
TYPE 4&5 MICROBITUMENS 

a) Type 4 bitumen (0.79% R) impregnating aggregate of ? pellets; Mattson 
Formation at Tatoo a-2-D. 

b) Amorphous massive type 4 bitumen (0.74% R. ) in shale matrix in the Mattson 
Formation at Tatoo a-2-D. 

c) Highly reflecting amorphous bitumen possibly derived from the bituminous matrix 
in shale from the Besa River Formation, Canada Southern et al. North Beaver 
River. 

d) Type 4 bitumen partially filling porosity formed by thermal degradation of organic 
consituents commonly associated with the growth of dolomite crystals in the 
Prophet Formation. Pan Am Pointed Mountain P-53. 

e) & f) Massive accumulation of type 4 bitumen associated with pores and dolomite 
crystal growth in the Besa River Formation, Pan Am Kotaneellee. Under plane 
polarized light (e) the bitumen appears highly reflective, but under crossed polars 
(f) anisotropy with first order interference colours indicates intense heating of 
the bitumen to produce a bitumen coke. 

g) Globular mass of type 4 bitumen (0.75% Ro) with diffuse margins in bituminous 
matrix of shale from the Exshaw Formation, B. A. Texaco Arrowhead N-2. 

h) Highly reflective type 4 bitumen infilling pores in shale from the Mattson 
Formation at Canada Southern et at. North Beaver. 

i) Highly reflective type 5 bitumen infilling fractures in a carbonate shell fragment in 
the shale from the Prophet Formation, Canada Southern et al. North Beaver, the 
High Ro (pyro)bitumens typically have sharp well-defined margins, internal 
fractures and polygonal outlines. 

Magnification: scale bar shown on a) applies also to d), e), f), and h); scale bar shown on b) applies also to c) 
g) & i). 
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fractures in the rock matrix and occur in both organic-rich and -lean source rocks and 

carbonates, having no association with primary macerals. Division into subtypes 5a and 5b 

is based entirely on reflectance: type 5a has a lower reflectance than type 5b; the 

reflectance of type 5a may be in the range 1.0% to 3.5% and type 5b reflectance is 

commonly 1.5% to 5.5% VR,, equivalent, and appears to be unrelated to the maturity of 

the host rock. Type 5b bitumen is found in rocks at all levels of maturity and is interpreted 

as a residue from migrated oil (having migrated prior to compaction) which is not 

necessarily sourced from the rock in which it is found. Type 5a may be a product of 

polycondensation of hydrocarbons generated during diagenesis or early catagenesis, 

equivalent to the "post-oil bitumens" of Curiale (1986). 

The bitumen generation model proposed herein (Fig. 21) relates the genesis of the 

low Ro (types 1,2 & 3), medium Ro (type 4; and possibly type 5a pyrobitumens) to 

thermal maturation of indigenous organic matter. These microscopic bitumens are 

generated in situ, in contrast to the type 5b pyrobitumens which may be externally 

sourced. The occurrence of the microscopic bitumens corresponds to the late diagenetic to 

catagenic maturity range over which hydrocarbons are generated. The greatest abundance 

and diversity of bitumen types occurs in samples which are presently in the middle of the 

oil window (ca. 0.8% to 1.0%VR0) because at this maturity, all types of liptinite actively 

generate hydrocarbons. The bitumens are thus probably generated as by-products of liquid 

hydrocarbon generation from the thermal degradation of primary liptinite macerals. The 

stages at which the bitumens appear in the source rock coincide with (i) the evolution of 

hydrocarbons during early catagenesis (ca. 0.4% VR,,; types 2,3 & 4) and (ii) prior to 

peak hydrocarbon generation (ca. 0.85% W,; type 1). Once generated, both they and the 

primary kerogen increase in reflectance during any subsequent maturation history, possibly 

generating light hydrocarbons and an increasingly condensed, polyaromatic residue. 

Khavari-Khorasani and Michelson (1993) showed that bitumens such as albertite 

undergo thermal evolution during hydrous pyrolysis that involves polycondensation and 

aromatization in a manner similar to kerogen and, with increasing aromatization, the 

reflectance increases. If the progressive increase in reflectance of the microscopic bitumens 

is related to other maturity parameters such as vitrinite reflectance or Tmax, then it should 

be possible to use bitumen reflectance to evaluate the thermal evolution (Jacob, 1989; 
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Bertrand, 1993; Reidiger, 1993). 

It is significant that the type 3 and type 4 bitumens first appear early in the thermal 

evolution of the liptinites, at a reflectance of ca. 0.4% to 0.5% VR° eq. They are present 

throughout the oil window and beyond, to a reflectance of 2.5% ( type 3) and up to 4.5% 

(type 4 ). Teichmüller and Ottenjann (1977) noted that "petroleum source rocks contain 

microscopically invisible lipoid substances adsorbed on to the clay minerals of the rock 

matrix" which is released as tar by organic solvents, or by heating to 500°C; and they are 

the principal source of hydrocarbons. They (ibid. ) noted that a major change in the 

fluorescence characteristics of the bituminous matrix (cf. "matrix bituminite" sensu 

Creaney (1980); "amorphinite" sensu Sentfle et al., 1987) occurs between 0.35% and 

0.5.5% VR°, which corresponds to a pronounced increase in the release of hydrocarbons. 

Similarly, Jacob (1989) noted that solid "migrabitumens" develop in source rocks between 

0.35% and 0.60% VR° and suggested that algae were a possible source. 

It is interesting to note that Powell and Snowdon (1983) found that wet gas and liquid 

hydrocarbons were generated from Type II source rocks in the Western Canada 

Sedimentary Basin at ca. 0.45% VR,, , the same level of maturity at which the type 3 and 4 

bitumens observed in this study appear. Khavari-Khorasani and Michelson (1993) suggest 

that hydrocarbon generation during early catagenesis may be related to the breakdown of 

oxygen and sulphur-bearing bridges in bitumen, at lower activation energies. This is also 

consistent with the early generation of sulphur-rich and asphaltic oils from sulphur-rich 

kerogen in the Western Canada Sedimentary Basin observed by Powell and Snowdon 

(1983). Powell (1975) indicates that insoluble hydrogen-rich pyrobitumens are probably 

generated by polymerization of NSO- and asphaltene-rich oils. It is therefore suggested 

that the amorphous liptinites, i. e. the bituminous matrix and the bituminites, in the shales 

from the Liard Basin may be richer in NSO compounds and asphaltenes than the structured 

liptinites (sporinite, cutinite and alginite) causing them to generate bitumens and liquid 

hydrocarbons at the lower activation energies normally associated with early catagenesis. 

Asphaltenes and asphaltic bitumens are stable at high temperatures and maturities (Jacob, 

1983) which may be the reason why the type 3 and type 4 bitumens in this study are 

present in source rocks with maturities elevated well beyond the oil window (2.5% and 

4.5%, respectively). Jacob (1989) also considers carbon disulphide-insoluble bitumens such 
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as albertites and wurtzilites to be residues from source material capable of generating 

hydrocarbons. 

The low Ro types 1 and 2 bitumens first appear in source rocks of the study area at 

approximately 0.6% to 0.7%VR0 (Appendix D) and they are present throughout the oil 

window but do not occur beyond the upper limit of the oil window (1.3% VRofor type 1), 

or just beyond (ca. 1.5% for type 2). Khavari-Khorasani and Murchison (1988) noted that 

the generation of petroleum hydrocarbons from liptinites occurs in specific order of thermal 

maturity and the fluorescence characteristics of liptinite macerals follow a similar pattern. 
Cutinite and sporinite (which are abundant in the shales of the Golata and Mattson 

formations) generate hydrocarbons at a VR. eq. of 0.55% to 0.60%; this is approximately 

related to the "first coalification jump of the liptinites" described by Teichmüller (1982). 

Alginites do not generate hydrocarbons prior to a maturity of 0.7% VR. (Khavari- 

Khorasani & Murchison, 1988). In this study, type 1 and 2 bitumens associated with 

structured liptinites such as sporinite, cutinite and alginite, first appear at higher maturity 

levels than the type 3 and type 4 bitumens (ca. 0.6% to 0.75 % R0) which is consistent with 

the observations of Khavari-Khorasan and Murchison (1988). The disappearance of types 

1 and 2 bitumens at approximately the upper limits of the oil window, suggests that they 

thermally degrade to volatile and liquid hydrocarbons. It must be assumed therefore that 

the composition of these bitumens includes a high proportion of aliphatic and non- 

condensed aromatic hydrocarbons. Jacob (1985) refers to solids that are transitional 

between the organic source material and the solid bitumens as "pre-bitumens"despite that 

fact that he adhered to the non-genetic, generic classification of bitumens based on physical 

and chemical properties. He also acknowledged that micro-organisms such as alginites are 

a possible source material (ibid. ). 

The proposed genetic model for the formation of microscopic indigenous bitumens 

agrees with more recent classifications of bitumens which emphasize the genetic origins of 

large accumulations of solid bitumens and acknowledge the progressive generation of 
lower molecular weight hydrocarbons from bitumen progenitors. Curiale (1986) used the 

aromaticity, H/C ratios and biomarkers of a variety of commonly-occurring solid bitumen 

to establish that the occurrence of solid bitumens is related genetically to hydrocarbon 

generation from source rocks. His genetic classification of solid bitumens acknowledges 
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pre-oil, syn-oil and post-oil bitumen generation (ibid. ). Klubov's (1993) bitumen 

classification recognizes that successive generations of liquid and asphaltic bitumens are 

produced from catagenesis Type II kerogen by a process of "progressive naphthide 

formation". 

In summary, according to the bitumen genesis model proposed herein, indigenous 

microscopic bitumens are natural by-products of petroleum generation from liptinite in 

source rocks. Furthermore, the maturation range over which each type of bitumen is 

observed is specific and reflects: (i) the thermal threshold required to initiate hydrocarbon 

and bitumen generation from primary (or secondary) organic material; and (ii) the 

physicochemical nature of the bitumen by-product. Establishing in situ generation of 

microscopic bitumens within the source rock is an essential prerequisite to the use of 

bitumen reflectance as a maturation index; furthermore it permits petrographers to 

discriminate different bitumen populations and thereby produce more consistent and 

reliable equivalent vitrinite reflectance values. 

3.2 REFLECTANCE OF INDIGENOUS BITUMENS 
Reflectance data were obtained from dispersed organic matter identified as 

indigenous microscopic bitumen in over 600 samples from the Upper Devonian and Lower 

Carboniferous strata. The data set is used to study the applicability of bitumen reflectance 

as a maturation parameter for use in marine successions where vitrinite is absent or rare 
(typically the case for distal source rock facies). The samples represent broad ranges of 

age, burial depths, thermal maturity, lithofacies and depositional environments. While most 

of the samples range in age from late Devonian (Frasnian) to early Carboniferous 

(Serphukovian), reflectance measurements were also made on bitumens in shales from the 

middle Devonian (Givetian), Permian and Cretaceous (Albian to Maastrichtian) strata in the 

same sections of the Northwest Territories and southeastern Yukon in order to determine 

the Ro gradients and constrain the thermal history. Bitumen reflectance was also measured 

on shales of Triassic, Jurassic, Cretaceous and Tertiary ages from sections in northeastern 
British Columbia. The reflectance data set therefore spans middle Devonian to Tertiary 

(approximately 300 million years). The measured bitumen reflectance values obtained, over 

a well depth range of 0 to 13,500 ft. (4,115 m), range from 0.15% to 5.50%. The 
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depositional environments range from deep marine, basinal deposits, continental slope and 

shelf to carbonate platform, and marginal marine (-subtidal to -peritidal) to deltaic 

(including supratidal and terrestrial) environments. 

For each sample, the reflectance of between 2 and 4 populations of bitumens was 

measured. Individual results are documented in Appendix C. Table 11 shows the 

correlations, derived by linear regression analysis, between the reflectance of the various 

populations of indigenous, microscopic bitumens. The correlation between reflectance of 

the type 3 and type 4 bitumens is very strong (R2 - 0.9) and the standard deviation of y is 

reasonably small (0.05) while that between the type 3 and 4 and type 2 bitumen is less (R2 

a 0.6) and the standard deviation somewhat larger (0.1). This supports the interpretation of 

the visual observations that they are generated by a common process (thermal degradation 

of dispersed macerals) which invokes progressive changes in the physicochemical nature of 

the bitumens. These changes are manifested in optical properties, such as the reflectance, 

which increases in a manner similar to that observed in vitrinite. Landis and Castano (1995) 

demonstrated decreasing H/C ratios and increasing aromaticity with increasing reflectance 

of indigenous, microscopic solid hydrocarbons (Le. bitumens). 

3.3 BITUMEN REFLECTANCE AS A MATURATION INDEX. 

Jacob (1995), Jacob and Hiltmann (1985) were the first to demonstrate the use of 
bitumen reflectance (BR. ) as a maturation parameter from which vitrinite reflectance (VR0) 

equivalent values could be determined by a simple calculation: 
VRa - (0.618 x BR) + 0.4. 

Since then, studies have been published in which bitumen reflectance has been used to 

determine maturation trends in marine successions in Canada (e. g. Gentzis, 1991; Reidiger, 

1991,1993). Few regional studies, except that of Potter et al. (1993b) and Landis and 
Castano (1995), include reflectance on both vitrinite and bitumens in the same stratigraphic 

intervals from the same locations and this is only study in which dispersed vitrinites and 

bitumens are compared (Table 12), other studies having used vitrinite data from coals in 

adjacent stratigraphic sections. 

Gentzis (1991) showed that numerous populations of microscopic solid bitumens 

exist in the Devonian shales of the Canadian Arctic but his selection of the bitumen 
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population with the lowest reflectance as a maturation parameter appears to be subjective. 

Reidiger (1993) also acknowledges numerous populations of microscopic solid bitumens in 

shales from the Triassic Nordegg Member of the Western Canada Sedimentary Basin and 

concluded that they were generated at the same time; however, she measured only the 

reflectance of bitumen found in moldic porosity and found that Jacob's relationship did not 

hold beyond 0.72% (VR(, eq. ). More recently, Landis and Castano (1995) presented strong 

correlations between solid hydrocarbon (bitumen) reflectance ("SER. ") and vitrinite 

reflectance (VR, ); however, they (ibid. ) cited the reflectance of only the "homogeneous" 

bitumen (e. g. non-granular and non-anisotropic forms) as the definitive index for 

maturation. The relationship they found between VRo and BR,, (ibid. ) does not agree with 

that of Jacob (1985). 

Samples in which indigenous, microscopic bitumens and dispersed true vitrinite 

coexist are located in the Golata and Mattson formations at Jackfish Gap, Clausen Creek, 

Tika Creek, Pointed Mountain (10,12), Bovie Lake (7) and Tatoo (25; Table 12). It is 

interesting to note that the relationship that Landis and Castano (1995) found between their 

homogeneous bitumen and vitrinite (y - 1.09x - 0.41) is similar to that obtained for type 3 

bitumen during this study (y - 1.15x- 0.44). The type 3 bitumen (this study) is therefore 

probably equivalent to the homogeneous bitumens of Landis and Castano (ibid. ). It is also 

significant that the relationship between the measured medium Ro (type 4) bitumen and 

vitrinite in this study (y - 0.61x + 0.41) is almost identical to that determined by Jacob and 
Hiltmann (1985). This appears to confirm that the type 4 bitumen is a bitumen and not a 

bituminite. Reidiger (1993) indicates that bitumens in the Nordegg Formation do not 
follow Jacob's relationship above a VR. equivalent (VR0 eq. ) of 0.72%; however, if a 

genetic approach to bitumen generation is followed, it is apparent that Reidiger's bitumen 

reflectance data (ibid.; Fig. 8) comprises data from two different populations of indigenous 

bitumens, which may account for the anomalous Tmax distributions obtained (ibid.; Fig. 5). 

Extrapolation of Reidiger's two different bitumen Ro trends indicates that one population is 

generated at 0.4%, and the other at 0.6%, VR. eq. This would suggest differing sources 

and that these bitumens may correspond to the type 4 medium Ro and low Ro bitumens of 

this study. The data plotted on the line (VR0- 0.618BRo + 0.4) probably corresponds to 

type 4 bitumen (which, according to this study, begins maturing ca. 0.4% VRo) and the 
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second line (VR0 - 0.277BRo + 0.57) to low Ro bitumen of structured liptinitic origin. 
The correlation between the measured vitrinite reflectance (Table 12) and the data 

calculated from the type 4 bitumen (VR0 eq. ) using Jacob's formula, is illustrated in Figure 

22. Statistically, the correlation coefficient is not high (R2 - 0.57) and there is a fairly 

broad scatter in the calculated vitrinite data. There are a number of possible reasons for 

this: 

(i) ideally, vitrinite reflectance should be measured on collotelinite (ICCP, 1994; 

formerly telocollinite, ICCP, 1975), but the vitrinites measured in this study are 

predominantly collodetrinite (ICCP, 1994; formerly desmocollinite sensu ICCP, 1975) Le. 

a vitrinite maceral which commonly forms a groundmass for other macerals such as as 

sporinites and inertinites. At this level of maturation (0.8% to 0.9% VR0), the difference in 

reflectance between collotelinite (ICCP, 1994) and collodetrinite could be expected to be 

up to 0.4% lower than the measured I. maximum of the vitrinite (Mukhopadhyay, 1994); 

(ii) the vitrinite reflectance in the source rocks of the Mattson Formation may be 

suppressed as it is in the coals (Potter et al., 1993a); and 
(iii) variations in the lithology of the enclosing rocks can cause the reflectance 

gradient to increase or decrease due to differences in the thermal conductivities of the 

rocks (Bostick & Foster, 1985; Jones et al., 1982; Stasiuk, 1988). 

A number of studies have reported observations of vitrinite reflectance suppression 
( i. e. the Ro values being lower than expected) in shales within the oil window (Hutton & 

Cook, 1980; Kalkreuth, 1982; Price & Barker, 1985; Goodarzi et al., 1987; 

Mukhopadhyay, 1994). Some have inferred that it may be due the formation of perhydrous 

vitrinite by the incorporation of lipids into the biopolymers formed from cellulose, lignin 

and tannins (Zang et al., 1994), or to adsorption of migrated bitumen or hydrocarbons 

(Suarez-Ruiz et al., 1994). The points that fall below the main trend in Figure 23 are from 

shales in the outcrops sections of the Mattson Formation at Jackfish Gap. Here there are 

vitrinites in the overlying coals which show weak fluorescence (typical of perhydrous 

vitrinite) and resulting in a difference of 0.5% Ro random between the collodetrinite and the 

perhydrous vitrinite (Potter et al., 1993a). In the same samples, the measured vitrinite was 

collodetrinite which displays weak fluoresce and contains an abundance of mature 

sporinite. Collodetrinite (the lowest reflecting vitrinite) was selectively chosen because of 
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SAMPLE LOCATION REFLECTANCE 

Sample No. vitrinite' VRoeq. 3 

GSC # I. D. mean S. D. ' n B3 B4 

Texaco NFA Bovie Lake J-72 C186762 -1260 0.79 0.00 2 0.75 - 
Pan Am Pointed Mountain P-53 C186766 -1950 0.73 0.00 1 0.75 0.73 
Pan Am Pointed Mountain P-53 C186766 -2160 0.80 0.03 2 0.81 0.79 
Pan Am Pointed Mountain P-53 C186766 -2780 0.83 0.06 6 0.78 0.81 
Pan Am Pointed Mountain P-53 C186766 -3195 0.82 0.04 4 - 0.81 
Pan Am Pointed Mountain P-53 C186766 -3870 0.85 0.02 7 0.81 0.84 
Pan Am Pointed Mountain P-53 C186766 -4310 0.96 0.03 3 0.89 0.91 
Amoco Pointed Mountain P-24 C186760 -3380 0.80 0.03 4 0.82 0.78 
Amoco Pointed Mountain P-24 C186760 -4500 0.80 0.03 13 0.80 0.80 
Amoco Pointed Mountain P-24 C186760 -4890 0.85 0.05 17 0.81 0.78 
Amoco Pointed Mountain P-24 C186760 -5140 0.89 0.05 5 0.82 0.80 
Amoco Pointed Mountain P-24 C186760 -5340 0.91 0.04 5 - 0.83 
Jackfish Gap-Yohin Ridge C58709 3894 0.80 0.02 2 0.77 0.84 
Jackfish Gap-Yohin Ridge C58711 3986 0.83 0.03 3 0.86 0.84 
Jackfish Gap-Yohin Ridge C58713 4096 0.80 0.00 1 0.84 0.85 
Jackfish Gap-Yohin Ridge C58719 4413 0.90 0.03 5 0.94 0.89 
Jackfish Gap-Yohin Ridge C58726 4633 0.81 0 4 0.86 0.85 
Jackfish Gap-Yohin Ridge C58730 4754 0.74 0.04 8 -- 
Jackfish Gap-Yohin Ridge C58736 4859 0.79 0.03 8 0.85 0.84 
Jackfish Gap-Yohin Ridge C58737 4862 0.78 0.02 10 -- 
Jackfish Gap-Yohin Ridge C58759 5535 0.74 0.00 1 - 0.76 
Jackfish Gap-Yohin Ridge C58764 5640 0.74 0.02 9 - 0.71 
Jackfish Gap-Yohin Ridge C58765 5640 0.74 0.04 19 0.71 0.75 
Jackfish Gap-Yohin Ridge C58793 6385 0.72 0.01 3 - 0.70 
Jackfish Gap-Yohin Ridge C58804 6724 0.68 0.03 25 -- 
Jackfish Gap-Yohin Ridge C58806 6754 0.66 0.03 38 -- 
Jackfish Gap-Yohin Ridge C58838 7246 0.65 0.04 25 -- 
Clausen Creek C74277 3414 0.76 0.01 2 0.78 0.76 
Clausen Creek C74276 3414 0.74 0.02 6 - 0.78 
Clausen Creek C74309 4283 0.75 0.01 11 - 
Aquitaine et at. Tatoo a-2-D C186775 -1617.5 0.81 0.03 11 0.81 
Aquitaine et al. Tatoo a-2-D C186775 -1625.5 0.79 0.02 9 0.83 
Aquitaine et al. Tatoo a-2-D C186775 -1631 0.79 0.02 9 0.82 
Aquitaine et al. Tatoo a-2-D C186775 -1655 0.80 0.00 1 0.80 

` measured vitrinite reflectance; IS. D. - standard deviation from the mean; 
'VF, eq. - calculated from measured reflectance of type 3 (B3) and type 4 (B4) bitumens. 

Table 12 Measured and calculated vitrinite reflectance data from the Mattson 
Formation. 
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its association with other coal macerals of the liptinite or inertinite groups which provided 

certainty of its identity because at maturation levels between 0.8 and 1.1 % R0, it is very 

difficult to distinguish optically between vitrinite and coexisting type 4 bitumen in the same 

sample. Reflectance data from the Mattson Formation at Pointed Mountain (12) were also 

included in Figure 22 and these points tend to plot above the main trend (Le. the 

reflectance of the measured vitrinite are higher than that of those calculated from medium 

Ro (type 4) bitumen). These samples are extensively dolomitized and the vitrinites are 

non-fluorescing and therefore the reflectance may have been elevated by hot dolomitizing 

fluids. Morrow et al. (1993) attributed pre-Cretaceous dolomitization of the middle 

Devonian reservoir rocks in the Beaver River area to hydrothermal activity (Morrow et al., 

1986). 

The relationships between Tmax and type 3 bitumen Ro and its VR,, equivalents, 

and type 4 bitumen R. and its VR,, equivalents, are shown in Figures 23 and 24, 

respectively. The correlations are relatively poor. Marginally better correlations are 

observed between Tmax and the measured data than the calculated VRo eq. values; and the 

correlation between Tmax and type 3 bitumen R. is better that for Tmax and type 4 

bitumen. The observed distributions do not appear to be related to either the lithology or 

the TOC content of the host rocks, but maturity and organic facies may play a role. When 

the data are plotted according to the formation of origin, the postmature samples (as 

determined by R. values, i. e. those from the Besa River and Muskwa formations) have 

Tmax values which fall well expected values. For mature samples, more consistent trends 

are shown by samples from individual formations which suggests that the organic facies 

influences the Tmax. Overall, the Tmax values are lower that expected and this may be 

attributable to the lack of primary organic matter contributing to the S2 peak, i. e. the S2 

peak from which the Tmax is calculated, is derived from pyrolysis of the bitumens as well 

as primary macerals. 
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4.0 KEROGEN TYPE, PETROGRAPHIC COMPOSITION, 

THERMAL MATURITY AND HYDROCARBON POTENTIAL 

The TOC content, petrographic composition, maturity and hydrocarbon potential 

of all organic-rich units from the Upper Devonian Muskwa Formation to the Lower 

Carboniferous Mattson Formation were examined but only those with TOC values > 0.5% 

and having potential to generate oil or gas are discussed in detail. Sampling locations and 

sections are shown in Table 1 and Figure 16 and are referred to by the section numbers 

shown in Figure 16. Petrographic descriptions are tabulated in Appendix A, Rock-Eval 

results are listed in Appendix B, and the measured reflectance and fluorescence data are 

presented in Appendix C. 

4.1 MUSKWA FORMATION 

The Muskwa Formation is a thin, extremely radioactive, fondoform shale unit 
developed at the base of the Upper Devonian (Moore, 1993) in the Eastern Plains. It is 

stratigraphically equivalent to the Horn River Formation in the Mattson Creek area (Fig. 

16). The Muskwa Formation occurs at greatest depth, and is thickest (70.1 m), near the 

Bovie Fault zone (section 8), and thins significantly to the north and to the east, dwindling 

to less than 8m in the northeastern part of the study area. 

Organic richness 
Total Organic Carbon values for the Muskwa Formation range from 0.88% to 

4.28% (Appendix B1), indicating the Muskwa Formation is, or has been, a good to 

excellent hydrocarbon source rock. The TOC values are lowest where the Muskwa is 

marly and moderately well-dolomitized near the Bovie Fault. The low TOC samples have 

extensive microfracture networks developed parallel and perpendicular to bedding. The 

highest TOC values are recorded from the more northerly and central locations (4.28% 

and 4.5% at Arrowhead and Mattson Creek, respectively) and are characterized by minor 

amounts of dolomite; these locations are more or less coincident with the axis of the Liard 

Basin (Leckie et al., 1991). Typically, the dolomites are euhedral to subhedral crystals and 

occupy micropores within the shale matrix. The inverse relationship observed between 
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dolomite and TOC content suggests that dolomitization occurred synchronously with 

thermal maturation of the bituminous matrix. It is suggested that the dolomite growth 

occurred in pores created by a reduction in the volume of the organic matter as 

hydrocarbons were generated from it, resulting in a decrease in the TOC values with 

organic maturation. 

Organic petrology 
The Muskwa samples are black shales and mudstones that are 

characteristically well-laminated on a microscopic scale. The principal organic constituent 
is dark brown to black, bituminite matrix associated with a high proportion of pervasive 

micrinite (Appendix Al). The dark colour of the matrix bituminite (cf. Creaney, 1977) is 

evidence of its elevated thermal maturity (Peters et al., 1982). Micrinite is a common 

constituent of Carboniferous bituminous coals (Teichmüller, 1968,1984) although 

Shiboaka (1978) and others have observed micrinite in low rank coals. Teichmüller (1974) 

considered bituminite to be a precursor of micrinite. Teichmüller and Ottenjahn (1977) 

observed micrinite in black shales from the Posidonia Formation of western Germany and 

attributed its occurrence to the diagenesis of bituminites, linking its formation to the 

generation of hydrocarbons; transmission electron microscope studies of shales by Taylor 

and Lui (1989) drew similar conclusions. Stasiuk (1988) observed a bituminite-micrinite 

association in Lower Cretaceous shales in Saskatchewan which he considered to be a 

source of biogenic gas. Subsequently, he observed pods, lenses and irregular patches of 

micrinite which resembled clusters of coccoidal bacteria associated with bituminite in 

immature to marginally mature, Devonian shales of the Williston Basin (Stasiuk, 1993). He 

concluded that micrinite is a residual product of microbial breakdown of unicellular 

alginite, which may even be derived from the bacteria themselves, rather than a product of 

thermal maturation (ibid. ) as previously suggested by Teichmüller (1968,1982) and 
Teichmüller and Wolf (1977). Potter et al. (1993a) discuss the association of bituminite 

and micrinite in terms of the origin of micrinite in Lower Carboniferous sapropelic coals, 

suggesting that it forms during diagenesis from the anaerobic bacterial remains that are 

associated with the degradation of primary organic matter. While the high reflectance of 

micrinite distinguishes it readily from the dark bituminous matrix, unlike most of the highly 

reflective macerals belonging to the inertinite group, micrinite is not chemically inert; it is 
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suggested that this might be because it is derived from bacterial lipids and nucleic acids 

(ibid. ). Alternatively, Faraj and Mackinnon (1993) have indicated that the micrinite in 

some Australian coals should be redined as kaolinite, on the basis of SED-EDS studies. 

The subordinate macerals are microscopic bitumens showing distinctive habits and 

affiliations and exhibiting a marked range in reflectance (Appendix Cl). Two types of 

bitumen are common in the Muskwa Formation. The first type exhibits the lowest 

reflectivity and typically occurs as elongate wisps and stringers arranged parallel to 

bedding in a similar fashion to thin-walled alginites of the Leiosphaeridiales-type (cf. 

Stasiuk, 1988). Typically, it is relatively isotropic and the reflectance is generally greater 

than 1.2% R. and as high as 2.0%. Within section 3, these bitumens show reflectivities 
between 1.5% and 2.0% R. and the bireflectance' ranges from 0.1% to 0.3%, over that 

range. Despite the high reflectance values, these bitumens are classified as low R., type 3, 

the term low Ro being used in a relative fashion to classify the bitumen population having 

the lowest reflectance. The low Ro, type 3 bitumen is interpreted as having been derived 

by thermal disintegration of bituminites of algal origin because of the observed similarities 

in habit and distribution of these two macerals. Bitumens having a lower reflectance (1.2% 

R0) than these are rare but, when present, occur as pods ca. 50-70mm long, often having a 

"hatched" surface relief (Plate 1). 

The second common type of bitumen is the isotropic medium R. (type 4) bitumen 

which typically occurs in pods or in pores in the matrix (Plate V). It has no affiliation with 

primary structures other than the bituminous shale matrix. 

Within sections 4 and 7, significant anisotropy is exhibited in both low reflectance 
(type 3) and medium Rd (type 4) bitumens. Within section 4, the anisotropy is manifested in 

the form of a high, apparent bireflectance2 (0.2%-0.4%Ro in the reflectance range 1.8- 

2.4%R0), but in section 7, it takes the form of a very fine-grained, optical mosaic (Plate 

VI). Mosaic textures are typical of semicokes formed by thermal alteration of bitumens or 

vitrinite during laboratory hydrogenation, usually under hydrogen-deficient conditions 
(Marsh et al., 1973; Potter et al., 1986); they can also form naturally by direct thermal 

alteration of sedimentary organic matter in contact metamorphic aureoles (Creaney, 1977). 

The lack of structured liptinites in the Muskwa may be related to elevated thermal 

'The bireflectance values (R, max-R, min) are apparent values only since true Rmax and Rmin 
values can only be determined on samples oriented perpendicular to bedding. 
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PLATE VI 
PETROGRAPHIC COMPONENTS OF THE MUSKWA FORMATION 

a) High grade, granular type 3 microbitumen in dark brown to black bituminous 
matrix containing pervasive micrinite and pyrite, viewed in plane parallel to 
bedding; Imperial Sun Arrowhead 1-46 section. 

b) As a), viewed perpendicular to bedding; Imperial Sun Arrowhead 1-46 section. 

c) Medium Ro, type 4 bitumen in intercrystalline porosity of annealed microfracture 
emplaced at about, or just after, peak oil generation; Texaco Bovie Lake J-72. 

d), e) Anisotropic, granular, type 3 bitumen in plane polarized light (d) and under 
crossed polars with wavelength plate insert (e); the granular appearance is the 
result of the development of a fine anisotropic mosaic texture; the first order 
interference colours are indicative of cokes formed by intense heating. Texaco 
Bovie Lake J-72. 

f) One section of the dolomitized remains of a filamentous alga, or cyanobacterial 
trichome, impregnated with low Ro bitumen (0.17% Ro); whole filament ca. 
800µm in length. Texaco Bovie Lake J-72. 

g), h) Highly reflective, carbonate-filled cenospheres derived from bitumen. Mineral- 
filled central vacuoles are formed by rapid devolatilization of the organic matter 
due to combustion or pyrolysis. Texaco Bovie Lake J-72. 

Magnification: scale bar shown on a) applies also to d), e) & t); scale bar shown on b) applies also to c), g) 
& h). 
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maturity (cf. Peters et al., 1982) but the former presence of älginite is suggested by the 

preservation of dolomitized algal filaments associated with low Ro type 1 bitumen (0.17% 

R0) in a sample from Bovie Lake (7). 

The petrographic characteristics of the Muskwa Formation suggest that it 

originally contained a typical marine kerogen composed of a very organic-rich bituminous 

matrix with bedding-parallel alginite and bituminite stringers producing a finely laminated 

rock fabric. 

Rock-Eval pyrolysis 

Except for one sample (#9531 in section 7; Appendix B1), the Si, S2 and S3 

values recorded for the Muskwa Formation are all less than 1.0, indicating poor source 

potential. The samples plot close to the end of the kerogen evolution pathway on the 

hydrogen index versus oxygen plot (Fig. 25), which suggests that elevated maturity would 

account for the poor potential in such rich source rocks. 
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Figure 25. Hydrogen versus oxygen indices for the Muskwa Formation. 
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The values for the hydrogen and oxygen indices are too low to give any indication of 

kerogen type but the S2: S3 ratios for samples with R° values ca. 1.4-1.6% (<2.0%) are 

between 2 and 10 which suggests that the kerogen type is Type II to Type III. The high S1 

and S2 values obtained for the Bovie Lake sample # 9531 (6.6 and 1.46, respectively) are 

anomalous in that they are typical of an active source rock with excellent hydrocarbon 

potential; and yet, optical anisotropy was observed in the bitumens, suggesting that the 

kerogen was exposed to significantly higher temperatures than the 80°C to 140°C required 
for petroleum generation (cf. Tissot & Espitalie, 1975). Petrographic analysis of this 

sample indicates an extensive internal microfracture network lined with calcite which 

suggests that hydrocarbons trapped within the microfracture system could account for the 

anomalously high S1 value. 

Maturation 

Measured bitumen reflectance and VRo eq. vitrinite values are shown in Appendix 
Cl. The calculated vitrinite reflectance varies from 1.4 % R. to 2.3% R., confirming that 

the Muskwa has reached elevated maturity throughout the area. According to Dow (1977), 

such values exceed the upper limits of the oil generation window as defined by vitrinite 

reflectance (1.3%), indicating that the potential for the generation of liquid hydrocarbons 

from the Muskwa has expired. However, nine of the samples analysed fall within the "gas 

window" (1.3-2.5% R0) and therefore the Muskwa may still have the potential to generate 

gas. 

The log values of the vitrinite reflectance equivalents (VRO eq. ) are plotted against 
depth in Figure 26. In general, the Ro increases significantly with depth, as observed by 

Teichmüller and Teichmüller (1966). There is good agreement between the bitumen and 
VRo eq. values from samples ca. 6-7000 ft (ca. 1828m - 2133m) depth range; they both fall 

between 1.39% and 1.46%. The regional reflectance patterns for the Muskwa Formation, 

shown in Figure 27, indicate an increase in thermal maturity from the northeast to 

southwest, which is consistent with the structural contour trends for Cretaceous strata on 

the margins of the Liard Basin shown by Leckie et al. (1991, Fig. 2). Anomalously high R, 

values, in excess of 2.0%, were obtained from the Muskwa Formation at Celibeta (5) and 

Bovie Lake (7). Although these are also the deepest samples (at 2146m and 2885 m, 
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respectively), anisotropy was observed in the bitumens at both locations. Furthermore, 

there is only 33m difference in depth between the Muskwa in sections (5) and (1) and yet 

the difference in VRo eq. values recorded is significant (0.6% R0) and no anisotropic 

bitumens are observed at section 1, suggesting that factors other than basinal subsidence 

have influenced the thermal maturity. As the Celibeta (5) and Bovie Lake (7) sections are 

located near the Bovie Fault Zone (Fig. 16), it is possible that this has been the source of 

significant additional heat flow. 

Anomalously high VRo eq. values (mean: 2.4% R, ) are found in the Horn River 

Formation (Muskwa equivalent) at a shallow depth (500m) at Mattson Creek (11). This 

section is located in an upthrust block of Upper Devonian-Lower Carboniferous strata near 

the Mattson Anticline. It is therefore likely that the maturation patterns in this area will fit 

with those of the Liard Basin rather than the Eastern Plains region. 

The Tmax values range from 376 to 551 (560, including data from Feinstein et al., 
1988). Contrary to Tmax-vitrinite Ro trends reported by Espitalie et at. (1988), the highest 

R. values correspond to the lowest Tmax values (which are attributed to low Si and 

negligible S2 values); for samples with Ro values less than 2%, the correlation between 

Tmax and VRo eq. fits the expected trends observed by Espitalie et at. (1988). 

Hydrocarbon potential 

The hydrocarbon potential ratings for the Muskwa Formation are shown in Table 

13. While organic richness is greatest at Bovie Lake (7), elevated reflectivity values 

indicate it is well past peak gas generating potential. The gas source potential is better to 

the northeast (Fig. 27). 

4.2 FORT SIMPSON FORMATION 

The Fort Simpson Formation is a thick basinal, dark grey to greenish grey, 

calcareous shale to siltstone unit which rests conformably upon the Muskwa Formation in 

the Eastern Plains. It is thickest (746.5m) in the southwestern part of the plains, to the east 

of the Bovie Fault Zone at the Bovie Lake section (7) and, like the underlying Muskwa 

Formation, it thins to the north and east, thinning to 493m in the Muskeg River section (3) 

and 199m at Trout Lake (2). The results of petrographic, geochemical analysis and 
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Figure 27. Regional variation in hydrocarbon potential: gas source ratings for 
the Muskwa Formation (based on Dembicki & Pirkle, 1985); 
contours are drawn by eye based on data shown in Table 13. 
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bitumen reflectance measurements of some 38 samples from this stratigraphic unit are 

shown in Appendices A2, B2 and C2, respectively. Total organic carbon contents for the 

Fort Simpson Formation samples are consistently low (<1.0%) and organic petrology 

reveals moderately well-dolomitized, organic-poor shales devoid of an organic bituminous 

matrix but having finely-dispersed liptinite and indigenous bitumens. None of the samples 

show any significant S 1, S2 or S3 peaks upon Rock-Eval pyrolysis. The hydrocarbon 

potential of this unit is very poor and is therefore not discussed further. Equivalent vitrinite 

reflectance (VR0 eq. ) values vary between 1.2% and 1.76% indicating the kerogen is 

postmature; the highest values are recorded near the Bovie Fault and in the basinal 

depocentre. Log Ro versus depth plots (Fig. 28) show a reasonably good trend of R. 

increasing with depth and there is no correlation between the reflectance data and Tmax 

values. 

4.3 REDKNIFE FORMATION 

In the Eastern Plains region, the Redknife Formation rests conformably on the Fort 

Simpson Formation. The lower part, the Jean Marie Member, is a thin, bioclastic, shallow 

shelf limestone and is an important reservoir rock in the Alberta Basin and in northeastern 

British Columbia. The upper units comprise dark grey-green mudstone-shale with reddish- 

brown silty interbeds and bitumen-filled fractures. The red colouration of the siltstone may 

be attributable to the formation of ferroan dolomite during early diagenesis; ferroan dolomite 

formation in calcareous shales has been shown to accompany methanogenesis and the 

fermentation of organic matter in the absence of sulphate ions (Scoffin, 1987). The shale 

unit varies in thickness from 100m to 200m and is thickest in the north and eastern part of 

the Eastern Plains around Arrowhead, Muskeg River and Trout Lake (sections 2,3 and 4). 

The results of petrographic geochemical and reflectance analyses of 15 samples from the 

"shale member" of the Redknife Formation are shown in Appendices A3, B3 and C3. 

The TOC content is less than 1% at all locations. The organic components of the 

Redknife Formation are dominated by dispersed, reddish-brown bituminite strings and flecks 

(<5 pm) distributed throughout a relatively barren, dolomitised rock matrix containing 

abundant fresh pyrite grains and tetrahedra. Low Ro (types 2 and 3), medium Ro and high Ro 

bitumens are also present and are occasionally the dominant components. The low R. 

bitumens are typically associated with the bituminites and tend to be granular in nature. The 
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medium Ro bitumens are amorphous and pore-filling. Primary macerals are absent except for 

rare traces of straw-yellow to reddish-orange Tasmanales-type alginite (phycomata ca. 50- 

80 pm in diameter) and straw-yellow algal bodies , <5pm in diameter. The predominance of 

secondary macerals and indigenous bitumens suggests that the kerogen was originally 

dominated by dispersed thin-walled, marine alginites of the Leiosphaeridiales variety. 

Liptodetrinite shows strong yellow-orange fluorescence at Island River (1) and Netla (6). 

Rock-Eval pyrolysis yields S 1, S2 and S3 values that are significantly less than 0.2 mg/g 

rock indicating an absence of hydrocarbon potential. 

Three population of bitumens are present: in addition to the high reflectance 

pyrobitumens, there are the low Ro bitumens (types 2 and 3) and type 4 bitumen of medium 

reflectance. The presence of two populations of low R. bitumens is consistent with the 

products of thermal maturation of the primary organic matter derived from a typical Type II 

kerogen consisting of algal matter and bituminite. Measured bitumen reflectance and VRo 

eq. data, derived from the medium R. bitumens are given in Appendix C3. The calculated 

vitrinite reflectance varies from 1.14% at Trout Lake (2) to 1.48% at Celibeta (5), 

suggesting that the maturation level of the kerogen in the Redknife, although variable, is 

marginally within the oil window (upper limit 1.3 %VR0, according to Dow, 1977). The 

regional VF, pattern shows that the most northern and easterly sections sampled are mature 

and those to the west and south are postmature. This compliments the regional maturation 

patterns observed in the underlying formations. 

The log of the reflectance (% VRo eq. ) recorded in the Redknife Formation plotted 

against depth shows a consistent downhole increase (Fig. 28) and the regional reflectance 

patterns increase in Ro from the northeast to southwest in much the same way as the 

structural and depositional contours for the Redknife Formation, suggesting that maturation 

and depositional trends are related to the underlying tectonic structures. The reflectance 

patterns mirror those of the Fort Simpson and Muskwa formations but the thermal effect of 

the Bovie Fault on regional maturation patterns appears to be less pronounced than in the 

underlying strata. The Tmax data do not show any correlation with the measured or 

calculated reflectance data, nor with the fluorescence characteristics of the samples. 

4.4 KOTCHO FORMATION and UPPER DEVONIAN SHALES 

The top of the Upper Devonian succession in the Eastern Plains region consists of 
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limestones and dark grey to grey-green shales of the Kotcho Formation. These may or may 

not be underlain by undifferentiated Upper Devonian shales. The shales are all somewhat 

calcareous and variously fissile, grey to black and bituminous in nature. In the study area, 

the Kotcho-Upper Devonian shale succession is thickest at the southwestern portion of the 

Eastern Plains region at Bovie Lake (7) and thins to about 278 m towards the north and east 

at Netla (6) and Trout Lake (2); between these locations there is a tongue or belt which is 

over 312 in thick. The top of the succession dips significantly from 407.8m at the Trout 

Lake section (2) to 1703.1m at Bovie Lake (7), in the southwestern portion of the Eastern 

Plains, near the Bovie Fault Zone. . 
Organic carbon contents of the Upper Devonian shales are low (TOC< 0.5%) but 

those in the Kotcho Formation are over 1% at several locations (Appendix B4): Island River 

(1); Netla (6); Muskeg River (3); and Bovie Lake (7). The petrographic characteristics are 
documented in Appendix A4. The rock matrix is typically calcareous to manly and variously 

bitumen-stained (orange-brown) with bituminous micro-laminations in samples with >1% 

TOC. The kerogen is generally black, dark or light brown, pervasive and tends to be finely 

dispersed and intimately associated with pyrite tetrahedra, framboids and clusters, especially 

the alginite. Primary and secondary macerals are present as well as indigenous bitumens; 

matrix bituminite is generally lacking, particularly in low TOC samples. 

Primary macerals such as alginite are more abundant in these shales than in the 

formations previously discussed; they are predominantly thin-walled Leiosphaeridiales-type 

alginite draped along the bedding planes and displaying strong, mid-yellow to dull-yellow 

fluorescence when observed under blue light. Prasinophyte phycomata (Tasmanites-type) 

alginite (ca. 50-80pm) and rare coccoidal algae are present also. Straw-coloured alginites 

(<5p m) are also common components. Zooclasts (Plate VIIa, b) and acritarchs are rare, as 

are inertinitic fragments. Dark brown, non-fluorescing bituminites presumed to be derived by 

reworking or diagenesis of algal remains are present and are often the dominant constituents. 

Bedding-parallel stringers of orange-brown, non-fluorescing, bituminite and some having 

wispy forms ca. <5pm diameter, pervade the matrix. The bituminites are frequently 

associated with fine granular, highly-reflective micrinite. This assemblage of primary and 

secondary macerals is fairly representative of a typical marine, Type II kerogen. The 

presence of, and fluorescence of, the primary macerals (Appendix C4) would suggest that 

the shales of the Kotcho Formation and undifferentiated Upper Devonian are significantly 
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PLATE VII 
ORGANIC FOSSILS OF THE KOTCHO AND EXSHAW FORMATIONS 

a), b) Cross section through a weakly reflecting and fluorescing, ? chitinous fish bone 
impregnated with weakly reflecting, brown bitumen; a) in white light; b) in 
fluorescent light (400-440nm excitation); Kotcho Formation, Texaco Bovie 
Lake J-72. 

c), d) Longitudinal cross section through weakly reflecting, mildly fluorescing 
chitinous ? fish bone. Porosity in the bone itself is filled with moderately strong, 
yellow-fluorescing bitumens c) in white light; d) in fluoresecent light (400- 
440nm excitation); Exshaw Formation, Imperial Sun Netla 1-46. 

e), I) Prasinophyte alginite (? Leiosphaeridiales) in the Banff (e) and Exshaw (f) 
formations. 

Magnification: scale bar shown on a) applies to all photomicrographs. 
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lower in maturity than in the underlying formations; however, the fluorescence is principally 

observed in the micro-alginite (<5um) and it has been observed by the present author and by 

L. D. Stasiuk (pers. comm. ) that the fluorescence of micro-alginite (< 5p m) extends beyond 

the upper limits of the oil window. 

Indigenous bitumens are also present in these shales, including low, medium and 

high-reflecting types. The low reflecting bitumens are the most abundant; type 1 is 

associated with primary algal material; type 2 (the liptinite-bitumen transitional bitumen) is 

also found directly associated with the alginite and differs only in having a higher reflectivity 

than the type 1; low Ro type 3 bitumens are the most abundant and they are associated 
directly with the algal bituminite. 

Samples from Bovie Lake (7) were the only ones to yield significant Si peaks (8.2 

and 6.6, respectively) upon Rock-Eval pyrolysis, indicating good hydrocarbon potential but 

the mean production index in these samples is 0.86, suggesting that the samples are mature 

and most of the hydrocarbon has been expelled. The moderate S2 value (2.53) and low 

production index (0.18) obtained from Island River (1) samples indicates that hydrocarbon 

potential still exists although the S3 peak may be indicative of a slightly more gas-prone 

kerogen which appears to be supported by the relatively high S2: S3 ratio (4.5). Hydrogen 

and oxygen indices (Fig. 29) plot at the lower left hand side of the HI-OI diagram and the 

trend stretches out along the left axis indicating a tendency towards hydrogen enrichment 

that typifies a Type II kerogen which has reached an elevated maturity. Samples from the 

Island River section (1) show slight oxygen enrichment and there is evidence of extensive 

reworking of the organic components as well as oxygen-rich, organic components such as 

inertinite and ? vitrinite. The latter suggests that the Island River section was closer to the 

upper Devonian shoreline than any of the other sections. 

The presence of all three varieties (types 1,2 and 3) of low Ro indigenous bitumens in 

the Kotcho-Upper Devonian shales is an indirect and qualitative indication that the kerogen 

is within the productive zone of the oil window (Chapter 3). The fact that primary and 

secondary macerals are dominant over the indigenous bitumens also indicates that the 
kerogen is in a mature state of hydrocarbon generation. For sections east of Bovie Lake, the 
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Figure 29. Hydrogen versus oxygen index for the Kotcho and Upper Devonian shales. 

data (Tmax: ca. 440°) indicate maturation levels in the peak of the oil window. Several 

samples yielded a Tmax of <400 which may in part be due to low TOC values, but such 

numbers are typical of shales in the older underlying formations which are postmature or 

spent; production indices of >0.5 support an overmature state. Furthermore, the relationship 
between Tmax and depth shows a positive correlation except at greatest depth (where 

postmaturity is to be expected) where the values fall below 400. 

Bitumen and VRo eq. data generally agree with the Tmax data. Kerogen in shales 
from Bovie Lake (7) has an average VRa eq. of 1.33% R. which indicates that the Upper 

Devonian-Kotcho unit is postmature for oil but at the lower end of the gas window at this 

location. Sections to the north and east fall marginally within the upper limits of the oil 

window (1.19 to 1.27% VR, eq. ) and at Netla (6) and Island River (1), VRo eq. values 
between 0.9 and 1.08% Ro indicate the Kotcho-Upper Devonian shales are mature for oil 

generation. The correlation between vitrinite reflectance eq. and depth (Fig. 30) is positive, 

although not strong (R2 = 0.57), and the relationship between Tmax and VRo eq. is poor. 
In summary, the Kotcho-Upper Devonian shales close to the Bovie Fault (section 7) 

are postmature for oil generation but, according to Powell and Snowdon (1983) and 
Dembicki and Pirkle (1985), a TOC of >1 %, together with a Type II marine kerogen 

composition and a vitrinite reflectance eq. of ca. 1.3% still suggests the potential to generate 
data (Tmax: ca. 4400) indicate maturation levels in the peak of the oil window. Several dry 

gas or paraffinic condensate. To the east and northeast, TOC values less than I% suggest 
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Figure 30. Vitrinite reflectance equivalent data, derived from type 4 bitumen Ro, 
versus depth for the Kotcho Formation and Upper Devonian shales. 
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the hydrocarbon potential is not significant despite R. values being in the peak of the oil 

window; however, at Netla (6), Muskeg River (3) and Island River (1), the TOC values of 

>1% and maturation parameters indicating peak oil generation suggest that they should be 

effective petroleum source rocks. 

4.5 EXSHAW FORMATION 

In the study area, the Exshaw Formation is a black fissile, non-calcareous shale unit 
(Patton, 1958) which spans the Devonian-Carboniferous boundary. Conodont and 

brachiopod faunas indicate a late Fammenian to early Tournaisian (T2) age (Moore, 1993). 

In the Alberta Basin, the Exshaw consists of a lower shale-dominated member and an upper 

member composed of bioturbated siltstone or sandstone and silty carbonates (Richards et al. 

1991). Moore (1993), Richards et al. (1991) and Richards (1993) indicate that there may be 

some disconformity with the underlying Upper Devonian strata (Palliser-Wabamun) and the 

overlying Banff Formation in the Peace River area of the Alberta Basin, although in the 

Front Ranges of southwestern Alberta, the Banff-Exshaw contact may be disconformable 

but gradational. In the Liard Basin, the relationship with the underlying Kotcho and Upper 

Devonian shales is not well-defined. The absence of the Upper Exshaw in this area suggests 

a more significant unconformable relationship with the overlying Banff Formation. 

The Exshaw Formation is considered to be one of the principal hydrocarbon source 

rocks in the Western Canada Sedimentary Basin (Creaney & Stoakes, 1987; Allan & 

Creaney, 1991,1992; Stoakes, 1990). In the eastern part of the study area, it consists of a 

brown to black, highly radioactive, "black shale" unit (Fig. 15) which formed in moderately 

deep waters of an anoxic basin (Richards, 1993). It forms a thin but laterally persistent unit 

that is correlative with the Lower Exshaw in the Alberta Basin. To the south and west, it 

grades laterally into the Besa River Formation. In the Eastern Plains, it is thickest (25.9 m) 

at Celibeta (5) and wedges out to the north, where it is only 4m thick at Netla (6), and 

eastwards - where it is only 7.3m thick at Island River (1) and Trout Lake (2). It occurs at 

greatest depth (5396 ft; 1544.7m) near the Bovie Fault, at Bovie Lake (7). At Trout Lake 

(2); it occurs at relatively shallow depth (390.5m). 
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Organic richness 

With TOC values ranging from 1.6 to 15.7%, the Exshaw Formation has very good 

to excellent source potential throughout the region (Appendix B5). Exceptionally high 

values (mean 14.8%) are found at Island River (1) but at Arrowhead (4), the mean value for 

the interval is 3.2% - still indicating very good potential. Elsewhere values are between 

1.6% and 2% indicating that it has good source potential. The high TOC values are 

consistent with the accumulation of organic matter in a starved dysoxic-anoxic basin. 

Organic Petrology 

Samples from the Exshaw Formation are typically dark brown to black, highly 

bituminous, laminated, pyritic and slightly dolomitic mudstones; samples with lower TOC 

values have silty laminae. The petrographic characteristics of the Exshaw Formation are 

detailed in Appendix AS. Pyrite is common and typically framboidal; dolomite is usually in 

the form of discrete rhombs which are distributed throughout the organic-rich matrix. Well- 

developed microfracture networks occur in all samples. These comprise subvertical 

microfractures that connect with en-echelon microfractures running parallel to the internal 

lamination which feather out at the margins in a chevron-fashion. Such microtextures are 

commonly well-developed in mature source rocks and reflect the internal migration of 

hydrocarbons (Belin, 1992). [Thermal drying of cuttings samples enhances the microfracture 

network visually. When viewed in fluorescent light the matrix marginal to the fractures 

commonly fluoresces while the fluorescence of the matrix is extinguished by heating]. 

The dominant organic component is a dense dark brown to black bituminous matrix 

("matrix bituminite" sensu Creaney, 1981; "groundmass" of lacustrine kerogen sensu 

Robert, 1977). Typically, it shows very weak reflectance and weak brown fluorescence with 

positive alteration (Plate VIIIa, b). It has a variable micrinite content (cf. bituminite III sensu 

Teichmüller, 1977) and incorporates pervasive weakly-reflective bituminous ? pellet-like 

organoclasts, ca. 100-300pm in diameter, which may be phosphatic (cf. Reidiger, 1991). 

The pellet margins are poorly defined and have a `corroded' appearance as they disseminate 

into the matrix. The pellet matrix is typically dark grey and granular (Plate VIIIc) with 

pervasive inclusions of low-reflecting bitumen; the reflectance (0.11 %) does not vary with 

thermal maturation levels. This may due to the mineralized (apatite-rich) nature of the 
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organic matrix. The micro-laminations and concentrations of faecal pellets can be taken as 

an indication of a lack of benthic fauna which suggests anoxia in the depositional 

environment. In the Exshaw samples at Island River (1), the bituminous matrix surrounding 

pellets and low Ro bitumens inclusions typically show strong yellow fluorescence with 

positive alteration relative to the matrix (Plate VIIId). As the inclusions are composed of 

low Ro bitumens which are generated from pellets or liptinites by thermal maturation, the 

high intensity fluorescence probably results from hydrocarbons generated by the liptinite 

being simultaneously adsorbed onto the surrounding matrix bituminite. The enhanced 

fluorescence of the matrix at the pellet-matrix contact is therefore an indication of an active 

source rock in the early stages of hydrocarbon generation. In the same samples, the 

bituminous matrix shows varying degrees of fluorescence intensity and colouration; the 

highly fluorescing zones are interpreted as hydrocarbon-rich areas formed by early 

generation of oils from unidentified (< 5p m diameter) algal detritus dispersed throughout the 

matrix, i. e. liptodetrinite (the "micro-algal" matter in Appendix A, Table A5). 

Primary macerals such as alginite are present but not abundant. Algal bodies with 

affinities to thick-walled, Tasmanites-type phycomata (Plate VIIIe, f) and thin-walled 

Leiosphaeridiales-type prasinophyte alginite (Plate VIIe, f) are identified indicating a 

marine origin for the kerogen. Secondary macerals such as bituminites of ? algal origin are 

very common. Also present as minor components are ? chitinous remains, possibly fish scales 

and fish bones (Plates VIIc, d; VIIIg, h) which have low-reflecting and highly fluorescing 

bitumen inclusions (? exsudatinites) in their microfractures and internal pores (Plates VIIc, d; 

and VIIIg, h); this is another indication of mature kerogen having generated hydrocarbons 

and in situ bitumens. Mineralized remains of ? calcareous nannofossils are present in the 

samples with lower TOC values. Rare inertinite components having the reflectance of 

fusinite are probably faunal in origin. 

Low reflecting bitumens, predominantly types 2 and 3, are present in variable 

abundance but are always subordinate to the bituminous matrix. They commonly occupy the 

porosity created by thermal destruction of primary liptinite macerals and bituminite. The 

distribution of the bitumen is predominantly parallel to the internal microlaminations and 

microfractures enhancing the laminated appearance. Pore-filling interstitial medium Ro (type 

4) bitumens are also present; they are generally subordinate to the low Ro bitumens and are 
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PLATE VIII 
PETROGRAPHIC COMPONENTS OF THE EXSHAW FORMATION 

a) Dark reddish-brown mineral-bituminous matrix impregnated with weakly reflecting 
(medium grey) amorphous bitumen shown in white light; Imperial Island River 
No. 1. 

b) Fluorescent light image of a) using 440-440nm excitation. The mineral bituminous 

groundmass shows very weak autofluorescence while the bitumen fluorescence is 

stronger and yellow. 

c) Weakly reflecting faecal pellet (0.18% R0) with weakly reflecting type 1 bitumen 
exuding from it or adhereing to the surface. Imperial Island River No. 1. 

d) Fluorescent light image of c) at higher magnification; note the relatively strong 
yellow fluorescence of the bitumen on the surface of the pellet but also the weak 
greenish-yellow fluorescence halo created by hydrocarbons adsorbed on to the 
mineral bituminous matrix indicating that the bitumen and the hyrocarbons are 
generated at the same time; the less labile bitumen is deposited 

nearest to the source. 

e) White light image of weakly reflecting (0.08% R0) alginite derived from large 
prasinophyte (Tasmanites) algal phycoma. Imperial Island River No. 1. 

f) Fluorescent light (400-440nm excitation) image of e); note the strong 
fluorescence of the alginite (? max - 580nm). 

g) White light image of weakly reflecting, chitinous fish bone. Imperial Island River 
No. 1. 

h) Fluorescent light image of g) showing the weakly fluorescing chitin and internal 
porosity filled by strongly fluorescent exsudatinite (400-440nm excitation). 

Magnification: scale bar shown on a applies also to b), d), e) & 0; scale bar shown on g) applies also to h). 
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associated with dolomite. 

In summary, petrographic analysis indicates that the Exshaw has good to excellent 

source rock potential and is actively generating hydrocarbons. The kerogen is dominated by 

bituminite but includes a typical marine assemblage of primary liptinite macerals and 

indigenous bitumens. 

Rock-Eval pyrolysis 

The S1 and S2 values shown in Appendix B5 are significant for all but one sample; in 

general, S1 values are over 2 and as high as 14.7 at Bovie Lake (7); S2 ranges from 3.8 to 

60 at Island River (1). These values suggest that the Exshaw is in an active state of 

hydrocarbon generation throughout the Eastern Plains. The modified van Krevelen diagram 

(Fig. 31) shows that the samples have low oxygen indices, which is typical of hydrogen-rich 

kerogen. They also fall along the maturation pathway for Type I and II kerogens. The 

petrographic characteristics of the Exshaw indicate a Type II kerogen. 
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Figure 31. Hydrogen index versus oxygen index for the Exshaw Formation. 

Maturation 

The reflectance data obtained on in situ bitumens is more numerous for the Exshaw 
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Formation than for the formations previously reported. More reflectance populations are 

evident which probably reflects: 1) the significantly higher proportion of organic matter, and 

2) the more complex organic facies related to a greater variety of macerals capable of 

generating hydrocarbons in the oil window. For example, different reflectance populations of 

indigenous bitumen are recognized for different varieties of alginite. Under these conditions, 

the genetic approach to classification of the bitumens, which forms the basis of this study, is 

critical to their subsequent use as maturation indices. 

Measured bitumen reflectance (type 4 bitumen) and bitumen-derived VR,, eq. 

values data are shown in Appendix C5. Vitrinite reflectance equivalent values range from 

0.91% to 1.07%. All reflectance values fall within the oil window (0.50%-1.30% R0) for 

kerogen formed in anoxic environments (Powell & Snowdon, 1983) around the peak oil 

generation zone (0.85-1.10%), suggesting that the Exshaw Formation to the east of the 

Bovie Fault is currently capable of generating hydrocarbons. 

The vitrinite reflectance equivalent values are positively correlated with depth, 

conforming to Hilt's Law (Hilt, 1873; Teichmüller & Teichmüller, 1968), suggesting the 

maturation is related to the present day depth of burial. The data from the Arrowhead 

section (4) does not fit this trend; the vitrinite Ro, and therefore the measured bitumen Ro, 

are higher than expected for the depth and regional trends suggesting that the data from this 

section should be re-examined. The maturation pattern defined by vitrinite reflectance 

equivalent data fits reasonably well with the maturation patterns observed in underlying 

strata. The difference in maturation between the westerly sections in the Eastern Plains, i. e. 

marginal to the Bovie Fault, and those in the east (at Island River and Trout Lake) is 

significantly lower in the Exshaw Formation, suggesting that the influence of the Bovie Fault 

decreased through time. 

The Tmax values (Appendix B, Table B5) fall between 424°C and 452°C; the latter is 

the value obtained at Arrowhead (8) and indicates the upper end of the oil generation 

window. All other values fall within the oil window, which agrees with the petrographic data 

and observations. 

The means of six fluorescence spectral scans on Tasmanites-type alginite in the 
Imperial Island River sample yielded aQ value (Red/Green quotient) of 1.4 ; Amax is 604 

nm, also based on the average of six spectral scans. These values correspond to vitrinite 
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reflectance values of ca. 0.8% R. (cf. Mukhopadhyay, 1981) which is similar to the 0.82%R0 

measured on the type 4 bitumen. 

Conodont alteration indices obtained for the Exshaw Formation in the Imperial 

Island River No. 1 (1) are ca. 1.0 to 1.5. This would indicate a lower maturity than those 

indicated by the reflectance, fluorescence and Tmax data. 

Hydrocarbon potential 

The hydrocarbon potential ratings for the Exshaw Formation are shown in Table 14. 

Organic richness is greatest in the Island River area. This is also the area of lowest maturity 

and the best petroleum (Fig. 32) and gas potential (Fig. 33). 

4.6 BANFF FORMATION 

In the study area, the Banff Formation is dominated by a dark blue-grey shales 

with mudstones, and locally, minor siltstones and skeletal limestones (Richards, 1989). It 

rests conformably on the Exshaw Formation and the contact is gradational; in the western 

part of the study area it grades laterally into the Besa River Formation (Richards, 1993). It is 

conformably overlain by Rundle Group in the west (Liard Plateau) and unconformably by 

Cretaceous strata (Fort St. John Group) in the western part of the Eastern Plains, where 

it thins rapidly to the east, pinching out against the Precambrian basement (Fig. 13). The 

Banff is thinnest in the northern part of the Eastern Plains study portion of the area at Trout 

Lake (section 2; 102 m) and Arrowhead (section 4; 101.5 m) but thickens rapidly to the west, 

reaching a thickness of 566m in the Bovie Lake (7). At Viscount (21), the only Banff section 

sampled in Northeast British Columbia, the total thickness is unknown. 
Banff samples show a significant range in TOC values, from 0.1 to 2.5%, (Appendix 

B6) and most sections, except Viscount (24; TOC - 0.2%), have intervals with "fair to 

good" source potential Samples from the basal Banff at Mattson Creek (11) are reasonably 

enriched (1.6 to 3.9%) as are those from Bovie Lake (section 7: 1-2%). The regional range 

of TOC values is also similar to that recorded stratigraphically in each section; the richest 

zone, which shows relatively high TOC values (1.5%, 2.5% TOC), occurs in the Lower 

Banff, 
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Figure 32. Regional variation in oil source potential for the Exshaw Formation 
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just above the basal contact with the Exshaw Formation. In the Island River section (1), 

another rich zone occurs at 698 ft. (212.8m) above the base of the Banff. 

The kerogen is liptinitic and predominantly marine in origin (Appendix A6); the 

dominant component in the samples with TOC values greater than 1% is dense amorphous 

matrix bituminite. The bituminite shows variable levels of fluorescence but exhibits a weak 

intensity and green-brown colour in the Imperial Island River section (1). At Mattson Creek 

(11), the bituminite is directly associated with pervasive, fine-grained micrinite (bituminite 

III). Other primary liptinite macerals are typically dispersed throughout the matrix; these are 

dominated by alginite (telalginite), particularly thin-walled Leiosphaeridales-type 

prasinophytes and thick-walled Tasmanites prasinophytes. They exhibit moderately intense 

fluorescence in the yellow range (fluorescence index 3-4), indicating the kerogen is in the 

mature (oil window) stage of thermal maturation. In the Island River (1) samples, the 

Tasmanites alginite shows strong yellow fluorescence, indicating it is in the peak of the oil 

window (ca. 0.85% VR0 eq. ). Fluorescing liptodetrinite, by definition too small to be 

identified by the petrographic microscope (< 5µm), pervades the matrix. In the Island River 

section (1), sporinite is present also, represented by trilete triangulate spores ca. 60-80µm 

diameter with morphologic affinity to Murospora -a typical lower Carboniferous genus. 

Utting (in Richards, 1989) also found a variety of Carboniferous microspores in the Banff, at 
Island River (1). 

Secondary macerals such as bituminite stringers, presumed to be derived by 

biochemical alteration of alginite, are very commonly found draped along laminae. In most 

samples some acritarchs are present; fish scales are present, but rare. Vitrinite-like macerals 

as well as inertinites, semifusinite and fusinites are present, but only at Island River (1) and 
Muskeg River (3). While they may be cavings from the overlying Cretaceous strata (Fort St. 

John Group) which typically contains deltaic sediments and thin coals, they may be 

indigenous to the Banff in the Eastern Plains region as Carboniferous spores from terrestrial 

plants are also present. 

The primary and secondary maceral assemblages for most of the samples examined is 

fairly typical of Type II marine kerogen, with contributions from terrestrial organic matter. 
This is consistent with the interpretations of Richards (1989), who concluded that the Banff 

Formation was deposited during one of the many NW to SE marine transgressions over the 
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Late Devonian-early Carboniferous continental shelf; and that the lower Banff in this region 

was deposited in a more basinal setting during a regional transgression, while the Upper 

Banff shows lithofacies characteristic a shallow neritic shelf, suggesting a progressive 

shallowing and finally regression related to local sea level fluctuations. Subsequently, 

Richards (pers. comm. ) has noted that, to the north of the study area, the Upper Banff 

includes very shallow water and even supratidal clastics and therefore the northeastern part of 

the study area may have been close to the shoreline during Banff times. Morrow and 

Geldsetzer (1988) also imply that the southern part shelf was not completely inundated 

during late Devonian-early Carboniferous transgressions. The maceral assemblages in the 

Banff at Island River (1) and Muskeg River (3) may therefore indicate the proximity of the 

continental margin in early Carboniferous times. 

Low and medium reflectance bitumens are common subordinate components, especially 
type 4 bitumens and low reflectance type 3 bitumens associated with liptinite macerals. These 

suggest that the liptinite macerals and the amorphous matrix are actively undergoing thermal 

maturation generating indigenous bitumens as by-products of hydrocarbon generation. 

However, numerous samples, particularly those from Island River (1) and Muskeg River (3), 

possess minor quantities of macerals such as sporinites, inertinites and vitrinite-like 

components, typically found in terrestrial kerogen. The presence of Tasmanites and 

Leiosphaeridia, confirms a marine origin for the kerogen but the contributions from 

terrestrial environments suggests a nearshore marine setting for the Banff in the eastern part 

of the study area. 

The petrographic characteristics of the Banff Formation at Mattson Creek (11) and 

Viscount (24) are significantly different from those in the Eastern Plains region. The 

predominance of secondary macerals such as micrinite-bituminite and indigenous low and 

medium Ro bitumens and lack of primary macerals indicate kerogen of elevated maturity. 
Rock-Eval pyrolysis yields S1 and S2 yields vary significantly both vertically and 

laterally within the Banff: the S1 values range from less than 0.1 to 9 and S2 from 0.1 to 4.7 

(Appendix B6). Samples from the Bovie Lake section (7) all have high S1 (7.0-9.35) and S2 

(1.0-4.7) values, suggesting that the Lower Banff at this location has good potential and is 

actively generating hydrocarbons. Significant S1 and S2 values were obtained also from 

Arrowhead (8) and Mattson Creek (11). Production indices (S 1/S 1+S2) of greater than 0.5 
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suggest that the hydrocarbon production is in advanced stages and therefore the kerogen is 

very mature at Bovie Lake (7) and Mattson Creek (11). At Viscount (24), both S1 and S2 

are low and the production index is high suggesting that the poor source potential is due to 

post maturity. 

Hydrogen indices (HI) in the Banff Formation are generally low (50-200) and oxygen 

indices vary from low (0) to high (230). The hydrogen index versus oxygen index plot (Fig. 

34) indicates that the Banff, in general, is a mature type II kerogen. Samples from Bovie Lake 

(7) (which are also those with the highest TOC values) exhibit higher hydrogen indices (270) 

but the data suggest some oxygen enrichment of the kerogen in samples from the 

northeastern part of the study area (e. g. at Arrowhead, section 8) which is compatible with 

the occurrence of oxygen-rich macerals such as inertinites and vitrinite. 

Reflectance measurements of three populations of indigenous low Ro bitumens, 

medium Ro and high Ro pyrobitumens in the Banff are given in Appendix C (Table C6), 

together with the VR, eq. values. The presence of three populations of low Ro bitumens is 

taken as an indication of a thermal maturity range of 0.7 to 1.1 % VRo because at higher 

maturity the types 1 and 2 bitumens are not present; this is consistent with the maturation 

range of the structured liptinite macerals (0.75% to 1.1%VR0). Measured vitrinite data were 

also obtained from numerous samples at Island River (1) and one sample from each of the 

Muskeg River (3) and Arrowhead N-2 (4). These agree quite well with the type 4 bitumen 

reflectance which translates into 0.9% to 1.4% VR,, eq. All reflectance values from sections 
in the Eastern Plains region fall within the oil window which, together with qualitative 

petrographic analysis, indicates the Banff is mature east of the Bovie Fault. The highest VR,, 

eq. values occur to the west (1.14 % at Celibeta (5); 1.07% VRo at Bovie Lake (7) while the 

lowest values (0.91%-0.93% VRo eq. ) are found furthest east. This follows the trends 

observed in the underlying Exshaw and Upper Devonian. Although high reflectance values 
(1.8%-1.9% VR, eq. ) at Mattson Creek (11) indicate it is postmature for oil at this location, 

high TOC values (1.5 -3.8%) suggest it remains a potential source of thermogenic gas. 
The relationship between VR0 and depth is shown in Figure 35. The log Ro vitrinite 

equivalent values of samples from sections in the Eastern Plains increase with depth which 

suggests all samples experienced the same thermal regime. The higher than expected Ro 

values observed at Celibeta (5) are attributed to oxidation (cf. Mackowsky, 1982). 
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Figure 34 Hydrogen versus oxygen index, Banff Formation 

Reflectance data from Arrowhead (4) are also higher than expected. The samples from 

Mattson Creek and Viscount (24) have significantly higher mean reflectance (1.87% and 

1.56% VRo equivalents, respectively) but these are positively correlated with depth. This 

suggests that these samples experienced a different thermal regime or burial history. 

The Tmax data (Appendix B6) for most of the samples (440° to 445°C) plot in the 

middle of the oil window, which would correspond to VI0 of 0.75-0.8% for Type II kerogen 

(MATOIL, 1990). Sections to the west and north (e. g. Arrowhead, section 8) are slightly 

higher values (444°C to 452°C) which indicate the upper end of the oil window, ca. 1.1% 

VP, (MATOIL, 1990) and sections to the east slightly lower (438°C-440°C) which fits with 

the general regional reflectance patterns observed. Values of 440°C at Bovie Lake (7) 

indicate peak oil generation which is somewhat lower maturity than suggested by the VRo 

eq. values and production indices suggests (0.70 to 0.90). Although Tmax shows a 

reasonably strong increase with depth (Fig. 35), the correlation between Tmax and VR° eq. 

data is poor. Perhaps the most significant disagreement between the Tmax and reflectance 
data occurs at Muskeg River (3), where reflectance data suggests the Banff is in the peak of 

the oil window while Tmax data suggests it is immature. 

Interestingly, the Tmax data for the Arrowhead section (8) (448 °C, 452°C) are 
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relatively high and would correspond to about 1.1 % VRn, according to the Matoil 

correlations for Type II kerogen (MATOIL, 1990), i. e. the upper end of the oil window. 

Although no Rock-Eval data were obtained for the other Arrowhead section (4) due to 

sample size restrictions, the reflectance data are similar to samples from section (8) so the 

reflectance anomalies noted previously for the Arrowhead samples may indeed be real. 

The mean Tmax for value for Mattson Creek (11: 486 °C) indicates overmaturity but 

the TOC values are significant (1.5-3.8%) and the Banff probably has generated, and is 

probably still actively generating, thermogenic gas. By contrast, the Tmax for overmature 

Banff samples from Viscount is anomalously low, which probably reflects the low TOC. 

The CAI values from the Banff are in the 1.0-1.5 range which is also lower than 

expected, relative to the reflectance data and Tmax data. 

Hydrocarbon potential 

The hydrocarbon potential ratings for the Banff Formation are shown in Table 15. 

Organic richness is greatest in the Bovie Lake (7) and Island River (1) areas and these are the 

areas of greatest oil source potential (Fig. 36); Bovie Lake has the highest gas potential also 
(Fig. 37). 

4.7 BESA RIVER FORMATION 

The Besa River Formation is a thick basinal shales sequence of Upper Devonian - 
Lower Carboniferous age which occurs in the Liard Basin and is ca. 1000m thick at the type 

section (Kidd, 1964; Peltzer, 1966) and Beaver River (16). It grades eastwards into the 

Exshaw and Banff formations at Mattson Creek (11) and in the Interior Plains (sections 1-9). 

It is predominantly a fine-grained, moderately radioactive "black shale", slightly dolomitic in 

places, which commonly has one or two highly radioactive, uraniferous zones (the "1st and 
2nd black shale" members) which have been equated stratigraphically with the Muskwa and 
Exshaw formations (Peltzer, 1966; Richards, 1993). 

The thickness of the Besa River varies significantly due to folding, faults and multiple 

thrust planes. Of the sections sampled, it is thickest on the flanks of the Pointed Mountain 

Anticline, (at section 12; 1658m ), and within the Kotaneelee Syncline, (at section 15; 1280m 

Figure 11). The thinnest section occurs on the western flanks of the Liard Basin 
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Figure 36. Regional variation in oil source potential for the Banff Forniation 
(based on Dembicki & Pirkle, 1985); contours are drawn by eye 
based on data shown in Table 15. 
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Figure 37. Regional variation in gas source potential for the Banff Formation 
(based on Dembicki & Pirkle, 1985); contours are drawn by eye 
based on data shown in Table 15. 
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at Viscount (section 24: 533.4m) where it is at its shallowest depth (1072.9m). It occurs at 

greatest depth ( 3706.4m) at North Beaver River (14), but at the Beaver River section (16) 

and Kotaneelee (15) it occurs at a depth of 3130m. At Clausen Creek (17), thrusting has 

brought the Besa River to the surface and the top occurs at +320m above sea level; the base 

is not exposed but the thickness must be assumed to be considerably greater than the 320m 

of section exposed. 

The great thickness of the Besa River Formation at the more westerly locations 

indicates the presence of a rapidly-subsiding, starved marine basin (the Liard Basin) in 

northeastern British Columbia (Peltzer, 1966; Figures 1& 13). Peltzer (ibid. ) suggests that 

a stratified water column was responsible for the accumulation of the black shale members. 

Organic Richness 

The TOC content of the Besa River Formation varies considerably from 0.4 to 6.0% 

(Appendix B7) and therefore mean values do not adequately reflect the richness shown by 

some intervals. Approximately half of the sampled intervals have TOC values over 1% 

which suggests fair to good source potential, and the lower part of the Besa River contains 

intervals which are extremely rich in organic matter at all locations. For example, in the N. 

Beaver River section (14) the "1st Black Shale" (at a depth of 3258-3315.9m) has 6% TOC 

and the "2nd Black Shale" (at 3331.5-3337.3m) has a TOC of 4.2%. Similar intervals at 

Beaver River (16) and Pointed Mountain (12) contain 3.4 % and 3.5% TOC respectively. 

These intervals may have excellent source potential. 

Organic petrography 

The petrographic characteristics of the Besa River are summarized in Appendix A7. 

The Besa River is, at all locations, a very pyritic, moderately to well-dolomitized, laminated, 

variably organic-rich shale. Internal microfractures link up with the internal laminations to 

create extensive organic networks which form the principal pathways through which 

hydrocarbon migration and expulsion probably took place (cf. Belie, 1992). The organic 

constituents are predominantly amorphous liptinites and associated secondary macerals, 

primary bitumens and pyrobitumens. The dominant constituent in most of the samples is a 

dense, dark brown to black, matrix bituminite which is typically the dominant component of 
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marine source rocks of Upper Devonian age containing Type II kerogen in the Western 

Canada Sedimentary Basin (Powell & Snowdon, 1983). It is intimately mixed with fine 

granular, highly reflective, white micrinite which, unlike other inertinites, has a higher 

hydrogen content and is reactive. Theories on the origins of micrinite have been discussed 

earlier in this chapter (Section 4.1, Organic petrology of the Muskwa Formation) and in 

Potter et al., 1993 (copy located in the back pocket). In this study, micrinite is observed in 

mature and postmature source rocks but it can also occur in low rank coals (Shiboaka, 

1983; Potter et al., 1993), and immature (Stasiuk, 1993) source rocks and therefore it is 

suggested that factors other than maturation affect the formation of micrinite. In light of the 

reactivity of micrinite, it is suggested that, while the relatively high reflectivity may be 

thermally induced, the reflectance may develop at relatively low temperatures (40-50°C), i. e. 

during early diagenesis. Factors such as pH and Eh may also be important in the formation 

of micrinite. 

Primary structured liptinite is relatively rare in the Besa River samples; however, 

highly reflective, "meta-alginite" derived from Tasmanites and Leiosphaeridia is present at 

Kotaneelee (5) and Beaver River (16). There is also ample evidence to suggest that alginite 

was the dominant contributor to the bituminite and bitumen present. Firstly, most of the 

samples contain low R. type 3 bitumen, which is derived from bituminite, an amorphous 

maceral thatrnay be formed by biochemical or oxidative reworking of albinite (Teichmüller, 

1985; Teichmuller & Ottenjahn, 1977). Secondly, in samples from Clausen Creek (17) and 
N. Beaver River (14), dolomitized remains of filamentous alginite, ? phycomata or acritarchs 

and other organic fossils are preserved. The permineralized trichomes (Plate IX a, b. ) are 

approximately 30 pm wide, elongate (ca. 400+ pm) and exhibit chain-like cell structure, 

resembling modem forms of filamentous S-bacteria (cf. Peniguel, et al., 1989). 

Morphologically, they bear a strong resemblance to trichomes from cyanobacteria found in 

stratiform carbonates in the Proterozoic of the Yukon Territory (Awramik, 1984) and 
Western Australia (Walker et al., 1983) and also to the filaments observed in the Muskwa 

Formation (Plate VIf). The ? phycomata/acritarchs are approximately 30-40pm in diameter 

and have an irregular or modified slit-like aperture suggesting they may be akinetes but 

there is insufficient detail to identify them (Plate IXa, f, g). The organic fossils are 

aggregates of cells (Plate IXc, d, e) that resemble ancient coccoid cyanobacteria from the 
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PLATE IX 
PETROGRAPHIC COMPONENTS OF THE BESA RIVER FORMATION 

a), b) Fluorescent light image (400-440nm excitation) of dolomitized ? cyanobacterial 
trichomes or filaments found in the First Black Shale Member at Clausen Creek. 

c) White light image of dolomitized ? bacterial remains shown in d). 

d), e) Fluorescent light (400-440nm excitation) images of primitive ? diacromorphic 
cyanobacterial remains or other prokaryotic organisms. 

f), g) Fluorescent light images of dolomitized ? prasinophyte phycomata or ? acritarchs, 
both f) and g) have small, irregular apertures (shaded areas indicated by arrows) 
which suggest that they may have been cyst-like structures of a primitive 
prokarote with a life cycle of alternating vegetative and resting stages. First 
Black Shale Member, Clausen Creek. 

h) High reflecting type 3 bitumen in the Besa River at Pan Am Beaver G-01. 

i) High reflecting type 4 bitumen in the Besa River at Canada Southern et al. North 
Beaver River. 

Magnification: scale bar shown on a) applies also to b- g) ; scale bar shown on h) applies also to i). 
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Precambrian Paradise Creek Formation of Western Australia which are attributed to the 

genus ? Eucapsis (Licari et al., 1969, in Walker et al., 1983). The trichomes, 

? phycomata/acritarchs and cyanobacteria-like remains are visible only under fluorescent 

light (blue or UV). Peniguel et al. (1989) describe various types of Recent and fossil 

cyanobacteria noting their importance in hot springs, hypersaline and very quiet water 

marine environments (mostly shallow sub- and intertidal) and in hydrocarbon source rocks. 

Similar ancient examples (Schopf & Barghoorn, 1967) are stromatolite-forming organisms 

and have been described from Precambrian rocks all over the world (Schopf & Walter, 

1982). Most modem examples are mat-forming organisms commonly found in relatively 

shallow water but are typically associated with sulphate- or sulphide-rich environments 

(Cohen, 1984). The Besa River Formation does not show any other evidence of shallow 

intertidal or subtidal facies that might be linked with ancient microbial mat (stromatolite) 

formation or evaporites. In reviewing the origins of the high concentrations of uranium 
found in these black shales, Peltzer (1966) offers a unique hypothesis. He (ibid. ) considers 

either a volcanic source for the uranium, or the influx of dense sulphate-rich brines in a 

stratified water column during the marine transgression that occurred over this region 

during Banff times. He (ibid. ) suggests that a highly concentrated brine would form beneath 

the normal marine waters as they transgressed northwards over the salt pans of the Upper 

Devonian Potlatch anhydrites of southern Alberta, creating a stratified water column. Slow 

mixing of the sulphate-rich bottom and normal marine waters would eventually occur 
leading to a high nutrient supply within the seas advancing into the Liard Basin; under these 

conditions, planktonic life would fluorish resulting in rapid accumulations of organic matter 

which would be preserved in the reducing and acidic conditions prevailing in the fondoform 

shales of the Besa River Formation. Tyson (1995, p. 255) indicates that benthic, 

chemotrophic sulphur-oxidizing bacteria are commonly found in the oxygen-minimum layer 

at depths of between 150 and 500m in modem environments, and that a large number of 

geological studies suggest analogous occurrences of thiobacterial mats occur in dysoxic- 

suboxic laminated black shale facies. Hoffman (1976), on the other hand, indicates that 

ancient stromatolites are found in a wide variety of environments in the Precambrian of the 

northwestern Canadian shield and described columnar stromatolites formed in a deep basinal 

marine setting in greywacke marls of the middle Precambrian McLean Formation. 
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Primitive life forms, including large bacteria resembling these mineralized trichomes 

and metal-encrusted bacteria, have also been described from mats and hydrothermal 

"chimneys" or "black-smokers" on the floors of the deep ocean (ca. 2700m depth) far below 

the photic zone (Lilley et al., 1987). Among the complex microbial communities are 

sulphur-oxidizing bacteria and anaerobic sulphate-reducing bacteria (Lilley et at., 1987). 

Mat-forming, methane-oxidizing bacteria are also found in the vicinity of modem vents, in 

the vent waters and in the trophosomes of the tube worms that colonise the vents (Jannasch, 

1987). Metallic sulphides are abundant in the Besa River samples (although pyrite is the 

only mineral positively identified) and sedimentary exhalative (SEDEX) minerals are 

common in the Devonian of northeastern British Columbia and the southeastern Yukon 

(Came & Cathro, 1982; Mako & Shanks, 1984). Came and Cathro (1982) describe 

stratabound, black shale-hosted ore deposits within the Besa River Formation and its 

equivalents in the Selwyn Basin (Black Clastic Group) which was a major tectono- 

stratigraphic feature during middle and upper Devonian times. 

In relation to hydrothermal activity along faults, it is worth noting that Simoneit 

(1984,1985) has shown that hydrothermal activity in the deep sea sediments in the 

Guaymas Basin off the coast of California (along the East Pacific Rise-San Andreas rift- 

transcurrent fault system) causes almost instantaneous (geologically speaking) hydrocarbon 

generation from sedimentary organic matter, which is predominantly phytoplankton and 

microbial detritus. The products include condensates and naphthenic to waxy hydrocarbons, 

asphaltenes; and polyaromatic hydrocarbons (PAH's); the former group are produced 

thermogenically from immature organic matter, the latter are a product of high temperature 

resynthesis and aromatization of hydrocarbons in the vents. 
Although subordinate to the matrix bituminite, indigenous bitumens are also 

abundant in the Besa River, particularly in the "black shale" members (Plate IXh, i). They 

are dominated by Low R. type 3 bitumens (which are associated with bituminite), medium 
R. (type 4) and high Ro bitumens. The medium and high Ro (pyrobitumens) are the most 

abundant. Typically, they are pore-filling solids dispersed throughout the matrix and are not 

associated with structured liptinite macerals. Together, the paucity of primary macerals and 
low Ro type 2 and 3 bitumens derived from them, and the assemblage of amorphous 
liptinite-secondary macerals and indigenous bitumens (derived from primary liptinite 
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macerals) is characteristic of kerogen which has matured through the oil window and is now 

of elevated maturity. 

The observed elevated maturity may not be entirely burial-induced. At Kotaneelee 

(15), North Beaver River (14) and Toad River (19), the bitumens display fine granular, 

mosaic textures and domain anisotropy (Plate IX). Such textures are typically found in 

semi-cokes formed by laboratory carbonization of vitrinites (Patrick et al., 1963; 

Murchison, 1978) and petroleum and coal-tar pitches (Grint & Marsh, 1979; Grint, 1979; 

Marsh et al., 1974) and in hydrogenation residues from coals and pitch-like substances 
(Mitchell et al., 1977; Mackay et al., 1984). In a natural geological setting, similar optical 

properties are observed in dispersed sedimentary organic matter associated with igneous 

intrusions (Jones & Creaney, 1977; Johnson, 1977). The fine-grained, optically anisotropic 

mosaics are typically formed by thermal alteration of non-graphitizing carbons such as 
bitumens (Khavari-Khorasani & Murchison, 1978) and low rank coals (Potter et al., 1986), 

sulphur-rich pyrobitumens and NSO-rich, asphaltic reservoir bitumens from the Upper 

Devonian reefs of Western Alberta (Stasiuk, 1997). However, thermal alteration of bitumen 

in the hydrogen-rich, anoxic environment of a black shale is probably resembles 
hydrogenation conditions more than carbonization; under hydrogenation conditions, semi- 

cokes form by excessive thermal alteration, when hydrogen becomes depleted, at 

temperature between 500° and 600°C. The presence of fine-grained, anisotropic mosaics in 

the pyrobitumens in the Besa River together with the lack of metamorphic minerals in the 

host rock, suggests that the bitumens were heated to temperatures in excess of 450°C for a 
brief period of time. 

In addition to the optically anisotropic mosaic textures, the pyrobitumens contain 

small vesicles which may or may not be filled with carbonate minerals. Vesiculation typically 

results from rapid devolatilization of the more reactive organic components of coals and 
bitumens (Goodarzi & Murchison, 1977) is seen in the products of laboratory carbonization 
(Goodarzi & Murchison, 1977), pyrolysis (Potter et al., 1984) and hydrogenation (Potter et 

al., 1986), all processes which involve subjecting carbonaceous materials to high 

temperatures (ca. 400-800°C). This suggests the bitumens were affected by a dynamic heat 

source rather that gradual heating associated with regionally high heat flow. 

It is apparent that the bitumens in the Besa River at Kotaneelee (15) have been 

associated with elevated temperatures that are consistent with a thermal event that occurred 
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early in the diagenetic history of the source rocks, not long after the microscopic bitumens 

were formed, probably during the hydrocarbon generation stage of maturity. The 

temperatures suggested by the optical properties of the pyrobitumens are consistent with 

those to be found within a metamorphic aureole of an igneous intrusion (300°-1100°C) or 

induced by hydrothermal fluids (450°-650°C). Igneous activity has been recorded in the 

Earn Group (Besa River equivalent) during Fammenian times (Morrow & Geldstetzer, 

1988) and syenite intrusions occur approximately 65 miles (100 km) to the northwest of 

Kotaneelee (15) which have been dated as Cretaceous in age (Douglas et al., 1976). Also, 

the occurrence of hydrothermal deposits in the Besa River in northeastern British Columbia 

(Galata) and southeastern Yukon (Macmillan Pass) suggests that hydrothermal activity may 

be responsible for the anomalous thermal alteration of the organic matter. 

Rock-Eval Pyrolysis. 

The results of Rock-Eval pyrolysis are shown Appendix B7. The mean S1 values 
for the Beaver River (14,16) and Pointed Mountain (12,14) sections are between 1.0 to 

1.46 but significantly higher (1.72-2.5) for the black shale members which have also high 

TOC values (3.0 to 3.5%, respectively). Mean S2 values (<0.6) and high production indices 

(0.70- 0.86), indicate that they are postmature. As these are gas wells, it must be assumed 

that the low temperature pyrolysis products are comprised of catagenic gas; however, 

despite moderately high TOC values in the same interval at Kotaneelee, the black shale 

samples show low S1 (<0.4) and S2 (0.2) values. Petrographic analysis of these samples 

indicates that most of the remaining bitumen or organic matter is in the form vesicular, 

anisotropic semi-cokes. As previously discussed, these are (graphitic) solid products of 

intense thermal alteration of the organic constituents and so it can be concluded that most of 

the volatiles and any liquid hydrocarbons were driven off at the time of the thermal event. 

At Clausen Creek, the basal outcrop sample also has a high TOC value (2.6%), but modest 

Si and S2 values (1.18 and 2.0, respectively) and a relatively low production index (0.38), 

indicating it is a mature source rock. 

Hydrogen and oxygen indices are low for all samples; most samples have hydrogen 

indices less than 100 mgHC/g rock and oxygen indices less than 80 mgHGg rock. As a 

result, the data are clustered in the bottom, left-hand corner of the modified van Krevelen 
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diagram (Fig. 38). This is indicative of a highly carbonaceous residual organic matter of an 

elevated maturation level for any type of kerogen (Tissot et aL, 1974); one must therefore 

rely upon petrographic analysis to determine the original type of kerogen present. 
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Figure 38 . Hydrogen index versus oxygen index for the Besa River Formation. 

Maturity 

The Tmax data shown in Appendix B7 indicate that samples from Clausen Creek 

(17) and Pointed Mountain (12) are the only ones with Tmax values that plot within the 

oil window. At Clausen Creek, values range from 453°C at the top of the Besa River to 

465°C at base of the exposed section (which is probably well above the base of the 

formation) which indicates a thermal maturity in the early catagenic gas zone (Tissot et al., 
1974). At Pointed Mountain, the Tmax values of samples from the upper part of the Besa 

River (440°- 448 °C) fall within the peak oil generation zone. The Tmax values for all 

other sections fall well below the lower limits for the oil window defined by Tissot et 

al. (1974) (Le. less than 432 °C) and many are anomalously low, i. e. in the 300-400 °C 

range. Some of the latter values are derived from samples with appreciably high TOC 

values, e. g. sample# 10875 at N. Beaver River, which has a TOC of 6.0%. In this sample, 

the Si value is over 1 but the S2 value is low (0.3), indicating that upon pyrolysis, peak 
hydrocarbon generation starts at low temperatures suggesting that the sample is in the 
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catagenic gas generation stage. The low hydrogen and oxygen indices (Fig. 38) would 

support this observation (cf. Tissot et al., 1974). This pattern also appears to be true for 

most of the samples with Tmax values below 400°C. Furthermore, no correlation exists 

between Tmax and depth (Appendix B8), except in the outcrop section at Clausen Creek 

(17). 

The measured bitumen and corresponding vitrinite reflectance equivalent data, 

calculated using Jacob's formula (Appendix C7), confirm that the Besa River kerogen falls 

within the upper limits of the oil window at Clausen Creek (17) (VR0 - 1.19 to 1.36%) 

and Pointed Mountain (12) (VR, - 1.28 to 1.6%). At all localities, the VR,, values are 
between 1.7 and 2.7% Ro , which indicates that the kerogen is in the catagenic gas stage of 

thermal maturity. A VRo eq. value of 2.5% recorded at Toad River (19) suggests that the 

maturity exceeds the gas generation window and therefore the hydrocarbon potential of 

the Besa River is exhausted at this location. Samples with high reflectance data that do not 
fit the observed trends display significant quantities of anisotropic semicokes and vesicular 
bitumen residues. The reflectance and bireflectance of these thermally altered semi-cokes 
is typically significantly higher than the non-anisotropic samples from the same well 

sections (Goodarzi & Murchison, 1977; Potter et a!., 1986). The pyrobitumens also display 

a high bireflectance (Rmax: 4.6, Rmin 4.3%; bireflectance - 1.2%) which is typical of 
laboratory carbonized bitumens (Khavari-Khorasani et a1., 1978; Murchison, 1978) and 

naturally-occurring semi-cokes (Johnson, 1977). 

The positive correlations observed between reflectance (VR0 equivalent) and depth 

(Fig. 39) and the similar Ro gradients in the super- and subsurface samples, suggest that 

the geothermal regime was imposed prior to thrusting and elevation of the strata at 
Clausen Creek (which occurred during the Laramide orogeny). 

The regional patterns of reflectance indicate that the highest Ro values occur in the 

most westerly subsurface, i. e. at Beaver River (16), Kotaneelee (15) and Toad River (19). 

It is in these locations that the Besa River kerogen contains thermally-induced semicokes. 
Although the Besa River at Pointed Mountain (12) occurs at comparable depths to the 

Kotaneelee section, the maturity is significantly lower than in the other subsurface 

sections. This suggests that either the two sections experienced significantly different 

tectonic histories, or the more westerly section at Kotaneelee was affected by a thermal 

event in addition to the geothermal maturation that accompanied burial. The petrographic 
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Figure 39. Vitrinite reflectance equivalent derived from type 4 bitumen 
Ro data versus depth in the Besa River Formation. 
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evidence relating to the formation of semi-cokes suggest the latter. 

Hydrocarbon generation potential 

The Besa River Formation in the study area has TOC values that indicate good to 

excellent source potential, particularly in the black shale members which are very rich in 

organic matter. It has little or no remaining oil generating potential (Table 16) at any of 

the locations sampled but the catagenic gas potential is excellent at Beaver River and 

Pointed Mountain (12). The black shale members are effective sources at North Beaver 

River (14) and Kotaneelee (15); and at Toad River No. 1 (19), the gas potential has been 

exhausted (despite high TOC values) due to elevated maturity. The latter may be due to 

additional thermal event that has led to the formation of relatively inert semicokes and 

significantly reduced the gas-generating potential. 

4.8 YOHIN AND CLAUSEN FORMATIONS. 

In the western Mackenzie Mountain region, the Besa River is overlain by the dark 

basinal shales of middle to upper Tournaisian age (TN2-TN3) which have been 

designated as the Yohin and Clausen formations by Richards (1989). The Yohin may be 

considered stratigraphically equivalent to the Upper Banff in the Interior Plains Region. In 

the Liard Basin, both formations are shale-dominated basinal deposits but eastwards they 

become interbedded with sandstones and siltstones which have been interpreted as basin- 

slope deposits (Richards, 1989; his Figure 14). The Yohin Formation was sampled at one 

locality only (Jackfish Gap-Yohin Ridge) where it has a thickness of 48.8m. 

The total organic carbon contents (TOC) of four samples from the Yohin and nine 

samples from the Clausen Formation are shown in Appendix B8. The TOC values for the 

Yohin are 1.0% and 1.8% respectively, which indicates good source rock potential. For 

the Clausen Formation, they range from 0.50 to 2.1 %, which suggests that there may be 

some source rock potential. 

At Jackfish Gap-Yohin Ridge (13), the Yohin and Clausen Formations are cherty 

finely-laminated paper shales (with silty shale laminae), containing abundant organic 

matter and pyrite. Their petrographic characteristics are included in Appendix A8. The 

bituminous matrix is dark, weakly fluorescing and slightly micrinitic. Semifusinite and 

sclerotinite (funginite) are rare to moderately common, as is fluorescing liptodetrinite. The 

primary maceral assemblage is consistent with the shelf margin-slope to basinal setting 
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envisioned by Richards (1989). Low R. bitumens associated with algal bituminites and 

medium R. (type 4) bitumens are the dominant macerals, suggesting that the Yohin Fm. 

kerogen has already passed through the mature stage of thermal alteration (catagenesis). 

At Viscount (21), the Clausen Formation is much leaner in organic matter (particularly the 

shale matrix) but the dispersed kerogen and bitumens are similar in type and maturity to 

those observed at Jackfish Gap-Yohin Ridge (13). 

In the subsurface sections in the Interior Plains, the Clausen Formation is much 

siltier and cherty or dolomitic. Liptodetrinite is commonly dispersed throughout the shale 

matrix together with thin-walled alginites. Relicts of Tasmanitid relicts and sporinite are 

present but rare. Orange-brown bituminite stringers are common, as are medium and low 

Ro bitumens. Pore-filling type 4 bitumens are associated with the thin-walled 

Leiosphaeridiales alginite which lie parallel to the bedding and show a weak, dull orange 
fluorescence. The fluorescence characteristics of the low Ro bitumens are similar to those 

of the alginite. At Arrowhead (8), dolomitized filamentous and coccoid alginite, similar to 

those observed in the Besa River at Clausen Creek, are present. 

The Si values for the Yohin Formation are negligible (<0.2) and S2 values are low 

(0.2 to 0.36) as is the production index (Appendix B8), suggesting that the hydrocarbon 

potential is limited. By contrast, Si for the Clausen varies from 0.1 to 6.6; and S2 values 

range from 0.21. This suggests that shales in the Clausen Formation have significant 
hydrocarbon potential and may be active source rocks, particularly in the southwestern 

part of the Interior Plains at Bovie Lake (7). 

The modified van Krevelen diagram (Fig. 40) indicates that the kerogen is of 

advanced maturity in the Yohin Formation at Jackfish Gap-Yohin Ridge. As all points plot 

near the origin, the Rock-Eval data do not indicate kerogen type although petrographic 

analysis suggests the organic components are compatible with an original typical marine 
Type II kerogen. A broader scatter is evident in the hydrogen and oxygen indices for the 

Clausen Formation; however, most of these plot in the Type II kerogen maturation 

pathway (Tissot et al., 1974) but two samples appear to fit the maturation trend for Type 

III kerogen. The Rock-Eval results agree with the petrographic composition of the Yohin 

and Clausen formations at Jackfish Gap-Yohin Ridge, which shows abundant vitrinite 
(Type III) and inertinite (fusinite and funginite), suggesting that at the northern margin of 
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Figure 40. Hydrogen index versus oxygen index for the Yohin and Clausen formations. 

the Liard Basin, the kerogen composition was influenced by the Lower Carboniferous 

shoreline. 

Measured bitumen reflectance data and fluorescence indices were obtained on all 

samples (Appendix C8). Vitrinite reflectance equivalent values, calculated from the type 4 

bitumen (medium R°) indicate that the maturity of the Yohin and Clausen samples is 

between 0.78 and 1.34% VR,,. The Clausen samples fall within the oil window at all 

localities. At East Flett (9), they are of lowest maturity and in the early stages of oil 

generation (0.78% to 0.84%VR° eq. ). The Tmax values at this locality range from 428° to 

430°C, which also suggests early catagenesis. At all other subsurface locations, the 

vitrinite R° equivalences indicate the shales in the Clausen Formation are in the peak oil 

generation stage (0.88% to 0.94% VR° equivalent) and median T max values (Appendix 

B8) of 440° and 442° C at Bovie Lake (7) and Celibeta (5) would support these 

observations. The VR° values from the outcrop sections at Jackfish Gap-Yohin Ridge fall 

in the upper range of the oil window (1.1-1.7%, VR°) as also indicated by the Tmax (458 

°C). The fluorescence indices (Appendix C8) and maceral-bitumen assemblages 

compliment the increasing VR° eq. values. 

At Jackfish Gap-Yohin Ridge, samples from the Yohin show slightly higher VR, 
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eq. values (1.11%-1.34%; Appendix C8) which indicate that it is at the upper limit of the 

oil window. The Tmax ( 474° - 483 °C) also suggests that maturity corresponds to the 

catagenic gas stage of hydrocarbon generation (Appendix B8). The lack of fluorescence in 

all primary macerals except for the microscopic alginite (? liptodetrinite) and the dominance 

of indigenous bitumens supports these observations also. At Jackfish Gap-Yohin Ridge, the 

medium I0 bitumens in both the Yohin and Clausen formations show pronounced 

anisotropy in the form of bireflectance (ca. 0.2%), which is typical of bitumens in 

postmature source rocks (Khavari-Khorasan & Murchison, 1978). 

In general, the correlation between vitrinite reflectance eq. data calculated from the 

type 4 bitumen and the Tmax temperature is reasonably good (Fig. 41). Anomalously high 

Ro. values in the Clausen Formation at Celibeta (5) are attributed to oxidation as values 

corresponding to a Tmax of 439°C should be only about 0.8% (cf. Mattoil, 1990); this is 

borne out by petrographic observations which indicate oxidation of the pyrite and 

oxidation rims with elevated reflectance around the liptinitic macerals. Oxidation, coupled 

with heating, has been shown to result in elevated vitrinite reflectance (Benedict & Berry, 

1964; Nandi et al., 1977; Bustin et al., 1985) as opposed to natural oxidation related to 

weathering, during which is characterized by particle rims having a reducted reflectance 
(Alperne & Maume, 1969; Crelling et a!., 1979). The reflectance of unoxidized samples 
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show a positive relationship with depth (Fig. 42) and the regional bitumen and VR,, eq. 

values decrease progressively northwards from the Bovie Lake-Celibeta areas. However, in 

the outcrop sections at Jackfish Gap-Yohin Ridge, reflectance data for the Yohin 

Formation are greater than those of the overlying Clausen Formation and the overall 

maturity is greater than that observed in the subsurface samples in the Interior Plains. This 

suggests that the outcrop belt was located in a deeper part of the basin (to the west) during 

the Lower Carboniferous as well as Upper Devonian times. The higher R. values reflect 

pre-Permian or pre-Laramide burial depths (section 5.0); the present day thermal 

maturation pattern was therefore imposed prior to uplift during the Laramide orogeny 

(Late Cretaceous-Tertiary). The reasonably good correlation between Tmax and depth 

would support this view. 

The oil generating potential of the Yohin Formation is modest due to its limited 

thickness but the Bovie Lake area has the best potential (oil maturity factor. 143) and is 

currently at peak maturity. Gas potential is greatest in the Clausen Formation of the 

outcrop belt (gas maturity factor. 266; ). 

3.9 RUNDLE GROUP 

The Rundle Group is a carbonate-dominated sequence of upper Toumaisian (TN3) 

to middle (V2) age comprising the Pekisko, Prophet, "F" and Flett formations (Richards, 

1989), which sit conformably above the Banff Formation in the Interior Plains region and 

? on the Besa River in the Liard Basin. The stratigraphic relationships are somewhat 

complex (Fig. 12). Dark grey to black shales and mudstones occur within each of the 

formations but they are dominated by spiculitic lime packstones and siltstones (Prophet, 

Formation F) and lime grainstones and packstones (Pekisko, Flett). They have been 

interpreted as slope-shelf margin and neritic shelf deposits which include platform and ramp 
facies (Richards, ibid.; Figure 7). Together they range in thickness from 160m in the 

Interior Plains to 750m in the centre of the basin. They are discussed collectively here 

because of their stratigraphic relationships (Richards, 1989) and the small number of 

samples from some individual formations (e. g. Flett, Formation F and Pekisko). 

The TOC values for shales in the Prophet Formation and Formation F range from 

0.2 to 6.2% (Appendix B9). Good to excellent source potential occurs in the richest shales 
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from the centre of the basin, at North Beaver River (14) where TOC values range from 

1.0-6.2% (mean: 4.3%) and at Beaver River (range: 1.0-3.2%; mean: 2.2%). Elsewhere the 

TOC values of these formations are between 1 and 2%. Total organic carbon contents for 

shales from the Meilleur Member of the Flett Formation (Appendix B9) are relatively low 

(>0.5% to 1.3%) but also show modest source potential. 

Shales of the Prophet Formation vary from pyritic, laminated, black shales to silty 
fossiliferous shales containing crinoids, bryozoans and calcareous microfossils to highly 

dolomitized shales. Petrographic analysis shows that the TOC-rich samples from the 

Canada Southern well (14) contain significant amounts of lignitic coal which are 

interpretated as contaminants or drilling mud additives. The true TOC values of the drill 

cuttings are therefore obscured because the contaminating coal particles alone could 

account for the TOC values of 2-6%. The non-coaly kerogen is dominated by indigenous 

bitumens of the low R0, medium R. (type 4) and high Ro (pyrobitumen) types which were 

generated in situ from primary liptinitic macerals, indicating that indigenous dispersed 

organic matter was also present. As a result, the TOC values from the uppermost samples 

(1 to 1.5%) could be considered as being representative of the least-contaminated samples. 

In the Prophet samples from the Interior Plains at East Flett (9), Celibeta (5), Bovie 

Lake (7) and Arrowhead (8), the kerogen is dominated by thin-walled Leiosphaeridia 

alginite and bituminite stringers. Low R. type 2 and 3 bitumen, as well as pore-filling type 

4 bitumen; these are subordinate to the liptinite macerals, which implies thermally mature 
kerogen in the hydrocarbon generation stage (section 2.3). Rare marine indicators such as 

Tasmanales alginite, acritarchs and ? scolecodonts are present. By contrast, indigenous 

bitumens are dominant over primary macerals in samples from the Liard Basin ( Le. at N. 

Beaver River, (14), Beaver River (16), Kotaneelee (15), Pointed Mountain (12) and 
Viscount (24), indicating elevated maturity. Partially pore-filling medium R. bitumens are 

commonly associated with these highly dolomitized samples. In the TOC-rich Viscount 

section (24), clusters of dolomite rhombs are commonly found pervading the matrix in a 

similar manner to those observed in the Besa River at Clausen Creek, i. e. where putative 

cyanobacterial remains are preserved. Examination of the dolomite clusters in fluorescent 

light did not reveal any organic pseudomorphs; however, dolomitized filamentous and 

coccoid cyanobacterial remains were observed in the Prophet Formation at Pointed 

Mountain (section 12; Appendix A9). At Clausen Creek and Jackfish Gap-Yohin Ridge 
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(17,13), indigenous bitumens of the medium R. and low Ra types are subordinate to 

liptinitic kerogen. These samples are therefore similar in composition and maturity to those 

in the Eastern Plains. 

Shales from the Meilleur Member of the Flett Formation at East Flett (9), Pointed 

Mountain (15) and Jackfish Gap-Yohin Ridge (13) sections are marly and pyritic with 

crinoid fragments. The organic matter is dominated by bituminite stringers and thin-walled 

alginites; and small amounts of primarily Low Ro type 3 indigenous bitumen. Organic 

networks occur in the bituminous matrix in the Prophet at Viscount (24) and in the Flett- 

Meilleur Member at East Flett (9). The network of internal microfractures is interpreted as 
forming due to maturation and shrinkage of the organic matrix which provides a 3- 

dimensional network of conduits for transmission of fluids, including hydrocarbons. 

Rock-Eval pyrolysis data are summarized in Appendix B9. The S1 and S2 values 

are generally low (>0.2) for the Prophet and Flett formations, except at Bovie Lake and 
Beaver River where S1 and S2 values exceed 0.5 mg/g rock. High S2 and S3 values in the 

Prophet samples from North Beaver River (14) are attributed to the low rank coal 

contaminants in the cuttings samples. The S1 values at Bovie Lake range from 1.39 to 3.15 

and the S2 from 1.21 to 1.63, suggesting that the Prophet may have good source potential 

at this location. These samples, together with those at Celibeta (5), have production indices 

0.55 to 0.66 indicating late stage oil generation. Production indices of 0.2 to 0.4 at 
Arrowhead (8) and East Flett (9) suggest that the more easterly locations sections, are in 

the peak oil generation stage. 

The relatively low Si and S2 values in the Prophet in the Liard Basin (e. g. at 
Beaver River (16) and Kotanelee (15), suggest elevated maturity and this is supported by 

high production indices (0.7 to 1.0). The S1 values for the Prophet at Pointed Mountain 

(14) and Viscount (24) are lower (< 0.6) but the production indices indicate that it may still 
be in the oil window. The marly shales within the Flett Formation have low S1 and S2 

values and low production indices (0.2 and 0.4, respectively) suggesting they are in the 

peak of oil generation. 

The modified van Krevelen diagram (Fig. 43) shows that the Prophet and Flett 

samples plot at the mature (lower left) of the kerogen maturation pathway (see Fig. 2a), 

apart from those from Bovie Lake (7) which plot on the Type II maturation path. Along 

with the other petrographic and stratigraphic data from the Rundle Group, suggests a 
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marine and liptinitic (Type II) kerogen. Samples from the Flett at Jackfish Gap-Yohin 

Ridge and the Prophet at Clausen Creek show an anomalous oxygen enrichment and also 

exhibits a higher content of oxygen-rich inertinite macerals (semifusinite) or signs of 

oxidation (limonite) respectively. 
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Figure 43. Hydrogen index versus oxygen index for the Rundle Group samples. 

Although vitrinite reflectance data was not obtained for the Rundle samples, numerous 

populations of bitumens are present making it possible to calculate the vitrinite reflectance 

equivalent (Appendix C9). The range of VR0 eq. values falls between 0.68 and 1.60%, 

spanning the oil and gas windows. Shales from the Prophet Formation in the Eastern Plains 

region have VRo values in the middle of the oil window, ranging from 0.71 % at East Flett 

(9) and increasing southwards to 0.86% at Arrowhead (8) and 0.88% at Celibeta (5). An 

extrapolated VRo value (using low Ro type 2 bitumen reflectance and the formula in Table 

11) for the Prophet in Bovie Lake (7) is 0.90% VRo eq., which would indicate peak oil 

generation for Type II kerogen. In the outcrop sections at Jackfish Gap (13) and Clausen 

Creek (17), VR,, eq. Values from 1.05% to 1.10%, indicate the Prophet is at the upper end 

of the oil window and more mature than in the Plains Region. At Pointed Mountain (12) 

and Viscount (24) belt, the VR,, values are in a similar range (ca. 1 %) indicating late oil 

generation. To the west and south of the Pointed Mountain Anticline, the Prophet 
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Formation has significantly higher Ro values, in the 1.46% to 1.52% range, at Kotaneelee 

(15), Beaver River 16) and North Beaver River (14); these indicate that the Prophet is at 

the peak stage of catagenic gas generation. 

The Tmax values for the Rundle Group do not show much variation with depth or 

reflectance (R2 - 0.13); however, reflectance versus depth plots show that the surface 

outcrop samples plot in a separate field from the subsurface samples due to differences in 

present elevation; the correlation for the former is strong (R2 - 0.83) but less so for the 

latter subsurface samples (0.45). Furthermore, the gradients for the two trends samples are 

similar, suggesting that both regions experienced similar thermal histories prior to uplift of 

the outcrop sections. The thermal maturity therefore appears not only to be related to the 

depth of burial but also to have been imposed before the Laramide orogeny (i. e. pre-Late 

Cretaceous). 

3.10 GOLATA FORMATION 

The Golata Formation is of Visean age (V3) and is dominated by dark grey to 

olive-black shales and mudstones with minor sandstones and siltstones. It directly underlies 

the Mattson Formation and overlies either the Prophet or Flett Formations of the Rundle 

Group (Richards, 1989) in the Liard Basin. It is more than 1254m thick at Beaver River 

(16) where it occurs at a depth of 1787.4m but it thins significantly to the north, east and 

especially to the south where it is only 26.2m thick at Viscount (24; depth to 

top: 2563.4m). Richards (ibid. ) interprets the Golata as prodelta deposits that are 

transitional between the carbonate platform-ramp deposits of the Rundle Group and the 

deltaic deposits of the overlying Mattson Formation. It was deposited on slopes marginal 

to the carbonate buildups, at depths ranging from shallow subtidal to well below wave base 

and include turbidites at depths sufficient for turbidite deposition (Fig. 14). 

Organic richness 

Most of the samples from the Golata Formation yield TOC values greater than 1% 

(Appendix B10). Samples from Beaver River (16) have values ranging from 1.20% to 
4.89%; and the 1850-2300m interval is particularly rich (TOC: 2.2% to 4.7%). 
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Organic Petrography 

The shales of the Golata Formation are sometimes fine-grained to silty with 

interbedded siltstones; they contain siliceous microfossils (? radiolaria) are variably 

dolomitized. They are distinct from the Upper Devonian and Lower Carboniferous 

intervals by virtue of their containing primary and secondary macerals of the liptinite group, 

a variety of bitumens, and also macerals of the vitrinite and inertinite groups (Plates XI- 

XV) . The petrographic characteristics are shown in Appendix A10. 

Matrix bituminite is the dominant maceral and forms the organic matrix; it is 

intimately associated with pervasive micrinite, whose precence may indicate elevated 

maturity (cf. Teichmüller, 1982). Indigenous low and medium R,, bitumens are also 

abundant, particularly in the samples from Kotaneelee (15) and N. Beaver River (12). Low 

Ro type 3 bitumen is commonly associated with elongate stringers of dark brown to black 

bituminite. The dimensions and habit of the bitumen are similar to those of thin-walled 

Leiosphaeridia alginite, suggesting there is a precursor-product relationship. Amorphous, 

pore-filling type 4 bitumen inclusions are commonly found throughout the matrix. 

The primary liptinites are dominated by elongate, thin-walled alginite 

(Leiosphaeridia) and sporinite. At Beaver River (16), meta-alginite with high reflectance 

(>1% R) is present suggesting the liptinite has been subjected to high temperatures. The 

sporinite includes triangulate microspore taxa such as Densosporites (Plate XI), a typical 

Lower Carboniferous genus (Hacquebard & Barss, 1957; Braman & Hills, 1977; Utting, in 

Richards, 1989), and also megaspores (Plate XII). Many of them exhibit a dull orange 

fluorescence. The microspores at Kotaneelee are mature, because they are currently 

generating low R. bitumen of the type 2 variety (Plate X). 

Vitrinite grains (of the order of 250 }gym in length) are moderately common 

throughout the western region (section 15,14 & 12). They often show some vestige of cell 

structure (Plate XVI) and may contain thin bands of inertinite (Plate XVI). They are 

associated with clusters of pyrite framboids. Cellular inertinite particles, predominantly 

fusinite, are present also. The frequency of vitrinite, inertinite and pteridophyte spores 

suggests proximity to (or redeposition from) an active source of terrestrial organic matter, 

which is compatible with Richards' interpretation that the Golata represents slope deposits 

associated with the carbonate platforms of the Prophet Formation (Richards, 1989). 

Highly reflective, amorphous pyrobitumen in the Beaver River section (16) is 
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vesicular and has anisotropic mosaic textures indicative of severe thermal alteration of 

bitumens (temperatures exceeding 400 °C; refer to section 4.7 organic petrology of the 

Besa River). 

Rock-Eval pyrolysis 

Rock-Eval pyrolysis data for the Golata Formation are shown in Appendix B10. 

The S1 values are between 0.80-2.5 and the S2 values are between 0.2 and 1.2, except for 

the 2279.90-2587.75 m interval at Beaver River (16) which yields Si values of 4.9, an S2 

value of 1.98 and an S3 value of 13.78 mgHC/g rock. The S2: S3 (26.30) is typical of a 

Type I kerogen (as implied by the maturation pathway on Fig. 44). Other intervals exhibit 

lower pyrolysis yields but SI and S2 values from samples in the uppermost Golata at 

Beaver River (16) have S1 and S2 values > 1; S1 and S2 values in the lower part are >0.5 
indicating minor hydrocarbon potential, although production indices of 0.4 and 0.5 suggest 

the maturation is already advanced. Production indices from Pointed Mountain (12 and 

Viscount (21) suggest that the samples are mature. All other samples plot at the bottom 

left of the modified van Krevelen diagram, indicating elevated maturity and providing little 

indication of kerogen type except for a sample with high oxygen: hydrogen ratio in the basal 

Golata at North Beaver River (14). 
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Figure 44. Hydrogen versus oxygen index for the Golata Formation. 
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Maturity 

Bitumen, vitrinite and vitrinite reflectance data for the Golata Formation were 

obtained for the Golata Formation (Appendix C 10). Measured and calculated vitrinite 

reflectance data are available for only two samples (from sections 12 and 16). These differ 

by 0.5% Ro. The petrographic characteristics suggest this discrepancy may reflect the 

presence of reworked vitrinite. 

The calculated VR,, eq. values range from 0.93% at Pointed Mountain (12) to 

1.46% in the basal Golata at Beaver River (16), indicating the upper end of the oil 

generation window where oil generation from Type II kerogen declines at the expense of 

catagenic gas formation (Powell & Snowdon, 1984). However, a VR° eq. of 0.93 %, 

supported by fluorescence indices of 6-7 (Appendix C10) for the low R. bitumen and 5 for 

sporinite, indicates that the Pointed Mountain samples are still in the peak oil generation 

phase. At both Beaver River sections, VR° eq. values of 1.2% to 1.46% R°, indicate that 

the Golata Formation has surpassed peak oil generation. The lack of fluorescence supports 

an elevated maturation state. 

The Tmax data are very inconsistent for this suite of samples. Values of 450-460°C 

tend to be found in shales with TOC values >1.0% and indicate mature samples at or 

beyond the upper limits of the oil generation window; samples with <1% TOC have Tmax 

values either below 400°C (well below the oil window) or approaching 500°C. The high 

Tmax (498°C) recorded at Viscount (21) is obviously anomalous because this sample has a 
low production index and the VR° data indicate it is marginally mature with regard to oil 

generation. 

While the relationship between vitrinite reflectance and present day burial depth 

appears to be reasonably good (Fig. 45), the VRo values at Kotaneelee (1.16% Ro) are 
higher than at Pointed Mountain (0.93% R0) despite the Golata Formation at Kotaneelee 

occuring at a significantly higher elevation. This suggest that maturation of the kerogen in 

the Golata Formation is related to the pre-thrusting (pre-Laramide) burial history. 

Furthermore, the Golata is very thick and the Ro values at Kotaneelee are lower in the 

lowermost samples. This suggests that there may have been some structural thickening of 

the Golata in the Kotaneelee area. 
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Hydrocarbon potential 

Oil and gas source potential ratings for the Golata Formation are best at Beaver 

River (Table 17; Fig. 46). The combination of thickness, high TOC values (4.6%) and 

maturity 1.34-1.40% R. suggest it is an excellent source of catagenic gas. 

3.11 MATTSON FORMATION 

The Mattson Formation (Patton, 1958), and its stratigraphic equivalents in 

northeastern British Columbia (the Kiskatinaw and lower Taylor Flat formations), are the 

youngest of the Lower Carboniferous strata to exist beneath the sub-Permian unconformity 
in the Liard Basin. It is overlain by the Permain Kindle and Fantasque Formations and 

conformably overlies the Flett, Golata and Besa River Formations (Richards, pers. comm. ). 

The northern sections are estimated to be of Late Visean (V3) to Early Namurian age but 

the base of the Mattson becomes younger to the southwest (Fig. 12). Consisting largely of 

sandstones, siltstones, shales and minor coals and limestones (Harker, 1961), the Mattson 

Formation has been interpreted by Richards (1989) as being deposited in a prograding delta 

system during several delta cycles. The deltas are interpreted as fluvially-dominated, wave- 

and tide- influenced deltas of lobate form. Thick Platte-type braided stream sediments were 

common within the delta plain during middle and upper Mattson times. Coal, shales and 

sandstones occur within coarsening-upwards sequences of braided stream, overbank and 

delta front deposits. From north to south, the delta plain grades laterally into delta front 

and slope deposits and eventually intercalates with the prodelta shales of the Golata and 

Besa River formations (Fig. 12; Potter et al., 1993a, back pocket). Richards (1989) 

concludes that the siliciclastics of the Lower Mattson, Golata and Besa River all have a 

northern provenance. 
The type section of the Mattson Formation is at Jackfish Gap where it is 1008.7m 

thick. It is thickest in the outcrop belt at Tika Creek (18) where it attains a thickness of 
1412 m. It thins to the south, where it occurs in the subsurface at LaBiche (21,22) and at 
Viscount (24), it is only 233.2 m thick. In the Interior Plains (east of the Bovie Fault), the 

Mattson Formation thins rapidly south- and eastwards and is less than 20 to 40m thick east 

of the Bovie Fault. The erosional edge of the Mattson Formation occurs to the east of 

Bovie Lake (7) and west of East Flett (9) and Arrowhead (8) (Fig. 12). 

Palynological studies of the Mattson Formation have been conducted by numerous 
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workers (Hacquebard & Barss 1957; Sullivan, 1965; Barss, 1967; Braman, 1976; Braman 

& Hills, 1977; and Utting, 1989). Braman and Hills (ibid. ) concluded that the type Mattson 

(13) is of middle to late Visean age. 

Organic richness 

The Mattson Formation TOC data are shown in Appendix B11. In the sections north 

of latitude 60°, the TOC values vary from 1.0% - 18.4% suggesting that the Mattson 
Formation has very good to excellent potential for generating hydrocarbons. Some of the 

highest values occur in the Beaver River area and in the outcrop belt north of 60° 30'. 

South of 60° (northeastern British Columbia), TOC values range from 0 to 5% although 
Mattson-Kiskatinaw shales from Dunedin (20) and Windflower (26) contain very little 

organic matter. 

Coals of the Mattson Formation 

Coals ranging in thickness from 0.3m to 1.5m occur in the lower, middle and upper 
Mattson sections at Clausen Creek and Jackfish Gap (Potter et al., 1993). Typically they 

are black, massive or non-banded and without lustre. Discontinuous coaly clasts of a 

similar nature characterize the 1719m interval (samples C58764, C58765) at Jackfish Gap. 

These samples show up as very organic-rich intervals with TOC values between 45% and 
75% TOC. Elemental analyses of the coals and coaly clasts are shown in Table 18. The 

high ash content of sample C58838 indicates that it is a carbargillite (sensu Stach, 1982) 

and the elemental carbon and volatile matter contents correspond to a high volatile 
bituminous coal rank (Teichmüller & Teichmüller, 1982). 

Sample no. Moisture* Ash Fixed 
carbon* 

Volatile 
matter* 

Total 
sulphur 

C 
% 

H 
% 

0 
% 

N 
% 

S 
% 

C58730 3.4 2.4 65.5 34.5 125 78.4 2.98 14.88 1.03 1.25 

C58838 7.8 43.9 54.9 45.1 0.35 72.5 2.98 23.42 0.72 0.35 

C74309 234 4.32 67.5 32.5 1.64 79.6 4.53 13.1 1.11 1.64 

* dry, ash-free basis 

Table 18 Proximate and ultimate analysis of coal samples from the Mattson Formation. 
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Petrographic characteristics of the shales 

The shales of the Mattson Formation are unique in the Upper Devonian and Lower 

Carboniferous succession in the Liard Basin because of the dominance of terrestrial 

organic matter (Appendix A11-13). Like most organic-rich shales, they are commonly 
laminated and matrix bituminite, and associated micrinite, is usually an important 

component of the organic-rich laminae. The structured liptinite includes thick-walled 

microspores, ranging in size from 25pm to 100}ßm diameter, whose morphological 

characteristics are sufficiently well preserved to permit identification under blue light 

fluorescence (Plate XI). Typical lower Carboniferous genera such as Reticulatisporites, 

Densosporites, Murospora, Labiadensites and ? Convolutispora have been recorded by 

Hacquebard and Barss (1957), Braman and Hills (1977) and Utting (1983). Murospora 

(Plate XI), which Utting (ibid. ) considers to be a Namurian genus, was identified in the 

upper Mattson. Compressed reticulate and muronate spores, similar to those observed in 

the Carboniferous coals (Baldur Seam) of the Ruhr coalfield (named Baculexinus and 

Stratexinus by Stach, 1968) have morphological affinities with Reticulatisporites and 

? Convolutispora. Murospora and Reticulatisporites are considered to be derived from 

lycopods and pteridosperms. Habib et al. (1966) consider the presence of Densosporites 

to indicate a marginal marine environment similar to the Everglades in southern Florida. 

Thin-walled microspores are common, as well as thin- and thick-walled, highly ornate 

megaspores (Plate XII) which range from 800pm to >1000pm in diameter. The thick- 

walled megaspores are granular in appearance and show dull yellow fluorescence in blue 

light. Typically, they have extensive baculate processes in the equatorial plane, which are 

up to 100pm in length and appear resinous under fluorescence. Similar, heavily 

ornamented megaspores are common in the Upper Devonian coals of the Canadian Arctic 

Islands (Goodarzi & Gentzis, 1991). The dimensions and ornamentation suggest that they 

may belong to the genus Setosisporites or Radiatisporites which have been described from 

the Upper Visean and Westphalian strata in the Lublin Coal Basin, Poland (Dybova- 

Jachowicz et al., 1987). Microspore sporangia have also been observed. Fluorescing, thin 

walled cutinite (Plates XIII & XIV) is also present in samples from the outcrop belt and 

Bovie Lake (27). 

Other prominent structured liptinites include common telalginite of the Pila 
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variety, analogous to those produced by the extant freshwater colonial chlorophyte alga 

Botryococcus (Plate XIII). Pila-type Botryococcus is the principal component of boghead 

coals such as the Scottish torbanites and the Permian coals of Autun, France (Teichmüller, 

1975). Minor amounts of probable marine Leiosphaerid prasinophyte alginite are also 

present (Plate XIII). The occurrence of alginites of both marine and freshwater origin 

suggest that the shales of the Mattson were formed in a marginal marine setting in which 

there was a mixing of fresh and marine waters. The Pila alginite is most common in the 

northern part of the Liard Basin (Jackfish Gap, Pointed Mountain), in the Eastern Plains 

(Arrowhead and Bovie Lake) and the most easterly sections in northeast British Columbia 

(Maxhamish, Tatoo and Windflower). This suggests that the freshwater influx was from 

the northeast and it penetrated as far south and west as Pointed Mountain (Fig. 12) in the 

Northwest Territories and just beyond the trace of the Bovie Fault in British Columbia. 

The presence of acritarchs including "hystrichosphaerids", with leiosphaerid alginite in the 

Beaver River area (sections 14 and16) confirms a more basinward organic facies (Chow et 

al., 1995). 

Lenses and stringers of dark brown to black bituminite is very common, particularly in 

the western sections of the outcrop belt (e. g. at Tika Creek) and Liard Basin (e. g. Beaver 

River, Dunedin, Viscount and LaBiche) (Appendix C12). The habit, size and distribution 

relative to the bedding planes suggests that the bituminite formed in situ by oxidative 

reworking of alginite derived from prasinophyte algae, and therefore the liptinites in the 

Mattson Formation in the southwestern parts of the Liard Basin were probably dominantly 

marine. Exsudatinite- an amorphous, highly fluorescing liptinite maceral considered to be 

generated during the expulsion of hydrocarbons from liptinites (Teichmüller, 1982) is also 

present. Liptodetrinite - unidentified fluorescing liptinite particles <5pm in diameter - are 
finely dispersed throughout most samples; they are considered to be the remains of 

planktonic organisms. 

Dispersed vitrinite is present in many of the Mattson Formation (Plate XV), 

particularly in the more northern sections, where Pila is found (Tika Creek, Jackfish Gap. 

Clausen Creek, Pointed Mountain, Tatoo, Arrowhead and Bovie Lake). Typically, the 

vitrinites are relatively large fragments (100-200µm) with definite particle margins (unlike 

the indigenous bitumens whose margins are often poorly-defined and appear "corroded"). 

The vitrinite commonly consists of granular collotelinite showing some cell structure or 
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collodetrinite with inclusions of inertinite macerals (Plate XV), i. e. they occur as a 

bimacerite microlithotype. 
Inertinite macerals, mostly formed by oxidation (i. e. reworking, combustion or 

pyrolysis) of terrestrial higher plant materials, are also common in the Mattson shales. 

Typically, they are fusinites and semifusinites showing clear cell structures (Plate XV). In 

addition, funginites (formerly sclerotinite sensu ICCP, 1972) derived from fungal spores, 
is present in the outcrop sections (Tika Creek, Clausen Creek and Jackfish Gap-Yohin 

Ridge) confirming the input from terrestrial sources. At Tika Creek, cenospheres are also 

present. These are vesicular bodies derived by rapid and intense heating of primary organic 

matter and bitumens; they are common components of the residues forming during 

coaUbitumen hydrogenation (Mitchell et al., 1977), combustion (Vleeskens et al., 1987) 

or pyrolysis (Potter et at., 1985). 

Indigenous bitumens, predominantly the medium R, type 4 and Low R. type 2 and 
3 (Le those directly associated with bituminites and liptinites) are present in most samples; 
however, there is a regional pattern to the occurrence, type and amount of bitumen 

present. In the northern outcrop belt and sections in the Eastern Plains of the Northwest 

Territories and northeastern British Columbia (near the Bovie Fault), the bitumens, are 
dominantly of the low Ro types 2 and 3 and type 4 and they are subordinate to the primary 

macerals (liptinites, matrix bituminite and bituminite). In the west (i. e. Beaver River, 

North Beaver River, Dunedin, Viscount and LaBiche areas), the bitumens are similar in 

type but they are among the dominant components. As the bitumens are by-products of 

maturation, this suggests that the organic components in the samples from the 

southwestern portion of the study area are more mature that those to the north and east. 
The indigenous bitumens of the Mattson Formation in the Tatoo section (25) are 

extensively permineralized by pyrite and other unidentified metallic minerals. 

Petrographic characteristics of the coals 
The coal beds of the Mattson Formation are no more than 1.5m thick and occur 

exclusively in the outcrop belt at Clausen Creek, Jackfish Gap and Tika Creek. They are 
found in the middle and upper Mattson together with coaly clasts in shale and dark brown 

to black, finely-laminated shales. As indicated above, the proximate and elemental analysis 

of the coals indicate that they are in the high volatile bituminous rank range. The 
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composition of the coals is somewhat different from the Carboniferous coals from Great 

Britain, Europe (Potter et al., 1993a) and the Appalachian region of the United States but 

there are some similarities with Lower Carboniferous coals from Nova Scotia and New 

Brunswick and strong similarities with coals from the northern Yukon (Cameron et al., 

1994). Details of the unique petrographic composition of the Mattson coals are presented 

and discussed in Potter et al. (1993a; back pocket). Only aspects relevant to the 
interpretation of the depositional setting, burial and thermal history of the Mattson 

Formation are reiterated below. 

Unlike most Carboniferous coals found in the northern hemisphere, which are 
bright, banded humic coals dominated by the lithotypes vitrain and clarain, the coals in the 

Mattson Formation are not vitrinite-rich (Table 19). The microscopic composition is 

dominated by inertinite (57%-67%) with subordinate liptinite (17-27%); and only (<15 

%) vitrinite. Mineral matter is a minor component (2% or less). 

Maceral 
Group 

Vitrinite Liptinite Inertinite M 

%Maceral Ci Cd Ge Vt Sp Cu LA Al Lp Fu Sf Ma Sm Mi Id Sc In 

Sample # 

Jackfish Gap- 

C58730 3 12 <1 1S 23 22- 27 1 17 3 15 17 1 2 S7 <1 

C58737 3 10 - 13 18 2++ 20 2 28 8 7 94 1 1 67 <1 

C58738 18 24 5 47 5 -- 29 34 5 1 2 1 -9 18+ 

C58764 4 18 1 23 12 32+ 17 1 27 5 6 26 2 1 67 2 

Clausen Ck 

C74309 7 71 15 12 32+ 17 1 27 5 6 26 2 1 67 2 
Ct - collotelinite; Cd - collodetrinite; Ge - gehnite; Sp - spormite; Cu - cutinite; Ld - liptodetrinite; Al - alginite; Fu - fusinite; Sf - 
semifusinite; Ma - macrinite; Sm - semimacrinite' Mi - micrinite; Id - inertodetrinite; Sc - sclerotinitet M- mineral matter, Vt - total vitrinite; 
Lp - total liptinite; In - total inertinite. 
* includes 7% mineral matter and 11% matrix bituminite in shale 

Table 19 Maceral composition of coals from the Mattson Formation. 

Unlike the bright banded humic coals, in which the inertinite is usually dominated by 

fusinite and semifusinite, the dominant inertinite macerals in the Mattson coals are 
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unstructured micrinite and semimacrinite (20-36 vol. %; Potter et al., 1990). The micrinite is 

typically concentrated into lenses and bands >100pm thick and forms the bulk of the coal 

matrix in which most of the other inertinite macerals are embedded (Plate XVI). When 

present, the semifusinite, which characteristically shows well-preserved cell structure, rarely 

shows open cell lumina. The cell walls have a highly gelified appearance making it transitional 

to semimacrinite and macrinite and suggesting prolonged gelification in a sub-aquatic 

environment. The other inertinitic components have been grouped with the macrinite and 

semimacrinite macerals and these occur in lenses and clusters and in durite and inertite bands 

(Plate XVI). A variety of macrinite and semimacrinites bodies occurs. Some are solid and 

these are referred to as herein as "clastic inertinites" because they appear like clusters of 
inertinitic bodies concentrated by sedimentary processes. They resemble the phlobaphinitic 
bodies commonly observed in brown coals and lignites and may be derived from tannins 

formed by condensation of the humic substances from aquatic plants (Teichmüller, 1982). 

Taylor et al. (1989) described similar inertinites in durite from Permian coals in Australia. 

Some have internal vacuoles and pores and resemble sclerotinites and resino-inertinites 

reported from Gondwana coals (Misra et al., 1990). Others resemble sections of the resin 

rodlets derived from the seed fern Medullosa (Lyons et al., 1982). Teichmüller (1982) notes 

high concentrations of macrinites in brown coals accumulated sub-aquatically. 

The liptinite is dominated by sporinite (12-23 voL%) and, while this is typical of many 

Carboniferous coals, humic coals rarely have such an abundance of sporinite; coals high in 

sporinite are typically sapropelic (non-banded) coals, commonly referred to as "cannels" 

(Teichmüller, 1982). Vitrinite is represented by 7-18 voL% of collodetrinite which forms a 

matrix for inertinite and liptinite maceral. Telovitrinite is rare but comprises two varieties of 

collotelinite: one with a reflectance some 0.4% lower than the collotelinite in humic bands and 

exhibiting weak fluorescence (typical of perhydrous vitrinites; Goodarzi et al., 1987; Robert, 

1988), the other with higher reflectance and lacking fluorescence. Both types are associated 

with micrinite bands (Plate XVI). 

The laminated, dull black shale/coal (? carbargillite) near the top of the Mattson 

succession consists of coaly laminae dominated by vitrinite (collotelinite with collodetrinite 

and gelinite) and associated with liptinites (dominantly sporinite) and inertinite (fusinite and 

semifusinite). Shaley laminae having high concentrations of alginite (29 voL%: dominantly 
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lamalginite) and matrix bituminite (latter 11 vol. %). 

The Mattson coals bear many of the characteristics of sapropelic coals which support a 

subaquatic origin:: 

a) lack of seatearth or underclay (Le. an associated palaeosol) 

b) the dull, non-banded appearance typical of coals/peats derived from woody plants 

c) the microscopic composition, viz. A viz. the clusters of clastic inertinite formed by 

sedimentation from water; a high proportion of liptinite macerals (sporinite and alginite) which 

suggest concentration by surface water currents; and intermixing of micrinite, bituminite and 

perhydrous vitrinite suggests deposition from a subaquatic organic-rich mud or gyttae. 

Sedimentological and petrological studies by Richards (1989) indicate that most of the 

Mattson Formation accumulated in a deltaic depositional setting therefore, it is suggested that 

the coals were deposited in ponds and lakes on the delta plain. The coal beds in the upper 
Mattson at Jackfish Gap sit atop a series of shallow neritic and shoreline carbonates and 

sandstones; they are interbedded with algal laminites having mixed freshwater and marine 

affinities. This suggests the sapropelic coals may have been of lagoonal origin; cannel coals of 

a similar nature, such as the Santo Thomas cannel coal in Texas, are reported to have formed 

in a lagoonal setting in wave-dominated deltas associated with fluvial systems (Evans, 1975). 

Organic facies 

The regional distribution of individual macerals, submacerals and maceral varieties of 

the liptinite group and the distribution of inertinite and vitrinite can be used to establish two 

distinctive organic facies within the Mattson Formation (Fig. 47): Facies A- marginal marine; 

and Facies B: marine-neritic shelf. The liptinites of Facies A is dominated by sporinite, with 

variable amounts of Pila alginite, and vitrinite and inertinite are relatively abundant. There are 

two subfacies: subfacies Al includes thin sapropelic coals (cannels) and algal laminites and 

reflects the combination of organic elements found in a deltaic setting; subfacies A2 does not 

contain coal but there is a significant contribution of probably marine Leiosphaeridiales 

alginite and this represents neritic environments with mixed terrestrial and marine organic 

matter. Facies B is dominated by bituminite of algal origin, marine alginite (Leiosphaeridiales 

and Tasmanites) and sporinites which have dull ochrous yellow fluorescence suggesting they 

have been extensively transported and reworked. The organic facies distribution represented in 
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Fig. 47 suggests that shales in the southwest are shallow marine while to the north, the 

terrestrial influence is dominant and marginal marine, deltaic facies prevail in the northern 

Liard Basin at Clausen Creek-Jackfish Gap and give way eastwards and southeastwards to a 

less deltaic, coastal facies. This is consistent with Richards' (1989) interpretation of a lobate 

delta system prograding southwards (into the Lower Carboniferous ? Selwyn Basin) from a 

northerly source. The middle and upper Mattson are characterized by delta top sediments 

including fluvial (braided stream) and distributary channels, overbank deposits and lake 

sediments. Richards (pers. comm. ) interprets the sandstones at the top of the upper Mattson at 

Jackfish Gap to be aeolian in origin and therefore the delta top yields to prograding terrestrial 

sediments - possibly coastal dunes. Similarly, the petrographic composition of the upper 
Mattson suggests that the terrestrial influence appears to increase into the uppermost Mattson 

even in the more westerly basinward sections in the mountain belt (e. g. at Tika Creek and 
Beaver River) which supports Richards' view of a southward-prograding delta established 
during Mattson times. 

Rock-Eval pyrolysis 
The results of Rock-Eva! analysis are shown in Appendix B 11. The Si, S2 and S3 are 

>0.5 for virtually all samples from the Mattson Formation and its stratigraphic equivalents. In 

the sections north of latitude 60°N, high TOC, S1 (>2) and S2 (>4) occur in the Bovie Lake, 

Beaver River and Pointed Mountain areas and in the outcrop belt (Appendix BI lb) suggesting 

good to excellent hydrocarbon generating potential. In northeastern British Columbia 

(Appendix B 11 c), high TOC values complimented by moderately high S1 values are found 

only in the Taylor Flat interval at Viscount (24) and in the middle and Upper 

Mattson/Kiskatinaw at Tatoo (25).. Exceptionally low S 1, S2 and TOC values were recorded 

at Dunedin and at Windflower (Appendix B11c). These results suggest that the Mattson 

Formation has significant hydrocarbon potential in selected intervals throughout the Liard 

Basin except in the extreme west and along the Bovie Fault in the Windflower area. 

The modified van Krevelen diagram (Fig. 48) shows that all the Mattson samples 

cluster around the origin of the diagram, suggesting elevated maturity. However, those with 
hydrogen indices >100 and oxygen ca. 50 probably reflect a higher liptinite (paticularly 

sporinite) content. Samples with low hydrogen indices and oxygen indices greater than >50, 

reflect the presence of oxygen-rich macerals such as vitrinite and inertinite. 
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Figure 48. Hydrogen index versus oxygen index for the Mattson Formation. 

Maturity 

The optical thermal maturity data are given in Appendix C11 and the Tmax data in 

Appendix Al 1. There are significant variations in maturity in the Mattson Formation that tend 

to reflect regional differences. In the Interior Plains, the calculated and measured vitrinite 

reflectance data fall between 0.77% and 1.24% VR0 indicating that the shales of the Mattson 

Formation are currently mature and at the peak of the oil generation. Shales showing the 

highest maturity occur in the southeastern Yukon at Beaver River (16) and North Beaver 

River (14); these yield reflectance data in the 0.97% to 1.24% R0 range, representing late 

stage catagenesis. Production indices ca. 0.4 (Appendix Cl la) appear to confirm that most of 

the liquid hydrocarbons have already been generated. Using measured and extrapolated 

vitrinite reflectance data, the areas of lowest maturity are in the Eastern Plains at Bovie Lake 

(8,27), the most easterly occurrences of the Mattson Formation sampled; the VR, values here 

are in the order of 0.6% and 0.8% R0, respectively. It has been inferred (section 4.6) that the 

effects of heating on organic matter associated with the Bovie Fault were significantly reduced 
by Lower Banff times and this appears to be confirmed by the low maturity observed in the . 
Mattson Formation. Furthermore, the increasing thickness of the Mattson Formation, from ca. 

30m at Arrowhead (8) to 1400 m at Tika Creek, suggests the observed westerly increase in Ra 
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can probably be attributed to active subsidence and increasingly deeper burial during Mattson 

times. 

Figure 49 illustrates the reasonably good correlation between the equivalent vitrinite 

reflectance data and the present elevation. The outcrop samples (between 0 and 1000m 

elevation) show vitrinite reflectance between 0.7 and 0.99%, which is in the same range as the 

subsurface samples from the Interior Plains and Pointed Mountain (points between 0 and - 
5200 ft. ) suggesting that the current maturation patterns and maximum burial depths in the 

Mattson Formation were established by Upper Cretaceous time. 

The higher Ro values are found in the sections in which the Mattson occurs at greatest 

depth (Fig. 49), which follows Hilts' Law (Hilt, 1873); the rather smooth curve suggests that 

thermal maturity was associated with deep burial rather than additional heat sources. There are 

three exceptions to this pattern: the Mattson at Tika Creek (0 to 200m), Dunedin (-3170 to - 
3658m), and Windflower (-503m). Two of these are the most westerly sample location in the 

study area (Tika Creek and Dunedin); here the reflectance data are orders of magnitude 

greater than in the rest of the Mattson Formation. Furthermore, the bitumens from which the 

vitrinite Ro data were derived show significant degrees of optical anisotropy. This anisotropy 
is manifested in significantly increased bireflectance2 so that the standard deviations from the 

mean measured Ro values (Appendix C11) are abnormally high (ca. 0.2% for bitumen with 

mean Rovalues of 2.5%, versus 0.02% for bitumen with R. values in the 0.2-0.8% range). This 

is typical of organic matter subjected to extreme heat and/or pressure and this occurrence at 

sections located at the western edge of the basin reflects similar maturation patterns observed 

in the Upper Devonian-Lower Carboniferous Besa River Formation. Bitumens in the samples 

from the Windflower section (27) have abnormally high reflectivity which, when converted to 

vitrinite reflectance equivalents, would indicate a VR. of 11.4% (graphite has an R. of 12%). 

Koch (1997) indicates that 6% is the upper limit for application of vitrinite reflectance as a 

maturation index. This range of values also exceeds that in the dataset used by Jacob (1984). 

Consequently, the 11 % Ro indicates only that some major alteration of the organic matter has 

occurred in the Mattson Formation at Windflower. It is significant that this section is located 

along the Bovie Fault zone. The Windflower samples are also highly mineralized (pyrite and 

? other sulphides). 

2 Bireflectance a Rmax - Rmin 
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The Tmax distribution reflects both the variations in TOC, and the regional maturation 

patterns. The Tmax values from samples in the outcrop belt at Jackfish Gap and Clausen 

Creek are clustered within the oil window (430-452°C) which correlates with the petrographic 

data, except for the high values observed at low elevations at Tika Creek (Fig. 50). In the 

subsurface samples, between 500m and 3050m depth, there is a positive correlation with depth 

(except for samples with negligible TOC values). Similarly, the deep samples from Dunedin (> 

3000m depth) have exceptionally low TOC and Tmax values below 400, and so also do the 

samples from the Windflower section; the reflectance data suggests that both are due to 

elevated maturation levels (e. g. VR° values of 2.0-2.5%). The correlation between Tmax and 
VR° equivalent data is reasonable within the 0.6-1.0% reflectance range (Fig. 51); above the 
1.3% VP0, the Tmax data is usually well under 400, which probably reflects low TOC values 

at advanced maturation level - which can be typical of spent source rocks or high grade, 

organic-lean shales. 

. t%^ 

0 0 

x ca E 
F- 

% Rovitrinite equivalent 
Figure 51. Correlation between Tmax and reflectance. 

Qualitative fluorescence indices were obtained for samples with maturition levels that 

fall within the range of the oil window (Table 7; Appendix C11). The sporinite has a broader 

0.6 0.8 1.0 1.2 1.4 
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colour range than the alginite and the colours are one or two increments higher. Oxidized 

sporinite exhibits a distinctive dull, ochre-yellow (Appendix Al 1). Furthermore, the elevated 
fluorescence indices for sporinite correspond to elevated VRo equivalent values, proving the 

utility of the sporinite and alginite fluorescence. Lambda max (I max) and red/green quotients 
(Q) were also measured on the sporinite. Measured Q values for sporinites are between 1.2 

and 1.7 (0.65-0.85 % VR, eq. range) and their?, max falls between 590 and 700nm; alginites 
(Tasmanites and Leiosphaeridia) yield Q values of between 1.2 and 1.5 and a 7l max between 

510 and 700 for the same range of VT, values (Appendix C11). The spectral values for the 

Mattson are within the expected range for liptinitic components in the oil window 
(Teichmüller & Ottenjahn, 1977). 

Hydrocarbon potential of the Mattson Formation 

The present-day hydrocarbon potential of shales in the Mattson Formation is extremely 
good too excellent. Rock-Eval and petrographic analysis of shales and coaly intervals in the 

outcrop belt indicate there are numerous intervals which are extremely rich in sporinite- 
dominated Type II kerogen; algal laminites are also present, commonly in association with 

sapropelic coals in the middle and upper Mattson. Detailed petrographic and sedimentological 

studies of the Mattson Formation by Richards (1989) demonstrate sandstone-siltstone 
lithofacies of shallow shelf, deltaic and aeolian origin (B. C. Richards, pers. comm. ) and 

therefore the Mattson Formation may have numerous intervals with promising reservoir 

properties as well as potential source rock potential. 

Table 20 indicates the regional variations in hydrocarbon source potential As the 

lithology of the Mattson is dominated by sandstones and siltstones, the thickness of potential 

source rock represents one tenth of the total thickness of the Mattson at each location. The 

most organic-rich shales and sapropelic coals occur in the outcrop belt at Clausen Creek and 
Jackfish Gap and they are currently at peak oil generation; clearly they have the greatest 
hydrocarbon potential. On average, subsurface samples of Mattson shales tend to be less 

TOC-rich although many locations have TOC-rich intervals with values ranging from 3-19% 

and maturation parameters indicate they are currently in the oil window. While they would be 

considered active source rocks with good to excellent hydrocarbon potential, the total 

thickness of shale is not great. According to Table 20, the Pointed Mountain area has the best 

overall source potential. Some of the thickest shales occur in the westerly sections, at Tika 
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Figure 52. Regional variation in hydrocarbon source potential for the Mattson 
Formation (based on Dembicki & Pirkle, 1985); contours are 
drawn by eye based on data shown in Table 20. 
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Creek (18) and Dunedin (20) and, on average, they have slightly lower TOC values which can be 

attributed to the elevated maturity levels. Reflectance values indicate that the kerogen is currently 

in the gas generation of thermal degradation or well beyond (e. g. at Dunedin); however, 

petrographic and geochemical characteristics of the Mattson Formation in the western part of the 

study area suggest that prior to uplift in the Upper Cretaceous, significant amounts of 

hydrocarbons were probably generated from these source rocks. 
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PLATE X 
INDIGENOUS BITUMENS OF THE GOLATA AND MATTSON 

FORMATIONS 

a) Light grey, granular type 2 (0.43 %R0) bitumen (b2) derived from megaspore(s) 
at an early stage of thermal alteration; the megaspore is currently in the process of 
generating weakly reflecting type 1 bitumen (bl); note the slightly higher 
reflectance and "granular", dense nature of the type 1 bitumen relative to the 
homogeneous sporinite with red internal reflections. 

b) Dark grey sporinite (centre) with coatings, pore and fracture linings of type 1 
bitumen (0.26%R0). 

c) Sporinite or type 1 bitumen (dark grey) with an external film and infill of type 2 
bitumen (light grey). 

d), e) Granular type 2 bitumen (0.30%Rb) derived from dark red-brown sporinite. 

f) Type 2 bitumen (bl) with 0.36%Ro reflectance, coating red-brown alginite (a) 
which has a high concentration of euhedral pyrite crystals (p) embedded in it. 

g) Type 3 bitumen (0.76% R0) associated with dark brown-black bituminite. 

h) Homogenous type 4 bitumen (0.79%Ro) filling the interstitial porosity in a cluster 
of weakly reflecting faecal pellets (0.26%Ro) in marly shale. 

Magnification: scale bar shown on a) applies also to b), d), e), g) and b); scale bar shown on c) applies also to f). 
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PLATE XI 
SPORINITE (MICROSPORES) OF THE GOLATA AND MATTSON 

FORMATIONS 

a) ? Reticulatisporites in the Golata Formation at Jackfish Gap. 

b) ? Murospora aurita in the Mattson Formation at Clausen Creek. 

c) ? Pteridiospora and acritarchs in Mattson Formation at IOE et al. Bovie Lake 
M-05; inset is from the Mattson at Pan Am Pointed Mountain P-24. 

d), e) & fl Murospora - described by Stach, (1968) as the "dumb-bell spore" showing 
well-preserved trilete mark; the intine is thin and shows significantly higher 
intensity fluoresence with shorter wavelength than the much thicker exine; this is 
evident on b) also. 

g) Thick walled crassispore showing moderately high intensity fluorescence (I max: 
650-680); the Carboniferous genera are very similar to those described from the 
Lower Carboniferous of the Ruhr region by Stach (1968), many of which have 
since been reassigned to other genera. 

h), i) Densosporites in fluorescent (h) and white light (i) views. 

j) Thick walled crassispore (? Denexinus of Stach, 1968) showing showing reflectance 
variations between the intine and exine. 

k) Thick walled crassispore may be similar to ? Theissenexinus of Stach (1968). 

1) Thin-walled tenuispore (? Verexinus of Stach, 1968) in shales of the Golata 
Formation. 

m), n) White (m) and fluorescent light (n) images of highly ornamented Carboniferous 
crassispore (? Baculexinus of Stach, 1968) 

All photomicrographs were taken from polished blocks using fluorescent incident light except for i), j) & m), 
which were obtained using white light. 

Magnification: scale bar shown on a) applies also to b), h) & i); scale bar shown on c) also applies to f), g), j), k) , 1), m) & n). 
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PLATE XIII 
CUTINITE AND SPORINITE OF THE GOLATA AND MATTSON 

FORMATIONS 

a) High concentrations of thick-walled (crassi-) cutinite in the Mattson Formation at 
Jackfish Gap. 

b) Cutinite (centre) has higher intensity fluoresence than the associated sporinite 
debris and has typical serrated margins. Mattson Formation at Clausen Creek. 

c), d) Plan view (parallel to bedding) of cutinite in fluorescent blue (c) and white (d) 
light. 

e) ' Thin-walled prasinophyte alginite (? Leiosphaeridiales) from the Mattson 
Formation. 

f), g), h), i) Alginite comprising typical Carboniferous coccoid alga (? Pila) which is 
synonymous with the freshwater species Botryococcus. 

j) ? Pila alginite showing details of coccoid form. 

Magnification: Scale bar shown in a) applies also to c), d), e), f), & h); scale bar shown on b) applies also to 
g), i)&j). 
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PLATE XHI 
CUTINITE AND SPORINITE OF THE GOLATA AND MATTSON 

FORMATIONS 

a) High concentrations of thick-walled (crassi-) cutinite in the Mattson Formation at 
Jackfish Gap. 

b) Cutinite (centre) has higher intensity fluoresence than the associated sporinite 
debris and has typical serrated margins. Mattson Formation at Clausen Creek. 

c), d) Plan view (parallel to bedding) of cutinite in fluorescent blue (c) and white (d) 
light. 

e) - Thin-walled prasinophyte alginite (? Leiosphaeridiales) from the Mattson 
Formation. 

f), g), h), i) Alginite comprising typical Carboniferous coccoid alga (? Pila) which is 
synonymous with the freshwater species Botryococcus. 

ý) ? Pila alginite showing details of coccoid form. 

Magnification: Scale bar shown in a) applies also to c), d), e), t), & h); scale bar shown on b) applies also to 
g), i) & D. 
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PLATE XV 
VITRINITE AND INERTINITE IN THE GOLATA AND MATTSON 

FORMATIONS 

a) Dispersed vitrinite (o. 61% R) with inclusions of framboidal pyrite; Golata 
Formation at Pan Am Kotaneellee. 

b) Gelovitrinite in the Mattson Formation at Pan Am Pointed Mountain P-24. 

c) Dispersed vitrinite in the Mattson Formation at Clausen Creek. 

d) Oxidized vitrinite showing characteristic elevated reflectance and polygonal 
fractures. Mattson Formation, Aquitaine et at. Tatoo a-2-D. 

e) Dispersed vitrinite in the Mattson Formation at Clausen Creek. 

f) Vitrinite with inclusions of inertinite in the Mattson Formation at Clausen Creek. 

g) Fusinite with well-preserved cell struacture in the Mattson Formation at Aquitaine 
et al. Tatoo a-2-D. 

h) Fragmented fusinite in the Mattson Formation at Aquitaine et al. Tatoo a-2-D. 

i) Funginite (? or cenospheres) in the Mattson at Clausen Creek. 

j) Semifusinite in shales of the Mattson Formation at Clausen Creek. 

Magnification: scale bar a) applies to all photomicrographs. 
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PLATE XVI 
PETROGRAPHIC FEATURES OF THE COALS IN THE MATTSON 

FORMATION 

a) Vitrinite band (centre; 0.74%Ro) with lenses of granular micrinite (white) threaded 
throughout; sporinite (microspores) and inertinites dominate the band below. 

b) Granular, white micrinite (centre, right) interwoven with dark, weakly reflecting 
perhydrous vitrinite (0.58%Ro) embedded in inertinite-rich coal Perhydrous 
vitrinite or bituminite is commonly found in association with micrinite in 
sapropelic coals. 

c) Micrinite (m) concentrated into an inertite layer with mega-, microspores and 
inertinite; high concentrations of micrinite suggest the coals are sapropelic in 
nature. 

d) Dark, weakly-reflecting, highly-ornamented Carboniferous megaspore(s). 

e) Gelovitrinite or semimacrinite? (g) amid semifusinite (sf) and spore-rich (sp) 
bands. Highly gelified plant tissues are commonly found in coals which 
accumulated in a subaquatic setting. 

f) Perhydrous vitrinite (v) invading a mass of clastic inertinite - Stach (1968) would 
have called the inertinitic material "massive micrinite". Large accumulations of 
unstructured inertinite are typical of coals derived from aquatic plants 
(Teichmüller, 1982, p. 281). 

g) A cluster of highly reflective "resino-inertinites" encased in cutinite (cu) from a 
seed-fern (Medullosa). 

h) Mass of clastic inertinites which is typical of a coal formed subaquatically. 

Magnification: scale bar shown in a applies to all photomicrographs 
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5.0 THERMAL HISTORY OF THE LIARD BASIN 

A general overview of the thermal history of the Liard Basin has been compiled by 

examination of the changes in reflectance of the indigenous bitumens with depth. 

Reflectance-depth profiles are constructed for all vertical sections but only one section is 

illustrated in Fig. 53. Vertical Ro-depth profiles for the other sections are shown in 

Appendix D. 

5.1 VERTICAL REFLECTANCE PROFILES 

According to Dow (1977), kerogen maturation and petroleum generation follows 

first-order reactions which are time- and temperature- dependent. The resulting maturation 

therefore varies exponentially with temperature and linearly with time. As burial depth and 

temperature are related by the geothermal gradient in any given area, vertical reflectance 

profiles are an indication of the burial history. This is the basic premise of most basin 

modeling programs. 

The results of linear regression analysis of depth and reflectance relationships for 

Upper Devonian to Cretaceous (or Tertiary) (most commonly utilizing data from medium 

Ro type 4 and low Ro type 3 bitumen) for the Upper Devonian and Lower Carboniferous 

are shown in Table 21. The correlation coefficients (R2) vary from 0.78 to 0.96 for the 

medium Ro bitumens, and 0.61 to 0.99 for the low Ro (type 3) bitumens. A lineal and a 

semi-log plot of the R. of several bitumen populations versus depth from the Island River 

section (1) are illustrated in Fig. 53. 

Overall, the strong Ro-depth correlations shown in all sections indicate that the 

present day maturation patterns observed in the Liard Basin are closely related to the 

burial history. The samples which are most deeply buried today generally accumulated in 

the deepest parts of the basin and show the highest R. values, with the exception of the 

sections located in the Pointed Mountain Anticline (the two Pointed Mountain sections) 

and the Kotaneelee Anticline (Mattson Creek) and the surface samples which were 

elevated by folding, faulting or thrusting during the Laramide Orogeny. According to Dow 

(1977), the trend of the log R. values versus depth follows a straight line if there has been 

continual subsidence in a basin with a time-invariant geothermal gradient. The lineal trends 
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shown in Appendix D suggest that there was relatively continued subsidence throughout 

the Liard Basin during the Upper Devonian-Lower Carboniferous. A significant 

displacement of the 10 profile occurs at the stratigraphic level of the Cretaceous-Permian 

unconformity in all sections that have available Cretaceous data; this represents a major 

period of tectonic activity in the Western Canada Sedimentary Basin consistent with 

numerous phases of uplift and erosion of Jurassic, Triassic and Late Carboniferous strata 

during the Laramide orogeny. 

5.2 REFLECTANCE (Ro) GRADIENTS 

The variation in Ro between the top and bottom of a vertical section represents the 

maturity or R. gradient (measured in %R0 per km) and is a reflection of the heating 

capacity of the rocks and the geothermal gradient in effect over a given time interval 

Bustin (1991). The relationship between % Ro and depth in the Western Canada 

sedimentary basin is logarithmic (England & Bustin (1986); Stasiuk et al., 1993) and this 

is also evident in the study area from the data shown in section 5.1 and Appendix D. 

The correlation coefficients (R2 values) for Ro and depth (Table 21) change if the 

data are split into Upper Devonian and Carboniferous data sets (Tables 22 & 23)which 

suggests that the Ro gradients (and therefore the geothermal gradients) changed over time. 

For most sections, the R2 values improve slightly for the Devonian (Table 22) and 

generally, also for the Carboniferous (Table 23). The correlations between reflectance and 
depth are better for the medium Ro type 4 bitumen (R2 - 0.6 to 1.0; see Tables 21 to 23) 

than for the low Ro bitumen (type 3); Carboniferous correlation coefficients observed in 

the Muskeg River (3) and Arrowhead (4) sections are poor (R2 - 0.37). The effect of 

dividing the data set appears to follow a regional pattern. For the sections in the western 

part of the study area, i. e. the Liard Basin (Kotaneelee, Beaver River and North Beaver 

River), "the R2 values are improved by this procedure, particularly the Carboniferous data. 

This may be due to the elevated maturation levels found in the western region (basinal 

regime) relative to the Interior Platform to the east. Elevated maturation levels effectively 

homogenize the dispersed organic matter and reduce the variety of indigenous bitumens 

and the number of bitumen populations. 
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Improved R2 values are not readily apparent in the Carboniferous in the Eastern 

Plains/Platform Region. Here the regional maturity has been shown to be significantly 

lower than in the western part of the Liard Basin and, as a result, a greater number of 

bitumen populations/bitumen types are present in any one sample (Fig. 53). In addition, 

greater variation in the organic facies has been demonstrated in the Mattson Formation 

lithofacies to the east implying more variable liptinite precursors for the indigenous 

bitumens. Consequently, the dependability of the bitumen data varies somewhat with 

maturation levels and organic facies which suggests that care must be exercised in 

determining the genetic links between the micro-bitumens. This may be the reason for the 

poor correlations between depth and bitumen reflectance in the Carboniferous of the 

Arrowhead and Muskeg River sections. The relationships between indigenous bitumens 

from different types of liptinite should therefore be investigated further. 

The observed improvements in the R2 values observed when the data are split into 

Devonian and Carboniferous subsets are attributed to differences in the R. gradients 
during the Upper Devonian and Lower Carboniferous. In addition to this stratigraphic 
differentiation, the R. gradients follow first order variations, i. e. they vary geographically 

within the basin (notably from west to east), and third order variations (i. e local; Bustin, 

1991). 

For the Upper Devonian, reflectance gradients are low to moderate (0.15 - 0.21 

log%Rjkm) and have a fairly uniform distribution in the sections from the Interior Plains 

(Table 24). There is an east to west increase from 0.11 log%R. jkm at Trout Lake (2) to 

0.18 log%Rjkm at Celibeta (5) but the R. gradient at Bovie Lake (7) is significantly 
higher (0.21 log%R jkm) than those recorded for the other sections in the Eastern Plains 

Region and may represent a local (third order) anomaly. Petrographic evidence (sections 

4.1 to 4.7) indicates that organic matter in all Upper Devonian strata in the latter section 

show elevated maturation characteristics which are attributed to additional thermal effects 

probably associated with thermal conductivity along the Bovie Fault system immediately 

to the west. 

Reflectance gradients for the Upper Devonian in sections west of the Bovie Fault are 

significantly higher than those in the Eastern Plains, ranging from 0.25 log%RJkm at 
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North Beaver River (14) to 0.54 log%Rjkm at Kotaneelee (section 15; Table 24). It is 

interesting to note that organic matter in the Besa River at Kotaneelee also showed 

evidence of an additional strong thermal event in the Upper Devonian (section 4.7). 

Reflectance gradients for the Carboniferous (Table 25) follow a similar regional 
(first order) pattern. Most of the sections in the Eastern Plains Region, have low to 

moderate gradients of 0.09-0.21 log%Rjkm and similar values are found in the Pointed 

Mountain P-53 section (12; 0.12 log%RJkm); the discrepancy between the R. gradients at 

P-53 and P-24 (0.12 vs 0.07 log%Rflkm) at this location may reflect repetition of the 

Carboniferous section due to thrusting in the Amoco Pointed Mountain P-24 section (10) 

which produces an anomalously thick section of the Mattson Formation; in the latter 

section the R, gradient is anomalously low (0.07%Ro/km). The Ro gradient at Bovie Lake 

(7) is relatively low, but in the same range as the other sections east of the Bovie Fault, 

suggesting that thermal activity along the fault, which was evident during the Upper 

Devonian, had subsided during the Lower Carboniferous. Higher values at the Muskeg 

River (3) and East Flett sections (9) may represent local (third order) anomalies. 

The Carboniferous R. gradients for sections west of the Bovie Fault (excluding Pointed 

Mountain) follow similar trends to those observed in the Eastern Plains; Ro gradients in 

the Beaver River area (0.13 to 0.14 log%Rjkm) are comparable but increase markedly 

westwards to 0.26 log%Rjkm at Kotaneelee (15), and 0.25 log%R0/km at Mattson Creek 

(11). Once again, there is a suggestion that a significant additional thermal influence 

prevailed along the western margin of the Liard Basin. Dow (1977) demonstrated that 

younger stratigraphic sections with lower geothermal gradients yield steep maturation (R0) 

profiles while older stratigraphic sections and higher geothermal gradients yield shallower 

profiles. The shallow Ro gradients observed in the Upper Devonian (Appendix D) would 

therefore suggest that higher geothermal gradients prevailed in the Upper Devonian, while 

the steep R. gradients typical of the post-Devonian in the Liard Basin indicate that a lower 

geothermal gradient was established during the Lower Carboniferous. 

The regional trends in the Upper Devonian and Lower Carboniferous Ro gradients 

are similar high Ro gradients in the western part of the study area diminishing towards the 

east. The highest regional gradients occur in the Beaver River area which suggests that the 
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effects of the sediment thickness/burial depth are reflected in the R. gradients at these 

locations which are nearer to the basin axis (cf.. Leckie et al., 1991) in Northeast British 

Columbia. To the north of N60° 00', the basin axis is hard to define because of the faulting 

and thrusting that took place during the Laramide orogeny (Richards, 1993). The highest 

R° gradients in the Carboniferous are found in the northern outcrop sections at Clausen 

Creek (0.21 log%Rjkm) and Tika Creek (0.27 log%Rjkm) where the present-day 

thickness of the Mattson Formation is greatest; and in the western subsurface sections at 

Kotanneelee (0.26 log%R°/km) and Mattson Creek (0.25 log%R°/km). The observed 

relationships between R° and burial depth are supported by the correlations shown in 

Tables 21 to 23. These data may reflect the buildup of a very thick sequence of deltaic 

sediments during Mattson times (cf. Richards, 1989). 

Significant R. gradient anomalies unrelated to sediment thickness are observed in 

the Upper Devonian and Lower Carboniferous at Kotaneelee (15: Devonian: 0.54 

log%Rjkm; Carboniferous: 0.26 log%R jkm) and at Mattson Creek (11: Devonian: 0.47 

log%Rjkm; Carboniferous: 0.25 log% Rjkm. ). These sections are located to the west of 

the axis of the Liard Basin and therefore sediment thickness and burial history therefore 

cannot account for the high gradients observed. Furthermore, the Carboniferous R. 

gradient found at Clausen Creek (0.21 log% R jkm) is significantly higher than that 

found at Jackfish Gap (0.15 log%Rjkm) which is only ca. 30km to the east. This suggests 

that an additional thermal source may have existed on the western and northwestern 

margins of the study area which caused high heat flow in the western part of the basin 

during the Upper Devonian and Carboniferous. Declining R. gradients suggest that this 

additional thermal influence gradually diminished southwards, towards the centre and also 

eastwards to the eastern parts of the basin and was strongest during the Upper Devonian. 

5.3 REFLECTANCE (Ro) DISCONTINUITIES 

Changes in maturation profiles within a vertical stratigraphic section which are 

manifested in displacements in the Ro trend and changes in the R. gradient with depth, can 

indicate major unconformities (Dow, 1977). The demonstrated differences in R. gradients 

between the Carboniferous and Upper Devonian suggest that there may be marked Ro 

discontinuities or unconformities at some point in the Upper Devonian-Carboniferous 

section within the study area. Furthermore, Macqueen and Sandberg (1970) suggest that 
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the Exshaw Formation (Fammenian-Tournaisian) sits disconformably on the Upper 

Fammenian in the Alberta Basin, but the contact (Exshaw-Kotcho) may be conformable on 

the Northern Interior Plains. Richards (1993) indicates that the Banff-Exshaw contact may 

also be disconformable south of the Peace River Embayment, but to the north, is it 

probably conformable. With the exception of two sections (Island River and Pointed 

Mountain-12), the vertical Ro profiles shown Appendix D do not show any significant 

displacement with depth at the Exshaw-Kotcho boundary, or within the Exshaw 

Formation. Moore (1993) argues against a major pre-Exshaw unconformity in the 

stratigraphic record of the Alberta Basin and northeastern British Columbia and the 

reflectance profiles presented here would appear to support this. 

Despite the evidence to suggest that no major R. disconformity exists, the data in 

most of the sections in the Eastern Plains suggest that an Ro discontinuity occurs in the 

Exshaw Formation which appears to be related to lower than expected R. values for the 

amorphous, medium Ro bitumens. This phenomenon is also observed in the upper part of 

the Kotcho Formation, the upper Mattson; and also in the Black shale facies of the Besa 

River (Appendix D). 

Lower than expected (suppressed) vitrinite R,, values were noted by Hutton and 
Cook (1980) and Kalkreuth (1982); Price and Barker (1985), and Gentzis and Goodarzi, 

(1993) recognised similar anomalies in petroleum source rocks rich in amorphous liptinite 

macerals and attributed this effect to adsorption of hydrogen-rich hydrocarbons. This 

phenomenon has not been documented in relation to bitumen reflectance studies. Most of 

the Lower Banff, Exshaw and Upper Kotcho samples in which the R. suppression is noted 
in the Liard Basin are within the oil window, either currently at peak oil generation stage 

or just beyond, which is compatible with the view that suppression is linked to 

hydrocarbon adsorption. However, samples in the Besa River at the more westerly 
locations (e. g. Beaver River, Mattson Creek) also exhibit Ro suppression and these are 
beyond the oil window in terms of thermal maturation. It has been noted that Ro 

suppression occurs in Devonian source rocks in Western Canada (L. Stasiuk, pers. 

comm. ) and may be related to the more sulphur-rich kerogens that are typical of the 

anoxic, basinal organofacies associated with Type II marine kerogens (Powell & 

Snowdon, 1983). Powell and Snowdon (ibid. ) also note that under extremely euxinic 
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conditions, Type II kerogens generate asphaltene-rich, immature oils which chemically 

resemble low molecular weight kerogen (? bitumens) and are capable of migrating at low 

levels of maturity. It is significant that all samples in the Liard Basin exhibiting R. 

suppression are those which exhibit the highest TOC values for that given stratigraphic 

interval. High organic carbon contents are typical of highly anoxic conditions associated 

with bottoms waters in deep basins (Demaison & Moore, 1980; Chow et al., 1995). 

Fowler et al. (1994) have linked the occurrence of bitumens at Pine Point in the 

Northwest Territories to the process of dolomitization and thermochemical sulphate 

reduction. All of the black shales with suppressed Ro values in the Liard Basin exhibit 

varying degrees of dolomitization and the bitumens are often spatially associated with 

dolomite, which either occupies the same pore space or coats the surface of euhedral to 

anhedral dolomite crystals (ca. 50 to >1000 pm in length). 

It would appear, based on the preceding discussion, that the apparent 
"discontinuities" in the Ro profiles observed in the Liard Basin reflect Ro suppression in 

source rocks facies rather than stratigraphic discontiniuties or disconformities. 

Consequently, the R. profiles do not support the existence of major unconformities in the 

Upper Devonian-Lower Carboniferous in the Liard Basin; this has important implications 

for the application of basin modeling programs. 

5.4 BASIN MODELING 

The burial and thermal histories of the Imperial Island River No. 1(1); Pan Am 

Beaver River G-O1 (16); and Canada Southern et aL North Beaver River (14) sections 

were reconstructed using the two part computer program Burial 3a and 3b (Chapter 2). 

These sections are considered to be representative stratigraphic sections from the Eastern 

Plains/Interior Platform and the Western Mountain Belt/Liard Basin. The R. values and R. 

gradients from these two regions, located east and west of the Bovie Fault, indicate that 

the geothermal histories were somewhat different. Higher heat flows and geothermal 

gradients prevailed in the western part of the basin relative to the east. Sections with 

maturation gradients considered to be affected by additional heat sources (e. g. Kotaneelee 

(15), Bovie Lake (7) and Celibeta (5) were excluded from this excercise because the 

program incorporates elements from the Easy %Ro model of Sweeney and Burnham 

(1990) which applies only to continuously subsiding basins. 
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Imperial Island River 

The stratigraphic and lithological information required to compile IIR. dat input 

file is shown in Table 27. These data are derived from gamma ray-sonic geophysical logs, 

stratigraphic logs and visual examination of cores and drill cuttings. The stratigraphy and 

reconstructed burial history model, which is required to generate the IIR. dat and IIR. age 

input files, is summarized in Table 28. The dat file also includes information about the 

thermal history in terms of heat flow and surface temperatures at each age. Heat flow data 

are based on pre-Cretaceous geothermal gradients of 65°C/km (135 mW/m2) and 
Cenozoic gradients of 35°C/km (80 mW/m2) (from Morrow et at., 1993; Feinstein et 

a1., 1996) ; heat flow values are derived from Middleton's (1982) equation for calculating 

geothermal gradients from log Ro /depth curves: 

(i) R. gradient, G =194.8 m, where m is the slope of the line. 

(ii) the heat flow -Gx sediment thermal conductivity. 

The actual input files (iir. dat; iir. age and iir. ro) are included in Appendix E. Using these 

files the burial program computes a stratigraphic (depth) profile for each layer at each age, 

taking sediment compaction into account and creating a burial history model in file called 

"thick. age" which can be used to construct a burial plot for the basin. The maximum 

temperature for each layer at each age is also calculated based on the heat flow 

information supplied in the dat file and this is used to calculate the maximum burial 

temperature. These data then serve as input files for the second part of the Burial program 
(Burial 3b) and theoretical Ro profile for the model presented. The measured R. values 

and projected R. values are compared using the Kolmogorov-Smimov Test for the non- 

parametric comparison of two sets of unbinned data (Le. "K-S Statistic") in the output file 

"Scalc. Ro". 

The Burial history model was run using using nine different heat flow scenarios 

which are summarized in Table 30. The details of each of the dat input files are shown in 

Appendix E. The resulting "K-S Statistic" and probabilities for these models are also 

shown in Table 30, together with the correlations between measured and predicted Ro 

values (results of Burial 3b : Scalc. Ro - output file); the measured Ro values and the Ra 

values predicted by each of the models are shown in Table 31. The "measured" vitrinite 

values predicted by each of the models are shown in Table 31. The "measured" vitrinite 
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Formation Fm top present original Lithology 
thickness thickness 

ft mm shale sst Ist dol siltst evap chert 

Quaternary 20 20 0.5 0.5 

Wapiti 0.0 350 0.5 0.5 

Kotaneelee 0.0 400 0.70 0.15 0.15 

Sub-Tertiary Unconformity 

Dunvegan 166 250 1.0 

Sully 610 177 177 0.5 0.2 03 

Sikanni 1190 85 85 1.0 

Buckinghorse 1470 197.5 197.5 0.8 0.2 

Sub-Cretaceous Unconfonvity 

Toad-Grayling 0.0 140 

Sub-Triassic Unconformity 

Fantasque 0.0 25 

Kindle 0.0 20 

Sub-Permian Unconformity 

Mattson 0.0 150 

Rundle 2118 3 338 0.15 0.85 02 

Banff-Exshaw 2222 372 372 0.6 0.3 0.1 

Kotcho 3468 212.5 212.5 0.65 0.35 

Tetcho 4165 76.2 76.2 0.85 0.15 

Trout River-Kakisa 4415 71.6 71.6 0.1 0.6 0.1 0.2 

Redknife 4650 143.3 143.3 0.7 0.05 0.2 

Jean Marie Mbr 5120 15.2 15.2 0.65 0.35 

Fort Simpson- 5170 530 530 0.7 0.05 0.1 0.15 
Muskwa 

Slave Point 6908 117.35 117.35 

Middle Devonian 7293 106 106 0.1 0.9 

Keg River-Evie 7640 90.5 90.5 
Mbr 

Chinchaga 7936 78 78 

Sub-Devonian Unconformity 

Granite wash 8167 25 25 

PC basement 8192 

Table 27 Stratigraphic and lithologic information required to generate the IIR. dat 
file. 
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Event Age Contact Age 
no. no. Format (m yrs) 

Description of Event T/F 
(m) 

Thickness Age 

1 Age 1 38 415 Base of sequence T 000.00 
2 Age 2 38 401 Granite wash (regolith) deposition T 025.00 
3 Age 3 38 392 Chinchaga T 078.00 Eifelian 
4 Age 4 38 386 Keg River + Evie Mbr T 090.5 Eifelian-Givetian 
5 Age 5 38 380 Mid Devonian Sh/Lmst (? Sulphur Point)T 106.00 Late Givetian 
6 Age 6 38 377 Slave Point T 117.00 Late Givetian 
7 Age 7 38 373 Muskwa + Fort Simpson T 530.00 Frasnian 
8 Age 8 38 370 Jean Marie T 15.20 Late Frasnian 
9 Age 9 38 369 Redknife T 142.80 
10 Age 10 38 367 Kakisa + Trout River T 672.00 Fammenian 
11 Age 11 38 365 Tetch6 T 076.00 Fammenian 
12 Age 12 38 363 Kotcho T 212.5 Fammenian 
13 Age 13 38 353 Exshaw + Banff T 370.00 late Fammenian-T1 
14 Age 14 38 350 Rundle-part remaining (Pekisko) T 003.00 Tournaisian - 
T2 15 Age 15 26 347 Rundle F 310.00 Tournaisian - 
T3 

(part eroded at Sub-Cretaceous Unconformity) 
16 Age 16 19 346 Rundle deposition Tournasian F 025.00 Tournaisian- 
T3 

(part eroded at Sub-Permian Unconformity) 
17 Age 17 18 330 Mattson F 150.00 Serphukovian 
18 Age 18 38 295 Sub-Permian Unconformity T 000.00 

(Mattson erosion) 
19 Age 19 38 290 Sub-Permian Unconformity F 000.00 

(Rundle erosion) 
20 Age 20 25 280 Kindle F 020.00 Ass-Sak-Art 
21 Age 21 22 262 Fantasque F 025.00 Guad (Road-War) 
22 Age 22 38 250 Sub-Triassic Unconformity T 000.00 

(Fantasque erosion) 
23 Age 23 24 230 Toad-Grayling F 140.00 Scythian-Norian 
24 Age 24 38 205 Sub-Cretaceous unconformity T 000.00 

(Toad-Grayling erosion) 
25 Age 25 38 190 Sub-Cretaceous unconformity T 000.00 

(Kindle erosion) 
26 Age 26 38 185 Sub-Cretaceous unconformity T 000.00 

(Rundle erosion) 
27 Age 27 38 112 Buckingborse T 197.5 Early-mid Albian 
28 Age 28 38 108 Sikanni T 085.00 M. Albian 
29 Age 29 38 102 Sully T 177.00 Late Albian 
30 Age 30 38 96 Dunvegan deposition -part remainimg T 166.00 M-Late Cenomanian 
31 Age 31 36 95 Dunvegan deposition -part eroded F 084.00 

at Sub-Cretaceous Unconformity 
32 Age 32 35 85 Kotaneelee F 200.00 Santon-Campanian 
33 Age 33 34 71 Wapiti F 200.00 Maastrichtian 
34 Age 34 38 65 Sub-Tertiary unconformity T 000.00 

(Wapiti erosion) 
35 Age 35 38 60 Sub-Tertiary unconformity T 000.00 

(Kotaneelee erosion) 
36 Age 36 38 40 Sub-Tertiary Unconformity T 000.00 

(Dunvegan erosion) 
37 Age 37 38 02 Quaternary deposition T 020.00 

Table 28 Stratigraphy and reconstructed burial history of the Imperial Island River No. 1 
section. 
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Imperial Island River No. 1 G-50 
Column # 

123456 
Thickness T/F Event Sh Sst Lst 

(m) # 

789 10 
Dol Silt Evap Chert 

11 
Heat 
flow* 

12 
T°C** 

13 
AGE 

0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE1 
0025.0 T 38 0.600 0.020 0.000 0.000 0.200 0.000 0.000 080.0 025.0 AGE2 
0078.0 T 38 0.100 0.000 0.000 0.250 0.450 0.200 0.000 080.0 025.0 AGE3 
0090.5 T 38 0.000 0.000 0.100 0.800 0.100 0.000 0.000 080.0 025.0 AGE4 
0106.0 T 38 0.000 0.000 0.100 0.900 0.000 0.000 0.000 080.0 025.0 AGES 
0117.0 T 38 0.000 0.000 0.200 0.800 0.000 0.000 0.000 150.0 025.0 AGE6 
0530.0 T 38 0.700 0.050 0.000 0.100 0.150 0.000 0.000 150.0 025.0 AGE7 
0015.2 T 38 0.000 0.000 0.650 0.350 0.000 0.000 0.000 150.0 025.0 AGE8 
0140.2 T 38 0.700 0.000 0.000 0.050 0.200 0.000 0.000 150.0 025.0 AGE9 
0672.0 T 38 0.100 0.600 0.100 0.000 0.200 0.000 0.000 150.0 025.0 AGE10 
0076.0 T 38 0.000 0.000 0.850 0.150 0.000 0.000 0.000 150.0 025.0 AGE11 
0212.5 T 38 0.650 0.000 0.350 0.000 0.000 0.000 0.000 150.0 025.0 AGE12 
0370.0 T 38 0.600 0.000 0.300 0.000 0.100 0.000 0.000 140.0 025.0 AGE13 
0003.0 T 38 0.150 0.000 0.850 0.000 0.000 0.000 0.000 140.0 025.0 AGE14 
0310.0 F 26 0.000 0.000 0.400 0.000 0.000 0.000 0.600 140.0 025.0 AGE15 
0025.0 F 19 0.500 0.000 0.400 0.000 0.000 0.000 0.100 120.0 025.0 AGE16 
0150.0 F 18 0.150 0.600 0.050 0.000 0.200 0.000 0.000 120.0 025.0 AGE17 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE18 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 025.0 AGE19 
0020.0 F 25 0.250 0.500 0.000 0.000 0.250 0.000 0.000 100.0 025.0 AGE20 
0025.0 F 22 0.500 0.000 0.000 0.000 0.000 0.000 0.500 100.0 025.0 AGE21 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE22 
0140.0 F 24 0.200 0.000 0.000 0.100 0.700 0.000 0.000 080.0 025.0 AGE23 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE24 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE25 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE26 
0197.5 T 38 0.800 0.000 0.000 0.000 0.200 0.000 0.000 080.0 025.0 AGE27 
0085.0 T 38 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 015.0 AGE28 
0177.0 T 38 0.500 0.200 0.000 0.000 0.300 0.000 0.000 060.0 015.0 AGE29 
0166.0 T 38 0.000 1.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE30 
0084.0 F 36 0.000 1.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE31 
0400.0 F 35 0.700 0.150 0.000 0.000 0.150 0.000 0.000 060.0 015.0 AGE32 
0350.0 F 34 0.000 0.500 0.000 0.000 0.500 0.000 0.000 060.0 015.0 AGE33 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE34 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 010.0 AGE35 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 010.0 AGE36 
0020.0 T 38 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 010.0 AGE37 
"m W/m'' sec'' ** average surface temperature for given age: Devonian-Carboniferous: 25°C; 

Jurassic-Cretaceous: 25°C; Tertiary 15°C; present day. 10°C 

Table 29 Input dat file for Burial 3a thermal history modeling of Imperial Island River No. 1. 
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Meas Ro Predicted Ro (from Scalc Ro file) for Model #1 

Vro* 1234567 8/9 

0.77 0.30 0.30 0.30 0.35 0.34 0.35 0.50 0.85 
0.89 0.30 0.30 0.30 0.42 0.41 0.42 0.62 0.94 
0.93 0.34 0.35 0.34 0.42 0.42 0.42 0.63 1.07 
0.93 0.34 0.35 0.35 0.42 0.42 0.42 0.63 1.07 
0.93 0.35 0.35 0.35 0.42 0.42 0.50 0.73 1.16 
0.94 0.35 0.42 0.42 0.50 0.50 0.50 0.73 1.26 
0.94 0.35 0.42 0.42 0.50 0.50 0.50 0.73 1.26 
0.91 0.35 0.42 0.42 0.50 0.50 0.62 0.74 1.33 
0.93 0.41 0.42 0.42 0.50 0.50 0.62 0.74 1.35 
1.07 0.42 0.50 0.50 0.50 0.51 0.73 0.85 1.48 
1.08 0.42 0.50 0.50 0.62 0.62 0.73 0.86 1.59 
1.09 0.50 0.62 0.62 0.62 0.62 0.85 1.10 1.76 
1.17 0.62 0.73 0.73 0.73 0.73 1.37 1.37 2.24 
1.22 0.62 0.73 0.73 0.73 0.74 1.37 1.38 2.33 
1.25 0.62 0.73 0.73 0.73 0.74 1.37 1.38 2.34 
1.30 0.73 0.85 0.85 0.86 0.86 1.71 1.72 2.74 
1.33 0.73 0.86 0.86 0.86 0.86 1.71 1.72 2.84 
1.37 0.74 1.10 1.10 1.10 1.10 2.12 2.12 3.20 
1.41 0.85 1.10 1.10 1.10 1.10 2.12 2.13 3.29 

R2 - 0.95 0.94 0.94 0.91 0.92 0.94 0.94 0.96 

* vitrinite reflectance equivalent, calculated from amorphous (type 4) bitumen Ro 

Table 31 Measured and predicted Ro values from the Imperial 
Island River No. 1. 
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reflectance (VR0) values are calculated from the amorphous (type -4) bitumen 

reflectance(Rom) values. 

Model #1 produces the best K-S Statistic (i. e. value closest to 1.0; 9.47E-01) 

while model #2 shows the highest probability (8.42E -01); both models suggest that high 

heat flow prevailed during the Upper Devonian and significantly low values during the 

Mesozoic and Cenozoic. The principal difference between the two models is the rate of 
declining heat flow over time. In model #1, the heat flow decline is gradual and in model 
#2 it occurs abruptly in post-Permian times. Direct comparisons between the measured 

and predicted R. values (from Burial 3b output file "Scalc. Ro"; Table 31) would suggest 

that the fit of the predicted Ro values to the measured Ro is not very good for any of the 

models; however, strong relationships between measured and predicted Ro values are 

confirmed by linear regression analysis (R2 values in column 5, Table 30). While high heat 

flows in the Upper Devonian followed by lower Mesozoic and Cenozoic values satisfies 

the burial history model, the predicted Ro values for the Upper Devonian fall significantly 

short of the measured Ro values. Increasing the heat flows in the Carboniferous (models 

7- 9) produces a better match for the predicted and measured Ro values but pushes the 

predicted upper Devonian data far beyond the actual values. The model is therefore only 

sensitive to major and long-lasting changes in heat flow and does not readily respond to 

minor adjustments. 

Canada Southern et aL, North Beaver River 1-46 
The stratigraphic and lithological information required to compile the CSNBR. dat 

input file is shown in Table 32 The stratigraphy and reconstructed burial history, also 

required to generate the CSNBR. dat and CSNBR. age input files are shown in Table 33. 

The CSNBR. dat file for the first model run with the Burial 3a program is shown in Table 

34. 

Five heat flow models were used in this exercise. The input files are included in 

Appendix E12 to E18. The heat flow scenario for CSNBR model #1 is the same as that of 
Model #1 for the Imperial Island River section, the other four have different heat flow 

combinations which are summarized in Table 35. The results of the second part of the 

Burial 3b program (Scalc. Ro files), which compares the measured and predicted Ro 
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Formation Fin top 

ft 

present 
thickness 

in 

original 
thickness 

m shale sst Ist 

Lithology 

dol giltst evap chert 

Quaternary 0.0 15 0.5 0.5 

Wapiti 0.0 150 0.5 0.5 

Kotaneelee 0.0 50 0.70 0.15 0.15 

Sub-Tertiary Unconformity 

Dunvegan 0.0 50 1.0 

Sully 0.0 150 0.5 0.2 0.3 

Sikanni 0.0 30 1.0 

Lepine 0.0 170 0.3 0.1 0.1 

Scatter 1470 57.9 70 0.5 0.5 

Garbutt 225 225 0.25 0.5 0.25 

Sub-Cretaceous Unconformity 

Toad-Grayling 348.4 800 0.8 0.1 0.1 

Sub-Triassic Unconformity 

Fantasque 175 190 0.5 0.5 

Kindle 158 158 0.25 0.5 0.25 

Sub-Permian Unconformity 

Mattson 3559 695 1020 0.15 0.65 0.2 

Golata 5690 274 274 0.75 0.1 0.15 

Prophet 6590 765 765 0.25 0.5 0.25 

Besa River -up 9100 594 594 0.85 0.1 0.05 

Besa River -Ir 11049 338.3 338.3 0.95 0.05 

Nahanni 12160 213.7 213.70 0.95 0.05 

Headless 12861 197.1 197.07 0.05 0.95 

Sub-Headless 13508 176.8 176.80 0.05 0.95 
(Devonian 
Carbonates) 

Base of sequence 14080 

Table 32 Stratigraphic and lithological information required to generate the 
CSNBR. dat file. 
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Event Age Contact 
no. no. Format 

Age 
(m yrs) 

Description of Event T/F 
(m) 

Thickness Age 

1 Age 1 37 410 Base of sequence T 000.00 Seginin-Eifellian 
2 Age 2 37 400 Sub-Headless (carbonates) deposition T 177.00 Eifelian 
3 Age 3 37 385 Headless deposition T 197.00 Eifelian 
4 Age 4 37 380 Nahanni deposition T 214.00 Eifelian-Givetian 
5 Age 5 37 370 Besa River-lower deposition T 338.00 Givetian-Frasnian 
6 Age 6 37 360 Besa River -upper deposition T 594.00 Fras'n-Fammenian 
7 Age 7 37 346 Prophet deposition T 765.00 Tournaisian (T3) 
8 Age 8 37 334 Golata deposition T 274.00 Vis6an (V2-V3) 
9 Age 9 37 330 Mattson - Lx, deposition remaining part T 695.00 Vis6an (V3) 
10 Age 10 11 324 Mattson - Upper, deposition F 325.00 V3-Serphukhovian 

(eroded at sub-Permian Unconfonnity) 
11 Age 11 36 285 Sub-Permian Unconformity T 000.00 
12 Age 12 36 274 Kindle deposition T 158.00 Artinskian 
13 Age 13 36 260 Fantasque deposition, part remaining T 175.00 Kazanian-Tatarian 
14 Age 14 36 255 Fantasque deposition T 015.00 Tatarian 

(eroded at sub-Triassic Unconformity) 
15 Age 15 36 250 Sub-Triassic Unconformity T 000.00 
16 Age 16 36 240 Toad-Grayling deposition (remaining partT 348.4 Anisian 
17 Age 17 18 220 Toad-Grayling deposition F 452.00 

(eroded at sub-Permian Unconformity) 
18 Age 18 36 160 Sub-Cretaceous Unconformity T 000.00 
19 Age 19 36 112 Garbutt deposition T 225.00 Albian 
20 Age 20 36 108 Scatter deposition T 057.90 Albian 
21 Age 21 34 107 Scatter deposition (part remaining) F 012.00 L . M. Albian 

(eroded at sub-Tertiary Unconfotmity) 
22 Age 22 33 105 Lepine deposition F 170.0 M. Albian 
23 Age 23 32 103 Sikanni deposition F 030.00 Up. Albian 
24 Age 24 31 100 Sully deposition F 150.00 Up. Albian 

(Toad-Grayling erosion) 
25 Age 25 30 96 Dunvegan deposition F 050.00 Cenomanian 
26 Age 26 29 85 Kotaneellee deposition F 050.00 Santonian 
27 Age 27 28 77 Wapiti F 150.00 Campanian 
28 Age 28 36 60 Sub-Tertiary Unconformity T 000.00 
29 Age 29 36 55 Sub-TU - Kotaneelee erosion T 000.00 
30 Age 30 36 53 Sub-TU - Dunvegan erosion T 000.00 
31 Age 31 36 49 Sub-TU- Sully erosion T 000.0 
32 Age 32 36 47 Sub-TU - Sikanni erosion T 000.00 
33 Age 33 34 45 Sub-TU - Lepine erosion T 000.00 
34 Age 34 36 44 Sub-TU - Scatter erosion T 000.00 
35 Age 35 36 0.5 Quaternary deposition 

Table 33 Stratigraphy and reconstructed burial history from Canada Southern et al. 
North Beaver River YT 1.27. 
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Canada Southern et al. N. Beaver R YT 1-27 

Column # 
123 

Thickness T/F Event 
(m) # 

4 
Sh 

5 
Sst 

6 
Lst 

7 
Dol 

8 
Silt 

9 
Evap 

10 
Chrt 

11 
Heat 
flow* 

12 13 
T°C** AGE 

0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE I 
0176.8 T 36 0.000 0.050 0.000 0.950 0.000 0.000 0.000 080.0 025.0 AGE2 
0197.1 T 36 0.050 0.000 0.000 0.950 0.000 0.000 0.000 080.0 025.0 AGE3 
0213.7 T 36 0.000 0.000 0.000 0.950 0.000 0.000 0.050 080.0 025.0 AGE4 
0338.3 T 36 0.950 0.000 0.000 0.000 0.000 0.000 0.050 080.0 025.0 AGES 
0594.0 T 36 0.850 0.000 0.000 0.000 0.100 0.000 0.050 150.0 025.0 AGE7 
0274.0 T 36 0.750 0.100. 0.000 0.000 0.150 0.000 0.000 150.0 025.0 AGE8 
0695.0 T 36 0.150 0.650 0.000 0.000 0.200 0.000 0.000 150.0 025.0 AGE9 
0325.0 F 11 0.150 0.650 0.000 0.000 0.200 0.000 0.000 150.0 025.0 AGE10 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE11 
0158.0 T 36 0.250 0.500 0.000 0.000 0.250 0.000 0.000 150.0 025.0 AGE12 
0175.0 T 36 0.500 0.000 0.000 0.000 0.000 0.000 0.500 140.0 025.0 AGE 13 
0015.0 F 15 0.500 0.000 0.000 0.000 0.000 0.000 0.500 140.0 025.0 AGE 14 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 140.0 025.0 AGE 15 
0348.4 T 36 0.800 0.100 0.000 0.000 0.100 0.000 0.000 120.0 025.0 AGE16 
0452.0 F 18 0.800 0.100 0.000 0.000 0.100 0.000 0.000 120.0 025.0 AGE 17 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE18 
0225.0 T 36 0.250 0.500 0.000 0.000 0.250 0.000 0.000 100.0 025.0 AGE19 
0057.9 T 36 0.000 0.500 0.000 0.000 0.500 0.000 0.000 100.0 025.0 AGE20 
0012.0 F 34 0.000 0.500 0.000 0.000 0 500 0.000 0.000 080.0 025.8 AGE21 
0170.0 F 33 0.800 0.100 0.000 0.000 0.100 0.000 0.000 080.0 025.0 AGE22 
0030.0 F 32 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE23 
0150.0 F 31 0.500 0.200 0.000 0.000 0.300 0.000 0.000 080.0 025.0 AGE24 
0050.0 F 30 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE25 
0050.0 F 29 0.700 0.150 0.000 0.000 0.150 0.000 0.000 080.0 025.0 AGE26 
0150.0 F 28 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 025.0 AGE27 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 015.0 AGE28 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE29 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE31 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE32 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE33 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE34 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 010.0 AGE35 
0015.0 T 37 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 010.0 AGE36 

* mW/n ' sec-, 
** average surface temperature for given age: Devonian-Carboniferous: 25°C; Jurassic-Cretaceous: 25°C; 

Tertiary: 15°C; present day. 10°C 

Table 34 Input. dat file for Burial 3a thermal history modeling of Canada Southern et al. 
North Beaver River YT I-27. 
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values, are shown in Table 36. Model #3, which advocates high heat flow throughout the 

Upper Palaeozoic and Mesozoic (ca. 100mW/m/sec), gives the highest K-S Statistic and 

probability and good correlations (R2 - 0.96) between measured and predicted Ro values. 

However, Model #1 has similar probability and correlation coefficient to model #3 (Table 

35) and model #1 produced the best fit for the Imperial Island River section. Comparisons 

between the measured and predicted VRo values from each of the models are shown in 

Table 36. In all cases, except model #3, the predicted Ro values exceed the measured Ro 

values for the Devonian significantly. Conversely, predicted Ro values from models #3 and 
#4 are a better match for the measured values from the top of the Carboniferous section 

(Table 36). While the apparent fit of the Ro values does appear to be strong, linear 

regression analysis shows that there are good correlations between measured and 

predicted VR. values from models 1,2 and 3 (R2 - 0.96,0.94 and 0.96 respectively; see 
Table 35). Although models #4 and #5, which advocate low Devonian heat flows, show 

significantly lower correlation coefficients and probabilities (Table 35) and yet the 

predicted Ro values are a better match for the vitrinite reflectance equivalent data (derived 

from the type 4 bitumen reflectance). Predicted Ro values from model #1 show the best 

match for the Upper Devonian measured Ro values (see Ro values located at the bottom 

of columns VRo and #1, Table 36). 

Pan Am Beaver River G-O1 

The stratigraphic and lithologic information required to compile the dat 

input file for the Burial 3a program to model the Pan Am Beaver River G-O1 section was 
derived from geophysical log data and examination of drill cuttings samples (see Table 37). 

The chronostratigraphic data also required for the dat input file is shown in Table 38; this 

file was compiled by analysis of the regional stratigraphy and dates according to the 

Geologic Time chart published by Okulich et al. (1995). 
Five thermal history models were run with the Pan Am Beaver Ro data; the input 

files for these are included in Appendix E 19-25. The dat files for the the first model is 

show in Table 39; the heat flow scenario used is similar to that of Morrow et al. (1993) 

which is similar to the model #1 of the Imperial Island River and Canada Southern et al. I- 

27 sections. Details of the dat input files for the other four models are given in 
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Meas Ro* Predicted Ro (from Scalc. Ro file) for Model # 

VRo 1 2 3 4 5 

0.89 0.50 0.50 0.42 0.85 0.85 

0.97 0.50 0.50 0.42 0.86 0.86 

1.08 0.62 0.62 0.50 1.11 1.11 

1.12 0.62 0.62 0.50 1.37 1.37 

1.24 0.63 0.63 0.50 1.38 1.38 

1.21 0.73 0.73 0.62 1.71 1.71 

1.30 0.85 0.85 0.63 2.12 2.12 

1.23 0.86 0.86 0.73 2.54 2.54 

1.38 1.10 1.10 0.74 3.04 3.04 

1.39 1.11 1.11 0.85 3.50 3.50 

1.46 1.11 1.37 0.85 3.90 3.51 

1.52 1.37 1.38 0.86 3.91 3.91 

1.56 1.38 1.70 1.10 3.91 3.91 

1.45 1.38 1.71 1.10 4.20 3.91 

1.70 1.38 1.71 1.10 4.20 4.20 

1.76 1.71 2.12 1.11 4.50 4.20 

1.80 1.72 2.13 1.11 4.68 4.50 

1.86 2.12 2.55 1.37 4.70 4.70 

2.40 2.54 3.90 1.70 4.70 4.70 

2.56 2.54 3.04 1.71 4.70 4.70 

2.9 3.51 4.20 2.13 4.70 4.70 

R2 0.96 0.94 0.96 0.64 0.66 

* vitrinite reflectance equivalent, calculated from amotpbous (type 4) bitumen Ro 

Table 36 Measured and predicted Ro values from the Canada Southern et al. 
North Beaver River YT 1.27 section. 
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Formation Fm top 

ft 

present 
thickness 

m 

original 
thickness 

m shale sst Ist 

Lithology 

dol siltst evap chert 

Quaternary 15.0 15 0.5 0.5 

Wapiti 0.0 140 0.5 0.5 

Kotaneelee 0.0 45 0.70 0.15 0.15 

Sub-Tertiary Unconformity 

Dunvegan 0.0 45 1.0 

Sully 0.0 140 0.5 0.2 0.3 

Sikanni 0.0 25 1.0 

Lepine 0.0 163 0.8 0.1 0.1 

Scatter 1207 0.0 70 0.5 0.5 

Garbutt 122.0 152 0.25 0.5 0.25 

Sub-Cretaceous Unconformity 

Toad-Grayling 297.0 800 0.8 0.1 0.1 

Sub-Triassic Unconformity 

Fantasque 1424 189.0 200 0.5 0.5 

Kindle 2090 220.0 220 0.25 0.5 0.25 

Sub-Permian Unconformity 

Mattson 2765 9450.0 1200 0.15 0.65 0.2 

Golata 5860 1254.0 1254 0.75 0.1 0.15 

Prophet 9978 89.0 89 0.25 0.5 0.25 

Besa River -up 10270 411.0 411 0.85 0.1 0.05 

Besa River -Ir 12143 571.0 571 0.95 0.05 

Nahanni 13492 247.0 247 0.95 0.05 

Headless 12861 30.0 30 0.05 0.95 

Sub-Headless 13508 1200.0 1200 0.05 0.95 
(Devonian 
Carbonates) 

Base of sequence 14080 

Table 37 Stratigraphic and lithological information required to generate the 
Pan Am Beaver River G-01. dat file. 



197 

Event Age Contact Age Description of Event 
no. no. Format (m yrs) 

T/F 
(m) 

Thickness Age 

1 Age 1 37 396 Base of sequence T 000.00 Up Silurian 
2 Age 2 37 384 Sub-Headless (carboniates) deposition T 1200.00 Pridolian-Emsian 
3 Age 3 37 383 Headless deposition T 30.00 Eifelian 
4 Age 4 37 376 Nahanni deposition T 247.00 Eifelian 
5 Age 5 37 360 Besa River-lower deposition T 571.00 Frasnian 
6 Age 6 37 354 Besa River -upper deposition T 411.00 Tournaisian 
7 Age 7 37 344 Prophet deposition T 89.00 Toutnaisian -Vis6an 
8 Age 8 37 337 Golata deposition T 1254.00 Vis6an (V2-V3) 
9 Age 9 37 289 Mattson - Lx , deposition remaining part T 945.00 Vis6an (V3) 
10 Age 10 11 276 Mattson - Upper, deposition F 225.00 V3-Serphukhovian 

(eroded at sub-Permian Unconformity) 
11 Age 11 36 286 Sub-Permian Unconformity T 000.00 
12 Age 12 36 258 Kindle deposition T 220.00 Artinskian 
13 Age 13 36 246 Fantasque deposition, part remaining T 189.00 Perm (Kaz-Tar) 
14 Age 14 36 245 Fantasque deposition T 011.00 Kazanian-Tartarian 

(eroded at sub-Triassic Unconformity) 
15 Age 15 36 240 Sub-Triassic Unconformity T 000.00 
16 Age 16 36 240 Toad-Grayling deposition (remaining pt) T 297.0 Triassic 
17 Age 17 18 208 Toad-Grayling deposition F 503.00 

( eroded at sub-Permian Unconformity) 
18 Age 18 36 113 Sub-Cretaceous Unconformity T 000.00 
19 Age 19 36 111 Garbutt deposition (part remaining) T 122.00 Albian 
20 Age 20 36 109 Garbutt deposition T 30.00 Albian 

(eroded at sub-Tertiary Unconformity) F 
21 Age 21 34 106 Scatter deposition F 070.00 Albian 

(eroded at sub-Tertiary Unconformity) 
22 Age 22 33 102 Lepine deposition F 163.00 Albian 

(eroded at sub-Tertiary Unconformity) 
23 Age 23 32 101 Sikanni deposition F 025.00 Albian 

(eroded at sub-Tertiary Unconformity) 
24 Age 24 31 98 Sully deposition F 140.00 Albian-Cenomanian 

(eroded at sub-Tertiary Unconformity) 
25 Age 25 30 87.5 Dunvegan deposition F 045.00 Cenomanian 

(eroded at sub-Tertiary Unconformity) 
26 Age 26 29 74.5 Kotaneellee deposition F 050.00 Santonian-Campanian 

(eroded at sub-Tertiary Unconformity) 
27 Age 27 28 67 Wapiti F 150.00 Maastrichtian 

(eroded at sub-Tertiary Unconformity) 
28 Age 28 36 62 Sub-Tertiary Unconformity T 000.00 
29 Age 29 36 60.5 Sub-TU - Kotaneelee erosion T 000.00 
30 Age 30 36 59 Sub-TU - Dunvegan erosion T 000.00 
31 Age 31 36 54 Sub-TU- Sully erosion T 000.0 
32 Age 32 36 53 Sub-TU - Sikanni erosion T 000.00 
33 Age 33 34 48 Sub-TU - Lepine erosion T 000.00 
34 Age 34 36 46 Sub-TU - Scatter erosion T 000.00 
35 Age 35 36 45 Sub-TU- Garbutt erosion T 000.00 
36 Age 36 37 0.5 Quaternary deposition T 015.00 Pleistocene 

Table 38 Stratigraphy and reconstructed burial history from Pan Am Beaver River 
G-01. 
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Pan Am Beaver River YT G-O1 
Column # 

123456789 10 11 12 
Thickness T/FEvent Sh Sst Lst Do! Silt Evap Chrt Heat T°C 

(M) 

13 
AGE 

0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE 1 
1200.0 T 37 0.000 0.050 0.000 0.950 0.000 0.000 0.000 080.0 025.0 AGE2 
0030.0 T 37 0.050 0.000 0.000 0.950 0.000 0.000 0.000 080.0 025.0 AGE3 
0247.0 T 37 0.000 0.000 0.000 0.950 0.000 0.000 0.050 080.0 025.0 AGE4 
0571.0 T 37 0.950 0.000 0.000 0.000 0.000 0.000 0.050 080.0 025.0 AGE5 
0411.0 T 37 0.850 0.000 0.000 0.000 0.100 0.000 0.050 150.0 025.0 AGE6 
0089.0 T 37 0.250 0.000 0.500 0.000 0.000 0.000 0.250 150.0 025.0 AGE7 
1254.0 T 37 0.750 0.100.0.000 0.000 0.150 0.000 0.000 150.0 025.0 AGE8 
0945.0 T 37 0.150 0.650 0.000 0.000 0.200 0.000 0.000 150.0 025.0 AGE9 
0255.0 F 11 0.150 0.650 0.000 0.000 0.200 0.000 0.000 150.0 025.0 AGE10 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE11 
0220.0 T 37 0.250 0.500 0.000 0.000 0.250 0.000 0.000 150.0 025.0 AGE12 
0189.0 T 37 0.500 0.000 0.000 0.000 0.000 0.000 0.500 140.0 025.0 AGE13 
0011.0 F 15 0.500 0.000 0.000 0.000 0.000 0.000 0.500 140.0 025.0 AGE 14 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 140.0 025.0 AGE 15 
0297.0 T 37 0.800 0.100 0.000 0.000 0.100 0.000 0.000 120.0 025.0 AGE16 
0503.0 F 18 0.800 0.100 0.000 0.000 0.100 0.000 0.000 120.0 025.0 AGE17 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE 18 
0122.0 T 37 0.250 0.500 0.000 0.000 0.250 0.000 0.000 100.0 025.0 AGE19 
0030.0 F 35 0.250 0.500 0.000 0.000 0.250 0.000 0.000 100.0 025.0 AGE20 
0070.0 F 34 0.000 0.500 0.000 0.000 0.500 0.000 0.000 100.0 025.0 AGE21 
0170.0 F 33 0.800 0.100 0.000 0.000 0.100 0.000 0.000 080.0 025.0 AGE22 
0030.0 F 32 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE23 
0150.0 F 31 0.500 0.200 0.000 0.000 0.300 0.000 0.000 080.0 025.0 AGE24 
0050.0 F 30 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE25 
0050.0 F 29 0.700 0.150 0.000 0.000 0.150 0.000 0.000 080.0 025.0 AGE26 
0150.0 F 28 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 025.0 AGE27 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 015.0 AGE28 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE29 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE30 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE31 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE32 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE33 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE34 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 010.0 AGE35 
0015.0 T 37 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 010.0 AGE36 
* mW/m/sec 

Table 39 Input dat file for thermal history modeling of Pan Am Beaver River 
G-01. 
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Appendices E22-25; the differences between the models relate mainly to heat flow with 

time and are summarized in Table 40, together with the statistical results of the Burial 

program. The results indicate that the heat flow scenario of model #1 appears to have the 

best fit for the Ro data and stratigraphic model provided (Table 40). This implies high 

regional heat flows during the Upper Devonian-Carboniferous which decrease gradually 

to the present day. Although the relationship between the measured Ro data (input file: Pan 

Am Beaver G-01. Ro) and the Ro data predicted by model #1 (output file from Burial 3b: 

Scalc. Ro) appears to be good (R2 - 0.96), the apparent fit shown in Table 41 is certainly 

not good. The predicted values at the base of the section (4.2% Ro) far exceed the 

measured values (2.72% Ro). The other four models represent a variety of heat flow 

Correlations between the measured and predicted Ro values are reasonably good for the 

Pan Am Beaver River sections from models #1, #2 and #3 (R2 - 0.96,0.94,0.96 

respectively; Table 40 ). Models #1 and #3 advocate high (150 mW/m/sec) and moderately 
high (100 W/m/sec) heat flows in the Upper Palaeozoic, declining gradually throughout the 

Mesozoic and Tertiary to present day values (80 mW/m/sec; Majorowitz et al., 1989). The 

probability of either of these models being representative of the true burial and thermal 

history of the Beaver River area is reasonably good (Table 40) but best for model #1 

(probability 9.99E-01). Conversely, models #3 and #4, which advocate high heat flows 

during the Laramide orogeny and Mesozoic times, yield only moderate K-S statistical fits 

and significantly lower probabilities (see Table 40). Furthermore, the correlations between 

the measured and predicted Ro values for these two models are relatively poor (av. R2 - 
0.65). 

5.5 THERMAL HISTORY OF THE LIARD BASIN 
It would appear from the results of modeling that significantly higher heat 

flows (of the order 150 mW/m/sec) prevailed throughout the study area during the Upper 

Devonian and Lower Carboniferous relative to today. Furthermore, the most favoured 

thermal history model suggests that heat flows have been gradually declining to present day 

values (80 mW/m/sec). However, the Ro values predicted using such a thermal history 

model do not adequately satisfy the Ro values observed and any adjustments in the model 

to produce a better fit to the measured and predicted Ro data requires significant changes 
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Meas Ro* Predicted Ro (from Scalc. Ro file) for Model # 

VRo 12345 

0.77 0.50 0.63 0.42 0.50 0.50 
0.81 0.50 0.73 0.50 0.50 0.62 
0.84 0.62 0.74 0.51 0.62 0.62 
0.92 0.63 0.85 0.63 0.63 0.63 
1.14 0.74 1.10 0.73 0.85 0.86 
1.27 0.86 1.38 0.73 0.86 1.10 
1.31 1.10 1.71 0.74 1.10 1.11 
1.31 1.10 2.12 0.86 1.10 1.11 
1.34 1.37 3.04 1.37 1.38 1.71 
1.36 1.72 3.51 1.38 1.72 2.54 
1.35 2.12 3.51 1.71 2.12 2.55 
1.46 2.54 3.91 1.71 2.54 3.51 
1.49 2.55 3.91 1.72 2.54 3.51 
1.56 2.55 3.91 1.72 2.54 3.51 
1.65 2.55 4.20 1.72 2.55 3.91 
1.89 3.04 4.52 2.12 3.04 3.91 
2.09 3.51 4.52 2.13 3.50 4.20 
2.16 3.51 4.69 2.54 3.51 4.52 
2.19 3.91 4.69 2.55 3.51 4.69 
2.50 3.91 4.69 2.55 3.91 4.69 
2.56 4.20 4.69 3.04 3.91 4.69 
2.69 4.20 4.69 3.04 3.91 4.69 
2.52 4.20 4.69 3.04 4.20 4.69 
2.72 4.20 4.69 3.04 4.20 4.69 
R2 0.93 0.76 0.94 0.93 0.84 

* vitrinite reflectance equivalent, calculated from amorphous (type 4) bitumen Ro 

Table 41 Measured and predicted Ro values generated by the Burial 3 

program using Pan Am Beaver River G-O1 models. 
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to the burial model. There are a number of factors to consider with regard to the 

unconvincing relationships between the Ro values: 

(i) bitumen Ro data from which the VRo data are derived, may not be a good 

indicators of thermal maturation; 

(ii) the Burial modeling program is not sensitive enough to minor adjustments 

in the thermal history; 

(iii) the thermal maturation patterns observed within the Liard Basin and 

associated regions may not simply be a function of burial. 

. In Chapters 3 and 4 of this document, sufficient evidence has been presented to 

conclude that bitumen reflectance, measured on a genetically-specified population of 
indigenous bitumens and converted to a vitrinite reflectance equivalent, either using 

Jacob's equation or one of those shown in Table 11, is an acceptable if not preferred 

indication of organic maturation in marine sedimentary rocks. 

Modeling programs such as Burial are based on the fairly simple assumption the 

thermal maturation is a function of time and temperature (Lopatin, 1971; Waples, 1980). 

Mukhopahyay et al. (1994b) used a kinetic model (Basinmod') in thermal modelling of 

the Mesozoic and Tertiary of the Scotian Shelf and achieved a reasonably good fit 

between the measured and predicted Ro values but pointed out that the observed 

discrepancies could be attributed to abnormal heat transfer associated with changes in the 

thermal conductivities of the rocks. While the Burial program accounts for compaction 
due to burial as well as variations in the thermal conductivities of the rocks, the level of 

sophistication is low with respect to the kinetics of the thermochemical evolution of 

organic matter. Thermal models such as TTI-based programs are based on very simple 
kinetics which assumes that the rate of chemical reaction (viz a viz maturation) doubles 

with every 10 °C increase in temperature and assumes a single low activation energy for 

the reaction (20 kcallmole). The thermal evolution of organic matter, to which the 

Registered trademark 
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reflectance is directly related, is known to involve a number of different chemical 

reactions which represent the breaking of C-C bonds, C-O bonds and C-H bonds, which 

are manifested in the loss of -CH4 methane, CO2 H2, H2O and eventually hydrocarbons 

chains. All of these reactions require significantly higher activation energies than are 

assumed in the Lopatin model, Le. between 38 and 75 kcal/mole (Burnham & Sweeney, 

1989). Larter (1989) also agrees that an average of 50 kcal/mole is a more realistic 

activation energy for the thermal evolution (maturation) of vitrinite. Kinetic models 

should therefore be able to achieve a more realistic prediction of the resulting maturation. 
Issler (1984) demonstrated that TTI-based modeling programs are not applicable 

to certain basins, specifically those in which erosion has been significant and cannot be 

determined accurately. The Liard Basin and its associated regions have experienced 

several tectonic cycles involving uplift and erosion resulting in major unconformities (sub 

Permian, sub-Triassic, sub-Cretaceous, sub-Tertiary) during which vast amounts of 

section may have been eroded. This may significantly affect the heating due to burial 

(M) calculated by the program if the burial history is not representative; however, 

Morrow et al. (1993) estimate that the low levels of maturity at the top of the Palaeozoic 

indicate that there was little post-Palaeozoic burial in this region. Issler (ibid. ) indicates 

that errors can also occur in the dating of the sedimentary layers and, ultimately these 

result in erroneous predictions for maturation levels. 

Regardless of the level of sophistication of the modeling program used, all are 
based on a large number of variables which can lead to a high degree of subjectivity; the 

results are therefore only as good as the input data (Barker, 1985). The fact that the heat 

flow models fit the Ro data sets from the Devonian and post-Carboniferous and post- 
Carboniferous separately suggest that the thermal history may have been more 

complicated than a simple burial model. The other alternative is that there existed 

additional heat source(s) which contributed significantly to the maturation patterns and 

measured Ro values observed in the Liard Basin area. 
In Burial 3 changes made to the heat flow in the dat input files must be 

significant and long-lasting in order to produce a significant change in the predicted Ro 

data. Adjusting the heat flow to fit the Devonian data results in Ro values that do not fit 

the Carboniferous and younger data points. Conversely, increasing post Palaeozoic heat 

flow in an attempt to improve the fit of the measured and predicted Ro values in the 
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Scalc. Ro subroutine, results in significant overestimation of the Devonian Ro values. The 

Burial model is therefore insensitive to short-lived changes in heat flow and will therefore 

not respond to the effects of additional heat source(s) such as igneous or hydrothermal 

activity. 

As no major unconformities between the Upper Devonian and Carboniferous 

have been demonstrated in the Liard Basin, it is suggested that the regional heat flow 

patterns and a simple burial model were not entirely responsible for the thermal 

maturation patterns observed in the Liard Basin. In order to fit the measured Ro and the 

Ro values predicted by the Burial program , it is necessary to invoke additional heating 

(? from an external source) which would elevate the Upper Devonian Ro values to the Ro 

levels observed without increasing the Lower Carboniferous and post-Carboniferous 

values. It is suggested that such heating occurred in the form of short-lived pulses rather 

than regional changes in the geothermal gradient. The higher Ro values recorded and the 

maturation trends observed in the western part of the basin, together with some of the 

observed petrographic characteristics, strongly suggest there were additional heat 

source(s) in the western part of the basin. This is discussed further in the final chapter. 
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6.0 SUMMARY AND DISCUSSION 

This study was initiated to examine the source potential and maturation levels of 

the Upper Devonian and Carboniferous in the Liard Basin and adjacent areas to the east 

with regard to the future hydrocarbon potential. The reluctance of oil and gas companies 

to explore this frontier region until recently is partly due to the lack of available 

geochemical and petrological data on which to base source rock evaluations, maturity 

trends and reconstruct thermal history models. This is in sharp contrast to the amount of 

data available in the more extensively explored and productive sub-basins of the Western 

Canada Sedimentary, such as the Alberta Basin and the Williston Basin. The small number 

and low density of drillholes and wells available for sampling, the paucity and poor 

condition of drill cuttings and core samples, the remoteness of the basin and the high costs 

of exploration drilling have also contributed to this and to some degree, so has the lack of 

confidence in using less conventional maturity parameters, such as bitumen reflectance. 

Maturity parameters 
The results of this study suggest that there are numerous units in the Upper 

Devonian and Lower Carboniferous of the Liard Basin and the adjacent Eastern Plains of 

the Northwest Territories which have hydrocarbon source potential but the maturity varies 

significantly throughout the basin. The large variations in maturity are partly responsible 
for the strong tendency to rely on petrological analysis to evaluate the hydrocarbon 

potential because the reliablity of the Rock-Eval data is uncertain at elevated maturity. 
Furthermore, in the absence of vitrinite for reflectance measurement and inadequate TOC 

levels to give reliable Tmax data, the study focuses on understanding the mode of origin 

and changing optical properties of the microscopic bitumens (which are commonly 

abundant and often dominant in mature and postmature source rocks) that might justify 

their credibity as dependable maturation indices. This is particularly important in marine 
basins in which vitrinite is lacking, for mapping maturation trends in frontier basins like the 

Liard Basin where maturity is extremely variable and often quite high, and in basin 

modeling so that vertical maturity profiles based on reflectance can be determined in 

organic lean rocks and provide data from Lower Palaeozoic strata where vitrinite is 
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absent. 

It has been demonstrated that a genetic approach to the classification of 

microscopic bitumens provides a sound basis for bitumen reflectance determination. This 

approach was adopted based on preliminary observations of a relationships between the 

primary organic constituents and the microscopic (solid) bitumens. Spatial relationship and 

mutual associations (which shall be termed "morphologically-distinct" populations) of 

bitumens with different organic macerals suggested that the bitumens are indigenous to the 

source rocks and are produced as products of thermal evolution of the maceral 

components of the kerogen. The microscopic bitumens are therefore indigenous to the 

source rocks. 
The classification of bitumens into types according to the optical characteristics 

and the relationship to the source (liptinite macerals) is essential in order to subsequently 

calculate an equivalent vitrinite reflectance maturity. Furthermore the relative proportions 

of various types of microbitumens permits visual estimation of the maturity, in a more 

general sense, e. g. immature, mature and postmature. As with other maturity parameters, 

the reliability of the bitumen reflectance data improves when as many correlative 

parameters as possible are used. 

There is good agreement between the reflectance of the Type 3 and 4 bitumens and 
depth, and with other maturation parameters such as Tmax, alginite and sporinite 
fluorescence, condont alteration index (CAI) and thermal alteration index (TAI); alone, 

these parameters all have very limited applications in this region and they can only be used 
in immature and mature source rocks.. For rocks within that maturity range, the 

relationship that is demonstrated between Tmax and bitumen Ro is particularly good. The 

relationship between the reflectance of the Type 4 bitumen and the measured vitrinite 

values from the Mattson Formation at the outcrop sections in the Tlogotscho Plateau area, 
is also good and falls very close to that of Jacob's relationship between "migrabitumen" 

and vitrinite (VRo - BRo x 0.618 +0.4). In the Liard Basin, this bitumen (type 4) is 

present over a broad maturity range (0.4% to ca. 4.0 eq. ). Furthermore, the lower 

threshold of type 4 bitumen occurrence is lower than the generally-accepted limits of 
0.5%VRo for the oil window (sensu Dow, 1977), which implies that it may be associated 

with early hydrocarbon generation from sulphur-rich kerogens (Powell & Snowdon, 
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1983). Powell (1984) suggests that bitumens are formed by polymerization of 

NSO/asphaltenes in the kerogen and Machel et al. (1995) indicate that bitumens are 

formed as by-products of thermochemical sulphate reduction associated with thermal 

maturation of crude oil, by polymerization of the oxidized products. A second population 

of bitumens (type 3) is almost as common in the Liard Basin source rocks as the type 4 but 

it has a lower application range. Type 3 bitumen is present in rocks from 0.45% to ca. 2% 

VRo equivalent and therefore it can still be used over a broad maturity range. The 

reflectance of type 3 bitumen bears a strong relationship to that of the type 4 bitumen 

(%Ro type 3 bitumen - 0.73 x %Ro type 4 bitumen) and also to vitrinite (VRo - 0.817 

%Ro type 3 bitumen + 0.41). Similar correlations for amorphous bitumen and VRo were 

obtained by Landis and Castano (1995) which suggests that the type 3 bitumen Ro is the 

index they use for maturation but their studies are based only on distinct reflectance 

populations without any genetic implications which makes it more difficult for other 

workers to apply. 

In this study, bitumen reflectance has been successfully determined on samples with 

very low (0.2%) as well as very high TOC values (12%, 60%); facies ranging from 

terrestrial to basinal marine and over a maturation range of 0.4% to 4.5% VRo 

equivalents; and in rocks of Devonian to Tertiary age. Therefore, as a maturation 

parameter. This testifies to its wide applicability. However, it is suspected that (like 

vitrinite) bitumen reflectance succumbs to reflectance suppression in hydrogen-saturated 

conditions such a those that occur in a very organic-rich active source rock or a sapropelic 

coal with perhydrous vitrinite ( Price & Barker, 1985). 

Source potential 
Organic petrological studies of the source rocks in the Upper Devonian and Lower 

Carboniferous in the Liard Basin indicate that bitumens are abundant in all of the source 

rocks and vitrinite is scarce to absent. Use of alternative parameters is therefore essential 
in order to study the maturation trends in this area. In most of the source rocks examined, 
four distinct morphologicallreflectance populations are present (types 1,2,3 and 4). 

Bitumen reflectance, TOC data and the proportions of the various bitumen types suggest 

that although the Muskwa Formation is now postmature for oil generation, it was an 
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excellent source rock at some point in its history. The high TOC values suggest that it 

retains excellent potential for gas generation in the Interior Plains east of the Bovie Fault. 

No hydrocarbon potential exists in the Fort Simpson or the Redknife Formations but, 

throughout the Plains region, most of the Upper Devonian and Lower Carboniferous units 
(i. e. the Lower Banff, Besa River, Yohin, Clausen, Prophet, Golata and Mattson 

formations) contain shales which show moderate to good hydrocarbon potential and 

maturity variations ranging from peak oil generation in the more easterly sections of the 

Eastern Plains to increasingly higher maturity (good for condensate and gas potential) 

westwards towards the Bovie Fault Zone. The more noteworthy source rocks include the 

lower Exshaw, which is a prominent source rock in the Alberta Basin (Richards et al., 
1991), the Lower Banff, the Besa River and the Mattson formations. The Lower Exshaw 

is thin but laterally persistent and has excellent hydrocarbon potential in the eastern Plains. 

The TOC values are anomalously high (12%) and the Type II kerogen is currently at peak 

oil generation stage of maturity in the Island River area. The lower Banff has petrographic 

characteristics similar to those of the Exshaw in the Island River area, and although 

associated with significantly lower TOC values, it would classify as a good source rock. 
The Besa River Formation also contains excellent gas source rocks in the 1st and 2nd 

Black shale members. The organic petrological characteristics of these intervals are very 

similar to those of the Muskwa and postmature Lower Exshaw of the Alberta Basin and 

their abundant indigenous bitumens were likely derived from a typical Type II marine 
kerogen. Bitumen reflectance data indicate that these intervals are at the lower boundary 

of the gas window (1.2% VR,, eq. ) in the Pointed Mountain region, elsewhere, the black 

shale intervals are of elevated maturity (ca. 2.5% VR,, in the Beaver River) which increases 

even more westwards; however, high TOC values suggest that the "Black shales" may still 
have good gas potential. 

Shales in the middle and upper Mattson Formation in the outcrop belt (Jackfish 

Gap, Clausen Creek) contains numerous thin, sporinite-rich cannel coals (Potter et al., 
1993) which have excellent potential for generating hydrocarbons and contain a high 

proportion of sporinite and fluorescing vitrinite. Horsefield et al. (1988) have shown 

geochemically that resinite and fluorescing vitrinite are responsible for significantly 

elevating the petroleum-producing ability of Tertiary coals from northwest Java which are 
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considered to be a prime source of the high molecular weight paraffinic oils typically found 

in the Ardjuna Basin. These same coals contain a high proportion of matrix bituminite. 

which is considered to be the principal source of the paraffinic oils (ibid. ). The cannel 

coals of the Mattson Formation contain a high proportion of micrinite (which is derived by 

thermal alteration of matrix bituminite) and the vitrinite is perhydrous (Potter et al., 1993) 

which suggests that these coals may have been a source of paraffinic oil during the 

Carboniferous if, as Morrow et al. (1993) suggest that, the Carboniferous of the Liard 

Basin has encounted very little post-Paleozoic burial, then the present rank of maturity 
(high volatile bituminous; 0.8% VR,, ) must have been attained by the end of the 

Carboniferous. Currently, such coals have only been detected in outcrop sections. 

At the outcrop sections at Jackfish Gap and Clausen Creek, the cannel coals in the 

upper Mattson are interbedded with black, organic-rich, algal laminites interpreted to have 

been deposited in a lagoonal setting. In northeastern British Columbia, coals are absent in 

the Mattson Formation and the terrestrial influence, depicted by the abundance of sporinite 

decreases southwards and westwards. While shales of the Golata and Mattson formations 

are in the peak oil generation level of maturation (0.9% VRo equivalent) in the Pointed 

Mountain area and east of the Bovie Fault Zone, the maturation is significantly higher, i. e. 

the upper end of the oil window (1.1-1.3% VR, eq. ) in the centre of the Basin at Viscount 

(B. C. ) and Beaver River (N. W. T). This suggests that while the Golata and Mattson 

formations maintain oil-generating potential at Pointed Mountain (and to the south at 
Maxhamish and Tatoo), gas-generation from these intervals is favored in the Beaver River 

(N. W. T. ) and LaBiche (B. C. ) areas and further to the southwest at Dunedin, where the 

Mattson occurs at depths in excess of 10,000 ft. (> 3000 m), the maturation is extremely 
high (2.4% VRo equivalent) and exceeds even the limits of the gas window. 

Anomalously high Ro values are found for bitumens in the Mattson section at 
Windtlower (26) and all samples have exceptionally high sulphide mineral contents. This 

section is located close to the Bovie Fault and has evidently been affected by hot 

mineralizing fluids. 

Maturation trends 
The broad trends in reflectance determined for the Upper Devonian and 
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Carboniferous generally follow the structure contours and present-day burial depths. 

Whether the data set is examined on a formation basis or as vertical sections through the 

Mesozoic and Upper Paleozoic sequence, there is a consistent increase in maturity from 

east to west and from north to south towards the basin axis (cf. Leckie et al., 1991) 

indicating that the regional maturation is clearly linked to basin subsidence. To the east of 

the Bovie fault, numerous units are in the peak oil generation stage while to the west, the 

Upper Devonian is postmature and the Lower Carboniferous is mature for gas. The VRo 

values obtained in the Pointed Mountain area are similar to those in the Eastern Plains and 
in the outcrop belt to the north so that folding and thrusting of the Upper Paleozoic at 

Pointed Mountain has therefore created something of a thermal low in an area of rather 

elevated maturity that is generally more conducive to gas generation. 
The Ro-depth gradients are distinctly different for the Upper Devonian and Lower 

Carboniferous strata in this area: the Devonian gradients are much steeper than those 

observed in the Carboniferous suggesting that high geothermal gradients prevailed during 

the Upper Devonian. Basin modeling results also imply that very high heat flows prevailed 
in the Upper Devonian. These observations are consistent with those of Morrow et al. 
(1993) who favour a Late Devonian heating event as being responsible for the high 

maturity observed in the Beaver River and Kotaneelee regions. 

The Ro values predicted by the burial and thermal models do not overlap the 

measured values for the whole Upper Palaeozoic and this appears to be due to insensitivity 

of the modeling program to short duration changes in heat flow. Most TTI-based 

modeling programs are only applicable to basins which have experienced continual 

subsidence and those in which the maturation patterns reflect only heating due to burial. It 

is suggested that the best fit of the data would be accomplished if it was possible to 

accommodate short-duration, episodic heating into the model. Consequently, it must be 

concluded that the maturation patterns observed in the Liard are related basin subsidence 

and deep burial but that additional Upper Devonian heating event affected the sediments 

along the western margin of the Liard Basin and along the Bovie Fault. 

Thermal history 

Significant (positive) thermal anomalies are indicated by maturity parameters and 
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distinctive petrographic characteristics of the organic matter around the Bovie Fault Zone 

(Windflower, Bovie Lake and Celibeta) and all along the western margin of the basin 
, 

(Dunedin, Kotaneelee, Tika Creek, Clausen Creek). Petrographic characteristics of the 

bitumens in the Muskwa and Fort Simpson Formations bear the mark of intense thermal 

alteration. Under laboratory-simulated carbonization conditions, a nisotropic semicokes 

such as those observed in the Muskwa, can form from bitumens at elevated temperatures 

in excess of 600 °C. In a hydrogen-saturated environment, which would be more 

representative of a maturing source rock, and where pores and internal microfractures 

would be filled mixtures of water, hydrocarbon fluids or gas, such textures can form from 

bitumens at temperatures ca. 380 °C to 450°C (Potter et al., 1984). The observed 

reflectance anomalies, which signify elevated maturation relative to the regional maturation 

pattern, are less pronounced in the Carboniferous strata suggesting that the Bovie Fault 

was a source of deep conductive heat during the Upper Devonian. Optically anisotropic 
bitumens in the Fort Simpson Formation, have high bireflectance, which is typical of 
isotropic cokes formed under mild carbonization conditions (Grint & Marsh, 1984) or 

under intense heat and pressure, (Goodarzi & Murchison, 1979). In the Mattson 

Formation at Windflower in northeast British Columbia, anomalously high Ro values 
(>10% Ro) for bitumens and a high degree of sulphide mineralization in the shales 

suggests that the fault may also have been a source of hydrothermal fluids. 

As in the Muskwa Formation at Bovie Lake, highly anisotropic cokes are present 
in the Besa River along the west side of the basin (Kotaneelee), together with cenospheres 

similar to those that from high temperature flash pyrolysis of low grade organic matter 
(Energy Research Unit, 1983) or oxidative combustion. The characteristic mosaic 

anisotropy which develops results from the ordering and growth of polyaromatic nuclei as 

peripheral functional groups and hydrocarbons chains are lost due to C-C bond rupturing. 
This results in condensation of the aromatic nucleic and planar directional growth of 

aromatic layers (Katz & Hirsch, 1964). The cenospheres also suggest rapid thermal 

devolatilisation of organic components more consistent with pulses of intense heating in 

proximity to the source rocks. Burial history modeling for the Pan Am Beaver and 
Kotaneelee sections by Morrow et al. (1993) indicated that given a burial history similar to 

that discussed in Chapter 5, and heat flows of 150 mW/m/sec, the Besa River Formation 
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entered the oil window ca. 340 million years ago and oil generation was complete by ca. 

280 million years B. P., i. e. in the pre-Permian. Considering the petrographic evidence for 

intense thermal heating, it is suggested that hydrocarbon generation from the Besa may 

even have occurred quite early in the history of the Besa River, relatively soon after 

deposition. Modem environments where this is currently occurring include the Guayamas 

Basin- part of the system of spreading ridges and tranform faults that define the northern 

tip of the east Pacific Rise System. Simoneit (1985) describes instantaneous petroleum 

genesis at temperatures in excess of 315°C which he refers to as "hydrothermal 

petroleum". Geochemically, the products are similar to those associated with 

"thermocracking" of organic matter which generates polyaromatic condensation products 

that accumulate within the sediment and whose pyrolysis products show complete 

expulsion of the pyrolysate. According to Simoneit (1983), ancient sites of hydrothermal 

petroleum generation such as the Guyamas Basin are associated with large amounts of 

thermogenic gas. The Beaver River and Kotaneelee gasfields represent thermogenic gas 

accumulations. According to Barker and Pawlewitz (1985), temperatures of 342 °C would 

be required to bring about the a reflectance equivalent to that observed in the Devonian at 

the base of the Kotaneelee section (4.4 % VRo equivalent) under hydrothermal conditions. 

Simoneit (1985) has observed "discharge of hydrothermal fluids up to tkm above sea floor 

vents in the Guaymas Basin. which, coupled with large amounts of accessible petroleum, 

represents a major carbon source for the generation of microbial biomass at the vent sites". 

Morrow (1986) suggests a hydrothermal heat source was responsible for 

recirculating evaporatic brines from the Elk Point Basin into the Liard Basin and 

associated areas, giving rise to the middle Devonian Manetoe Facies Dolomite, a 

widespread diagenetic dolomite facies which is the reservoir for the Beaver River, 

Kotaneelee and Pointed Mountain Gasfields. Morrow (ibid. ) also indicates that "Sr 

isotope data implies an early, pre-Mesozoic origin for the dolomite cements. A 

hydrothermal regime is compatible with the temperatures required for semicoke formation 

and the regional Ro distributions in this area. Furthermore, the Besa River Formation 

contains a very high proportion of pyrite which is mostly massive and tetrahedral in nature. 

Machel et al. (1995) indicate that cubic (tetrahedral) pyrite is indication of thermochemical 

sulphate reduction rather than pyrite of bacterial origin. 
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Hydrothermal lead-zinc-pyrite deposits are known from the middle Devonian of 

the southeastern Yukon and southwestern Northwest Territories and northeastern British 

Columbia. Furthermore, Came and Cathro (1982) describe stratabound, shale-hosted 

sedimentary exhalative sulphide (SEDEX) mineral deposits from the Besa River in the 

Selwyn Basin just to the northwest of the study area; the model they propose for the lead- 

zinc-pyrite deposits at Macmillan Pass in the southern Yukon is that of hydrothermal 

mounds located along the strike of major NNW-SSE trending graben-faults 

that define the edge of the Selwyn Basin. Davies (1996) suggests there is close spatial and 

temporal relationship between the hydrothermal dolomite-hosted lead-zinc deposits in 

northeastern British Columbia and the stratabound SEDEX and hydrothermal dolomite 

hydrocarbon reservoirs. This lends further support to the suggestion that hydrothermal 

activity on the western margin of the Liard Basin may have been responsible for early 

maturation of the organic matter in Upper Devonian source rocks. 

A study of the early Palaeozoic tectonic framework and palaeogeography of the 
Canadian Cordillera by Cecile et al. (1997) indicates that the Canadian Cordilleran 

"miogeocline" (which includes the study area) was formed in Late Proterozoic as a result 

of rifting. The Atlantic-type margin continued to have distinct periods of rifting and 

extension throughout its history. Cecile et al. (1997), identified the Liard "Depression" as 

a significant depocentre that existed well into the Devonian and suggests that a prominent 
Paleozoic structure, the NE-SW trending "Liard Line" zone, defined by erosional and 
depositional pinch-outs of the Ordovician to Lower Devonian, may have been an ancient 

transfer fault. The rifted eastern upper plate margin inherits numerous deep graben-types 
faults along which hydrothermal fluids can be transmitted. Additional heat sources along 

the inferred western margin of the Liard Basin may be related to hydrothermal activity that 

persisted throughout the Upper Devonian and early Carboniferous and contributed to the 
high maturation levels observed in the Besa River. 
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7.0 CONCLUSIONS 

1. Gas source rocks are numerous in the Upper Devonian in the Liard Basin west of the 

Bovie Fault Zone. 

2. OR and gas source rocks occur in the Upper Devonian and Carboniferous of the 
Eastern Plains, east of the Bovie Fault Zone ; the Carboniferous ones are currently in 

the peak oil generation stage of maturity. 

3. Indigenous solid microbitumens are commonly the most abundant type of organic 

matter in the source rocks and can be reliable maturity parameters provided they are 

classified into morphologically-distinct types and identified with the precursor 

macerals. 

4. Regional maturation patterns are closely related to basin subsidence, except along the 

Bovie Fault Zone and the western and southwestern margins of the study area. 

5. A thermal anomaly is strongly manifested along the western margin of the basin and 

the effects decrease northeast and eastwards. Vertical Ro-depth profiles, Ro 

gradients, petrographic characteristics of the organic matter and the results of basin 

modeling point to a Late Devonian heating event in the Liard Basin. Hydrothermal 

activity related to the emplacement of base metal deposits and hydrothermal dolomites 

may have been responsible. 

6. The Bovie Fault was also a source of convective heating during the Upper Devonian 

resulting in local thermal anomalies and maturation patterns. 
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APPENDIX B 
Results of RockEval\TOC pyrolysis (by formation) 
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APPENDIX C 

Bitumen, reflectance, vitrinite reflectance and 
fluorescence data (by formation). 
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APPENDIX D 
Bitumen reflectance-depth profiles 
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APPENDIX E 
Basin modeling files 

Input files for "Burial" modeling program 

Imperial Island River El -Ell 
Canada Southern et al. YT I-27 E12 -E 18 
Pan Am Beaver River G-O1 E19 - E25 



BURIAL 3a Input file: Imperial Island River. age 
(input data shown in bold type) 

Age 1 415 Base of sequence 
Age 2 401 Granite wash (regolith) deposition 
Age 3 392 Chinchaga Eifelian 
Age 4 386 Keg River Eifelian-Givetian 

Evie Mbr 
Age 5 380 Mid Devonian Sh/Lms(? Sulphur Point) late Givetian 
Age 6 377 Slave Point Late Givetian 
Age 7 373 Muskwa 

Fort Simpson Frasnian 
Age 8 370 Jean Marie Late Frasnian 
Age 9 369 Redknife 
Age 10 367 Kaldsa Fammenian 

Trout River 
Age 11 365 Tetcho Fammenian 
Age 12 363 Kotcho Fammenian 
Age 13 353 Exshaw late Fammenian 

Banff . -Ti 
Age 14 350 Rundle-part remainig (Peldsko) Tournasian -T2 
Age 15 347 Rundle-part eroded 

(at Sub Cret Unconformity) Tournasian -T3 
Age 16 346 Rundle deposition-part eroded 

(At Sub-permian Unconformity) Tournasian-T3 

Age 17 330 Mattson Serphukovian 
Age 18 295 Sub-Permian Unconformity 

-Mattson erosion 
Age 19 290 Sub-Permian Unconfonnity 

-Rundle erosion 
Age 20 280 Kindle Ass-Sak-Art 
Age 21 262 Fantasque Guad (Road-War) 
Age 22 250 Sub-Triassic Unconformity 

-Fantasque erosion 
Age 23 230 Toad-Grayling Scythian-Norian 
Age 24 205 Sub-Cretaceous unconformity 

Toad-Grayling ersosion 
Age 25 190 Sub-Cretaceous unconformity 

Kindle erosion 
Age 26 185 Sub-Cretaceous unconformity 

Rundle erosion 
Age 27 112 Buckinghorse Early-mid Albian 
Age 28 108 Sikanni M. Albian 
Age 29 102 Sully Late Albian 
Age 30 96 Dunvegan deposition-part remainimg M-Late Cenomanian 
Age 31 95 Dunvegan deposition-part eroded 
Age 32 15 Kotaneelee Santon-Campaignian 
Age 33 71 Wapiti Maastrichtian 

Age 34 65 Sub-Tertiary unconformity 
-Wapiti erosion 

Age 35 60 Sub-Tertiary unconformity 
-Kotaneelee erosion 

Age 36 40 Sub-Tertiary Unconformity 
-Dunvegan erosion 

Age 37 2 Quaternary deposition 



BURIAL 3a Input File : Imperial Island River No. 1. 

AGE 

37 
36 

Event 

Quaternary deposition 
Sub Tertiary unconformity 

- Dunvegan erosion 
Sub-Tertiary Unconformity 

-Kotaneelee erosion 
Sub-Tertiary Unconformity 

-Wapiti erosion 
Wapiti deposition 
Kotaneelee deposition 
Dunvegan deposit. -part eroded 

at Sub-Tertiary Unconform 
Dunvegan deposit. -part remain 
Sully deposition 
Sikanni deposition 
Bucldnghorse deposition 
Sub-Cretaceous Unconformity 

-Rundle erosion 
Sub-Cretaceous Unconformity 

-Kindle erosion 

T/F Thickness Seq # 
(m) 

T 020.0 38 age 37 

35 

34 

33 
32 
31 

30 
29 
28 
27 
26 

25 

24 

23 
22 

21 

20 

19 

18 

17 

16 

15 

14 
13 
12 
11 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 

Sub-Cretaceous Unconformity 

T 00.00 38 age 36 

T 00.00 38 age 35 

T 
F 
F 

F 
T 
T 
T 
T 

00.00 38 
200.00 34 
200.00 35 

084.00 36 
166.00 38 
177.00 38 
085.00 38 
197.5 38 

age 34 
age 33 
age 32 

age 31 
age 30 
age 29 
age 28 
age 27 

T 

T 

-Toad-Grayling erosion T 
Toad-Grayling deposition F 
Sub-Triassic unconformity 

-Fantasque erosion T 
Fantasque deposition F 

(eroded STriUnconf) 
Kindle deposition F 

(Eroded at STerUncon) 
Sub-Permian Unconformity 

-Rundle erosion T 
Sub-Permian Unconformity 

-Mattson erosion T 
Mattson deposition F 

(eroded at SPerm unconf) 
Rundle deposition-part eroded F 

(at Sub-Permian Unconformity) 
Rundle Gp deposition-part eroded F 

(at Sub-Cretaceous Unconformity) 
Rundle Gp deposition-part remaining T 
Banff+Exshaw deposition T 
Kotcho deposition T 
Tetcho depisition T 
Trout River +Kaldsa deposition T 
Redldfe deposition T 
Jean Marie deposition T 
Fort Simpson + Muskwa deposition T 
Slave Point deposition T 
Mid Devonian Sh/Lsts T 
EvieMbr + Keg River deposition T 
Chinchaga deposition T 
Granite wash deposition T 
Base of Sequence T 

000.00 38 

000.00 38 

age 26 

age 25 

000.00 38 age 24 
140.00 24 age 23 

000.00 38 age 22 
025.00 22 age 21 

020.00 25 age 20 

000.00 38 age 19 

000.00 38 age 18 
150.00 18 age 17 

025.00 19 age 16 

310.00 26 

003.00 38 
370.00 38 
212.5 38 
076.00 38 
672.00 38 
140.20 38 
15.20 38 

530.00 38 
117.00 38 
106.00 38 
090.5 38 
078.00 38 
025.00 38 
000.00 38 

age 15 

Age 14 
age 13 
age 12 
age 11 
age 10 
age 9 
age 8 
age 7 
age 6 
age 5 
age 4 
age 3 
age 2 
age 1 



BURIAL 3a Input File: Imperial Island River. Ro 
(input data shown in bold type) 

Imperial Island River No. 1 
N60 09' 29" W121 08' 16" 
Samp No. Depth 
C186751- ft m 

Stratigraphy Reflectance 
Rock Med Ro-amorphous 
fm mean st dev n 

VRo 
calc* 

Depth 
m 

1994 1994C* 607.77 Cretac 0.60 0.05 11 0.77 607.77 
2134 2134C 650.44 Banff 650.44 
2140 2140C 652.27 Banff 652.27 
2310 2310C 704.08 Banff 0.79 0.01 3 0.89 704.09 
2456 2456C 748.59 Banff 748.59 
2747 2747C 837.28 Banff 0.86 0.08 6 0.93 837.29 
2760 2760C 841.24 Banff 0.86 0.05 10 0.93 841.25 
3012 3012C 918.06 Banff 0.86 0.04 3 0.93 918.06 
3275 3275C 998.22 Banff 0.88 0.02 2 0.94 998.22 
3288 3288C 1002.18 Banff 0.88 0.02 2 0.94 1002.18 
3465 3465C 1056.13 Exshaw 0.82 0.02 2 0.91 1056.13 
3486 3486C 1057.65 Kotcho 0.85 0.05 6 0.93 1062.53 
3797 3797-3806C 1157.32-1160.07 Kotcho 1.09 0.03 5 1.07 1157.33 
4010 4098-4118C 1249.07-1255.1 7 Kotcho 1.10 0.03 3 1.08 1222.25 
4102 4101-03C 1249.98-1250.5 9 Kotcho 1250.29 
4426 4426C 1349.04 Trout River 1.11 1.09 1349.04 
4818 4818C 1468.53 Redknife 1468.53 
5418 5409-27C 1648.66-1654.1 4 FtSimpson 1.24 0.05 7 1.17 1651.41 
5587.3 5587.3C 1703.07 FtSimpson 1.32 0.04 6 1.22 1703.01 
5590.3 5590.3C 1703.92 FtSimpson 1.37 0.10 6 1.25 1703.92 
5899 5899C 1790.01 FtSimpson 1798.02 
6240 6240C 1901.95 FtSimpson 1.46 0.05 4 1.30 1901.95 
6400 6400C 1950.72 FtSimpson 1.50 0.00 1 1.33 1950.72 
6619 6614-24C 2017.47-2019 FtSimpson 2017.47 
6814 6814C 2076.91 FtSimpson 1.57 0.02 2 1.37 2076.91 
6906 6902-6908C 2103.73-2105.55 Muskwa 1.63 0.09 11 1.41 2104.95 

*after Jacob, 1985: Vro=(BRo*0.618)+0.4 



BURIAL 3A Input file: Imperial Island River. dat - Model 1 

Imperial Island River No. 1 G-50 
M 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE1 
0025.0 T 38 0.600 0.020 0.000 0.000 0.200 0.000 0.000 080.0 025.0 AGE2 
0078.0 T 38 0.100 0.000 0.000 0.250 0.450 0.200 0.000 080.0 025.0 AGE3 
0090.5 T 38 0.000 0.000 0.100 0.800 0.100 0.000 0.000 080.0 025.0 AGE4 
0106.0 T 38 0.000 0.000 0.100 0.900 0.000 0.000 0.000 080.0 025.0 AGES 
0117.0 T 38 0.000 0.000 0.200 0.800 0.000 0.000 0.000 150.0 025.0 AGE6 
0530.0 T 38 0.700 0.050 0.000 0.100 0.150 0.000 0.000 150.0 025.0 AGE7 
0015.2 T 38 0.000 0.000 0.650 0.350 0.000 0.000 0.000 150.0 025.0 AGE8 
0140.2 T 38 0.700 0.000 0.000 0.050 0.200 0.000 0.000 150.0 025.0 AGE9 
0672.0 T 38 0.100 0.600 0.100 0.000 0.200 0.000 0.000 150.0 025.0 AGE10 
0076.0 T 38 0.000 0.000 0.850 0.150 0.000 0.000 0.000 150.0 025.0 AGE11 
0212.5 T 38 0.650 0.000 0.350 0.000 0.000 0.000 0.000 150.0 025.0 AGE12 
0370.0 T 38 0.600 0.000 0.300 0.000 0.100 0.000 0.000 140.0 025.0 AGE13 
0003.0 T 38 0.150 0.000 0.850 0.000 0.000 0.000 0.000 140.0 025.0 AGE14 
0310.0 F 26 0.000 0.000 0.400 0.000 0.000 0.000 0.600 140.0 025.0 AGE 15 
0025.0 F 19 0.500 0.000 0.400 0.000 0.000 0.000 0.100 120.0 025.0 AGE16 
0150.0 F 18 0.150 0.600 0.050 0.000 0.200 0.000 0.000 120.0 025.0 AGE17 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE18 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 025.0 AGE19 
0020.0 F 25 0.250 0.500 0.000 0.000 0.250 0.000 0.000 100.0 025.0 AGE20 
0025.0 F 22 0.500 0.000 0.000 0.000 0.000 0.000 0.500 100.0 025.0 AGE21 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE22 
0140.0 F 24 0.200 0.000 0.000 0.100 0.700 0.000 0.000 080.0 025.0 AGE23 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE24 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE25 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE26 
0197.5 T 38 0.800 0.000 0.000 0.000 0.200 0.000 0.000 080.0 025.0 AGE27 
0085.0 T 38 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 015.0 AGE28 
0177.0 T 38 0.500 0.200 0.000 0.000 0.300 0.000 0.000 060.0 015.0 AGE29 
0166.0 T 38 0.000 1.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE30 
0084.0 F 36 0.000 1.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE31 
0400.0 F 35 0.700 0.150 0.000 0.000 0.150 0.000 0.000 060.0 015.0 AGE32 
0350.0 F 34 0.000 0.500 0.000 0.000 0.500 0.000 0.000 060.0 015.0 AGE33 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE34 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 010.0 AGE35 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 010.0 AGE36 
0020.0 T 38 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 010.0 AGE37 



Burial 3a Input file: Imperial Island River No. 1 G-50. dat - Model 2 
M 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE1 
0025.0 T 38 0.600 0.020 0.000 0.000 0.200 0.000 0.000 150.0 025.0 AGE2 
0078.0 T 38 0.100 0.000 0.000 0.250 0.450 0.200 0.000 150.0 025.0 AGE3 
0090.5 T 38 0.000 0.000 0.100 0.800 0.100 0.000 0.000 150.0 025.0 AGE4 
0106.0 T 38 0.000 0.000 0.100 0.900 0.000 0.000 0.000 150.0 025.0 AGE5 
0117.0 T 38 0.000 0.000 0.200 0.800 0.000 0.000 0.000 150.0 025.0 AGE6 
0530.0 T 38 0.700 0.050 0.000 0.100 0.150 0.000 0.000 150.0 025.0 AGE7 
0015.2 T 38 0.000 0.000 0.650 0.350 0.000 0.000 0.000 150.0 025.0 AGE8 
0140.2 T 38 0.700 0.000 0.000 0.050 0.200 0.000 0.000 150.0 025.0 AGE9 
0672.0 T 38 0.100 0.600 0.100 0.000 0.200 0.000 0.000 150.0 025.0 AGE10 
0076.0 T 38 0.000 0.000 0.850 0.150 0.000 0.000 0.000 150.0 025.0 AGE11 
0212.5 T 38 0.650 0.000 0.350 0.000 0.000 0.000 0.000 150.0 025.0 AGE12 
0370.0 T 38 0.600 0.000 0.300 0.000 0.100 0.000 0.000 150.0 025.0 AGE 13 
0003.0 T 38 0.150 0.000 0.850 0.000 0.000 0.000 0.000 150.0 025.0 AGE14 
0310.0 F 26 0.000 0.000 0.400 0.000 0.000 0.000 0.600 150.0 025.0 AGE 15 
0025.0 F 19 0.500 0.000 0.400 0.000 0.000 0.000 0.100 150.0 025.0 AGE 16 
0150.0 F 18 0.150 0.600 0.050 0.000 0.200 0.000 0.000 150.0 025.0 AGE17 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE18 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE19 
0020.0 F 25 0.250 0.500 0.000 0.000 0.250 0.000 0.000 150.0 025.0 AGE20 
0025.0 F 22 0.500 0.000 0.000 0.000 0.000 0.000 0.500 100.0 025.0 AGE21 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE22 
0140.0 F 24 0.200 0.000 0.000 0.100 0.700 0.000 0.000 080.0 025.0 AGE23 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE24 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE25 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE26 
0197.5 T 38 0.800 0.000 0.000 0.000 0.200 0.000 0.000 080.0 025.0 AGE27 
0085.0 T 38 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 015.0 AGE28 
0177.0 T 38 0.500 0.200 0.000 0.000 0.300 0.000 0.000 060.0 015.0 AGE29 
0166.0 T 38 0.000 1.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE30 
0084.0 F 36 0.000 1.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE31 
0400.0 F 35 0.700 0.150 0.000 0.000 0.150 0.000 0.000 060.0 015.0 AGE32 
0350.0 F 34 0.000 0.500 0.000 0.000 0.500 0.000 0.000 060.0 015.0 AGE33 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE34 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 010.0 AGE35 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 010.0 AGE36 
0020.0 T 38 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 010.0 AGE37 



Burial 3a: Input file - Imperial Island River No. 1 G-50. dat - Model 3 
M 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE1 
0025.0 T 38 0.600 0.020 0.000 0.000 0.200 0.000 0.000 150.0 025.0 AGE2 
0078.0 T 38 0.100 0.000 0.000 0.250 0.450 0.200 0.000 150.0 025.0 AGE3 
0090.5 T 38 0.000 0.000 0.100 0.800 0.100 0.000 0.000 150.0 025.0 AGE4 
0106.0 T 38 0.000 0.000 0.100 0.900 0.000 0.000 0.000 150.0 025.0 AGES 
0117.0 T 38 0.000 0.000 0.200 0.800 0.000 0.000 0.000 150.0 025.0 AGE6 
0530.0 T 38 0.700 0.050 0.000 0.100 0.150 0.000 0.000 150.0 025.0 AGE7 
0015.2 T 38 0.000 0.000 0.650 0.350 0.000 0.000 0.000 150.0 025.0 AGE8 
0140.2 T 38 0.700 0.000 0.000 0.050 0.200 0.000 0.000 150.0 025.0 AGE9 
0672.0 T 38 0.100 0.600 0.100 0.000 0.200 0.000 0.000 150.0 025.0 AGE10 
0076.0 T 38 0.000 0.000 0.850 0.150 0.000 0.000 0.000 150.0 025.0 AGE11 
0212.5 T 38 0.650 0.000 0.350 0.000 0.000 0.000 0.000 150.0 025.0 AGE12 
0370.0 T 38 0.600 0.000 0.300 0.000 0.100 0.000 0.000 150.0 025.0 AGE13 
0003.0 T 38 0.150 0.000 0.850 0.000 0.000 0.000 0.000 150.0 025.0 AGE14 
0310.0 F 26 0.000 0.000 0.400 0.000 0.000 0.000 0.600 150.0 025.0 AGE 15 
0025.0 F 19 0.500 0.000 0.400 0.000 0.000 0.000 0.100 150.0 025.0 AGE 16 
0150.0 F 18 0.150 0.600 0.050 0.000 0.200 0.000 0.000 150.0 025.0 AGE17 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE18 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE19 
0020.0 F 25 0.250 0.500 0.000 0.000 0.250 0.000 0.000 150.0 025.0 AGE20 
0025.0 F 22 0.500 0.000 0.000 0.000 0.000 0.000 0.500 120.0 025.0 AGE21 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE22 
0140.0 F 24 0.200 0.000 0.000 0.100 0.700 0.000 0.000 120.0 025.0 AGE23 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE24 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE25 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE26 
0197.5 T 38 0.800 0.000 0.000 0.000 0.200 0.000 0.000 080.0 025.0 AGE27 
0085.0 T 38 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 015.0 AGE28 
0177.0 T 38 0.500 0.200 0.000 0.000 0.300 0.000 0.000 060.0 015.0 AGE29 
0166.0 T 38 0.000 1.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE30 
0084.0 F 36 0.000 1.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE31 
0400.0 F 35 0.700 0.150 0.000 0.000 0.150 0.000 0.000 060.0 015.0 AGE32 
0350.0 F 34 0.000 0.500 0.000 0.000 0.500 0.000 0.000 060.0 015.0 AGE33 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE34 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 010.0 AGE35 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 010.0 AGE36 
0020.0 T 38 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 010.0 AGE37 



Burial 3a Input file: Imperial Island River No. 1 G-50. dat Model 4 
M 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE1 
0025.0 T 38 0.600 0.020 0.000 0.000 0.200 0.000 0.000 150.0 025.0 AGE2 
0078.0 T 38 0.100 0.000 0.000 0.250 0.450 0.200 0.000 150.0 025.0 AGE3 
0090.5 T 38 0.000 0.000 0.100 0.800 0.100 0.000 0.000 150.0 025.0 AGE4 
0106.0 T 38 0.000 0.000 0.100 0.900 0.000 0.000 0.000 150.0 025.0 AGE5 
0117.0 T 38 0.000 0.000 0.200 0.800 0.000 0.000 0.000 150.0 025.0 AGE6 
0530.0 T 38 0.700 0.050 0.000 0.100 0.150 0.000 0.000 150.0 025.0 AGE7 
0015.2 T 38 0.000 0.000 0.650 0.350 0.000 0.000 0.000 150.0 025.0 AGE8 
0140.2 T 38 0.700 0.000 0.000 0.050 0.200 0.000 0.000 150.0 025.0 AGE9 
0672.0 T 38 0.100 0.600 0.100 0.000 0.200 0.000 0.000 150.0 025.0 AGE10 
0076.0 T 38 0.000 0.000 0.850 0.150 0.000 0.000 0.000 150.0 025.0 AGE11 
0212.5 T 38 0.650 0.000 0.350 0.000 0.000 0.000 0.000 150.0 025.0 AGE12 
0370.0 T 38 0.600 0.000 0.300 0.000 0.100 0.000 0.000 150.0 025.0 AGE13 
0003.0 T 38 0.150 0.000 0.850 0.000 0.000 0.000 0.000 150.0 025.0 AGE14 
0310.0 F 26 0.000 0.000 0.400 0.000 0.000 0.000 0.600 150.0 025.0 AGE 15 
0025.0 F 19 0.500 0.000 0.400 0.000 0.000 0.000 0.100 150.0 025.0 AGE16 
0150.0 F 18 0.150 0.600 0.050 0.000 0.200 0.000 0.000 150.0 025.0 AGE17 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE18 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE19 
0020.0 F 25 0.250 0.500 0.000 0.000 0.250 0.000 0.000 150.0 025.0 AGE20 
0025.0 F 22 0.500 0.000 0.000 0.000 0.000 0.000 0.500 120.0 025.0 AGE21 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE22 
0140.0 F 24 0.200 0.000 0.000 0.100 0.700 0.000 0.000 120.0 025.0 AGE23 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE24 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE25 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE26 
0197.5 T 38 0.800 0.000 0.000 0.000 0.200 0.000 0.000 100.0 025.0 AGE27 
0085.0 T 38 0.000 1.000 0.000 0.000 0.000 0.000 0.000 100.0 015.0 AGE28 
0177.0 T 38 0.500 0.200 0.000 0.000 0.300 0.000 0.000 100.0 015.0 AGE29 
0166.0 T 38 0.000 1.000 0.000 0.000 0.000 0.000 0.000 100.0 015.0 AGE30 
0084.0 F 36 0.000 1.000 0.000 0.000 0.000 0.000 0.000 100.0 015.0 AGE31 
0400.0 F 35 0.700 0.150 0.000 0.000 0.150 0.000 0.000 100.0 015.0 AGE32 
0350.0 F 34 0.000 0.500 0.000 0.000 0.500 0.000 0.000 100.0 015.0 AGE33 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 015.0 AGE34 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 010.0 AGE35 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 010.0 AGE36 
0020.0 T 38 0.000 0.500 0.000 0.000 0.500 0.000 0.000 085.0 010.0 AGE37 



Burial 3a Input file: Imperial Island River No. 1 G-50. dat Model 5 
M 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 200.0 025.0 AGE1 
0025.0 T 38 0.600 0.020 0.000 0.000 0.200 0.000 0.000 200.0 025.0 AGE2 
0078.0 T 38 0.100 0.000 0.000 0.250 0.450 0.200 0.000 200.0 025.0 AGE3 
0090.5 T 38 0.000 0.000 0.100 0.800 0.100 0.000 0.000 200.0 025.0 AGE4 
0106.0 T 38 0.000 0.000 0.100 0.900 0.000 0.000 0.000 200.0 025.0 AGES 
0117.0 T 38 0.000 0.000 0.200 0.800 0.000 0.000 0.000 200.0 025.0 AGE6 
0530.0 T 38 0.700 0.050 0.000 0.100 0.150 0.000 0.000 200.0 025.0 AGE7 
0015.2 T 38 0.000 0.000 0.650 0.350 0.000 0.000 0.000 200.0 025.0 AGE8 
0140.2 T 38 0.700 0.000 0.000 0.050 0.200 0.000 0.000 200.0 025.0 AGE9 
0672.0 T 38 0.100 0.600 0.100 0.000 0.200 0.000 0.000 200.0 025.0 AGE10 
0076.0 T 38 0.000 0.000 0.850 0.150 0.000 0.000 0.000 200.0 025.0 AGE11 
0212.5 T 38 0.650 0.000 0.350 0.000 0.000 0.000 0.000 200.0 025.0 AGE12 
0370.0 T 38 0.600 0.000 0.300 0.000 0.100 0.000 0.000.150.0 025.0 AGE13 
0003.0 T 38 0.150 0.000 0.850 0.000 0.000 0.000 0.000 150.0 025.0 AGE14 
0310.0 F 26 0.000 0.000 0.400 0.000 0.000 0.000 0.600 150.0 025.0 AGE15 
0025.0 F 19 0.500 0.000 0.400 0.000 0.000 0.000 0.100 150.0 025.0 AGE16 
0150.0 F 18 0.150 0.600 0.050 0.000 0.200 0.000 0.000 150.0 025.0 AGE17 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE18 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE19 
0020.0 F 25 0.250 0.500 0.000 0.000 0.250 0.000 0.000 150.0 025.0 AGE20 
0025.0 F 22 0.500 0.000 0.000 0.000 0.000 0.000 0.500 120.0 025.0 AGE21 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE22 
0140.0 F 24 0.200 0.000 0.000 0.100 0.700 0.000 0.000 120.0 025.0 AGE23 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE24 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE25 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE26 
0197.5 T 38 0.800 0.000 0.000 0.000 0.200 0.000 0.000 100.0 025.0 AGE27 
0085.0 T 38 0.000 1.000 0.000 0.000 0.000 0.000 0.000 100.0 015.0 AGE28 
0177.0 T 38 0.500 0.200 0.000 0.000 0.300 0.000 0.000 100.0 015.0 AGE29 
0166.0 T 38 0.000 1.000 0.000 0.000 0.000 0.000 0.000 100.0 015.0 AGE30 
0084.0 F 36 0.000 1.000 0.000 0.000 0.000 0.000 0.000 100.0 015.0 AGE31 
0400.0 F 35 0.700 0.150 0.000 0.000 0.150 0.000 0.000 100.0 015.0 AGE32 
0350.0 F 34 0.000 0.500 0.000 0.000 0.500 0.000 0.000 100.0 015.0 AGE33 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 015.0 AGE34 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 010.0 AGE35 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 010.0 AGE36 
0020.0 T 38 0.000 0.500 0.000 0.000 0.500 0.000 0.000 085.0 010.0 AGE37 



Burial 3a Input file: Imperial Island River No. 1 G-50. dat Model 6 
M 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 200.0 025.0 AGE1 
0025.0 T 38 0.600 0.020 0.000 0.000 0.200 0.000 0.000 200.0 025.0 AGE2 
0078.0 T 38 0.100 0.000 0.000 0.250 0.450 0.200 0.000 200.0 025.0 AGE3 
0090.5 T 38 0.000 0.000 0.100 0.800 0.100 0.000 0.000 200.0 025.0 AGE4 
0106.0 T 38 0.000 0.000 0.100 0.900 0.000 0.000 0.000 200.0 025.0 AGES 
0117.0 T 38 0.000 0.000 0.200 0.800 0.000 0.000 0.000 200.0 025.0 AGE6 
0530.0 T 38 0.700 0.050 0.000 0.100 0.150 0.000 0.000 200.0 025.0 AGE7 
0015.2 T 38 0.000 0.000 0.650 0.350 0.000 0.000 0.000 200.0 025.0 AGE8 
0140.2 T 38 0.700 0.000 0.000 0.050 0.200 0.000 0.000 200.0 025.0 AGE9 
0672.0 T 38 0.100 0.600 0.100 0.000 0.200 0.000 0.000 200.0 025.0 AGE10 
0076.0 T 38 0.000 0.000 0.850 0.150 0.000 0.000 0.000 200.0 025.0 AGE11 
0212.5 T 38 0.650 0.000 0.350 0.000 0.000 0.000 0.000 200.0 025.0 AGE12 
0370.0 T 38 0.600 0.000 0.300 0.000 0.100 0.000 0.000 200.0 025.0 AGE13 
0003.0 T 38 0.150 0.000 0.850 0.000 0.000 0.000 0.000 200.0 025.0 AGE14 
0310.0 F 26 0.000 0.000 0.400 0.000 0.000 0.000 0.600 200.0 025.0 AGE 15 
0025.0 F 19 0.500 0.000 0.400 0.000 0.000 0.000 0.100 200.0 025.0 AGE 16 
0150.0 F 18 0.150 0.600 0.050 0.000 0.200 0.000 0.000 200.0 025.0 AGE 17 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 200.0 025.0 AGE18 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 200.0 025.0 AGE19 
0020.0 F 25 0.250 0.500 0.000 0.000 0.250 0.000 0.000 200.0 025.0 AGE20 
0025.0 F 22 0.500 0.000 0.000 0.000 0.000 0.000 0.500 200.0 025.0 AGE21 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 200.0 025.0 AGE22 
0140.0 F 24 0.200 0.000 0.000 0.100 0.700 0.000 0.000 200.0 025.0 AGE23 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 200.0 025.0 AGE24 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 200.0 025.0 AGE25 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 200.0 025.0 AGE26 
0197.5 T 38 0.800 0.000 0.000 0.000 0.200 0.000 0.000 200.0 025.0 AGE27 
0085.0 T 38 0.000 1.000 0.000 0.000 0.000 0.000 0.000 100.0 015.0 AGE28 
0177.0 T 38 0.500 0.200 0.000 0.000 0.300 0.000 0.000 100.0 015.0 AGE29 
0166.0 T 38 0.000 1.000 0.000 0.000 0.000 0.000 0.000 100.0 015.0 AGE30 
0084.0 F 36 0.000 1.000 0.000 0.000 0.000 0.000 0.000 100.0 015.0 AGE31 
0400.0 F 35 0.700 0.150 0.000 0.000 0.150 0.000 0.000 100.0 015.0 AGE32 
0350.0 F 34 0.000 0.500 0.000 0.000 0.500 0.000 0.000 100.0 015.0 AGE33 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 015.0 AGE34 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 010.0 AGE35 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 010.0 AGE36 
0020.0 T 38 0.000 0.500 0.000 0.000 0.500 0.000 0.000 085.0 010.0 AGE37 



Burial 3a Inout file: Imperial Island River No. 1 G-50. dat Model 7 
M 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 200.0 025.0 AGE1 
0025.0 T 38 0.600 0.020 0.000 0.000 0.200 0.000 0.000 200.0 025.0 AGE2 
0078.0 T 38 0.100 0.000 0.000 0.250 0.450 0.200 0.000 200.0 025.0 AGE3 
0090.5 T 38 0.000 0.000 0.100 0.800 0.100 0.000 0.000 200.0 025.0 AGE4 
0106.0 T 38 0.000 0.000 0.100 0.900 0.000 0.000 0.000 200.0 025.0 AGE5 
0117.0 T 38 0.000 0.000 0.200 0.800 0.000 0.000 0.000 200.0 025.0 AGE6 
0530.0 T 38 0.700 0.050 0.000 0.100 0.150 0.000 0.000 200.0 025.0 AGE7 
0015.2 T 38 0.000 0.000 0.650 0.350 0.000 0.000 0.000 200.0 025.0 AGES 
0140.2 T 38 0.700 0.000 0.000 0.050 0.200 0.000 0.000 200.0 025.0 AGE9 
0672.0 T 38 0.100 0.600 0.100 0.000 0.200 0.000 0.000 200.0 025.0 AGE10 
0076.0 T 38 0.000 0.000 0.850 0.150 0.000 0.000 0.000 200.0 025.0 AGE1 1 
0212.5 T 38 0.650 0.000 0.350 0.000 0.000 0.000 0.000 200.0 025.0 AGE12 
0370.0 T 38 0.600 0.000 0.300 0.000 0.100 0.000 0.000 200.0 025.0 AGE13 
0003.0 T 38 0.150 0.000 0.850 0.000 0.000 0.000 0.000 200.0 025.0 AGE14 
0310.0 F 26 0.000 0.000 0.400 0.000 0.000 0.000 0.600 200.0 025.0 AGE 15 
0025.0 F 19 0.500 0.000 0.400 0.000 0.000 0.000 0.100 200.0 025.0 AGE16 
0150.0 F 18 0.150 0.600 0.050 0.000 0.200 0.000 0.000 200.0 025.0 AGE17 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 200.0 025.0 AGE 18 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 200.0 025.0 AGE19 
0020.0 F 25 0.250 0.500 0.000 0.000 0.250 0.000 0.000 200.0 025.0 AGE20 
0025.0 F 22 0.500 0.000 0.000 0.000 0.000 0.000 0.500 200.0 025.0 AGE21 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 200.0 025.0 AGE22 
0140.0 F 24 0.200 0.000 0.000 0.100 0.700 0.000 0.000 200.0 025.0 AGE23 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 200.0 025.0 AGE24 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 200.0 025.0 AGE25 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 200.0 025.0 AGE26 
0197.5 T 38 0.800 0.000 0.000 0.000 0.200 0.000 0.000 200.0 025.0 AGE27 
0085.0 T 38 0.000 1.000 0.000 0.000 0.000 0.000 0.000 150.0 015.0 AGE28 
0177.0 T 38 0.500 0.200 0.000 0.000 0.300 0.000 0.000 150.0 015.0 AGE29 
0166.0 T 38 0.000 1.000 0.000 0.000 0.000 0.000 0.000 150.0 015.0 AGE30 
0084.0 F 36 0.000 1.000 0.000 0.000 0.000 0.000 0.000 150.0 015.0 AGE31 
0400.0 F 35 0.700 0.150 0.000 0.000 0.150 0.000 0.000 150.0 015.0 AGE32 
0350.0 F 34 0.000 0.500 0.000 0.000 0.500 0.000 0.000 150.0 015.0 AGE33 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 015.0 AGE34 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 010.0 AGE35 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 010.0 AGE36 
0020.0 T 38 0.000 0.500 0.000 0.000 0.500 0.000 0.000 085.0 010.0 AGE37 



Burial 3a Input file: Imperial Island River No.! G-50. dat Model 8 
M 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE1 
0025.0 T 38 0.600 0.020 0.000 0.000 0.200 0.000 0.000 150.0 025.0 AGE2 
0078.0 T 38 0.100 0.000 0.000 0.250 0.450 0.200 0.000 150.0 025.0 AGE3 
0090.5 T 38 0.000 0.000 0.100 0.800 0.100 0.000 0.000 150.0 025.0 AGE4 
0106.0 T 38 0.000 0.000 0.100 0.900 0.000 0.000 0.000 150.0 025.0 AGES 
0117.0 T 38 0.000 0.000 0.200 0.800 0.000 0.000 0.000 150.0 025.0 AGE6 
0530.0 T 38 0.700 0.050 0.000 0.100 0.150 0.000 0.000 150.0 025.0 AGE7 
0015.2 T 38 0.000 0.000 0.650 0.350 0.000 0.000 0.000 150.0 025.0 AGE8 
0140.2 T 38 0.700 0.000 0.000 0.050 0.200 0.000 0.000 150.0 025.0 AGE9 
0672.0 T 38 0.100 0.600 0.100 0.000 0.200 0.000 0.000 150.0 025.0 AGE10 
0076.0 T 38 0.000 0.000 0.850 0.150 0.000 0.000 0.000 150.0 025.0 AGE1 1 
0212.5 T 38 0.650 0.000 0.350 0.000 0.000 0.000 0.000 150.0 025.0 AGE12 
0370.0 T 38 0.600 0.000 0.300 0.000 0.100 0.000 0.000 150.0 025.0 AGE 13 
0003.0 T 38 0.150 0.000 0.850 0.000 0.000 0.000 0.000 150.0 025.0 AGE14 
0310.0 F 26 0.000 0.000 0.400 0.000 0.000 0.000 0.600 150.0 025.0 AGE 15 
0025.0 F 19 0.500 0.000 0.400 0.000 0.000 0.000 0.100 150.0 025.0 AGE 16 
0150.0 F 18 0.150 0.600 0.050 0.000 0.200 0.000 0.000 150.0 025.0 AGE17 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE18 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE19 
0020.0 F 25 0.250 0.500 0.000 0.000 0.250 0.000 0.000 150.0 025.0 AGE20 
0025.0 F 22 0.500 0.000 0.000 0.000 0.000 0.000 0.500 150.0 025.0 AGE21 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE22 
0140.0 F 24 0.200 0.000 0.000 0.100 0.700 0.000 0.000 150.0 025.0 AGE23 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE24 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 
0197.5 T 38 0.800 0.000 0.000 0.000 0.200 0.000 0.000 150.0 025.0 
0085.0 T 38 0.000 1.000 0.000 0.000 0.000 0.000 0.000 150.0 015.0 
0177.0 T 38 0.500 0.200 0.000 0.000 0.300 0.000 0.000 150.0 015.0 
0166.0 T 38 0.000 1.000 0.000 0.000 0.000 0.000 0.000 150.0 015.0 
0084.0 F 36 0.000 1.000 0.000 0.000 0.000 0.000 0.000 150.0 015.0 
0400.0 F 35 0.700 0.150 0.000 0.000 0.150 0.000 0.000 150.0 015.0 
0350.0 F 34 0.000 0.500 0.000 0.000 0.500 0.000 0.000 150.0 015.0 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 015.0 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 010.0 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 010.0 
0020.0 T 38 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 010.0 

AGE25 
AGE26 
AGE27 
AGE28 
AGE29 
AGE30 
AGE31 
AGE32 
AGE33 
AGE34 
AGE35 
AGE36 
AGE37 



Burial 3a Input file: Imperial Island River No. 1 G-50. dat Model 9 
M 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE1 
0025.0 T 38 0.600 0.020 0.000 0.000 0.200 0.000 0.000 150.0 025.0 AGE2 
0078.0 T 38 0.100 0.000 0.000 0.250 0.450 0.200 0.000 150.0 025.0 AGE3 
0090.5 T 38 0.000 0.000 0.100 0.800 0.100 0.000 0.000 150.0 025.0 AGE4 
0106.0 T 38 0.000 0.000 0.100 0.900 0.000 0.000 0.000 150.0 025.0 AGE5 
0117.0 T 38 0.000 0.000 0.200 0.800 0.000 0.000 0.000 150.0 025.0 AGE6 
0530.0 T 38 0.700 0.050 0.000 0.100 0.150 0.000 0.000 150.0 025.0 AGE7 
0015.2 T 38 0.000 0.000 0.650 0.350 0.000 0.000 0.000 150.0 025.0 AGE8 
0140.2 T 38 0.700 0.000 0.000 0.050 0.200 0.000 0.000 150.0 025.0 AGE9 
0672.0 T 38 0.100 0.600 0.100 0.000 0.200 0.000 0.000 150.0 025.0 AGE10 
0076.0 T 38 0.000 0.000 0.850 0.150 0.000 0.000 0.000 150.0 025.0 AGE11 
0212.5 T 38 0.650 0.000 0.350 0.000 0.000 0.000 0.000 150.0 025.0 AGE12 
0370.0 T 38 0.600 0.000 0.300 0.000 0.100 0.000 0.000.150.0 025.0 AGE13 
0003.0 T 38 0.150 0.000 0.850 0.000 0.000 0.000 0.000 150.0 025.0 AGE14 
0310.0 F 26 0.000 0.000 0.400 0.000 0.000 0.000 0.600 150.0 025.0 AGE15 
0025.0 F 19 0.500 0.000 0.400 0.000 0.000 0.000 0.100 150.0 025.0 AGE16 
0150.0 F 18 0.150 0.600 0.050 0.000 0.200 0.000 0.000 150.0 025.0 AGE17 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 025.0 AGE 18 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 025.0 AGE19 
0020.0 F 25 0.250 0.500 0.000 0.000 0.250 0.000 0.000 100.0 025.0 AGE20 
0025.0 F 22 0.500 0.000 0.000 0.000 0.000 0.000 0.500 100.0 025.0 AGE21 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 025.0 AGE22 
0140.0 F 24 0.200 0.000 0.000 0.100 0.700 0.000 0.000 100.0 025.0 AGE23 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 025.0 AGE24 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 025.0 AGE25 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 025.0 AGE26 
0197.5 T 38 0.800 0.000 0.000 0.000 0.200 0.000 0.000 150.0 025.0 AGE27 
0085.0 T 38 0.000 1.000 0.000 0.000 0.000 0.000 0.000 150.0 015.0 AGE28 
0177.0 T 38 0.500 0.200 0.000 0.000 0.300 0.000 0.000 150.0 015.0 AGE29 
0166.0 T 38 0.000 1.000 0.000 0.000 0.000 0.000 0.000 150.0 015.0 AGE30 
0084.0 F 36 0.000 1.000 0.000 0.000 0.000 0.000 0.000 150.0 015.0 AGE31 
0400.0 F 35 0.700 0.150 0.000 0.000 0.150 0.000 0.000 150.0 015.0 AGE32 
0350.0 F 34 0.000 0.500 0.000 0.000 0.500 0.000 0.000 150.0 015.0 AGE33 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 015.0 AGE34 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 010.0 AGE35 
0000.0 T 38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 010.0 AGE36 
0020.0 T 38 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 010.0 AGE37 



BURIAL 3A Input file: Canada Southern et at. N. Beaver R. YT 1-46 age 
(input data shown in bold type) 

Age 1 410 Base of sequence Seginin-Eifellian 
Age 2 400 Sub-Headless (carboniates) deposition Eifelian 
Age 3 385 Headless deposition Eifelian 
Age 4 380 Nahanni deposition Eifelian-Giv etian 
Age 5 370 Besa River-lower deposition Givetian-Frasnian 
Age 6 360 Besa River -upper deposition Frasn-Fammenian 
Age 7 346 Prophet deposition Tournasian (T3) 
Age 8 334 Golata deposition Visean (V2-V3) 
Age 9. 330 Mattson - Lr , deposition remaining part Visean 9V3) 
Age 10 324 Mattson - Upper, deposition V3-Serphukhovian 

(eroded at sub-Permian unconformity) 
Age 11 285 Sub-Permian unconformity 
Age 12 274 Kindle deposition Artinsidan 
Age 13 260 Fantasque deposition, part remaining Kazanian-Tatarian 
Age 14 255 Fantasque deposition Tatanian 

(eroded at sub-Triassic unconformity) 
Age 15 250 Sub-Triassic Unconformity 
Age 16 240 Toad-Grayling deposition (remaining part) Anisian 
Age 17 220 Toad-Grayling deposition 

( eroded at sub-Permian unconformity) 
Age 18 160 Sub-Cretaceous Unconformity 
Age 19 112 Garbutt deposition Albian 
Age 20 108 Scatter deposition Albian 
Age 21 107 Scatter deposition (part remaining) L. M. Albian 

(eroded at sub-Tertiary unconformity) 
Age 22 105 Lepine deposition M. Albian 
Age 23 103 Sikanni deposition Up. Albian 
Age 24 100 Sully deposition Up. Albian 

(Toad-Grayling erosion) 
Age 25 96 Dunvegan deposition Cenomanian 
Age 26 85 Kotaneellee deposition Santonian 
Age 27 77 Wapiti Campaignian 
Age 28 60 Sub-Tertiary Unconformity 
Age 29 55 Sub-TU - Kotaneelee erosion 
Age 30 53 Sub-TU - Dunvegan erosion 
Age 31 49 Sub-TU- Sully erosion 
Age 32 47 Sub-TU - Sikanni erosion 
Age 33 45 Sub-TU - Lepine erosion 
Age 34 44 Sub-TU - Scatter erosion 
Age 35 0.5 Quaternary deposition 



Burial 3a Input file: Canada Southern et al. North Beaver River. Ro 
(input data shown in bold type) 

Canada Southern et al. N. Beaver River YT 1-27 
N60 07' W124 04' 
Samp No. Depth 
C186754- ft m 

Stratigraphy 
Rock 
fm 

Reflectance 
Med Ro-amorphous 
mean st dev n 

VRo 
calc* 

Depth 
m 

3289 3280-3299 999.74. -1005.54 Kindle 0.79 0.02 2 0.89 1002.49 
3549 3540-3559 1078.99-1084.78 Mattson 0.93 0.04 11 0.97 1081.74 
4389 4370-4419 1331.97-1346.91 Mattson 1.1 0.1 5 1.08 1337.77 
4578 4570-4589 1392.94-1398.73 Mattson 1.17 0.06 4 1.12 1395.37 
4885 4880-4889 1487.42-1490.17 Mattson 1.36 0.04 2 1.24 1488.95 
5139 5130-5149 1563.62-1569.42 Mattson 1.31 0.02 2 1.21 1566.37 
5989 5970-6019 1819.66-1834.59 Golata 1.45 0 6 1.30 1825.45 
6349 6330-6369 1929.38-1941.27 Golata 1.35 0.06 3 1.23 1935.18 
6640 6630-6659 2020.82-2029.66 Golata 2023.87 
7139 7130-7150 2173.22-2179.32 Prophet 1.58 0.06 7 1.38 2175.97 
7540 7530-7550 2295.14-2301.24 Prophet 1.6 0.05 9 1.39 2298.19 
7860 7850-7860 2392.68-2395.73 Prophet 1.72 0.05 4 1.46 2395.73 
8585 8570-8599 2612.14-2620.97 Prophet 1.82 0.16 22 1.52 2616.71 
8815 8810-8819 2685.28-2688.03 Prophet 1.87 0 1 1.56 2686.82 
8860 8859-8870 2700.22-2703.57 Prophet 1.7 0.1 8 1.45 2700.53 
9120 9120 2779.77 Besa River 2.1 0.21 9 1.70 2779.78 
9389 9370-9399 2855.97-2864.82 Besa River 2.2 0 1 1.76 2861.77 
9659 9650-9669 2941.32-2947.11 Besa River 2.26 0.24 17 1.80 2944.06 
10319 10310-10329 3142.49-3148.28 Besa River 2.36 0.18 9 1.86 3145.23 
10665 10660-10679 3249.17-3254.96 Besa River 3250.69 
10875 10869-10879 3258.00-3315.92 Besa River* 3.23 0.22 11 2.40 3314.7 
10939 10930-10949 3331.46-3337.25 Besa River** 3.5 0.13 7 2.56 3334.21 
12519 12510-12529 3813.05-3818.84 Nahanni 4.05 0.35 22 2.90 3815.79 

* black sh 
** ? Muskwa 



Burial 3a Input file: Canada Southern et al. N. Beaver R YT I-27. dat - Model 1 

M 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE I 
0176.8 T 36 0.000 0.050 0.000 0.950 0.000 0.000 0.000 080.0 025.0 AGE2 
0197.1 T 36 0.050 0.000 0.000 0.950 0.000 0.000 0.000 080.0 025.0 AGE3 
0213.7 T 36 0.000 0.000 0.000 0.950 0.000 0.000 0.050 080.0 025.0 AGE4 
0338.3 T 36 0.950 0.000 0.000 0.000 0.000 0.000 0.050 080.0 025.0 AGES 
0594.0 T 36 0.850 0.000 0.000 0.000 0.100 0.000 0.050 150.0 025.0 AGE7 
0274.0 T 36 0.750 0.100 0.000 0.000 0.150 0.000 0.000 150.0 025.0 AGE8 
0695.0 T 36 0.150 0.650 0.000 0.000 0.200 0.000 0.000 150.0 025.0 AGE9 
0325.0 F 11 0.150 0.650 0.000 0.000 0.200 0.000 0.000 150.0 025.0 AGE10 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE11 
0158.0 T 36 0.250 0.500 0.000 0.000 0.250 0.000 0.000 150.0 025.0 AGE12 
0175.0 T 36 0.500 0.000 0.000 0.000 0.000 0.000 0.500 140.0 025.0 AGE13 
0015.0 F 15 0.500 0.000 0.000 0.000 0.000 0.000 0.500 140.0 025.0 AGE14 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 140.0 025.0 AGE15 
0348.4 T 36 0.800 0.100 0.000 0.000 0.100 0.000 0.000 120.0 025.0 AGE16 
0452.0 F 18 0.800 0.100 0.000 0.000 0.100 0.000 0.000 120.0 025.0 AGE17 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE18 
0225.0 T 36 0.250 0.500 0.000 0.000 0.250 0.000 0.000 100.0 025.0 AGE19 
0057.9 T 36 0.000 0.500 0.000 0.000 0.500 0.000 0.000 100.0 025.0 AGE20 
0012.0 F 34 0.000 0.500 0.000 0.000 0 500 0.000 0.000 080.0 025.8 AGE21 
0170.0 F 33 0.800 0.100 0.000 0.000 0.100 0.000 0.000 080.0 025.0 AGE22 
0030.0 F 32 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE23 
0150.0 F 31 0.500 0.200 0.000 0.000 0.300 0.000 0.000 080.0 025.0 AGE24 
0050.0 F 30 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE25 
0050.0 F 29 0.700 0.150 0.000 0.000 0.150 0.000 0.000 080.0 025.0 AGE26 
0150.0 F 28 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 025.0 AGE27 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 015.0 AGE28 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE29 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE31 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE32 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE33 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE34 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 010.0 AGE35 
0015.0 T 37 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 010.0 AGE36 



Burial 3a Input file: Canada Southern et al. N. Beaver R YT I-27. dat - Model 2 

M 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 025.0 AGE1 
0176.8 T 36 0.000 0.050 0.000 0.950 0.000 0.000 0.000 100.0 025.0 AGE2 
0197.1 T 36 0.050 0.000 0.000 0.950 0.000 0.000 0.000 080.0 025.0 AGE3 
0213.7 T 36 0.000 0.000 0.000 0.950 0.000 0.000 0.050 080.0 025.0 AGE4 
0338.3 T 36 0.950 0.000 0.000 0.000 0.000 0.000 0.050 080.0 025.0 AGES 
0594.0 T 36 0.850 0.000 0.000 0.000 0.100 0.000 0.050 180.0 025.0 AGE7 
0274.0 T 36 0.750 0.100 0.000 0.000 0.150 0.000 0.000 180.0 025.0 AGE8 
0695.0 T 36 0.150 0.650 0.000 0.000 0.200 0.000 0.000 180.0 025.0 AGE9 
0325.0 F 11 0.150 0.650 0.000 0.000 0.200 0.000 0.000 180.0 025.0 AGE10 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 180.0 025.0 AGE11 
0158.0 T 36 0.250 0.500 0.000 0.000 0.250 0.000 0.000 180.0 025.0 AGE12 
0175.0 T 36 0.500 0.000 0.000 0.000 0.000 0.000 0.500 150.0 025.0 AGE13 
0015.0 F 15 0.500 0.000 0.000 0.000 0.000 0.000 0.500 150.0 025.0 AGE14 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE15 
0348.4 T 36 0.800 0.100 0.000 0.000 0.100 0.000 0.000 130.0 025.0 AGE16 
0452.0 F 18 0.800 0.100 0.000 0.000 0.100 0.000 0.000 120.0 025.0 AGE17 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE 18 
0225.0 T 36 0.250 0.500 0.000 0.000 0.250 0.000 0.000 100.0 025.0 AGE19 
0057.9 T 36 0.000 0.500 0.000 0.000 0.500 0.000 0.000 100.0 025.0 AGE20 
0012.0 F 34 0.000 0.500 0.000 0.000 0 500 0.000 0.000 080.0 025.8 AGE21 
0170.0 F 33 0.800 0.100 0.000 0.000 0.100 0.000 0.000 080.0 025.0 AGE22 
0030.0 F 32 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE23 
0150.0 F 31 0.500 0.200 0.000 0.000 0.300 0.000 0.000 080.0 025.0 AGE24 
0050.0 F 30 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE25 
0050.0 F 29 0.700 0.150 0.000 0.000 0.150 0.000 0.000 080.0 025.0 AGE26 
0150.0 F 28 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 025.0 AGE27 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 015.0 AGE28 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE29 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE31 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE32 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE33 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE34 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 010.0 AGE35 
0015.0 T 37 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 010.0 AGE36 



Burial 3a Input file: Canada Southern et al. N. Beaver R YT I-27. dat - Model 3 

M 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 025.0 AGE1 
0176.8 T 36 0.000 0.050 0.000 0.950 0.000 0.000 0.000 100.0 025.0 AGE2 
0197.1 T 36 0.050 0.000 0.000 0.950 0.000 0.000 0.000 100.0 025.0 AGE3 
0213.7 T 36 0.000 0.000 0.000 0.950 0.000 0.000 0.050 100.0 025.0 AGE4 
0338.3 T 36 0.950 0.000 0.000 0.000 0.000 0.000 0.050 100.0 025.0 AGE5 
0594.0 T 36 0.850 0.000 0.000 0.000 0.100 0.000 0.050 100.0 025.0 AGE7 
0274.0 T 36 0.750 0.100 0.000 0.000 0.150 0.000 0.000 100.0 025.0 AGE8 
0695.0 T 36 0.150 0.650 0.000 0.000 0.200 0.000 0.000 100.0 025.0 AGE9 
0325.0 F 11 0.150 0.650 0.000 0.000 0.200 0.000 0.000 100.0 025.0 AGE10 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 025.0 AGE11 
0158.0 T 36 0.250 0.500 0.000 0.000 0.250 0.000 0.000 100.0 025.0 AGE12 
0175.0 T 36 0.500 0.000 0.000 0.000 0.000 0.000 0.500 100.0 025.0 AGE13 
0015.0 F 15 0.500 0.000 0.000 0.000. 0.000 0.000 0.500 100.0 025.0 AGE14 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 025.0 AGE 15 
0348.4 T 36 0.800 0.100 0.000 0.000 0.100 0.000 0.000 100.0 025.0 AGE16 
0452.0 F 18 0.800 0.100 0.000 0.000 0.100 0.000 0.000 100.0 025.0 AGE17 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 025.0 AGE 18 
0225.0 T 36 0.250 0.500 0.000 0.000 0.250 0.000 0.000 100.0 025.0 AGE19 
0057.9 T 36 0.000 0.500 0.000 0.000 0.500 0.000 0.000 100.0 025.0 AGE20 
0012.0 F 34 0.000 0.500 0.000 0.000 0 500 0.000 0.000 080.0 025.8 AGE21 
0170.0 F 33 0.800 0.100 0.000 0.000 0.100 0.000 0.000 080.0 025.0 AGE22 
0030.0 F 32 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE23 
0150.0 F 31 0.500 0.200 0.000 0.000 0.300 0.000 0.000 080.0 025.0 AGE24 
0050.0 F 30 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE25 
0050.0 F 29 0.700 0.150 0.000 0.000 0.150 0.000 0.000 080.0 025.0 AGE26 
0150.0 F 28 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 025.0 AGE27 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 015.0 AGE28 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE29 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE31 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE32 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE33 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE34 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 010.0 AGE35 
0015.0 T 37 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 010.0 AGE36 



Burial 3a Input file: Canada Southern et al. N. Beaver R YT I-27. dat - Model 4 

M 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 025.0 AGE I 
0176.8 T 36 0.000 0.050 0.000 0.950 0.000 0.000 0.000 100.0 025.0 AGE2 
0197.1 T 36 0.050 0.000 0.000 0.950 0.000 0.000 0.000 100.0 025.0 AGE3 
0213.7 T 36 0.000 0.000 0.000 0.950 0.000 0.000 0.050 100.0 025.0 AGE4 
0338.3 T 36 0.950 0.000 0.000 0.000 0.000 0.000 0.050 100.0 025.0 AGES 
0594.0 T 36 0.850 0.000 0.000 0.000 0.100 0.000 0.050 200.0 025.0 AGE7 
0274.0 T 36 0.750 0.100 0.000 0.000 0.150 0.000 0.000 200.0 025.0 AGE8 
0695.0 T 36 0.150 0.650 0.000 0.000 0.200 0.000 0.000 200.0 025.0 AGE9 
0325.0 F 11 0.150 0.650 0.000 0.000 0.200 0.000 0.000 200.0 025.0 AGE10 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 200.0 025.0 AGE11 
0158.0 T 36 0.250 0.500 0.000 0.000 0.250 0.000 0.000 200.0 025.0 AGE12 
0175.0 T 36 0.500 0.000 0.000 0.000 0.000 0.000 0.500 200.0 025.0 AGE13 
0015.0 F 15 0.500 0.000 0.000 0.000 0.000 0.000 0.500 200.0 025.0 AGE14 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 200.0 025.0 AGE 15 
0348.4 T 36 0.800 0.100 0.000 0.000 0.100 0.000 0.000 200.0 025.0 AGE16 
0452.0 F 18 0.800 0.100 0.000 0.000 0.100 0.000 0.000 200.0 025.0 AGE 17 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 200.0 025.0 AGE18 
0225.0 T 36 0.250 0.500 0.000 0.000 0.250 0.000 0.000 100.0 025.0 AGE19 
0057.9 T 36 0.000 0.500 0.000 0.000 0.500 0.000 0.000 100.0 025.0 AGE20 
0012.0 F 34 0.000 0.500 0.000 0.000 0 500 0.000 0.000 080.0 025.8 AGE21 
0170.0 F 33 0.800 0.100 0.000 0.000 0.100 0.000 0.000 080.0 025.0 AGE22 
0030.0 F 32 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE23 
0150.0 F 31 0.500 0.200 0.000 0.000 0.300 0.000 0.000 080.0 025.0 AGE24 
0050.0 F 30 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE25 
0050.0 F 29 0.700 0.150 0.000 0.000 0.150 0.000 0.000 080.0 025.0 AGE26 
0150.0 F 28 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 025.0 AGE27 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 015.0 AGE28 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE29 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE31 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE32 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE33 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE34 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 010.0 AGE35 
0015.0 T 37 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 010.0 AGE36 



Burial 3a: Input file Canada Southern et al. N. Beaver R YT I-27. dat Model 5 
M 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 025.0 AGE 1 
0176.8 T 36 0.000 0.050 0.000 0.950 0.000 0.000 0.000 060.0 025.0 AGE2 
0197.1 T 36 0.050 0.000 0.000 0.950 0.000 0.000 0.000 060.0 025.0 AGE3 
0213.7 T 36 0.000 0.000 0.000 0.950 0.000 0.000 0.050 060.0 025.0 AGE4 
0338.3 T 36 0.950 0.000 0.000 0.000 0.000 0.000 0.050 060.0 025.0 AGE5 
0594.0 T 36 0.850 0.000 0.000 0.000 0.100 0.000 0.050 150.0 025.0 AGE6 
0765.0 T 36 0.250 0.000 0.500 0.000 0.000 0.000 0.250 150.0 025.0 AGE7 
0274.0 T 36 0.750 0.100 0.000 0.000 0.150 0.000 0.000 150.0 025.0 AGE8 
0695.0 T 36 0.150 0.650 0.000 0.000 0.200 0.000 0.000 200.0 025.0 AGE9 
0325.0 F 110.150 0.650 0.000 0.000 0.200 0.000 0.000 200.0 025.0 AGE10 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 200.0 025.0 AGE 11 
0158.0 T 36 0.250 0.500 0.000 0.000 0.250 0.000 0.000 200.0 025.0 AGE12 
0175.0 T 36 0.500 0.000 0.000 0.000 0.000 0.000 0.500 200.0 025.0 AGE13 
0015.0 F 15 0.500 0.000 0.000 0.000 0.000 0.000 0.500 200.0 025.0 AGE14 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 200.0 025.0 AGE15 
0348.4 T 36 0.800 0.100 0.000 0.000 0.100 0.000 0.000 200.0 025.0 AGE16 
0452.0 F 18 0.800 0.100 0.000 0.000 0.100 0.000 0.000 200.0 025.0 AGE 17 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 200.0 025.0 AGE18 
0225.0 T 36 0.250 0.500 0.000 0.000 0.250 0.000 0.000 100.0 025.0 AGE 19 
0057.9 T 36 0.000 0.500 0.000 0.000 0.500 0.000 0.000 100.0 025.0 AGE20 
0012.0 F 34 0.000 0.500 0.000 0.000 0 500 0.000 0.000 080.0 025.8 AGE21 
0170.0 F 33 0.800 0.100 0.000 0.000 0.100 0.000 0.000 080.0 025.0 AGE22 
0030.0 F 32 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE23 
0150.0 F 310.500 0.200 0.000 0.000 0.300 0.000 0.000 080.0 025.0 AGE24 
0050.0 F 30 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE25 
0050.0 F 29 0.700 0.150 0.000 0.000 0.150 0.000 0.000 080.0 025.0 AGE26 
0150.0 F 28 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 025.0 AGE27 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 015.0 AGE28 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE29 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE30 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE31 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE32 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE33 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE34 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 010.0 AGE35 
0015.0 T 37 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 010.0 AGE36 



Burial 3a Input file: Canada Southern et al. N. Beaver R YT I-27. dat - Model 5 

M 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE1 
0176.8 T 36 0.000 0.050 0.000 0.950 0.000 0.000 0.000 080.0 025.0 AGE2 
0197.1 T 36 0.050 0.000 0.000 0.950 0.000 0.000 0.000 080.0 025.0 AGE3 
0213.7 T 36 0.000 0.000 0.000 0.950 0.000 0.000 0.050 080.0 025.0 AGE4 
0338.3 T 36 0.950 0.000 0.000 0.000 0.000 0.000 0.050 080.0 025.0 AGES 
0594.0 T 36 0.850 0.000 0.000 0.000 0.100 0.000 0.050 150.0 025.0 AGE7 
0274.0 T 36 0.750 0.100 0.000 0.000 0.150 0.000 0.000 150.0 025.0 AGE8 
0695.0 T 36 0.150 0.650 0.000 0.000 0.200 0.000 0.000 150.0 025.0 AGE9 
0325.0 F 11 0.150 0.650 0.000 0.000 0.200 0.000 0.000 150.0 025.0 AGE10 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE11 
0158.0 T 36 0.250 0.500 0.000 0.000 0.250 0.000 0.000 150.0 025.0 AGE12 
0175.0 T 36 0.500 0.000 0.000 0.000 0.000 0.000 0.500 140.0 025.0 AGE13 
0015.0 F 15 0.500 0.000 0.000 0.000 0.000 0.000 0.500 140.0 025.0 AGE 14 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 140.0 025.0 AGE 15 
0348.4 T 36 0.800 0.100 0.000 0.000 0.100 0.000 0.000 120.0 025.0 AGE 16 
0452.0 F 18 0.800 0.100 0.000 0.000 0.100 0.000 0.000 120.0 025.0 AGE 17 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE18 
0225.0 T 36 0.250 0.500 0.000 0.000 0.250 0.000 0.000 100.0 025.0 AGE 19 
0057.9 T 36 0.000 0.500 0.000 0.000 0.500 0.000 0.000 100.0 025.0 AGE20 
0012.0 F 34 0.000 0.500 0.000 0.000 0 500 0.000 0.000 080.0 025.8 AGE21 
0170.0 F 33 0.800 0.100 0.000 0.000 0.100 0.000 0.000 080.0 025.0 AGE22 
0030.0 F 32 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE23 
0150.0 F 31 0.500 0.200 0.000 0.000 0.300 0.000 0.000 080.0 025.0 AGE24 
0050.0 F 30 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE25 
0050.0 F 29 0.700 0.150 0.000 0.000 0.150 0.000 0.000 080.0 025.0 AGE26 
0150.0 F 28 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 025.0 AGE27 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 015.0 AGE28 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE29 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE31 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE32 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE33 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE34 
0000.0 T 36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 010.0 AGE35 
0015.0 T 37 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 010.0 AGE36 



BURIAL 3a Input file: Pan Am Beaver G-01. age 
(Input data shown in bold type) 

Age 1 
Age 2 
Age 3 
Age 4 
Age 5 
Age 6 
Age 7 
Age 8 
Age 9 
Age 10 

Age 11 
Age 12 
Age 13 
Age 14 

Age 1S 
Age 16 
Age 17 

Age 18 
Age 19 
Age 20 

Age 21 

Age 22 

Age 23 

Age 24 

Age 25 

Age 26 

Age 27 

Age 28 
Age 29 
Age 30 
Age 31 
Age 32 
Age 33 
Age 34 
Age 35 
Age 36 

396 Base of sequence 
384 Sub-Headless (carboniates) deposition 
383 Headless deposition 
376 Nahanni deposition 
360 Besa River-lower deposition 
354 Besa River -upper deposition 
344 Prophet deposition 
337 Golata deposition 
289 Mattson - Ix , deposition remaining part 
276 Mattson - Upper, deposition 

(eroded at sub-Permian unconformity) 
286 Sub-Permian unconformity 
258 Kindle deposition 
246 Fantasque deposition, part remaining 
245 Fantasque deposition 

(eroded at sub-Triassic unconformity) 
240 Sub-Triassic Unconformity 
240 Toad-Grayling deposition (remaining part) 
208 Toad-Grayling deposition 

( eroded at sub-Permian unconformity) 
113 Sub-Cretaceous Unconformity 
111 Garbutt deposition (part remaining) 
109 Garbutt deposition 

(eroded at sub-Tertiary unconformity) 
106 Scatter deposition 

(eroded at sub-Tertiary unconformity) 
102 Lepine deposition 

(eroded at sub-Tertiary unconformity) 
101 Sikanni deposition 

(eroded at sub-Tertiary unconformity) 
98 Sully deposition 

(eroded at sub-Tertiary unconformity) 
873 Dunvegan deposition 

(eroded at sub-Tertiary unconformity) 
743 Kotaneellee deposition 

eroded at sub-Tertiary unconformity) 
67 Wapiti 

(eroded at sub-Tertiary unconformity) 
62 Sub-Tertiary Unconformity 
60.5 Sub-TU - Kotaneelee erosion 
59 Sub-TU - Dunvegan erosion 
54 Sub-TU- Sully erosion 
53 Sub-TU - Sikanni erosion 
48 Sub-TU - Lepine erosion 
46 Sub-TU - Scatter erosion 
45 Sub-TU- Garbutt erosion 
0.5 Quaternary deposition 

Up Silurian 
Pridolian-Emsian 
Eifelian 
Eifelian 
Frasnian 
Tournasian 
Tournasian -Visean 
Visean (V2-V3) 
Visean (V3) 
V3-Serpbukhovian 

Artinskian 
Perm(Kaz-Tar) 
Kazanian-Tartarian 

Trias 

Albian 
Albian 

Albian 

Albian 

Albian 

Albian-Cenomaian 

Cenomanian 

Santonian-Campaignian 

Maastrictian 

Pleistocene 



BURIAL 3a Input file Pan Am Beaver River G-01. Ro 
(Input data shown in bold type) 

Pan Am Beaver G-01. YT 
N60 00' 25 " W12415' 48 " Stratigraphy 
Samp No. Depth Rock 
C186752- ft m fm 
2880 2860-2900 2671.57-2672.18 Mattson 
3250 3220-60 981.46-993.65 Mattson 
3475 3470-80 1057.66-1060.70 Mattson 
3700 3690-3710 1124.71-1130.81 Mattson 
3795 3790-3800 115.19-1158.24 Mattson 
4135 4120-4150 1255.77-1264.92 Mattson 
4690 4680-4700 1426.46-1432.56 Mattson 
4965 4950-80 1508.76-1517.90 Mattson 
5520 5510-30 1679.45-1685.54 Mattson 
5835 5820-50 1773.94-1783.08 Mattson 
6120 6110-30 1862.33-16868.42Golata 
6540 6530-50 1990.34-1996.44 Golata 
6565 6850-80 2087.88-2097.02 Golata 
7140 7130-50 2173.22-2179.32 Golata 
7480 7470-90 2279.90-2587.75 Golata 
7840 7830-60 2386.58-2395.73 Golata 
8766 8765-8767C 2671.57-2672.18 Golata 
8800 8795-8805C 2680.71-2683.76 Golata 
9210 9200-20 2804.16-2801.26 Golata 
9505 9490-9520 2892.55-2901.69 Golata 
9880 9870-90 3008.37-3014.47 Golata 
10129 10125-133C 3086.1-3088.54 Prophet 
10183 10181-184.45 C 3103.17-3104.23 Prophet 
10575 10550-580C 3215.64-3224.78 Besa River 
10865 10850-880C '3311.65-3316.22Besa River 
11635 11620-650C 3541.77-3550.92 Besa River* 
12015 12000-030C 3657.60-3666.74 Besa River* 
12265 12250-280C 3733.80-3742.94 Besa River 
12665 12660-670C 3858.77-3862.81 Besa River 
12915 12900-930C '3931.92-3941.06Besa River** 
12975 12960-990C 3954.78-3959.35 Besa River** 
13185 13170-2000 4014.224023.36 Besa River** 
13549 13530-368C 4123.94-4074.57 Nahanni 

Reflectance 
Med Ro-amorphous V Ro Depth 
mean st dev n Calc* m 
0.60 0.03 11 0.77 877.82 
0.66 0.02 6 0.81 990.60 

0.71 0.00 1 0.84 1127.76 

0.84 0.00 1 0.92 1260.35 

1.20 0.00 1 1.14 1682.50 

1.40 0.00 1 1.27 1865.38 
1.47 0.10 6 -1.31 1993.39 
1.47 0.00 1 1.31 2001.01 

1.52 0.06 7 1.34 2279.90 

1.55 0.05 4 1.36 2671.88 
0.03 
1.53 0.00 1 1.35 2807.21 

1.72 1.46 3011.42 
1.76 0.06 2 1.49 3087.32 
1.87 0.02 2 1.56 3103.78 
2.02 0.18 10 1.65 3223.26 
2.41 0.32 2 1.89 3311.65 
2.74 0.22 10 2.09 3546.35 
2.85 0.04 2 2.16 3662.17 
2.90 0.00 1 2.19 3738.37 
3.40 0.00 1 2.50 3860.29 
3.50 2.56 3936.49 
3.70 2.69 3954.78 
3.43 0.30 7 2.52 4018.79 
3.8 2.75 4129.74 



BURIAL 3A PanAm Beaver River G-01. dat Model #1 

Pan Am Beaver River YT G-O1 
M 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE1 
1200.0 T 37 0.000 0.050 0.000 0.950 0.000 0.000 0.000 080.0 025.0 AGE2 
0030.0 T 37 0.050 0.000 0.000 0.950 0.000 0.000 0.000 080.0 025.0 AGE3 
0247.0 T 37 0.000 0.000 0.000 0.950 0.000 0.000 0.050 080.0 025.0 AGE4 
0571.0 T 37 0.950 0.000 0.000 0.000 0.000 0.000 0.050 080.0 025.0 AGE5 
0411.0 T 37 0.850 0.000 0.000 0.000 0.100 0.000 0.050 150.0 025.0 AGE6 
0089.0 T 37 0.250 0.000 0.500 0.000 0.000 0.000 0.250 150.0 025.0 AGE7 
1254.0 T 37 0.750 0.100 0.000 0.000 0.150 0.000 0.000 150.0 025.0 AGE8 
0945.0 T 37 0.150 0.650 0.000 0.000 0.200 0.000 0.000 150.0 025.0 AGE9 
0255.0 F 110.150 0.650 0.000 0.000 0.200 0.000 0.000 150.0 025.0 AGE10 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE 11 
0220.0 T 37 0.250 0.500 0.000 0.000 0.250 0.000 0.000 150.0 025.0 AGE12 
0189.0 T 37 0.500 0.000 0.000 0.000 0.000 0.000 0.500 140.0 025.0 AGE 13 
0011.0 F 15 0.500 0.000 0.000 0.000 0.000 0.000 0.500 140.0 025.0 AGE 14 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 140.0 025.0 AGE15 
0297.0 T 37 0.800 0.100 0.000 0.000 0.100 0.000 0.000 120.0 025.0 AGE 16 
0503.0 F 18 0.800 0.100 0.000 0.000 0.100 0.000 0.000 120.0 025.0 AGE17 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE 18 
0122.0 T 37 0.250 0.500 0.000 0.000 0.250 0.000 0.000 100.0 025.0 AGE19 
0030.0 F 35 0.250 0.500 0.000 0.000 0.250 0.000 0.000 100.0 025.0 AGE20 
0070.0 F 34 0.000 0.500 0.000 0.000 0.500 0.000 0.000 100.0 025.0 AGE21 
0170.0 F 33 0.800 0.100 0.000 0.000 0.100 0.000 0.000 080.0 025.0 AGE22 
0030.0 F 32 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE23 
0150.0 F 310.500 0.200 0.000 0.000 0.300 0.000 0.000 080.0 025.0 AGE24 
0050.0 F 30 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE25 
0050.0 F 29 0.700 0.150 0.000 0.000 0.150 0.000 0.000 080.0 025.0 AGE26 
0150.0 F 28 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 025.0 AGE27 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 015.0 AGE28 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE29 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE30 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE31 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE32 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE33 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE34 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 010.0 AGE35 
0015.0 T 37 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 010.0 AGE36 



Pan Am Beaver River YT G-O1 Model 2 
M 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 025.0 AGE 1 
1200.0 T 37 0.000 0.050 0.000 0.950 0.000 0.000 0.000 060.0 025.0 AGE2 
0030.0 T 37 0.050 0.000 0.000 0.950 0.000 0.000 0.000 060.0 025.0 AGE3 
0247.0 T 37 0.000 0.000 0.000 0.950 0.000 0.000 0.050 060.0 025.0 AGE4 
0571.0 T 37 0.950 0.000 0.000 0.000 0.000 0.000 0.050 060.0 025.0 AGES 
0411.0 T 37 0.850 0.000 0.000 0.000 0.100 0.000 0.050 060.0 025.0 AGE6 
0089.0 T 37 0.250 0.000 0.500 0.000 0.000 0.000 0.250 060.0 025.0 AGE7 
1254.0 T 37 0.750 0.100 0.000 0.000 0.150 0.000 0.000 060.0 025.0 AGE8 
0945.0 T 37 0.150 0.650 0.000 0.000 0.200 0.000 0.000 060.0 025.0 AGE9 
0255.0 F 110.150 0.650 0.000 0.000 0.200 0.000 0.000 060.0 025.0 AGE10 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 025.0 AGE11 
0220.0 T 37 0.250 0.500 0.000 0.000 0.250 0.000 0.000 060.0 025.0 AGE12 
0189.0 T 37 0.500 0.000 0.000 0.000 0.000 0.000 0.500 060.0 025.0 AGE13 
0011.0 F 15 0.500 0.000 0.000 0.000 0.000 0.000 0.500 060.0 025.0 AGE14 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 025.0 AGE 15 
0297.0 T 37 0.800 0.100 0.000 0.000 0.100 0.000 0.000 060.0 025.0 AGE16 
0503.0 F 18 0.800 0.100 0.000 0.000 0.100 0.000 0.000 060.0 025.0 AGE 17 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE 18 
0122.0 T 37 0.250 0.500 0.000 0.000 0.250 0.000 0.000 150.0 025.0 AGE19 
0030.0 F 35 0.250 0.500 0.000 0.000 0.250 0.000 0.000 150.0 025.0 AGE20 
0070.0 F 34 0.000 0.500 0.000 0.000 0.500 0.000 0.000 150.0 025.0 AGE21 
0170.0 F 33 0.800 0.100 0.000 0.000 0.100 0.000 0.000 150.0 025.0 AGE22 
0030.0 F 32 0.000 1.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE23 
0150.0 F 310.500 0.200 0.000 0.000 0.300 0.000 0.000 150.0 025.0 AGE24 
0050.0 F 30 0.000 1.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE25 
0050.0 F 29 0.700 0.150 0.000 0.000 0.150 0.000 0.000 150.0 025.0 AGE26 
0150.0 F 28 0.000 0.500 0.000 0.000 0.500 0.000 0.000 150.0 025.0 AGE27 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 015.0 AGE28 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 140.0 015.0 AGE29 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 130.0 015.0 AGE30 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 110.0 015.0 AGE31 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 015.0 AGE32 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 015.0 AGE33 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 015.0 AGE34 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 010.0 AGE35 
0015.0 T 37 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 010.0 AGE36 



Pan Am Beaver River YT G-01 Mode13 
M 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE1 
1200.0 T 37 0.000 0.050 0.000 0.950 0.000 0.000 0.000 080.0 025.0 AGE2 
0030.0 T 37 0.050 0.000 0.000 0.950 0.000 0.000 0.000 080.0 025.0 AGE3 
0247.0 T 37 0.000 0.000 0.000 0.950 0.000 0.000 0.050 080.0 025.0 AGE4 
0571.0 T 37 0.950 0.000 0.000 0.000 0.000 0.000 0.050 080.0 025.0 AGE5 
0411.0 T 37 0.850 0.000 0.000 0.000 0.100 0.000 0.050 100.0 025.0 AGE6 
0089.0 T 37 0.250 0.000 0.500 0.000 0.000 0.000 0.250 100.0 025.0 AGE7 
1254.0 T 37 0.750 0.100 0.000 0.000 0.150 0.000 0.000 100.0 025.0 AGE8 
0945.0 T 37 0.150 0.650 0.000 0.000 0.200 0.000 0.000 100.0 025.0 AGE9 
0255.0 F 110.150 0.650 0.000 0.000 0.200 0.000 0.000 100.0 025.0 AGE10 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 025.0 AGE 11 
0220.0 T 37 0.250 0.500 0.000 0.000 0.250 0.000 0.000 100.0 025.0 AGE12 
0189.0 T 37 0.500 0.000 0.000 0.000 0.000 0.000 0.500.100.0 025.0 AGE 13 
0011.0 F 15 0.500 0.000 0.000 0.000 0.000 0.000 0.500 100.0 025.0 AGE 14 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 025,0 AGE15 
0297.0 T 37 0.800 0.100 0.000 0.000 0.100 0.000 0.000 100.0 025.0 AGE16 
0503.0 F 18 0.800 0.100 0.000 0.000 0.100 0.000 0.000 100.0 025.0 AGE 17 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 025.0 AGE 18 
0122.0 T 37 0.250 0.500 0.000 0.000 0.250 0.000 0.000 100.0 025.0 AGE19 
0030.0 F 35 0.250 0.500 0.000 0.000 0.250 0.000 0.000 100.0 025.0 AGE20 
0070.0 F 34 0.000 0.500 0.000 0.000 0.500 0.000 0.000 100.0 025.0 AGE21 
0170.0 F 33 0.800 0.100 0.000 0.000 0.100 0.000 0.000 080.0 025.0 AGE22 
0030.0 F 32 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE23 
0150.0 F 310.500 0.200 0.000 0.000 0.300 0.000 0.000 080.0 025.0 AGE24 
0050.0 F 30 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE25 
0050.0 F 29 0.700 0.150 0.000 0.000 0.150 0.000 0.000 080.0 025.0 AGE26 
0150.0 F 28 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 025.0 AGE27 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 015.0 AGE28 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE29 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE30 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE31 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE32 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE33 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE34 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 010.0 AGE35 
0015.0 T 37 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 010.0 AGE36 



Pan Am Beaver River YT G-01 Model 4 
M 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 075.0 025.0 AGE1 
1200.0 T 37 0.000 0.050 0.000 0.950 0.000 0.000 0.000 075.0 025.0 AGE2 
0030.0 T 37 0.050 0.000 0.000 0.950 0.000 0.000 0.000 075.0 025.0 AGE3 
0247.0 T 37 0.000 0.000 0.000 0.950 0.000 0.000 0.050 080.0 025.0 AGE4 
0571.0 T 37 0.950 0.000 0.000 0.000 0.000 0.000 0.050 080.0 025.0 AGES 
0411.0 T 37 0.850 0.000 0.000 0.000 0.100 0.000 0.050 100.0 025.0 AGE6 
0089.0 T 37 0.250 0.000 0.500 0.000 0.000 0.000 0.250 100.0 025.0 AGE7 
1254.0 T 37 0.750 0.100 0.000 0.000 0.150 0.000 0.000 080.0 025.0 AGE8 
0945.0 T 37 0.150 0.650 0.000 0.000 0.200 0.000 0.000 120.0 025.0 AGE9 
0255.0 F 110.150 0.650 0.000 0.000 0.200 0.000 0.000 120.0 025.0 AGE 10 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE 11 
0220.0 T 37 0.250 0.500 0.000 0.000 0.250 0.000 0.000 120.0 025.0 AGE12 
0189.0 T 37 0.500 0.000 0.000 0.000 0.000 0.000 0.500 120.0 025.0 AGE13 
0011.0 F 15 0.500 0.000 0.000 0.000 0.000 0.000 0.500 120.0 025.0 AGE14 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE 15 
0297.0 T 37 0.800 0.100 0.000 0.000 0.100 0.000 0.000 120.0 025.0 AGE 16 
0503.0 F 18 0.800 0.100 0.000 0.000 0.100 0.000 0.000 120.0 025.0 AGE 17 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE 18 
0122.0 T 37 0.250 0.500 0.000 0.000 0.250 0.000 0.000 120.0 025.0 AGE19 
0030.0 F 35 0.250 0.500 0.000 0.000 0.250 0.000 0.000 120.0 025.0 AGE20 
0070.0 F 34 0.000 0.500 0.000 0.000 0.500 0.000 0.000 120.0 025.0 AGE21 
0170.0 F 33 0.800 0.100 0.000 0.000 0.100 0.000 0.000 120.0 025.0 AGE22 
0030.0 F 32 0.000 1.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE23 
0150.0 F 310.500 0.200 0.000 0.000 0.300 0.000 0.000 120.0 025.0 AGE24 
0050.0 F 30 0.000 1.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE25 
0050.0 F 29 0.700 0.150 0.000 0.000 0.150 0.000 0.000 100.0 025.0 AGE26 
0150.0 F 28 0.000 0.500 0.000 0.000 0.500 0.000 0.000 100.0 025.0 AGE27 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 015.0 AGE28 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 015.0 AGE29 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 015.0 AGE30 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 015.0 AGE31 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 015.0 AGE32 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 015.0 AGE33 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.0 015.0 AGE34 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 010.0 AGE35 
0015.0 T 37 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 010.0 AGE36 



Pan Am Beaver River YT G-01 Model 5 
M 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE1 
1200.0 T 37 0.000 0.050 0.000 0.950 0.000 0.000 0.000 080.0 025.0 AGE2 
0030.0 T 37 0.050 0.000 0.000 0.950 0.000 0.000 0.000 080.0 025.0 AGE3 
0247.0 T 37 0.000 0.000 0.000 0.950 0.000 0.000 0.050 080.0 025.0 AGE4 
0571.0 T 37 0.950 0.000 0.000 0.000 0.000 0.000 0.050 080.0 025.0 AGE5 
0411.0 T 37 0.850 0.000 0.000 0.000 0.100 0.000 0.050 100.0 025.0 AGE6 
0089.0 T 37 0.250 0.000 0.500 0.000 0.000 0.000 0.250 100.0 025.0 AGE7 
1254.0 T 37 0.750 0.100 0.000 0.000 0.150 0.000 0.000 180.0 025.0 AGE8 
0945.0 T 37 0.150 0.650 0.000 0.000 0.200 0.000 0.000 180.0 025.0 AGE9 
0255.0 F 110.150 0.650 0.000 0.000 0.200 0.000 0.000 180.0 025.0 AGE10 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 180.0 025.0 AGE11 
0220.0 T 37 0.250 0.500 0.000 0.000 0.250 0.000 0.000 180.0 025.0 AGE12 
0189.0 T 37 0.500 0.000 0.000 0.000 0.000 0.000 0.500.180.0 025.0 AGE13 
0011.0 F 15 0.500 0.000 0.000 0.000 0.000 0.000 0.500 180.0 025.0 AGE14 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 150.0 025.0 AGE 15 
0297.0 T 37 0.800 0.100 0.000 0.000 0.100 0.000 0.000 140.0 025.0 AGE16 
0503.0 F 18 0.800 0.100 0.000 0.000 0.100 0.000 0.000 130.0 025.0 AGE17 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 120.0 025.0 AGE 18 
0122.0 T 37 0.250 0.500 0.000 0.000 0.250 0.000 0.000 100.0 025.0 AGE19 
0030.0 F 35 0.250 0.500 0.000 0.000 0.250 0.000 0.000 100.0 025.0 AGE20 
0070.0 F 34 0.000 0.500 0.000 0.000 0.500 0.000 0.000 100.0 025.0 AGE21 
0170.0 F 33 0.800 0.100 0.000 0.000 0.100 0.000 0.000 080.0 025.0 AGE22 
0030.0 F 32 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE23 
0150.0 F 310.500 0.200 0.000 0.000 0.300 0.000 0.000 080.0 025.0 AGE24 
0050.0 F 30 0.000 1.000 0.000 0.000 0.000 0.000 0.000 080.0 025.0 AGE25 
0050.0 F 29 0.700 0.150 0.000 0.000 0.150 0.000 0.000 080.0 025.0 AGE26 
0150.0 F 28 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 025.0 AGE27 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 015.0 AGE28 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE29 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE30 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE31 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE32 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE33 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 060.0 015.0 AGE34 
0000.0 T 37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 080.0 010.0 AGE35 
0015.0 T 37 0.000 0.500 0.000 0.000 0.500 0.000 0.000 080.0 010.0 AGE36 
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ABSTRACT 

Cores of the thick peritidal argillaceous dololaminite shoreface sequence of Headless equivalent strata 
within the subsurface Manetoe Dolomite in Liard Basin display lithologies similar to the thick peritidal 
dolomitic wackestone facies of the lower part of the Dunedin Formation of northeast British Columbia. This 
supports the concept that the Nahanni and Headless formations in the subsurface of Liard Basin formed a 
transgressive sedimentary package similar to the Dunedin before dolomitization, unlike the Nahanni- 
Headless sequence of the Mackenzie Mountains farther north. 

Manetoe Dolomite in cores from gas fields in Liard Basin display evidence of at least one, and possibly 
several, solution excavation events. Cavern-fill deposits postdate, and possibly formed contemporaneously 
with, emplacement of the Manetoe Dolomite. Movement of hydrocarbons into Manetoe Dolomite reservoirs 
postdated the episode(s) of cavern excavation. Gas and bitumen in the La Biche Field indicates that cavern- 
fillings are in contact with source rock. Reservoir bitumens that completely occlude prebitumen porosity of 
the Manetoe Dolomite may represent deasphalted oil. Bitumens in overlying strata display a consistent 
downward increase in reflectivity that parallels the downward increase in vitrinite reflectance and in Tmax. 

The present day porosities of the Manetoe Dolomite and Nahanni limestone in cores from the gas fields 
are consistent with depth-dependent burial porosity loss accompanied by occlusion of porosity by mineral 
cements and bitumen. Additional porosity loss may have occurred from more time-dependent processes 
such as stylotization. Permeability, particularly vertical permeability, has been enhanced by dolomitization, 
except possibly in cases where pre-dolomitization porosity and permeability was high. Late stage fracture 
porosity is not pervasive, and, in most cores, is not present. 

INTRODUCTION 

The Manetoe Dolomite and its associated gas fields r' lie in the subsurface of the Liard Basin (Gabrielse, 1967) 
west of the Liard River across the border of the Yukon 
and Northwest Territories (Fig. 1). Large masses of frac- 
tured white sparry dolomite form the reservoir rock at 
depths ranging from 2600 metres to 3400 metres subsea 
in the Pointed Mountain and Kotaneelee gas fields (Figs. 
2 and 3). Other nonproducing fields, such as the Liard 
and La Biche fields (Price, 1994), developed within the 
Manetoe Dolomite of this region and occur at shallower 
depths. The Manetoe Dolomite itself extends north to 
nearly 63° N latitude. It is present across an area of more 
than 30,000 km2 in the south-central Mackenzie 
Mountains (Morrow et al., 1990). The Manetoe 
Dolomite is mainly stratiform, or stratabound, and is 
confined to a thin stratigraphic interval, commonly 10 to 
40 metres thick, within the Landry and uppermost Arnica 

formations and immediately underneath the shaly lime- 
stones of the Headless Formation, (Fig. 4). However, in 
some areas, such as at the gas fields, the Manetoe 
Dolomite extends vertically several hundred metres 
upwards through the Headless Formation and into the 
overlying Nahanni Formation (Fig. 4). It is in these areas 
where dolomitization extends vertically upwards into the 
Nahanni that the Manetoe is prospective for hydrocarbons. 

The Beaver River, Kotaneelee and Pointed Mountain 
gas fields have an initial combined estimated gas reserve 
of about 15.5 x 109m3, and have had a cumulative gas 
production of about 10.0 x 109m3 (Morrell et al., 1995). 
Gas in these fields is almost entirely contained within 
intercrystalline pore space of the matrix dolomite 
(Snowdon, 1977) and is almost entirely methane (Ward, 
1994). Other gases present include CO2 (<15%) and N2 
(<10%). H2S constitutes less than a few per cent and He 
(0.05%) is present in trace amounts (Ward, 1994). 
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Fig. 1. Index map showing locations of gas fields, Liard Basin, Arrowhead Salient of the Presqu'ile Barrier and trends of major 
basement structures (Liard Fault and Beaver River Structure). 

Gas columns in these fields are in excess of 600 
metres and production is aided by an active water drive 
in addition to gas expansion (Ward, 1994; Meding, 
1994). This water drive is provided by a regional aquifer 
which flows through lower Paleozoic carbonate strata 
west to east from the Mackenzie and Franklin Mountains 
and discharges rather saline water into the Liard and 
Mackenzie Rivers (Ward, 1994). The basal black shales 
of the Besa River Formation, or Horn River equivalent 
shales (Fig. 4), act as an upward confining layer to this 
regional aquifer. These black shales also act as a seal 
against the upward migration of gas which is entrapped 
in dolomitized sections of Arnica to Nahanni strata (Fig. 
4) in areas of structural closure such as at the Pointed 
Mountain and Kotaneelee fields (Figs. 2 and 3). These 
organic-rich shales with up to 5% TOC (total organic 
carbon) probably also were the main source beds for 
hydrocarbon in these fields (Fig. 5; Morrow et al., 
1993). 

Liquid hydrocarbons were generated from Besa River 
source beds in late Paleozoic time and initial migration 

of oil probably occurred before the end of Paleozoic time 
(Morrow et al., 1993). This was primarily the conse- 
quence of rapid and deep Carboniferous burial in Liard 
Basin (Fig. 1) under conditions of high heat flow" 
(Morrow et al., 1993). The northern edge of this upper, 
Paleozoic depocentre is close and parallel to the northr 
east contination of the Beaver River Fault in the La 
Biche River map area (Douglas, 1976). The Beaver 
River Fault and its northeast continuation are named 
here as the "Beaver River Structure" (Fig. 1). The promi- 
nent east-west bend in the Nahanni Thrust Fault at 
Nahanni Butte at the junction of the South Nahanni and 
Liard rivers, as mapped on the Sibbeston Lake map area 
(Douglas and Norris, 1976), marks the eastern traceable 
limit of this hypothesized Beaver River Structure. 

There is a profound difference in structural style north 
and south of the Beaver River Structure. Thrust faults 

north of the structure are almost all eastward-verging, 
with the normal eastward-directed movement on 
Laramide thrusts. South of the structure, thrust faults are 
dominantly west-verging. West-verging thrust faults; 
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Fig. 2. Seismic depth map of the top of the Manetoe 
Dolomite (Nahanni equivalent) at the Pointed Mountain gas 
field, Northwest Territories (Amoco Canada Petroleum 
Company Ltd., 1964). 

such as the Beaver River Thrust, the Larsen Thrust, the 
La Biche Fault, the Dendale Thrust, and the Kotaneelee 
Fault (Douglas and Norris, 1976 and Fig. 3), are the 
norm, rather than the exception south of the Beaver 
Liver Structure. The more "normal" eastward dominant 
sense of Laramide thrust fault movement reasserts itself 
Only south of the border with British Columbia. 
: It seems possible that this profound change in struc- 
tural style is a manifestation of a deep Precambrian 
crustal fault that was periodically reactivated during 
times of tectonism, such as the Laramide Orogeny. The 
Beaver River Structure also may have played an earlier 
role in forming the northern margin of Liard Basin in 
late Paleozoic time. Other, similar ancient NE-SW ori- 
ýnted Precambrian crustal faults are known to have seg- 
I1ented the miogeocline of western Canada in Paleozoic 
time (Cecile et aL, 1997). 

In addition to the hypothesized Beaver River 
Structure, the Liard Fault is another ancient fault that 

ay have been active in late Paleozoic time within the 

{ 
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region of the gas fields. The Liard Fault is a NNE-SSW 
trending structure that has offset the top of the Devonian 
carbonates (Williams, 1981; Fig. 1). Morrow et al. 
(1990) suggested that the Pointed Mountain, Kotaneelee 
and Beaver River fields fall along the southward contin- 
uation of this fault. They suggested that post-Devonian 
movement along this fault may have provided vertical 
permeability that localized, or focussed the upward flow 
of brines responsible for Manetoe dolomitization. 

This study is an attempt to define more precisely 
stratigraphic correlations within the intensely dolomi- 
tized Manetoe Dolomite of the gas fields, and to docu- 

ment episodes of mineral cementation (e. g. dolomite, 

calcite, quartz) and of bitumen emplacement, or the bitu- 

men-like residual hydrocarbons that are commonly 
referred to as "reservoir bitumen" (Lomando, 1992). 
Petrographic relationships between these phases are used 
to define the sequence of events during burial diagenesis 

and fluid movements within Liard Basin. The inferred 

time of oil generation and migration is a key factor in 
determining the age of the Manetoe dolomitization event 
(Morrow and Aulstead, 1995). Another objective is to 
identify and characterize episodes of pore space creation 
and porosity destruction. The data and interpretations 

contained here are derived from a core display given at a 

core conference (Morrow, 1996) which accompanied the 
1996 annual meeting of the Canadian Society of 
Petroleum Geologists (Pools `96). 

STRATIGRAPHY OF MANETOE RESERVOIRS - POINTED 

MOUNTAIN, KOTANEELEE AND LA BICHE FIELDS 

Stratigraphic cross-sections across the Pointed 

Mountain and Kotaneelee fields are shown in Figure 6 in 

addition to the "one well field" at La Biche F-08. In all 
wells of the Pointed Mountain and Kotaneelee fields the 
lower Devonian carbonates beneath the top of the 
Nahanni Formation and beneath the Middle to Upper 
Devonian Besa River shale are completely dolomitized 
and overprinted by the Manetoe Dolomite. However, the 
correlative sequence in the CPOG et aL La Biche F-08 
well is incompletely dolomitized and contains numerous 
intervals of undolomitized Nahanni fossiliferous lime 
wackestone. Across most of the southern Mackenzie 
Mountains and in the subsurface of the Interior Plains 
east of the Mackenzie Mountains the Manetoe Dolomite 
is more stratiform and is confined stratigraphically to a 
zone of variable thickness commonly less than 30 metres 
thick and is dominantly, or entirely, developed within the 
Landry Formation (Morrow eta!., 1990). 

In spite of the total dolomitization of the Arnica to 



140 D. W. MORROW and J. POTTER 

Kotaneelee Fault lip 
Continuation 

6O 1O oo" 

GAS- 
ö WATER 

LINE 
N 

-, 

'? 
$0 

00 

Sao 
' 

?r BESARIVERSHALE- 
T NO REFLECTORS 

?t? 
i 

ýý N 

**ý:::: 
', ' WATE i". 

; II 

lot* 

10 

,q. 80°05.00- 

? sý yyý 
K©TGNEELEE 

0 
Kcwaaneun" F7o°t 

. +_ 
E-37 -27. ýý. 

0 

MATTSON ý `r 

REFLECTORS 

1ýý wý R{i1 

ý2 
NAHANNI TOP .. 

y ,. 
................. .... 

SW 
Sub-Nahanni Strata 

Seismic Line AAV-005 NE 

t1 

Fig. 3. Seismic depth map of the top of the Manetoe Dolomite (Nahanni equivalent) at the Kotaneelee gas field, Yukon 
Territory (Columbia Gas Development of Canada Ltd., 1979). Also shown is seismic reflection line AAV-005 across the southern 
part of the Kotaneelee field. 

Nahanni interval in the gas field wells, predolomitization 1995). More detailed lithostratigraphic correlations indi- 

rock textures and faunal content, and the distinctive log cate that, within the lower Devonian of the gas fields, 
characteristics (e. g. gamma-ray log) of argillaceous this marker interval occurs within the Nahanni 
intervals, such as Headless Formation strata, remain dis- Formation itself, rather than beneath the Nahanni, and is 

cernible. Previously, a thin argillaceous interval, or about 100 metres above the top of Headless equivalent 
marker horizon, within the completely dolomitized strata (Fig. 6). 
Nahanni sequence of the Pointed Mountain Field was The top of the Nahanni Formation in the region of the 

mapped as Headless Formation (Morrow and Aulstead, gas fields is strongly diachronous and is progressively 
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The Headless Formation strata in the gas field wells is 
also somewhat different from Headless strata farther 
north in the outcrop belt of the Mackenzie Mountains. At 
the latitude of the southern Mackenzie Mountains, the 
Headless Formation gradually thickens westward from a 
feather edge in the Interior Plains to more than 250 
metres thick in westernmost sections (Morrow and 
Cook, 1987). At its eastern limit, the Headless 
Formation is only a few metres thick and its basal con- 
tact is an unconformity that merges with the unconformi- 
ty represented by the Ebbutt Break and the mid- 
Chinchaga detrital zone (Fig. 4). Throughout almost the 
entire Interior Plains east of the disturbed belt the 
Headless Formation is less than 30 metres, and common- 
ly less than 10 metres, thick (Fig. 40 in Meijer-Drees, 
1993). The eastern part of the Headless Formation is 
dolomitic and contains peritidal features such as finely 
laminated intervals containing fenestral fabric and lime 

mudflakes and mudlumps in pockets of green and ochre- 
coloured pyritic argillaceous material (Morrow and 
Cook, 1987; Meijer Drees, 1993). The thicker Headless 
in western sections is a shaly, open marine, completely 
subtidal limestone sequence quite different from the 

eastern Headless. The western Headless sequence was 
deposited on a submarine apron that accumulated in 

front of the westward-prograding shallow water shelf, or 

platform, limestones of the Nahanni Formation (Morrow 

and Cook, 1987; Noble and Ferguson, 1971). 
The Headless Formation in the gas fields is about 150 

metres thick and is distinctively argillaceous (Fig. 6). In 

core, however, it does not resemble the open marine fos- 

siliferous shaly lime wackestones of the Headless 

Formation that is also about 150 metres thick in the 

southern Mackenzie Mountains. Instead the lithologies 

of the Headless interval in the gas fields more closely 

resemble the peritidal deposits of the thin Headless east 

of the disturbed belt. The gas field Headless interval also 
is lithologically and sedimentologically similar to the 
lower part of the Dunedin Formation in northeastern 
British Columbia. The lower part of the Dunedin, the 
dolomitic wackestone facies, has a maximum measured 
thickness of 130 metres and is composed of laminated 

and thin-bedded dolomitic lime mudstones containing 
fenestral fabric and dololaminites containing little fauna 

(Morrow, 1978). It has a log signature similar to the gas 
field Headless strata (Fig. 7). 

These observations reinforce the concept (Morrow 

and Aulstead, 1995) that the Headless interval in the 

gas fields is better regarded as a northward continua- 
tion of the lower part of the Dunedin, rather than a 

southward continuation of the Headless Formation. The 
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southward limit of the upward-shallowing regressive sedi- 
mentary package of the Nahanni and Headless formations 
coincides approximately with the northern edge of the 

Arrowhead Salient (Fig. 7). South of this limit, Emsian- 
Eifelian deposition of the Dunedin Formation accompa- 
nied, rather than followed, marine transgression onto 

s. ý 
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the subaerially exposed underlying dolostones of the 
Stone Formation. 

PETROGRAPHIC RELATIONSHIPS 
- PORE SPACE 

MODIFICATION AND CEMENTATION 

There is little evidence remaining concerning diagene- 
sis during the early stages of lithification of Nahanni and 

Formation 

'Nahanni' 
Formation 
or upper 

DU NED IN Dunedin 

FO RMA TION Formation ? 

oö«�ac 'Headless' 
Wackest is Formation 

Ln Facws 
or lower 

ö Dunedin 
Formation ? 

Headless limestones and argillaceous limestones or during J 

early diagenesis of Landry limestone. Probably the fine 

grained lime sediments in these Middle Devonian units were 

deposited originally as calcite rather than the more soluble 

polymorph, aragonite (see James and Choquette, 1990). The 

peritidal cyclic light and dark brownish-grey dolostones of 

the underlying Sombre and Arnica formations are typical 
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synsedimentary platform dolostones (Morrow and Cook, 
1987) that were partly to completely dolomitized before 
burial. This is probably true also of the argillaceous dolo- 
laminites of the `Headless Formation' intervals in the gas 
fields. 

The first major post-lithification feature observable in 
core is the widespread dissolution of macrofauna, such as 
colonial corals and stromatoporoids in the upper part of 
the Nahanni Formation in the gas fields (Figs. 8,9b, 10a 
and 10b). The cored interval of 10296 feet to 10348 feet 
from near the top of the Nahanni in the Amoco A-4 
Pointed Mountain A-55 well (Figs. 8 and 9b) is represen- 
tative of Nahanni cores from the other Pointed Mountain 
wells with zones of spectacular vuggy biogenic moldic 
porosity. 

Most of these large vugs are occluded or partly 
occluded with white sparry, centripetal (i. e. vug-lining), 
dolomite, or saddle dolomite (Figs. 9b, 10a and 10b). 
Some large vugs appear to have been floored by a signif- 
icant amount of dark carbonate sediment before precipi- 
tation of the vug-filling white dolomite cement (Fig. 9b). 
This indicates that enough time elapsed between cavity 
dissolution and later dolomitization and dolomite cemen- 
tation for geopetal carbonate sediments to floor these 
cavities. Many dolospar-lined vugs have ill-defined, dark 
bands rimming their undersides that may also represent 
geopetal cavity-flooring internal sediments that accumu- 
lated before dolomitization. Alternatively, dissolution 
after dolomitization may have formed cavities preferen- 
tially along the undersides of these large dolospar- 
rimmed vugs. 

The dolomitization associated with the white, coarsely 
crystalline dolospar of the Manetoe Dolomite is the first 
clearly defined, post-lithification cementation event. 
White Manetoe dolospar lines and, partly to completely, 
occludes vugs (Figs. 9b, 10a and 10b) and fills interfrag- 
nent spaces in rubble and mosaic breccias (Figs. 8,10b 
and 11c). These breccias tend to be completely cemented 
with white dolospar, but unoccluded pore space occurs 
between some larger fragments (Figs. 10b and 11c). Part 
of the interfragment space in these breccias is filled with 
particulate, or detrital, silt- and sand-sized carbonate 
(Figs. 10b and 11c). Subvertical to oblique, thin, sharp- 
Walled fractures cemented with white dolospar occur 
Within and around breccia masses, particularly where 
these tend to have an overall vertical orientation (Figs. 
9b, 10a and 10b). 

Under cathodoluminescence, the coarsely crystalline 
White dolospar of the Manetoe Dolomite exhibits very 
low intensity, or dull to very dull luminescence (Fig. 12). 
This is unlike the bright cathodoluminescence that is 
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commonly observed in dolomites precipitated from 
anoxic, or from reducing basinal fluids in deep burial 
diagenetic environments (Machel, 1985). Brightly lumi- 
nescent burial calcite and dolomite cements generally 
have manganese contents of at least several mole per 
cent (ie. several thousands of parts per million; Machel, 
1985). The near nonluminescence of the Manetoe 
dolospar cements is consistent with their very low man- 
ganese concentrations of only a few tens to a few hun- 
dreds of parts per million. White dolospar of the 
Manetoe Dolomite contains very low concentrations of 
contaminant elements in general, as may be seen in 
Appendix 3 of Morrow et al. (1990). 

The next clearly defined event that definitely post- 
dates at least part of the Manetoe dolomitization event is 

a dissolution and cavity-filling episode that is particular- 
ly well developed in core from the Pointed Mountain gas 
field (Figs. 8 and 9b) but is also visible in core from the 
Kotaneelee field (Fig. 10c). Dark, fine grained carbonate 
sediment infilled small caverns which were clearly exca- 
vated within pre-existing Manetoe Dolomite. Small cal- 
cite-cemented fractures contained entirely within these 
cavern-fillings (Fig. 9b) may be shrinkage cracks related 
to the dewatering and lithification of these internal sedi- 
ments. These cavern-fillings also contain small millime- 
tre to centimetre-sized fragments of white dolospar 

which have apparently been reworked from the walls 
and floors of caverns (Figs. 9b and 10c). 

Although there are dark cavern-fillings that postdate 
Manetoe Dolomite unequivocally, at least in the intervals 
in which they occur, there are other dark bands that 
strongly resemble the cavern-fillings that have been frac- 
tured or brecciated by the Manetoe Dolomite in core 
from both Pointed Mountain and from Kotaneelee (Figs. 
10c and 10d). This, combined with the previous sugges- 
tion of geopetal sediment deposition in vugs which may 
have predated Manetoe dolomitization, may indicate that 
this early dissolution, or karst event may have occurred, 
in part, contemporaneously with Manetoe dolomitiza- 
tion, and, possibly, may have begun before dolomitiza- 
tion. This inference is consistent also with the general 
aspect of the fauna preserved within cavity-filling sedi- 
ments which strongly resemble fauna, such as the colo- 
nial coral Alveolites, amphiporids and crinoids, typical of 
the Middle to Late Devonian. 

Hydrocarbon in the form of solid bitumen, or reser- 
voir bitumen (Lomando, 1992) forms the next petro- 
graphically distinct paragenetic phase in cores from the 
Pointed Mountain and Kotaneelee fields. Ubiquitous, 
solid black bitumen either coats the interiors of dolospar- 
lined open vugs (Fig. 9b) or totally infills vug interiors 
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Table 1. Rock-Eval data for core samples from the Columbia et al. Kotaneelee YT E-37 well 

Depth Wt. Tmax Si S2 S3 PI S2/S3 PC TOC HI 01* 
nf' 

(feet) (mg) 

12792 100.3 593 0.03 0.19 1.17 0.14 0.16 0.01 4.39 4 26 

12792 100.3 594 0.02 0.18 1.20 0.10 0.15 0.01 6.02 2 19 4 

12987 100.1 592 0.10 0.57 0.73 0.15 0.78 0.05 10.56 5 6 

12987 99.5 591 0.12 0.59 0.73 0.17 0.80 0.05 5.14 11 14 
*-see Peters (1986) for explanation of Rock-Eval parameter abbreviations 
(e. g. 01=Oxygen Index) 

(Figs. 10a, 11b and 11d). Thin irregular, subvertical to 
subhorizontal, bitumen-filled, sharp-walled fractures 
crosscut fabrics of the Manetoe Dolomite (Fig. 11). 
These bitumen-filled fractures also crosscut the post- 
Manetoe cavern-filling internal sediments (Figs. 10c and 
10d). In some instances, reservoir bitumen seems to have 
infilled stylolites or solution seams developed subparal- 
lel to bedding (Fig. 11b). 

The sparse core coverage available from wells in the 
Pointed Mountain and Kotaneelee fields largely 
precludes an assessment of vertical trends in the amounts 
of reservoir bitumen. In cores from the Pointed Mountain 
Field there is a definite tendency for the amount of 
macroscopic bitumen to increase in amount downwards 
from Nahanni equivalent strata to the deeper Landry and 
Arnica equivalent strata in wells such as Amoco A-4 
Pointed Mountain A-55 which have core from deeper 
Arnica equivalent strata (Fig. 6). In the Kotaneelee field, 
cores from the Nahanni and Headless intervals in the 
structurally high wells of Columbia et al. Kotaneelee YT 
1-48 and H-38 contain small amounts of reservoir bitu- 
men throughout. However, core from the Nahanni inter- 
val in the structurally low Columbia et al. Kotaneelee YT 
E-37 well contains anomalously large amounts of black 
reservoir bitumen infilling vugs (Fig. 10a) and post- 
Manetoe fractures. 

Rock-Eval analyses (Imperial Oil Resources Ltd., pers. 
comm. ) of selected reservoir bitumen samples from the E- 
37 well are shown in Table 1. These reservoir bitumens 
from the Manetoe Dolomite have extremely high TOC 
values but virtually insignificant pyrolyzable carbon (PC) 
reflecting low S1 and S2 peaks (Table 1). This is consis- 
tent with their passage through the oil window to gas gen- 
eration. Their low HI/OI ratios preclude classification 
according to original organic material type on van 
Krevelen-like plots of I-iI versus OI (e. g. Espitalie, 1986). 
The S2 peaks gave extremely high Tmax values which are 
beyond even the high maximum Tmax values of about 
500°C observed in organic material in the siliciclastic 
sequence overlying the Manetoe Dolomite (Fig. 5). 

A re-evaluation of the petrographic characteristics of ; 

organic matter in the Upper Devonian and Lower 
Carboniferous shales in the Pan Am Beaver G-01 and 
Pan Am Kotaneelee 0-67 wells indicates that organic 
matter is composed of various populations of indigenous 
solid bitumens and that true vitrinite is rare (Potter, in 
prep. ). Most of these bitumens were generated in situ as 
byproducts of maturation of various species of organic 
materials which initially were a liptinitic, possibly sul- 
phur-rich, kerogen (Potter, in prep. ). The observed range 
of Tmax values is consistent with a downhole increase in 
maturity of Type II/III kerogen for Mattson-Golata inter- 
val in Kotaneelee 0-67. 

Tmax profiles through the post-Middle Devonian 
sequence overlying the Nahanni-Manetoe carbonates 
(Fig. 5) are also consistent with the very high Tmax tem- 
peratures observed in the Kotaneelee E-37 Manetoe bitu- 
mens. Tmax temperatures in the nearby Pan Am 
Kotaneelee and Pan Am Beaver River YT G-01 wells 
reach maximums of up to and even greater than 500°C in 
the Golata shale more than 1000 metres above the con- 
tact of the Besa River shales with the Nahanni Formation 
(Fig. 5). Vitrinite reflectances and vitrinite-equivalent 
reflectances from bitumen at-this level are about 1.40% 
to 1.50% Ro (Fig. 5). This is consistent with the correla- 
tion between Tmax and vitrinite reflectances established 
by Espitalie (1986) for type III coal series organic mate- 
rial in the Paris Basin (Fig. 8 in Espitali6,1986) and may 
indicate that there is some admixture of type III organic 
material within these sediments. 

Indigenous bitumens in the post-Devonian, domi- 

nantly siliciclastic upper Paleozoic sequence including 
the organic-rich Besa River shale source rocks overly- 
ing the Nahanni in wells close to the gas fields display a 

progressive increase in reflectivity downsection in a 

manner parallel to that of vitrinite (Fig. 5; Table 2). 
Bitumens in the Pan Am Beaver River YT G-01 well 
display a very consistent downhole increase in reflectiv- 
ity that parallels the downhole increase in vitrinite 
reflectances. Vitrinite equivalent reflectances calculated 
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Table 2: Bitumen Reflectances from post Middle Devonian strata - Pan Am Beaver River YT G-01 and Pan Am Kotaneelee 0-67 
Pan Am Beaver River YT G-01 Pan Am Kotaneelee 0-67 

Depth Rb, 
t% (Feet Kb) (measured) 

Rvr% eq. 
(Calculated)* 

Depth 
(Feet Kb) 

Rb, t% (measured) 
R, R% eq. 

(Calculated) 

2880 0.60 0.77 260 0.71 0.84 
3250 0.66 0.81 1320 0.73 0.85 
3700 0.71 0.84 4200 1.71 1.46 
4135 0.84 0.92 7595 2.91 2.20 
5520 1.20 1.14 7800 3.20 2.38 
6120 1.40 1.27 Pan Am Beaver River YT G-01 
6540 1.47 1.31 10865 2.41 1.89 

6565 1.47 1.31 11635 2.74 2.09 

7480 1.52 1.34 12015 2.85 2.16 

8766 1.55 1.36 12265 2.90 2.19 

9210 1.53 1.35 12665 3.40 2.50 
9880 1.72 1.46 12915 3.50 2.56 

10129 1.76 1.49 12975 3.70 2.69 
10183 1.87 1.56 13185 3.43 2.52 

10575 2.02 1.65 13549 3.80 2.75 
'- "R,, /o eq. " is calculated according to the formula Rvr% eq. = 0.618(RbR%+0.40), (after Jacob, 1985). 

from bitumen reflectances using the relationship of 
Jacob (1985, Rvr% eq. = 0.618(Rblt%+0.40) may under- 
estimate vitrinite reflectances by a progressively greater 
amount downhole (Fig. 5; Table 2). Better fits to vitri- 
nite reflectance data of the G-01 well can be made by 
linear functions with a steeper slope and lower intercept 
value (e. g. Rr% eq. = 1.05*Rbjt%+0.20). The degree of 
misfit between Jacob's (1985) relationship and the G-01 
data may be partly explained by the fact that Jacob's 
(1985) data fitting was limited to vitrinite reflectances 
of less than 2.0%. 

Bitumens in the post-Middle Devonian of the Pan 
Am Kotaneelee 0-67 well are much more scattered than 
in the G-01 well although they also show a general 
downward increase in reflectivity (Fig. 5). The 0-67 
bitumens may have originated both as residual in-place 
bitumen during maturation and as migrated bitumen 
(see Fig. 4 of Morrow et al., 1993). 

Drusy quartz infills parts of larger vugs in the 
Kotaneelee and Pointed Mountain fields. Typically, 
"dogtooth" or drusy quartz occupies the centres of 
dolospar-lined vugs (see Fig. 10 in Morrow et al., 1990) 
and also lines abundant open subvertical fractures that 
crosscut Manetoe Dolomite near the top of the Nahanni 
in the Columbia et al. Kotaneelee YT 1-48 well (cored 

interval 3660 to 3665.7 metres). Some of the dolomi- 
tized groundmass in this atypical Manetoe core has been 

silicified by microcrystalline quartz. 
Equant, coarsely crystalline white calcite occurs also 

as a late-stage, vug-filling cement in dolospar-rimmed 
and bitumen-lined vugs, particularly in core from the 
Pointed Mountain Field (Fig. 8). Calcite-filled vugs 
contained no drusy quartz even in those rare instances 
where both quartz and calcite-filled vugs were found in 
the same core, such as in cores 2 and 3 (10,348 to 
10,396 ft. and 10,600 to 10,658 ft. K. B. ) of the Pointed 
Mountain A-55 well (Fig. 8). Consequently, there is lit- 
tle petrographic indication of the order of emplacement 
of calcite versus quartz vug-filling cements. However, 
the fact that, in these cores, all calcite-filled vugs are 
totally occluded with calcite cement, whereas quartz- 
filled vugs are, almost invariably, incompletely filled 
with drusy quartz and retain unfilled pore space, may 
indicate that calcite cementation preceded quartz 
cementation. 

In a different mode of occurrence, late-stage equant 
to bladed white calcite has grown displacively within 
the bitumen of bitumen-filled vugs (Fig. 10a) or within 
bitumen-impregnated, cavity-filling internal sediments 
(Fig. 10c) in core from the Kotaneelee E-37 well. This 
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Feet 
below KB. 

COLUMBIA K 
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12800- .. L QA 
Core 4 (12799.12859') Nahami 
Formation 

-ý- y Dark gray bituminous and slightly 
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-ý-� ý line dolostone; Mottled and brecci- 
12810- ©n aced with 15% 1o 20% white dolomite 

1 cement as vug-linng and collapse 
breccia Bement end as a replaoe- 
meet for fossil material; Black glassy 
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12820- 1 cemented vups; Bitumendilad sub- 
WA/ vertical fracture seams up to 0.75 
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12860- 1 Con 5('12859-12917) Nahanni 
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Dark gray bituminous finely to me- 
1 Flom crystalline 
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network of white dolomite veining 
forming 15% of the rock; Mawr brec- 
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12880- 
Minor biogenic material replaced by 
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above but more macrofauna (stro- 
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-t 
12895' a large bitumen-filled vug 
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j pp 
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AMOCO A-4 POINTED MOUNTAIN A-55 
CORES I AND 2 

5 ''F 

Core 1 (10298 -10348') Nahanni For- 
(9) B mation 

10300 1 
Medium gray medium to coarsely crys- 
tallive dolostone with a mottled appear- 
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Fig. 8. Graphical logs and descriptions of cores from the Kotaneelee and Pointed Mountain gas fields. 

type of calcite appears to be restricted to wells, such as 
Kotaneelee E-37, which contain relatively large 
amounts of post-Manetoe bitumen. 

Isolated small blebs of coarsely crystalline galena 
occur as final vug-fillings, and as irregular veinlets 

crosscutting Manetoe fabrics in the Manetoe Dolomite in 
the Nahanni equivalent interval as in the Kotaneelee E- 
37 well (Fig. 8) and in the Kotaneelee H-38 well (Fig. 
10a in Morrow et al., 1990). Finely to medium crys- 
talline reddish-brown sphalerite occurs as small veinlets 
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Li 
Fig. 9. Core photographs and thin section photomicrographs. Fig. 9a shows two boxes from core 1 of CPOG et al. La Biche F- 

08. The black arrows mark the base of a sooty, bituminous and silicified cavern-filling at 6527.75 feet (K. B. ). Fractured Nahanni 
limestone overlies and underlies this cavern-fill. Fig. 9b shows spectacular leached biogenic porosity in Manetoe Dolomite at 
10,345 feet (K. B. ) in the Amoco A-4 Pointed Mountain A-55 well. Dark, cave-filling deposit occupies upper part of core. Arrow 

near centre of core points to base of probable internal sediment layer beneath a thick vug lining of white dolospar. Figs. 9c and 
9d are plain light and crossed nicols thin section views of diagenetic calcite at the base of the white calcite zone at the top of the 
cavern-filling shown in Fig. 9a. Diagenetic calcite has engulfed the silicified carbonates of the cavern-filling before the introduc- 
tion of bitumen. 

calcite cement zone has a sharp stylolitic contact with 
the overlying veined Nahanni limestone. The lower con- 
tact of the white cement zone with the underlying black 
sooty cavern-filling is gradational. This lower contact is 
characterized by an aggregate of poikilotopic white cal- 
cite crystals that average about 10 to 20 cms. in size. A 
thin section view of these calcites shows that the silici- 
fied carbonates of the cavern-filling were engulfed by 
calcite growth before these silicified carbonates were 

impregnated by sooty reservoir bitumen (Figs. 9c and 
9d). 

This cavern-filling bears some similarity to a very 
large, spectacular cavern-filling within the Manetoe 
Dolomite exposed along the south side of First Canyon 
in the South Nahanni River (Morrow and Cook, 1987; 
Aulstead, 1987). This cavern-fill deposit is more than 
500 metres broad and tens of metres thick and contains 
crossbedded carbonate sand and pea gravel (Morrow, 
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Fig. 10. Photographs of core from the Manetoe Dolomite. Fig. 10a shows solid reservoir bitumen as large vug-fillings at 
12,799.5 feet (K. B. ) in the Columbia et al. Kotaneelee YT E-37 well. Fig. 10b shows rubble packbreccia completely cemented by 
white dolospar at 3661.0 metres (K. B. ) in the Pan Am Kotaneelee YT 1-48 well. Fig. 10c shows bitumen-filled fractures and late 
diagenetic white bladed calcite within a dark bituminous groundmass at 12,926 feet (K. B. ). In the Columbia et al. Kotaneelee YT 
E-37 well. Fig. 10d shows the rounded side of the slabbed core shown in 10c. 
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Fig. 11. Photographs of core from the Manetoe Dolomite. Fig 11a shows bitumen seams crosscutting white dolospar at 
13,143 feet (K. B. ) in the Columbia et al. Kotaneelee YT E-37 well. Fig. 11b shows black bitumen within white Manetoe dolospar 
at 11,251 feet (K. B. ) in the Amoco A-4 Pointed Mountain A-55 well. Fig. 11c shows a vertical vein of bitumen crosscutting 
Manetoe breccia at 12,304 feet (K. B. ) In the Columbia et al. Kotaneelee YT H-38 well. Fig. 11d shows a vertical vein of bitumen 
crosscutting Manetoe laminite at 11,259 feet (K. B. ) In the Amoco A-4 Pointed Mountain A-55 well. 

1994) that are similar to the crossbedded cavern-filling 
in the La Biche F-08 core. Spectacular metre-sized and 
smaller blocks of Manetoe Dolomite occur as drop- 
stones within this cave deposit. This surface cave 
deposit is not silicified or impregnated with bitumen. It 
is tentatively assigned a late Tertiary to recent age as a 
separate, late solution event (Fig. 14) that affected the 
Manetoe in areas near present day outcrop. 

Duplicate Rock-Eval analyses were done on several 
samples of the bitumen-impregnated sooty cave-fill 
(samples at 6525 feet and 6526 feet) and of the Nahanni 
limestone above (sample at 6521.5 feet) and below (sam- 
ple at 6537 feet) the cave-fill in Core 1 of the La Biche 
F-08 well (Table 3). TOC for the cave-filling samples 
ranges from 1.4%-2.24%. The low S1 and S2 peaks, the 

unreliable and low Tmax, and their very low Hydrogen 

Indexes (HI), indicate that these bitumens are greatly 

overmature, which is consistent with their sooty, car- 
bonaceous aspect and with the dry gas produced fron 

Nahanni-equivalent strata slightly above this core (Fig. 

6). The Nahanni limestone samples from the La Bichc F- 

08 well contain insignificant amounts of organic material 

and no measurable Si or S2 peaks similar to the low 

TOC contents recorded from the uppermost Nahanni 

limestones at the Kotaneelee 0-67 well (Fig. 5). 

The gas zone of the La Biche field is developed in a 
`siltstone'-rich interval (Meding, 1994) just above core 
1 of the La Biche F-08 well (Fig. 6). This very porous 
zone may be largely a cavern-filling similar to the cav- 
ern-fill of core 1. 
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Fig. 12. Thin section photomicrographs of Manetoe vug-filling dolospar in the Columbia et al. Kotaneelee YT H-38 well at 
12,067 feet (K. B. ). Fig. 12a is a cathodoluminescent view of the dolospar. Luminescence is dull except for thin orange lumines- 
cent bands near the distal edges of crystals. Fig. 12b is a plain light view of cathodoluminescent image in 12a. 

POROSITY AND PERMEABILITY 

Spectacular vuggy biogenic porosity (Figs. 8 and 9b) 

occurs in the upper part of the Nahanni Formation in the 
Pointed Mountain field. Porosity in the completely 
dolomitized uppermost cores from Nahanni equivalent 
strata at the Amoco A-4 Pointed Mountain A-55 well 
ranges from about 1.0% to a high of nearly 10.0% with a 
weighted average porosity of about 3.6% (Fig. 15). The 

zones of porosity greater than 4.0% generally correspond 

to zones with a significant proportion of incompletely 

occluded macrovugs, most of which are biogenic. But 

some represent unoccluded interfragment macropores in 
incompletely cemented collapse breccias. More com- 
monly, however, the interfragment spaces of mosaic and 
rubble packbreccias in the Manetoe Dolomite tend to be 

completely cemented with white dolospar (Fig. llc). 
Permeability in the A-55 well tends to be very 

anisotropic with permeability parallel to bedding typical- 
ly being several orders of magnitude greater than that 
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Fig. 13. Graphical logs and descriptions of cores from the CPOG et al. La Biche F-08 well. See Figure 8 for legend. 

perpendicular to bedding. Many intervals in cores 1 and 
2 of the A-55 well have no permeability, or are imperme- 
able, perpendicular to bedding (Fig. 15). Many thin 
intervals scattered throughout this well exhibit extremely 
high permeabilities in excess of 30,000 millidarcies par- 
allel to bedding. In general, permeability and porosity in 
this well appear to exhibit a certain degree of covariance. 
Zones with high porosity tend to also exhibit relatively 
high permeabilities both parallel and perpendicular to 
bedding and vice versa (Fig. 15). 

The uppermost cores from the totally dolomitized, 
Nahanni equivalent strata in the Columbia et al. 
Kotaneelee YT E-37 well, cores 4 and 5, exhibit some- 
what lower porosity and permeability than those of the 
A-55 well. This may be due in large part to the presence 
of fewer zones with less well developed unoccluded bio- 
genic porosity in the E-37 well than in the A-55 well. 
Porosity in the E-37 cores ranges from a low of about 
2.0% to a high of about 11.0% (Fig. 15). However, 
porosity is far less variable in the E-37 cores. Porosity 
throughout these cores tends to fall within limits of 
between 2.0% and 4.0% porosity, unlike the A-55 core 
where porosity most commonly ranges from 2.0% - 
6.0% (Fig. 15). 

Permeability in the E-37 cores is much less anisotrop- 

is than in the A-55 cores. This is primarily because per- 
meability perpendicular to bedding is much greater in 
the E-37 well than in the A-55 well, whereas permeabili- 
ty parallel to bedding in E-37 is considerably less overall 
than in A-55 (Fig. 15). There is strong covariance 
between permeabilities parallel and perpendicular to 
bedding in the E-37 well with generally less than an 
order of magnitude separation between permeability 
curves. There is probably even a stronger covariance 
between porosity and permeabilities in the E-37 cores 
than in the A-55 cores (Fig. 15). 

The much shorter cores 1 and 2 from the CPOG et al. 
La Biche F-08 well are generally much less porous than 
cores from A-55 and E-37 (Fig. 15) and are only partly 
dolomitized (Fig. 13). Disregarding the very porous 
interval representing the silicified bitumen-impregnated 
cavern-fill (6523.5 to 6525 ft.; Fig. 9a), the average 
porosity of core 1 at F-08 is only 1.5%. This reflects the 
very low porosity of the undolomitized, fossiliferous, 
lime wackestone that forms most of this core (Fig. 13). 
The cavern-fill interval by contrast is extremely porous, 
at almost 24% porosity. The subhorizontal to subvertical 
calcite veining, which is common in the limestone above 
and below the cavern-fill in core 1 (Fig. 9a), does not 
appear to contribute significantly to its porosity or 

_ý. 
". ý -. ý 

ýý 
ýýý 
ý" 

Ä ̀ ýi. 



INTERNAL STRATIGRAPHY, PETROGRAPHYAND POROSITY DEVELOPMENT OF THE MANETOE DOLOMITE 155 
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Fig. 14. Diagenetic history of Lower and Middle Devonian carbonate strata that contain the Manetoe Dolomite. 

permeability. Average porosity in core 2 is about 2.3%, 
or slightly greater than that of core 1 if the cavern-fill 
interval is not included. Porosity values increase slightly 
downdepth in core 2, possibly reflecting the passage 
downcore from partial to complete dolomitization. 
Although there are some intervals with common macrop- 
ore vugs of biogenic origin in core 2, they tend to be 
completely occluded with reservoir bitumen and white 
calcite, and consequently do not contribute to porosity. 

Permeability in both the F-08 cores is low, commonly 
less than 5 millidarcies. In spite of the high porosity of 
the cavern-fill interval, its permeability is less than 10 
millidarcies, but is nearly the same in directions parallel 
to and perpendicular to bedding. The remainder of core 1 
and all of core 2 exhibit the more usual anisotropy with 
permeability parallel to bedding being greater than that 
perpendicular to bedding (Fig. 15). 

DISCUSSION 

The internal stratigraphy of the thick Manetoe 
Dolomite in the Pointed Mountain and Kotaneelee gas 
fields may be discerned on geophysical well logs. 
Correlation of the upper part of the Manetoe in and 
around the gas fields is more readily made with the 
Dunedin and Stone formations of northeast British 
Columbia, rather than with the Nahanni and Headless 
formations of the southern Mackenzie Mountains. The 
lithologies and log signatures of the internal subdivisions 

of the Dunedin Formation strongly resemble the litholo- 

gies and log signatures of the upper part of the Manetoe 

Dolomite in spite of the fact that these are long distance 

correlations. The available sparse biostratigraphic infor- 

mation indicates that the upper contact of the `Nahanni' 
interval within the Manetoe Dolomite is highly 
diachronous becoming younger eastward towards the 
Arrowhead Salient. This is similar to the southeastward 
younging of the upper contact of the Dunedin Formation 

of British Columbia, which also is Givetian in age, near 
the junction of the Dunedin with the Presqu'ile, or Keg 

River Barrier. This intertonguing of Besa River shales 
and Nahanni carbonates, implied by the eastward 'young- 
ing' of the upper contact of Nahanni-equivalent strata 

around the gas fields, may have provided opportunity for 

a degree of lateral, as well as downwards, migration of 
hydrocarbons into Manetoe reservoirs. 

The process of dolomitization definitely appears to 
have enhanced porosity and permeability. This is not like- 
ly to have been the consequence of volume loss during 
dolomitization. The greater porosity and permeability of 
dolomitized Nahanni versus undolomitized Nahanni 
limestones in cores from the gas field wells is more likely 
to have been the result of the preferential preservation of 
porosity during burial of dolomitized, versus that of 
undolomitized limestones (Schmoker and Halley, 1982). 

A simple calculation, based on extrapolation of depth- 
dependent porosity functions, shows a considerable 
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Fig. 15. Porosity and permeability graphs for core from the 
data from Core Laboratories of Canada, Ltd. 
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that the fluid inclusions were entrapped under conditions 
of hydrostatic equilibrium. On the other hand, the 
Manetoe dolomite cements were precipitated at depths 
shallow enough that there is no discernible pressure cor- 
rection to fluid inclusion homogenization temperatures, 
assuming that the precipitational solutions were Late 
Devonian residual connate brines of evaporitic origin 
and that the dolomites formed in isotopic equilibrium 
with these connate brines in Late Devonian to 
Carboniferous time (Aulstead et al., 1988, Morrow and 
Aulstead, 1995). As a very rough estimate then, we can 
assert that the Manetoe Dolomite formed at a depth of 
around 500 metres. 

Using this depth estimate for dolomitization, and 
assuming that the dolomitization process, as a first 
approximation, conserved rock volume and using the 
depth-dependent compaction function of Schmoker and 
Halley (1982) for the decrease in Floridan limestone 
porosity fraction with depth: 

Ölst: -- 0.513* exp(-(Z)/1888) (1) 

where 0ist is the depth-dependent limestone porosity 
and Z is the depth in metres, we find that at 500 metres a 
limestone would have 39.4% porosity. If dolomitization 
were volume conservative, then the resultant dolomite 
also would have 39.4% porosity as an initial porosity at 
500 metres depth. 

In order to determine the porosity in the Manetoe 
Dolomite during deeper burial, we can assume, as a first 
approximation, that this dependency will follow the 
same exponential trend as depth-dependent compaction 
in Floridan dolomites: 

0dol = 0.3036* exp(-(Z)/4619) (2) 
(Schmoker and Halley, 1982). The fixed dolomite 

porosity of 39.4% at 500 metres requires that the initial 
surface porosity of 30.36% of equation 2 be recalculated 
to be consistent with the 39.4% porosity at 500 metres 
depth of the Manetoe Dolomite. This recalculated ficti- 
tious initial dolomite surface porosity corresponding to a 
porosity of 39.4% at 500 metres is 43.9%, so expression 
2 becomes: 

0dol = 0.439* exp(-(Z)/4619) (3) 

assuming that a simple linear transformation is appro- 
priate. 

The resultant dolomite porosity at the 5000 metre 
maximum depth that the Manetoe Dolomite experienced 
in Late Cretaceous time (Morrow et al., 1993) following 
equation 3 is about 14.9%. This figure could be reduced 
only slightly to 12.7% if dolomitization occurred at 
depths as deep as 1000 metres, which the fluid inclusion 
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data indicate is unlikely. Limestone porosity at this depth 

would be only 3.6% according to equation 1. This 

extreme difference serves to emphasize the perception 
that at great depths there is a greatly enhanced potential 
for preservation of porosity in dolomites which formed 

at much shallower depths. 
There is a possibility that the initial average near-sur- 

face porosity of the Nahanni skeletal lime wackestones 
was less than that of the Cenozoic Floridan limestones, 

which contain a high proportion of wackestones and 
mudstones (Schmoker and Halley, 1982). Bond and 
Kominz (1984) found that best fitting average depth- 
dependent porosities of lime sediments are strongly 
dependent on initial sediment grain size such that "cal- 

carenites" are much less porous than "micrites" (i. e. lime 

mud) at all burial depths (Fig. 2 in Bond and Kominz, 
1984). Lower initial limestone porosities imply corre- 
spondingly lower dolomite and limestone porosities at 
maximum burial. This grain size factor may have con- 
tributed to a low initial limestone porosity and might 
help to explain why the present day porosity of most of 
the gas field Manetoe Dolomites ranges from about 2.0% 

to 6.0%, and the limestones have about 1.0% porosity. 
The fact that Devonian lime muds, which formed 

most of the Nahanni were probably calcite rather than 
aragonite (James and Choquette, 1990), may have also 
have influenced initial porosity. It seems likely that cal- 
cite muds of the Devonian would have had a lower ini- 
tial porosity than present-day aragonite muds because 
the more equant calcite crystals are unlikely to exhibit 
the "jackstraw" style of open packing that characterizes 
the acicular aragonite crystal masses in the very porous 
aragonitic seafloor muds of the Bahama Banks (Enos 

and Sawatsky, 1981). This mineralogical factor may also 
have contributed to a slightly lower initial limestone 

porosity for pre-Manetoe Nahanni limestones. 
Although the process of dolomitization did not increase 

porosity at the time of dolomitization, there is some indica- 
tion that permeability, particularly vertical permeability, 
was increased by the Manetoe dolomitization event. 
Undolomitized limestones in the La Biche F-08 core tend 
to have little or no vertical permeability, whereas dolomi- 
tized intervals have measurable vertical permeability. The 
nearly isotropic permeability of the dolomitized 
Kotaneelee E-37 cores is also an indication of the enhance- 
ment of vertical permeability during dolomitization. This 
effect is not as evident in the Pointed Mountain A-55 
cores, possibly because the circulation of dolomitizing 
solutions was focussed preferentially parallel to bedding 
along pre-existing porosity networks of leached biogenic 
porosity. There may have been a tendency for the rate of 
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dissolution to be higher relative to the rate of dolomite pre- 
cipitation because of more rapid solution flow along the 
more open porosity networks parallel to bedding. If true, 
this would tend to preferentially enhance permeability par- 
allel to bedding during dolomitization. 

There is no indication from the porosity-permeability 
data, or from visual examination of the cores of this 
study, that significant vertical fracture permeability 
exists. Comparison of geophysical logs, such as the neu- 
tron and sonic logs, might indicate the existence of open 
subvertical fracture porosity. Snowdon (1977) and 
Davidson and Snowdon (1978) suggested that the spo. 
radic nature of gas production from the Manetöe 
Dolomite at the Beaver River gas field was due to the 
preferential invasion of water into the pervasive, gas- 
filled, fracture network which effectively `sealed in' 
matrix gas. 

The data of this study might be interpreted to indicate 
another possible cause for sporadic gas production inter- 
spersed with water production, particularly for the 
Pointed Mountain field. Pointed Mountain exhibits an 
essentially horizontally layered porosity-permeability 
fabric with weak vertical continuity. Production of gas 
would tend to quickly deplete the high permeability lay- 
ers. If these layers intersected fractures open to the pres- 
sured aquifer beneath the gas column, water would tend 
to rise up these fractures and invade the high permeability 
layers during gas production. Vertical fracturing at 
Pointed Mountain and Kotaneelee, at a minimum, must 
be significant near the major faults that segment these 
fields (Figs. 2 and 3). This interpretation, involving scat- 
tered, rather than pervasive, open fractures, represents a 
variation on the theme of Davidson and Snowdon (1978). 

The presence of other mineral cements, such as quartz 
and particularly calcite, along with reservoir bitumen 
have a considerable role in porosity reduction. The 
extent of this reduction has not been studied here, but 
insoluble residues of core samples from the Kotaneelee 
E-37 well yielded about 4.0% by weight of insoluble 
residue after digestion in hydrochloric acid. These insol- 
uble residues were found to be mainly bitumen and 
quartz (Henderson, 1995). This amount of additional 
cement and mineral matter would cause a significant fur- 
ther reduction in porosity by at least 4.0% in the low 
porosity Manetoe Dolomite of this well. Subtraction of 
these non-carbonate phases from the rock volume would 
raise dolomite porosity to the range 6.0-10.0%. 
Henderson (1995) suggested that the release and disag- 
gregation of these acid insoluble phases during sec- 
ondary acid stimulation of the Kotaneelee field could 
adversely affect field performance. 

Solution seams and stylolites have undoubtedly caused 
additional porosity loss in the Manetoe Dolomites. It is 
uncertain, however, whether pressure solution has been 

any more intense in the Manetoe sequence than in the 
Floridan carbonate succession examined by Schmoker 

and Halley (1982). On this basis, we cannot assert that 
pressure solution in the Manetoe Dolomite is likely to 
have caused any major departure from the depth-depen- 
dent porosity functions of Schmoker and Halley (1982) 

through porosity destruction. 
However, chemical processes, such as pressure-solu- 

tion, -are-. time-dependent, as well as depth-dependent. 
Schmoker (1984) has suggested, with some documenta- 
tion, that porosity in carbonates is best understood as a 
function of their Time-Temperature Index, or Lopatin 
TTI: 

Ocarbonate = a*`` 11)b 
(4) 

where TTI is the Time-Temperature Index (e. g. 
Waples, 1980). However, like the variety of depth-poros- 
ity functions, there is also considerable variation in the 
values of constants "a" and "b" in equation 4, with dif- 
ferent sets of constants applicable to different carbonate 
sequences, although there is remarkable internal consis- 
tency for each individual sequence. It seems at least pos- 
sible that part of the difference between the low porosity 
of the Manetoe Dolomite and Nahanni limestone and the 
more porous Floridan carbonates may be due to the fact 
that the TTI values of the Manetoe and associated 
Nahanni are much higher than in the Floridan carbon- 
ates. Therefore, in the absence of direct comparative evi- 
dence between the Manetoe Dolomite and the Floridan 
carbonate sequence, it seems likely, based on equation 4, 
that there should be considerable porosity destruction in 
the Manetoe Dolomite sequence beyond that predicted in 
Floridan Carbonates buried to similar depths, according 
to the depth-dependent functions of equations 1 and 2. 
The abundance of well developed stylolites within the 
Manetoe Dolomite (Figs. 8,10,11 and 13) is consistent 
with this possibility. 

Consequently, while there may have been differences 
between the initial depositional porosities of pre-Manetoe 
Nahanni limestones and Cenozoic to modem day carbon- 
ates, postdepositional processes of mineral cementation, 
bitumen emplacement and stylolite development are suf- 
ficient to adequately explain the lower porosities of the 
Manetoe Dolomite and Nahanni limestones as compared 
to porosities predicted from their maximum burial 
depths according to equations 1 and 2. Dolomitization 
itself is unlikely to have created porosity. Instead, the 
low average porosities of the Manetoe Dolomite may 
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indicate that dolornitization either conserved rock vol- 
ume or even caused the occlusion of some pre-existing 
porosity by the precipitation of additional dolomite 
cement. 

Manetoe dolomitization is inferred to have been early 
in the diagenetic sequence, preceding the generation of 
hydrocarbons (Fig. 14). The pervasive solid reservoir 
bitumen coating dolomite crystals lining vugs attests to 
the post-dolomitization migration of liquid hydrocarbon 
into these rocks. The presence of subvertical bitumen- 
filled fractures crosscutting Manetoe Dolomite fabrics 
implies that there may have been fracturing from gas 
generation during oil catagenesis. Thermal gas genera- 
tion in oil pools probably can generate considerable 
overpressures in the subsurface (Ungerer et al., 1983) 
which might lead to subsurface fracturing. The extreme- 
ly low vertical permeability of the overlying Besa River 
shale and the low permeability of Nahanni limestones 
adjacent to Manetoe reservoirs would enhance the poten- 
tial for the generation of overpressures during the ther- 
mal cracking of oil to gas in these reservoirs. Viscous, 
but still mobile bitumen may have been forced into these 
fractures during gas generation some time following 
emplacement of the Manetoe Dolomite. 

The occurrence of zones with macropore vugs com- 
pletely occluded by solid bitumen may indicate that 
much of the bitumen originated not simply as the residu- 
al bitumen that remains after the thermal cracking of oil 
to gas, but rather as deasphalted bitumen (Lomando, 
1992), in which the gas-soluble oil fraction has been 
stripped from the oil by gas passing upwards through the 
oil column. The relatively massive amounts of bitumen 
in the Kotaneelee E-37 well may be due to its proximity 
to a fault which possibly provided a local focus for the 
upwards flow of gas through the oil column in Mesozoic 
to Cenozoic time. 

The quartz and calcite vug-filling cements clearly 
postdate bitumen emplacement as do the sphalerite and 
galena veinlets. It is difficult to be certain of the timing 
of the cavern-fillings. Those in the Pointed Mountain A- 
55 core appear almost contemporaneous with the 
Manetoe dolomitization event, with some evidence that 
the excavation of macrovug porosity predated dolomiti- 
zation (Fig. 14). 

Silicification of the detrital crossbedded fossiliferous 
carbonates in the large cavern-filling in the La Biche F- 
08 well may have been caused by pH changes related to 
the generation of organic acids during organic matura- 
tion. Generation of hydrocarbons in the overlying Besa 
River shale source beds in Late Paleozoic to Early 
Mesozoic time would have been accompanied by high 
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solution concentrations of organic acids. These acid 
solutions on entering the porous cavern-filling may have 

caused the replacement of carbonates by silica if the pre- 
existing pore solutions of the cavern-fill were alkaline 
and enriched in silica (see Williams and Crerar, 1985). 
However, in the absence of definitive age information, it 
is not possible to be certain concerning the timing of the 

cavern-filling with respect to liquid oil generation. The 

sooty bitumen impregnating the cavern-fill could be the 
later residue of in-place thermal cracking of oil that 
filled the cavern-fill porosity because the existing porosi- 
ty of the cavern-filling, at more than 23%, is an order of 
magnitude greater than the TOC of about 2.0%. 

This cavern-filling is shown as a distinct episode of 
cavern development on Figure 14. However, the 
"Paleozoic" appearance of the weakly crossbedded and 
silicified faunas and the probability that cavern excavation 
occurred before oil migration leaves open the possibility 
that this cavern-filling formed at the same time as the cav- 
ern-fillings in the Pan Am Pointed Mounted A-55 core. 

CONCLUSIONS 

Examination of cores from selected wells in the Liard 
Basin, in conjunction with regional geological and geo- 
chemical information has led to: 
1. Recognition that the Nahanni Formation in the sub- 

surface of Liard Basin more closely resembles the 
transgressive Dunedin Formation of northeast British 
Columbia than the regressive Nahanni Formation of 
the southern Mackenzie Mountains; 

2. Identification of one, and possibly two episodes of 
subsurface cavern excavation and internal sediment 
infill that postdate Manetoe dolomitization; 

3. Recognition that hydrocarbon migration postdated 
cavern development and emplacement of the Manetoe 
Dolomite; 

4. Recognition that much of the gas field bitumen origi- 
nated by deasphalting of oil, rather than as a residue 
of the thermal cracking; 

5. Correlation of trends in bitumen reflectance of the 
upper Paleozoic siliciclastic sequence overlying the 
Manetoe Dolomite with trends in vitrinite reflectance 
and in Rock-Eval Tmax; 

6. Recognition that the absolute porosities of the 
Manetoe Dolomite and accompanying Nahanni lime- 

stone and their average porosity differences are large- 
ly the result of depth-dependent porosity changes dur- 
ing burial, along with additional porosity occlusion by 

mineral cements and bitumen; 
7. Recognition that porosity-permeability tends to be 
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preferentially developed parallel to bedding and that 
vertical permeability was enhanced by dolomitization; 

8. Recognition that late-stage fracturing, unlike in the 
Beaver River gas field, did not contribute significant- 
ly to porosity or permeability of the Kotaneelee and 
Pointed Mountain fields. 
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ABSTRACT 

Petrographic analyses were carried out on thin coals and coaly sediments from the Lower Carboni- 
ferous Mattson Formation at Clausen Creek and Jackfish Gap-Yohin Ridge in the northern part of 
the Liard Basin, northern Canada. The composition and optical characteristics indicate that the coals 
are high-volatile bituminous B, predominantly sapropelic (canneloid) and accumulated subaquatically. 

The coals are dominantly composed of inertinite-rich and exinite-rich durites with subsidiary iner- 
tites and clarodurites; vitrite is minor and liptite is rare. The inertinite-rich microlithotypes are dom- 
inated by semifusinite, but micrinite, semimacrinite and ? resino-inertinites are abundant. Sporinite, 
comprising megaspores, crassispores, tenuispores and miospores, is the dominant liptinite maceral 
with subsidiary cutinite and minor alginite. Except for pyrite, mineral matter is minimal. 

Three populations of telocollinite are observed: a low-reflectance variety (1), commonly associated 
with micrinite (as vitrinertite), displays weak brown fluorescence and a reflectance some 0.4-0.5% 
lower than type II; type II is non-fluorescing telocollinite, with intermediate reflectance (0.67-0.74% 
R, m ), it occurs as vitrite and is also associated with micrinite; and a higher-reflectance telocollinite 
(III ), having no fluorescence or association with micrinite, has variable reflectance (0.74-0.8%R, m) 
implying higher oxidation or gelification levels. 

The abundance of semimacrinite, macrinite and ? resino-inertinites in inertites and durites (I) sug- 
gests that much of the peat accumulated subaquatically. Furthermore, fluorescing vitrinite and an 
abundance of micrinite (derived by oxidation or coalification of bituminite), suggest that the coal 
accumulated under anaerobic conditions. The predominance of semifusinite in humic laminae and 
micrinite in sapropelic layers suggests extensive surface or near-surface oxidation of the peat. Oxi- 
dised sporinites suggest that they were wind-borne. 

Depositional environment is interpreted as marginal marine, perhaps in shallow lakes in the middle 
to upper delta plain. Peat accumulations probably began subaquatically at the oxygen-hydrogen sul- 
phide interface, but periodic subaerial exposure and natural oxidation gave rise to the high inertinite 
coals. Upper Mattson coals are interbedded with algal laminites and probably accumulated in a la- 
goonal setting. 

'Corresponding author. 

0166-5162/93/$06.00 01993 Elsevier Science Publishers B. V. All rights reserved. 
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INTRODUCTION 

Most of the Carboniferous coals found in western Europe are bituminous. 
humic coals formed in fluvio-deltaic environments. In Canada, Carbonifer- 
ous coals of bituminous rank occur only in eastern Canada (predominantly 
in Nova Scotia and New Brunswick but also in Newfoundland), the Yukon 
Territory (Whitehorse Trough and British Mountains) and District of Mack- 
enzie (Liard Basin). The coals in eastern Canada are of Westphalian age and 
were deposited in non-marine, fluvial (floodplain) or lacustrine environ- 
ments (lacquebard and Donaldson, 1969) in numerous separate fault- 
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Fig. 1. (a) Outcrop of Mattson Formation in the study area (from Richards, 1989). (b) Loca- 
tion map of NW Canada showing study area. I 

bounded intermontane subbasins (Smith, 1989). The coals in the Sydney 
Basin are humic (banded); they are rich in vitrinite (> 70%), inertinite (ca. 
20%) with subordinate liptinite macerals (< 10%) (Hacquebard and Don- 
aldson, 1969). Micro-banded, hypautochthonous and cannel coals associated 
with lacustrine environments occur in the Pictou Coalfield (Hacquebard and 
Donaldson, 1969; Kalkreuth and Macauley, 1987). In general, vitrinites con- 
stitute less than 50% of the coal, inertinites as much as 40%, liptinites gener- 
ally less than 10% and mineral matter can be as high as 20% of the coal (ibid. ). 
Unlike the coals in eastern Canada, the coals in the Mattson Formation in the 
Liard Basin, southwestern District of Mackenzie are thin inertinite- and lip- 
tinite-rich coals which suggests a rather different depositional setting. 

Numerous thin coal seams and lenses occur within the Lower Carbonifer- 
ous Mattson Formation, north of 59°30'N, and are widely exposed in the 
eastern Cordillera, southwestern District of Mackenzie, Northwest Territo- 
ries (Fig. 1). Coals ranging in thickness from 0.3 to 1.5 m occur mainly within 
the middle and upper members of the Mattson Formation, as defined by 
Richards (1989), a deltaic succession comprising sandstone, with subordi- 
nate siltstone, shale and carbonates of late Visban (V3) to early Serphuko- 
vian age (Richards, 1989; Bamber et al., 1984). 1 

Petrographic analyses of coal samples and associated shales from two sec- 
tions of the Mattson Fm. exposed at Jackfish Gap-Yohin Ridge (61 °06'N 
123°59'W) and Clausen Creek (61 °03'55"N 124°07'08"W) (Fig. 1) were 
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carried out to determine the rank and composition of the coals as part of a 
regional study of the thermal maturity and oil and gas potential of the Upper 
Devonian and Carboniferous in the Liard Basin. 

GENERAL GEOLOGY 

The study area, in the southeastern Yukon Territory and southwestern Dis- 
trict of Mackenzie, is located in the Mackenzie Fold Belt and borders on the 
Interior Platform (Richards, 1989). Upper Devonian and Carboniferous 
strata in this area consist of a shallowing-upwards succession of basinal to 
shelf carbonates and terrigenous clastics deposited in the eastern Prophet 
Trough along the western margin of the ancestral North American Plate 
(Richards, 1989; Richards et al., 1989). The Mattson Formation outcrops 
extensively throughout the western and central portions of the study area in a 
series of north-south striking anticlines and synclines. It is preserved mainly 
as a down-faulted succession lying west of the northwest-trending Bovie nor- 
mal fault. It is less than 15 m thick east of the Bovie fault but thickens west- 
wards, attaining over 1410 m in the southern Mackenzie Fold Belt (Richards, 
1989). At Jackfish Gap, the type locality, it is 1020 m thick (Fig. 2). 

The Mattson Formation was deposited in deltaic and related environments 
during several delta cycles (Richards, 1989; Richards et al., 1989). Most of 
the Mattson deltas are classified as fluvially dominated, wave- and tide-influ- 
enced deltas of lobate form. Thick Platte-type braided-stream deposits (prob- 
ably distributary channels) are common within the delta plain facies, of the 
middle and upper members. Coals, shales and sandstones in coarsening-up- 
ward sequences of overbank and delta-front origin, are associated with the 
braided-stream deposits. Toward the southwest (basinward), the delta plain- 
delta front lithofacies grade into delta-slope deposits of the lower member, 
which in turn grade basinward into prodelta shales of the Golata and Besa 
River Formations (Fig. 3). 

Patton (1958) formally introduced the name Mattson Formation and de- 
scribed the type section at Jackfish Gap. Douglas and Norris (1959,1960) 
and Harker (1961) elaborated on the lithological character and regional oc- 
currence of the Mattson. More recently it has been the subject of detailed 
lithofacies analysis by B. C. Richards (pers. commun., 1993). Work on the 
coals from this area is limited to an early report by Hacquebard and Barss 
(1957), who reported on palynology of coals on the south Nahanni River, 
and an unpublished GSC internal report on the petrography of the coals at 
Jackfish Gap by Cameron and Pratt (1982). Palynological studies of the 
Mattson Formation have also been carried out by Braman and Hills (1977 ), 
Bamber et al. (1984) and J. Utting (in Richards, 1983,1989). 

The samples used in this study, which comprise thin coals, coaly clasts from 
siltstones and interbedded laminites and coals, were collected by Richards 
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during a regional geological and sedimentological study of the Upper Devon- 
ian and Lower Carboniferous of the Liard Basin (Richards, 1989). 

METHODOLOGY 

Sampling intervals 

Samples were collected at 266 m, 300 m and 1006.5 m above the base of 
the Mattson Formation at Jackfish Gap (Figs. 4 and 5) and 1305.5 m above 
the base of the Mattson section at Clausen Creek. The samples ranged from 
true coals to coaly inclusions in sandstone/siltstone units to coaly shales; de- 
tails are given in Table 1. 

Petrography 

Reflectance photometry and quantitative petrographic analysis were car- 
ried out on polished pellet mounts of coal crushed to -20 Tyler mesh size 
(850µm ), using oil immersion objectives, a Zeiss UMSP II-HP300 computer 
system and Zeiss Coflex software. Reflectance (Rom) was measured at 546 
nm based on 50 measurements on each of three populations of vitrinite. UV 
spectral fluorescence measurements were made at 365 nm excitation, on 
sporinites and alginites, using a similar microscope, a Zonax microcomputer 
and Zeiss Spectral scan software. Five spectral measurements were made at 
2-min intervals and averaged to obtain Amax and R/G quotients. 

RESULTS 

The elemental compositions of two of the Mattson coal samples and the 
coal/laminite are shown in Table 2. The volatile matter contents of the coals 
(av. 33%, d. a. f. ) and elemental carbon (av. 79%, d. a. f. ) values suggest the 
coals are high-volatile bituminous A in rank. This is inconsistent with the 
reflectance data (Table 4) which suggests that the coals are of lower rank 
(high-volatile bituminous B). This suggests that the chemical analysis of the 
whole coals are affected by the coal composition. 

The coals are dominated by inertinite- and liptinite-rich durites, inertite, 
vitrinertite and clarodurite. Microlamination is quite distinctive in the Matt- 
son coals and, although microlithotypes are clearly divisible, the results and 
discussion in this paper will concentrate on the maceral compositions. 

Maceral groups 

The maceral compositions of four coals (Fig. 6) from outcrop sections at 
Jackfish Gap (Yohin Ridge) and Clausen Creek are shown in Table 3. The 

ýý 
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Fig. 5. Photograph of 1.5 m coal seam in the middle Mattson exposed at Jackfish Gap. 

TABLE I 

Sampling intervals and localities 

Sample No. Location Ht. (m) above Sample type Seam 
base of Mattson thickness 
Fm. (m) 

C58730 Jackfish Gap 266 coal 0.3 
C58738 Jackfish Gap 300 coal 1.4 
C58764 Jackfish Gap 514 coal clasts - 
C58838 Jackfish Gap 1006.5 coal/laminite - 
C73409 Clausen Creek 1305.5 coals 0.5 

most significant feature of the Mattson coals is the exceptionally high inertin- 
ite content. Inertinites account for 57% to 67% of the coal macerals and are 
represented by a great variety of macerals. These coals are also rich in liptin- 
ite. The coals at Yohin Ridge have a minimum of 20% liptinite, mostly occur- 
ring with inertinites as durite and clarodurite, and, to a much lesser extent, as 
liptite, clarite or duroclarite. The coal at Clausen Creek has a slightly lower 
liptinite content (17%) than coals at Jackfish Gap. Vitrinites form a rather 
small proportion of these Mattson coals (15-22%). Most commonly, vitrin- 
ites are associated with micrinite as vitrinertite and rarely occur as vitrite, 

o) 
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TABLE 2 

Proximate and ultimate analyses of Mattson coals 

Locality: Jackfish Gap Clausen Creek 
Sample No.: C58730 C58838 C74309 

Moisture 3.4 7.8 2.54 
Ash 2.4 43.9 4.32 
Volatile 34.5 45.1 32.5 

matter (d. a. f. ) 
Fixed carbon 65.5 54.9 67.5 

(d. a. f. ) 
Total sulphur 1.25 0.35 1.64 

(d. a. f. ) 
Carbon 78.4 72.53 79.57 
Nitrogen 1.03 0.72 1.11 
Sulphur 1.25 0.35 1.64 
Hydrogen 4.44 2.98 4.53 
Oxygen 14.88 23.42 13.1 

Vitrinite 
100% 

100% 
Llptinite 75 50 25 

Fig. 6. Maceral composition of the Mattson coal samples. 

1 100% 
Inertinite 

clarite or trimacerite. The lack of vitrite (telocollinite) was noted by Cam- 
eron and Pratt (1982 ). 

Ash (Table 2) and mineral matter contents are very low, amounting to 
< 1% at Yohin Ridge, and 2%, at Clausen Creek (Table 3). Mostly it occurs 
in the form of pyrite (or oxidation products thereof ); there is very little by 
way of detrital components (e. g. clay) and authigenic minerals. 
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TABLE 3 

Maceral composition of coals from the Mattson Formation 
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Jackfish Gap 

C58730 3 12 <1 15 23 2 2 - 27 1 17 3 15 17 1 2 57 <1 

C58737 3 10 - 13 18 2 + + 20 3 28 8 7 19 1 <1 67 <1 

C58764 4 18 1 23 19 <1 <1 - 20 1 34 + 7 14 1 1 57 <1 

Clausen Creek 

C74309 7 7 1 15 12 3 2 + 17 1 27 5 6 26 2 1 67 2 

Liptinites 

The liptinites are dominated by sporinite with subordinate cutinite and rare 
alginite (Botryococcus or Rheischia-type) and resinite (exsudatinite). A tre- 
mendous variety of sporinite occurs in the Mattson coals ranging from large, 
thick- and thin-walled, megaspores (Fig. 7) to microspores (crassispores, 
tenuispores and miospores) many of which are recognisable as far as genus 
(and occasionally, species) (Fig. 8). 

Megaspores 
The thick-walled megaspores range from 800µm to > 1000 icm in diameter 

(Fig. 7a). They are trilete and characterized by a granular morphology and 
dense external ornamentation in the form of elongate, processes or appen- 
dages, up to 100 pm in length, in the equatorial plane, which have a somewhat 
resinous appearance. The dimensions and external ornament suggest they may 
belong to the genus Setosisporites or Radiatisporites which have been de- 
scribed from Westphalian and upper Visean strata in Lublin Coal Basin, Po- 
land (Dybova-Jachowicz et al., 1987). Heavily ornamented megaspores are 
known also from the Upper Devonian coals in the Canadian Arctic region 
(Goodarzi and Gentzis, 1991). 

The thin-walled structures are characteristically granular and approxi- 
mately 900 pm in diameter/long with 10-15 pm thick wall which is slightly 
sculptured (Fig. 7b). 

The reflectance of the megaspores is 0.39% Rom and they display relatively 
weak, brownish-yellow fluorescence and a 2max in the order of 690 (R/G> 2). 
Without exception, these spores show signs of oxidation suggesting the pos- 
sibility of being transported into the peat swamp by wind or oxygenated waters. 
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Fig. 8. Photomicrographs of Carboniferous microspores: (a) Reticulatisporites; (b) I)ensuspor- 
ites sp.; (c) . %furospora sp.; (d) . %Iurospora aurita; and (e) microspore sporangium. Magnifi- 

cations are the same for (a) to (e). Polished sections viewed in reflected blue light under oil 
immersion. 
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Microspores 
Microspores ranging in size from 25 qcm to 100 qcm are also very common 

constituents of the Mattson coals (Figs. 8a-8d). Hacquebard and Barss 
(1957) recognized three species of Reticulatisporites (Fig. 8a) and many spe- 
cies of Densosporites (Fig. 8b). As many as 114 species of microspores were 
identified from coals and associated sediments in the Mattson Formation by 
Braman and Hills (1977) and J. Utting (in Richards, 1989). Many com- 
pressed reticulate and muronate microspores resembling Baculexinus and 
Stratexinus from the Baldur Seam, Ruhr Coalfield (Stach, 1968) are moder- 
ately common also; the dimensions and ornamentation suggest a strong affil- 
iation with Reticulatisporites or Convolutispora. Microspore sporangia, simi- 
lar to those found in the Middle to Upper Devonian of Melville Island, Arctic 
Canada (Goodarzi and Goodbody, 1990) are also well-preserved (Fig. 8e). 

The following microspore genera were identified by the authors from the 
coals and associated shales: Reticulatisporites (Fig. 8a); Densosporites (nu- 
merous species, unidentified) (Fig. 8b); Murospora (Fig. 8c) including Mu- 
rospora aurita (Fig. 8d); ? Labiadensites and ? Convolutispora. 

All of these were recognised from palynological studies by Hacquebard and 
Barss (1957) and Braman and Hills (1977). Braman and Hills (1977) dated 
the Mattson as Visean (Meramician to Chesterian) on the basis of micro- 
spore assemblages. In studies of Carboniferous beds of Nova Scotia, J. Utting 
(in Richards, 1983,1989) notes that Densosporites and Murospora are com- 
mon in the Visean (V2). The spore assemblage in the upper Mattson coal, 
located 1000.6 m above the base of the Mattson, contains Murospora aurita, 
which Utting considers may be indicative of an early Namurian age. Muros- 
pora and Densosporites are dominant in the coals from the Mattson Forma- 
tion. These genera are thought to be derived from Lycopods and Pterido- 
phytes. Utting (1987) notes that "some workers (e. g. Habib et al., 1966) 
consider the presence of species of Densosporites in the Upper Carboniferous 
to indicate a marginal marine environment not unlike that found in the man- 
grove swamps of the southern Florida Everglades", and that species of this 
genus "are probably derived from herbaceous lycopods". Furthermore, Sul- 
livan (1965) assigned the spore assemblage described by Hacquebard and 
Barss to the Monilospora floral province along with similar Lower Carboni- 
ferous spore assemblages from the Donnetz Basin, Russia and Spitzbergen 
and deduced that the provincialism was due to palaeoclimatic conditions 
consistent with palaeolatitudes of 45 °N/S of the Equator. 

Most of the sporinite (particularly megaspores) is oxidised precluding the 
use of reflectance and fluorescence spectral measurement as coalification in- 
dices. The fluorescence colour of the unoxidised microspores is characterist- ically a rich "buttercup" yellow and Amax for crassispores is in the order of 650 nm to 670 nm with an R/G of 1.7 to 1.9. 
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Alginites 
Alginite is generally a minor component of these coals. At both the Jackfish 

Gap and Clausen Creek localities, the coals contain freshwater, colonial algin- 
ite of Botryococcus or Rheischia affinity. In the coal located at Clausen Creek, 
rare dinoflagellates are present and ? Tasmanales alginite is present which 
shows signs of bacterial attack. 

Other liptinites 
Small amounts of weakly fluorescing exsudatinite (or bitumen) showing 

positive alteration are found infilling fusinite in coal sample C58737 from 
Jackfish Gap. Bitumen (Rom 0.32) with included micrinite and semimacrin- 
ite is present in C58764. Thin cutinite is also common. 

Vitrinites 

Desmocollinite, telocollinite, and oxygen-rich vitrinite (? gelocollinite) are 
the dominant vitrinites found in the Mattson coals (Table 3); gelocollinite 
and corpocollinites are minor components. In the coals from Jackfish Gap, 
desmocollinite is the dominant vitrinite maceral. Typically, it has lower re- 
flectance than telocollinite (Table 4) and shows weak brown fluorescence 
suggesting it is perhydrous (Teichmüller, 1982a). 

Telocollinite occurs in roughly the same proportions as desmocollinite in 
coal from the Clausen Creek section but it is subordinate to desmocollinite in 
coals from Jackfish Gap. In one sample it is less than 2%. The reflectance 
varies from 0.67% to 0.74% Rom, being slightly higher in rank at Jackfish Gap 
than at Clausen Creek. Using Ting's formula to determine the maximum re- 
flectance, this would equal 0.79% Romax, which agrees with reflectance val- 
ues obtained by Cameron and Pratt (1982 ). The telocollinite rarely occurs as 
vitrite (in the humic coal) and is most commonly intimately associated with 
micrinite as vitrinertite (Fig. 9a). 

There appears to be a considerable spread in the reflectance of the telocol- 
linite (Table 4) and three separate populations are identified on the basis of 

TABLE4 

Vitrinite reflectance data (%Rom 

Jackfish Gap Clausen Creek 
C74309 

C58730 C58738 C58764 C58838 

Telocoll. 1 0.62 0.63 0.67 0.62 0.55 
Telocoll. II 0.70 0.73 0.74 0.68 0.60 
Telocoll. III 0.79 0.79 0.79 0.78 0.73 
Telocoll. in shale - - - - 
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reflectance. Telocollinite associated with the more humic coal (telocollinite 
I) has reflectance similar to desmocollinite but lower by ca. 0.4% than other 
telocollinite in the same sample and displays weak brown fluorescence. Goo- 
darzi et al. (1987) and Robert (1988) indicated that vitrinite suppression 
was commonly associated with perhydrous vitrinites which also typically show 
fluorescence. The elemental analyses do not suggest any hydrogen enrichment 
but, as indicated earlier, the chemical analyses of the whole coals appear to be 
influenced by the high inertinite content of the coal (Table 3). Numerous 
authors have reported on the suppression of vitrinite reflectance in coals and 
associated shales which can be attributed to a variety of factors which are 
reviewed by Barker (1991). However, Barker (ibid. ) also described other 
causes of vitrinite reflectance suppression which may be more applicable to 
the Mattson coals given the depositional setting and associated macerals: (1) 
microbial alteration of vitrinite; and (2) the retention of bitumen in the vi- 
trinite. Given the intimate association of telocollinite with micrinite-rich lay- 
ers lenses (Figs. 9a, 10a, 10d) observed in these coals, it is suggested that 
microbial activity is the cause of the vitrinite reflectance suppression ex- 
pressed by the telocollinite I. This interpretation also fits very well with the 
interpretation and discussion on the origin of micrinite in these coals in the 
following sections of this paper. Although exsudatinite was observed in very 
small amounts in these coals, the generation of hydrocarbons, and therefore 
bitumens which might be retained within the vitrinite cannot be ruled out 
since low rank bitumens are found in Mattson strata. Most of the ? telocollin- 
ite is non-fluorescing (type II) and it is considered that the reflectance of this 
variety (0.73% R0) is representative of the natural coalification attained which 
would indicate a rank of high-volatile bituminous B. Small amounts of highly 
reflecting vitrinite (type III) are present which display significantly higher 
reflectance than the telocollinite II. It is also commonly associated with mi- 
crinite in vitrinertite bands, and with macrinite and semimacrinite in durite 
and clarodurite. Other than reflectance, there is very little morphological dif- 
ference between this material and the telocollinite H. The telocollinite II is 
perhaps more oxygen-rich by virtue of its association with micrinite and may 
be the result of early diagenetic, surface oxidation. Alternatively, the highly 
reflecting vitrinite telocollinite III may be transitional to gelocollinite, imply- 
ing oxidative gelification at an early stage in the development of the peat. 
Small amounts of gelocollinite are present in most of the samples. Goodarzi 
et al. (1987) found three populations of vitrinite reflectance in coals from the 
Lower Carboniferous Emma Fiord Formation in the Canadian Arctic Islands 
and related these to variations in alginite content of the coal. While alginite 
is a minor component of these coals, other liptinites, such as bituminite/mi- 
crinite may have generated hydrocarbons during coalification which resulted 
in variations in absorption, and subsequently, reflectance of the telocollinite. 
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Inertinites 

Without exception, inertinite macerals are the principal components of the 
Mattson coal samples examined, durites (I), clarodurites and inertite being 
the dominant microlithotypes. The dominant macerals are semifusinite, mi- 
crinite and semimacrinite. 

The semifusinites occur in thick bands of inertite (Fig. 9b) as well as with 
other macerals in bimacerites and trimacerites. The semifusinite rarely shows 
the open pore structures associated with well-preserved, lignified tissue. Typ- 
ically, it is highly gelified, exhibiting micropores <1 um in diameter or oc- 
cluded pores. This suggests that the peat either underwent extensive oxidative 
(bacterial) gelification or oxidation under subaerial conditions during peati- 
fication. Much of the semifusinite shows a morphological transition to 
semimacrinite. 

Macrinite is commonly associated with the more abundant semimacrin- 
ites. Large concentrations of these macerals occur in inertite and form a 
groundmass in durites. Such macrinites are typical of South African (Gond- 
wana) coals (Stach, 1968) and the non-marine coals from the Pictou Coal- 
field in Nova Scotia (i. e. "massive micrinite" of Hacquebard and Donaldson, 
1969) which Haquebard and Donaldson interpreted as having formed sub- 
aquatically. Teichmüller (1982a) found large concentrations of macrinite as 
an amorphous groundmass in sub-aquatically accumulated brown coals. 
Moore (1968) also noted a close association between durites and the colloi- 
dal, ulmic groundmass of sapropelic coals. Pyrite (or oxidation products 
thereof) is locally abundant and intimately mixed with semimacrinite and 
also inertite composed entirely of individual macrinite bodies giving the dur- 
ite a distinctly clastic or detrital appearance (Fig. 9c). In sample 74309, the 
"clastic macrinite" is commonly intermixed with inertodetrinite. Taylor et 
al. (1989) found similar material in durites in Permian coals from Australia. 
This suggests that the macrinites accumulated subaquatically, settling out of 
suspension into a reducing environment. The localized abundances of pyrite 
infer ample sources of sulphate, perhaps introduced by short-lived, periodic 
influxes of marine waters. The distribution of pyrite, i. e. impregnation of po- 
rosity in fusinite and semifusinite, suggests it may have been emplaced origi- 
nally as gypsum since it would appear that the original material was intro- 
duced from circulating fluids. 

There is significant variation in the morphology of components counted as 
macrinite for want of better definition. Some of the macrinites and semima- 
crinites resemble the corpohuminites and phlobaphenites of low rank coals 
(Fig. 9b). Others are solid or have fine vesicles and resemble the sections of 
resin rodlets, derived from the seed fern Medullosa, which has been described 
in the Pennsylvanian Pomeroy coal of West Virginia (Lyons et al., 1982) and 
the resino-inertinites of Permian Gondwana coals (Misra et al., 1990). Typ- 
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ically they are isotropic and vary in shape from rounded to subcircular to oval 
and sub-triangular bodies, having semifusinitic to fusinitic reflectance. Some 
are solid (type I of Misra et al., 1990), others are variously vesicular (type II 
of Misra et at., 1990) and may occur singularly in durite or in clusters of 
mixed varieties and shapes. Unlike the resin rodlets or resino-inertinites found 
in Gondwana coals, they do not exhibit fractures and they are found, albeit 
rarely, in large clusters as cortical material enclosed by vitrinitic material (Fig. 
9d). It is suggested that the solid forms were derived from phlobaphenitic 
materials or tannins formed by early condensation of humic materials de- 
rived from aquatic plants. Such colloidal humic substances may have pene- 
trated down through the peat and infilled empty vessels of root structures 
such as Cohen (1968) observed in mangrove peats from southern Florida. 
Other "macrinites" bear some similarities to sclerotinites (Stach et al., 1982). 
However, it is unlikely that, in this case, they are derived from fungal hyphae 
because of the inconsistent structure, arrangement and affinities with other 
macerals. Many have large internal cavities with discrete wall structures re- 
sembling cenospheres but they are isotropic (rare anisotropic cenospheres are 
present). Others have irregular vesiculation (Fig. 10a). The latter varieties 
may have been the product of combustion generated by wildfires (Scott, 1992) 
in areas marginal to the mires in which the coals at Jackfish Gap and Clausen 
Creek were deposited. 

The other major inertinite component is micrinite. Micrinite accounts for 
as much as 25% of some of the samples. It occurs in high concentrations, as 
inertite (micrite) (Fig. 10b) and forms the bulk of the groundmass of the 
durite and clarodurite (Fig. 10c). It is also commonly intimately associated 
with vitrinites as lenses and inclusions in vitrinertite (Fig. 10d). It is associ. 
ated with liptinites and desmocollinite in clarite and clarodurite, with the low- 
reflectance, weakly fluorescing telocollinite (type I) and with non-fluorescing 
telocollinite (type II) having intermediate reflectance. In the non-humic coal, 
the vitrinite and micrinite are "swirled" together implying that they formed 
by mixing of organic slurries or gels, perhaps representing the results of deg- 
radation at a redox interface. The observed relationship between vitrinite and 
micrinite and the occurrence of micrinite in high concentration (micrite) is 
strong evidence of a primary or early diagenetic origin for the micrinite in the 
Mattson coals. 

Associated sediments 

The coal clasts in the middle Mattson (C58764) have compositions and 
optical properties identical to the coals in the section. However, the upper 
Mattson sample (GSC locality C-58838,1,006.5 m above the base of the 
Mattson at Jackfish Gap), incorporates thin humic coal laminae composed 
of clarite, interbedded with algal laminite. The proximate analysis (Table 2) 
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of this sample shows relatively high ash content (44%) and the volatile mat- 
ter (45% d. a. f. ) is significantly higher than the pure coals, the carbon content 
is significantly lower (72% elemental; 55% fixed carbon d. a. f. ) and the oxy- 
gen content significantly higher than in the coals (23.4% versus 14% elemen- 
tal oxygen). The high volatile matter content may be attributed to a higher 
hydrocarbon yield from the alginite. 

The clarite is dominated by desmocollinite and telocollinite with fusinite, 
sporinites and rare bituminite. The coaly laminae are vitrinite-rich (79%) 
and have relatively small amounts of inertinite (13%) and sporinite (8%). 
The desmocollinite and thin telocollinite bands fluoresce quite strongly sug- 
gesting they are perhydrous despite a relatively low hydrogen content (3%). 
The microspores are similar to those observed in the coals, also showing signs 
of oxidation probably related to wind or subaerial transport. The reflectance 
of the telocollinite is 0.68% Rom (Table 4). 

The kerogen in the shale laminae is predominantly composed of amor- 
phous matter (bituminous matrix) which fluoresces light yellow to brown 
under blue light, fluorescing bituminite I (Teichmüller and Ottenjahn, 1977) 
and alginites (lamalginite and telalginite). In some of the shales in the se- 
quence, colonial alginites of freshwater origin (Botryococcus or Rheischia- 
type) and marine (Tasmanales-type, ? Nostocopsis) occur together indicating 
a mixing of fresh and marine waters. The reflectance of the vitrinite in the 
shale is 0.60% Rom. (Numerous other coaly shales occur in the Mattson sec- 
tion which are essentially algal laminites interbedded with humic coal. In these 
intervals, the vitrinitic bands in the shaley interbeds have higher reflectance 
than that of the associated coals, and is interpreted as gelocollinite). 

Pyrolytic carbon 

Pyrolytic carbon occurs in the coals from the middle member of the Matt- 
son Formation. Typically, it is anisotropic and has the appearance of ceno- 
spheres produced by hydroliquefaction (Mitchell et al., 1977) or combustion 
of coal (International Committee for Coal Petrology, 1987). Goodarzi (1985) 
observed naturally occurring pyrolytic carbon in subbituminous coal and 
Goodarzi and Gentzis (1990) observed pyrolytic carbon in heat-affected coals 
from western Canada and concluded it was formed by thermal cracking of 
volatile matter generated by the burning of carbonaceous matter during forest 
or peat fires. This suggests that pyrolytic char fragments in the Mattson coals 
came from fires in nearby peats or forests and were probably blown into the 
peats during subaerial exposure, early in diagenesis. It is unlikely that the coal- 
forming peat in the immediate area burned due to the lack of isotropic or 
anisotropic chars although it is possible that the extensive vesiculation in some 
of the macrinites (? resino-inertinites) could have resulted from devolatiliza- 
tion due to heating from fires. Furthermore, Scott (1992) has indicated that 
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large proportions of semifusinites are created as a result of the burning of 
recent peats. 

DISCUSSION 

' The Mattson coals are dominated by durites and inertites. Spore-rich dur- 
ites are typical of subaquatic ooze deposits (Hacquebard, 1964) and Smith 
(1964) regards spore-rich crassidurites containing Densosporites as forming 
in ombrogenous bogs from a Lepidodendrales flora. Furthermore, numerous 
workers have found micrinite to be a common constituent of durites of sap- 
ropelic facies and cannel coals (Teichmüller, 1950; Stach, 1968; Hook and 
Hower, 1988). Hook and Hower (1988) found 95% of the groundmass of the 
Linton cannel coal from Ohio to consist of micrinite and very little inherent 
mineral matter. Such features are very typical of the coals in the middle mem- 
ber of the Mattson Formation in the Liard Basin. Microlayering, which was 
also observed, was observed by Hacquebard and Donaldson (1969) in hyp- 
autochthonous coals in the Pictou Coal Basin of Nova Scotia, and by Goo- 
darzi and Gentzis (1991) in cannel and canneloid shales from the Middle to 
Upper Devonian of Arctic Canada, which they reported to be "an unusual 
feature of cannel coals, probably due to deposition in open water in a rela- 
tively calm environment". In the Mattson coals, the occurrence of "clastic 
macrinite" would seem to support this. Despite the low amounts of vitrinite, 
vitrite bands composed of telocollinite, interbedded with duroclarite and 
clarite suggest that a transition from sapropelic to more humic peat occurred 
at some time during its accumulation. 

Hook and Hower (1988) also report a very large variety of sporinites (me- 
gaspores, microspores, sporangia) which is also typical of the coals of the 
Mattson Formation. However, many microspores and, without exception, the 
megaspores are oxidised, suggesting that they may have been aerially trans- 
ported, prior to deposition in water; they may not therefore be representative 
of the actual peat-forming flora. 

The bulk of the inertinite (macrinite and semimacrinite) is probably de- 
rived by oxidative decay of aquatic plants with some contribution from seed 
ferns. These may have been washed in from areas with better water circula. 
tion to form the "inertoclastic" groundmass of the durites very early in dia- 
genesis, or, as Teichmüller (1982a) suggests, the coal may have formed from 
a dy-gyttjae, i. e. subaquatically, at the oxygen/hydrogen sulphide interface. 
Under these conditions, tannins or phlobaphinite could have formed from 
aquatic vegetation, giving rise to macrinite and semimacrinite, while at the 
same time, humic materials forming under anaerobic conditions would gen- 
erate bituminite from protein and fats (Teichmüller, 1982a), particularly from 
bacterial remains. If the micrinite is derived from bacterial remains then this 
would account not only for the lack of vitrinite in the Mattson coals due to 
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intense biochemical activity, but also for the intimate association of perhy- 
drous vitrinite and micrinite, the abundance of macrinite and semimacrinite 
and the mutual occurrence of anaerobically formed components and oxygen- 
rich macerals. The lack of lignin in aquatic plants would certainly be condu- 
cive to rapid breakdown of the cellulose concentrating tannins and phloba- 
phinitic materials. The occurrence of fluorescing, perhydrous vitrinites is 
consistent with extensive microbial activity and anaerobic decay of lipid-rich 
organic matter in the associated sediments (Goodarzi et al., 1993). 

The origin of micrinite has been debated on numerous occasions. Spack- 
man and Barghoorn (1966), and Cohen and Spackman (1980) proposed a 
primary origin for micrinite (cell walls ). Stach (1968) proposed a secondary 
origin for micrinite on the basis of its association with sporinites in coals from 
the Ruhr region of Germany, inferring that sporinite is a product of the coal- 
ification of liptinitic protoplasm. Teichmüller (1944,1982b) also considers 
micrinite to be a secondary maceral, arising through coalification/matura- 
tion of liptinites during the bituminous coal stage, particularly in sapropelic 
to semisapropelic facies. Teichmüller and Wolf (1977) linked micrinite for- 
mation to maturation of sporinite and formation of petroleum and Teich- 
müller and Ottenjahn (1977) proposed that micrinite formed by bituminiti- 
zation of bituminite, a product of biochemical alteration of alginite. Taylor 
and Liu (1989) have conducted a very thorough review of the theories on the 
origin of micrinite and conclude, as a result of Transmission Electron Micro- 
scope studies of micrinite, that most micrinite comprises finely particulate 
matter formed during diagenesis of lipid-rich organic matter. 

In the Mattson coals, there is an abundance of sporinite, the coal rank is 
bituminous rank, oxidation has evidently occurred during early diagenesis 
and subaquatic facies and sapropelic origins have been established. In other 
words, any of the proposed origins for micrinite could be applicable in this 
case. However, the micrinite in the Mattson coals is not necessarily associated 
with the structured liptinites (sporinites, alginites). Furthermore, the au- 
thor(s) have previously observed micrinite in low rank coals (lignites) al- 
most devoid of sporinite, but in which bituminite was a common constituent. 
Teichmüller (1950) also considered bituminite to be a precursor of micrinite. 
Shibaoka (1983) has also observed micrinite in brown coals from Australia 
and considers it to be a product of the oxidation of porigelinite. 

It is suggested that the micrinite found in the Mattson, and other sapropelic 
coals, is formed by either coalification or oxidation of bituminite, a promi- 
nent component of the groundmass originally formed under anaerobic con- 
ditions, either from humic degradation products or from the bacterial protein 
which would be abundant under relatively alkaline conditions. Such a mode 
of formation would account for the high hydrogen content and reactivity that 
characterizes micrinite and sets it apart from all other inertinite macerals, 
and the perhydrous nature of the vitrinite associated with it. 
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Much of the micrinite in the Mattson coals may be a secondary product of 
changing redox conditions early in diagenesis. Elevation from the reducing 
zone to slightly more oxygenated waters during sea level regressions, i. e. above 
the hydrogen sulphide-oxygen interface, may have transformed the bitumin- 
ite to micrinite, or it may be a product of coalification (? or even burning) of 
bituminite. Unlike other liptinites, which have a primary origin, bituminite 
is a product of anaerobic degradation of organic matter formed at low tem- 
peratures and pressures which makes it more susceptible to thermal alteration 
earlier in the coalification process (Tissot and Welte, 1982). 

The abundance of semifusinite, the occurrence of more humic coal and the 
presence of sclerotinite and pyrolytic carbon in the Mattson coals attest to 
eventual infilling of the mire, and the subsequent drying and subaerial oxi- 
dation of the peats under dry, climatic conditions prior to burial with inclu- 
sions of air-borne products from fires, also normally associated with dry con- 
ditions. Furthermore, the abundance and predominance of sporinites, which 
are almost entirely oxidised, suggests that the spores were transported sub- 
aerially, by wind. Indeed, in the middle member of the Mattson Formation, 
sandstones occur which are considered to have an aeolian origin. The changes 
in the water table and palaeogeography were probably a minor consequence 
of the repeated emergence and submergence responsible for cyclic delta for- 
mation during Mattson time (Richards, 1989). (It may have been during 
these cycles that the bituminite was altered to micrinite. ) 

The lithology and sedimentary structures in the Mattson Formation and 
the petrology of the coals contained within the middle and upper members of 
the Mattson indicate deposition in a deltaic setting. It is suggested that the 
peats, from which the middle Mattson coals formed, accumulated in ponds 
or lakes in the upper delta plain (Fig. 11). Here, inertinite and exinite-rich 
durites and sapropelic coals formed from aquatic vegetation and wind- or 
water-transported spores. Early peat accumulations were marked by gyttjae 
formation under anaerobic bottom conditions and at the interface between 
oxic and anoxic waters where humic colloids accumulated from subaquatic 
plants. Emergence and lowering of the water table resulted in periodic sub- 
aerial exposure and severe oxidation. Since all the coals in the middle and 
upper Mattson are of a similar nature, it would appear that water level changes 
occurred numerous times: this scenario fits with the progradational-aggra- 
dational depositional setting for the Mattson Formation postulated by Rich- 
ards (1989) and Richards et al. (1989) which can be related to minor oscil- 
lations in global sea level during the Carboniferous (Ramsbottom, 1973). 
While subaerial exposure and oxidation of the peats may therefore have been 
the result of decreases in sea level during Mattson time, the rare occurrence 
of unicellular marine algal cysts (Tasmanites) and concentrations of pyrite (possibly sourced by gypsum) also suggest subsequent incursions of sulphate- 
rich, marine water implying frequent oscillations in sea level. 
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I. Ferns 
Herbaceous Lycopods 

Aquatic vegetation 

water table 

Sapropelic peat 

2. 

DEPOSITIONAL SETTING OF MATTSON COALS 

1. accumulation of sapropelic peat under anaerobic conditions on the lake bottom: 

2. accumulation of humic peat as lake Infills and water table is lowered due to uplift 

Fig. 11. Depositional setting envisioned for the Mattson coals. Stage 1: accumulation of sapro- 
pelic peat under anaerobic conditions on the lake bottom. Stage 2: accumulation of humic peat 
as the lake infills and the water table is lowered. 

Coals in the upper member of the Mattson at Jackfish Gap occur above a 
series of shallow, neritic and shoreline carbonates and sandstones. They are 
interbedded with algal laminites having mixed, freshwater and marine affin- 
ities suggesting that they are probably of lagoonal origin. Evans (1975) re- 
ports on the occurrence of the Santo Thomas cannel coals in Texas having a 
lagoonal origin set in wave-dominated deltas associated with fluvial systems. 

CONCLUSIONS 

The coals of the Mattson Formation are predominantly sapropelic in ori- 
gin, forming from aquatic plants, herbaceous lycopods and pteridosperm 
floras. Significant proportions of macrinite and semimacrinite (? resino-iner- 
tinites) are predominantly due to a significant contribution to the coal-form- 
ing flora from aquatic plants. Micrinite, a common constituent of these coals, 
is thought to have formed by oxidation of bituminite which, in turn, formed 
either by anaerobic decay of the humic groundmass or from bacterial re- 
mains. Furthermore the intimate relationship between micrinite and vitrinite 
suggests that the peat was in a semi-liquid condition consistent with gyttjae- 
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formation. Sporinites are derived from wind-borne mega- and micro-spores 
and the presence of pyrolytic carbon suggests that peat fires occurred in the 

surrounding area; these factors suggest that relatively and conditions pre- 

vailed in the northern part of the Liard Basin during Mattson time. In addi- 
tion, the high inertinite contents suggest that the coals were probably sub- 
jected to long periods of subaerial exposure and oxidation, under dry climatic 
conditions, prior to burial, possibly as a result of periodic emergence. 

While the overall depositional setting of the Mattson Formation is deltaic, 

the coals/peats in the middle Mattson appear to have accumulated anaerob- 
ically in shallow lakes in the middle to upper delta plain. Coals in the upper 
member are partly algal laminites which accumulated in a lagoonal setting. 
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Fig. 1. Location map for coal and oil shale deposits of Early 
Carboniferous age in northern Canada. 

The third Lower Carboniferous unit in northern 
Canada containing coal, but more importantly 

thick beds of oil shale, is the Emma Fiord 
Formation exposed on Devon, Axel Heiberg and 
Ellesmere Islands (Fig. 1, Sites D, E and F, respec- 
tively). The Emma Fiord Formation was first 
described by Thorsteinsson (1974). More detailed 

sedimentological and compositional characteristics 
have been reported on by Goodarzi et al. (1987) 

and Davies and Nassichuk (1988). 

Compositional characteristics of these northern 
Canadian coals and oil shales will be discussed 

with reference to paleoenvironmental and paleo- 
geographic interpretations. In the second part of 
the paper the relationship of these Canadian depos- 
its to Lower Carboniferous coal and oil shale 
occurrences in other parts of the Northern 
Hemisphere will be explored. 

Geological context of coal-bearing units 

The Mattson Formation 

The Mattson Formation is composed mainly of 
cyclical deposits of sandstone combined with lesser 
amounts of siltstone and shale and minor carbon- 
ate. It was deposited in a deltaic-fluvial, marginal 
marine setting associated with fluctuating sea levels 
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during which several deltaic sequences were 
formed. During periods of regression progradation 
was westward into the Prophet Trough. At the 
end of the Mattson times transgression spread 
marine strata to the northeast (Richards et al., 
1993). The Mattson has a maximum thickness of 
1410 m; at the type section (Jackfish Gap) it is 
1040 m thick. Coal beds occur at several levels, 

mainly in the lower and middle parts of the 
formation. These beds appear to be associated 
with sedimentary sequences of overbank and delta 
front genesis and may be sapropelic (Potter et al., 
1993). 

Hacquebard and Barss (1957) were the first to 
study the palynology and petrography of the 
Mattson coals and identified them as Early 
Carboniferous in age. Later studies by Braman 
and Hills (1977) and Utting (1991) suggested an 
age of late Visean (V3) to Serpukhovian for the 
Mattson Formation and almost exact correlation 
with the Hart River Formation in the northern 
Yukon Territory. Figure 2 is a simplified strati- 
graphic section showing the relationship of the 
Mattson Formation to overlying and underlying 
units. 

The Kayak Formation 

The Kayak Formation consists of shale and 
volumetrically subordinate sandstone and carbon- 
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Fig. 2. Summarized stratigraphic column for the Mattson 
Formation, representative of section near Jackfish Gap, 
Northwest Territories (modified from Richards, 1989). 
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ates. It rests gradationally on the conglomerates 
and sandstones of the Kekiktuk Formation and 
passes upward into finer-grained clastics and car- 
bonates of shallow marine origin. The latter are 
indicative of marine transgression to the northeast 
(Richards et al., in press). These various facies 
appear to grade laterally and vertically into one 
another. The coals are associated with the base of 
the formation and appear to have formed in 
marginal marine to continental environments. In 
the British Mountains the Kayak is over 350 m 
thick. Bamber and Waterhouse (1971) indicated a 
thickness of 275 m for strata assigned to the Kayak 
in the Barn Mountains near Hoidahl Dome. The 
section shown in Fig. 3 is modified from a figure 
by Richards et al. (1993), and represents the strati- 
graphic sequence for the Lower Carboniferous in 
the area of the eastern British Mountains and Barn 
Range in the northern Yukon Territory (vicinity 
of Site B, Fig. 1). 

Faunal remains in the Kayak suggest an early 
middle to early late Visean age (Bamber and 
Waterhouse, 1971). Palynological observations by 
Utting (1991) suggests a totally Visean age for the 
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Fig. 3. Stratigraphic section for the Kayak Formation, Hoidahl 
Dome area, northern Yukon Territory. 
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Kayak, spanning the interval from Vl to early V3. 
He suggests there is no age overlap with the 
Mattson which he believes to be younger. 

The Emma Fiord Formation 

The Emma Fiord Formation has been described 
by Davies and Nassichuk (1988) as consisting of 
carbonaceous and calcareous shale, siltstone and 
marlstone with thin coal seams, and minor sand- 
stone, conglomerate and algal limestone. Much of 
the calcareous shale is sufficiently rich in kerogen 
of suitable maturity and type to be classed as oil 
shale. At Grinnell Peninsula (Fig. 1, Site D) on 
northern Devon Island it is about 135 m thick, 
whereas on Kleybolte Peninsula (Fig. 1, Site F) on 
northwestern Ellesmere Island it is nearly 400 m 
thick (Thorsteinsson, 1974). At location E (Fig. 1), 
formation thickness has been estimated at 120 m. 
At each of the three sites thin coal seams (<1 m) 
have been observed. According to Davies and 
Nassichuk the Emma Fiord was laid down in a 
lacustrine environment that may have been ther- 
mally and chemically stratified resulting in excel- 
lent preservation conditions at the bottom of the 
basin. Analyses of megafiora and palynomorphs 
indicate a Visean age for the Emma Fiord 
Formation (Playford and Barss, 1963; 
Thorsteinsson, 1974). Utting (1991) has placed the 
Emma Fiord entirely in the V3 zone and considers 
it coeval with part of the Mattson Formation. 
Figure 4 is a summarized stratigraphic column for 
the Emma Fiord Formation and adjacent strata 
on Devon Island. 

Sampling history 

Sample location data are given in Table 1. All 
samples were collected from outcrop. The Mattson 
samples were collected by B. C. Richards of the 
Geological Survey of Canada (Calgary office). 
They are channel samples, representative of four 
seams exposed in two sections (see Table 1). The 
Kayak Formation coal samples were obtained 
from four sections in the Hoidahl Dome area and 
one section in the British Mountains. In addition 
several samples of carbonaceous shale were col- 
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lected in the British Mountains and analyzed for 

reflectance values. Most of the Kayak samples 
were taken at locations first visited by D, K. Norris, 
now retired from the Geological Survey of Canada. 
The samples from the Emma Fiord Formation 
came from two sections. One of these sites is on 
Grinnell Peninsula on Devon Island (Fig. 1, Site 
D). From this location ten samples of carbona- 
ceous shale and marlstone and one sample of coal 
were collected by W. W. Nassichuk, also of GSC, 
Calgary. These samples cover a stratigraphic 
interval of about 55 m in the formation. The 
second set of Emma Fiord samples (also collected 
by Nassichuk) came from the Kleybolte Peninsula, 
Ellesmere Island (Fig. 1, Site F). There are six 
samples in this suite, representing six separate 
beds, and they occur in a stratigraphic interval of 
some 250 m in the section. 
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Sample preparation and analysis procedures 

All samples were crushed to minus 20 mesh (840 
µm ) and a small portion split out for pelletizing 
and polishing prior to microscopic examination. 
A second representative split was removed from 
each sample for chemical analyses. In addition 
Rock-Eval analyses were carried out on the Emma 
Fiord samples from Devon Island. 

Microscopic analyses consisted of maceral deter- 
minations by point count (500 points/sample) and 
reflectance measurements for rank evaluation. 
Fifty reflectance measurements on vitrinite were 
made on the Mattson and Kayak samples. In most 
instances fewer measurements were made on the 
Emma Fiord material because of a scarcity of 
vitrinite fragments suitable for measurement. 

Maceral determinations on the coal samples and 
kerogen typing on the oil shale samples were 
carried out with both "normal" white light and in 
the fluorescence mode. Both Leitz and Zeiss equip- 
ment was used in the analysis. The Leitz set-up 
utilized an Orthoplan microscope with MPV II 
photometric accessories. Observations were carried 
out at a magnification of X650 under partially 
polarized light. The Zeiss equipment consisted of 
a Universal microscope-photometer to which was 
attached a HP300 computer system with Zeiss 
Coflex software. With the Zeiss equipment obser- 
vations were made at a magnification of X640. 

Compositional characteristics 

Mattson coal samples 

Compositional properties of the Mattson coal 
are discussed in detail elsewhere (Potter et al., 
1993) and only a summary will be presented here. 
Figure 5 is a graphic representation of the petro- 
graphic composition of these coal samples. The 
Mattson coal samples are extraordinarily high in 
inertinite; 55-67%. Vitrinite contents range from 
12 to 23% and liptinite from 17 to 28%. Table 2 
lists petrographic data for the samples examined 
and Table 3 shows values from the chemical analy- 
ses of some of them. Ash contents of these coal 
samples are normally quite low (< 5.0%, dry 
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TABLE I 

Location data for samples analyzed in this study, see Fig. I 

Area (Fig. 1) NTS map No. Easting/Northing GSC No. n Field No. 
Zone 
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Mattson Formation 
A 95G E. 447500 N. 6772000 58730 1 

Zone 10 58737 1 
58764 1 
58838 1 

95F E. 440000 N. 6768000 74309 1 
Zone 10 

Kayak Formation 
B 117A E. 383300 N. 7578850 99883 11 HD 

Zone 8W 
E. 381700 N. 7578250 98801 13 CQ660 
Zone 8W 
E. 385150 N. 7580350 98803 4 CQ662 
Zone 8W 
E. 385100 N. 7580350 98805 5 CQ664 
Zone 8W 
E. 385150 N. 7579900 98804 4 CQ663 
Zone 8W 

C 117C E. 511830 N. 768950 99889 1 873NC(D) 
Zone 7 99888 1 873NC(C) 

Emma Fiord Formation 
D E. 443100 N. 8537500 See Table 3 11 

Zone 15 
F 560D E. 527400 N. 9054900 31170 1 

Zone 15 31167 1 
31167 1 
31151 1 
31150 1 
31148 1 
31146 1 

n= no. of samples. 

basis). One of the samples shown on Table 3 is a 
carbonaceous shale (c-58838). 

Within the inertinite maceral group micrinite is 
an abundant constituent (30-40% of total inertin- 
ite). It is often intimately associated with vitrinite, 
usually as discrete bands or "swirls" (see Plate I, 
A). Semifusinite and macrinite are also abundant 
constituents in the Mattson coal. Macrinite 
includes porous to nonporous bodies resembling 
the corpohuminites and phlobaphenites of brown 
coals. Many are vesicular and are similar to the 
porous inertinitic bodies described by Lyons et al. 
(1982). Similar bodies were also observed in the 
Kayak coal. The majority of the liptinite consists 
of sporinite with subordinate amounts of cutinite 

and rare alginite (Plate I, B). The overall petro- 
graphic aspect of these coals suggests a sapropelic 
origin, possibly in shallow lakes within a delta 
plain environment (Potter et al., in press). 
Reflectances measured on telocollinite in the 
Mattson samples range from 0.67 to 0.74% Rom. 
This indicates an ASTM rank range from high 

volatile C to B bituminous. 

Kayak coal 
The Kayak coal samples, studied mainly from 

the Hoidahl Dome area in the northern Yukon, 
also show a high content of inertinite (18-45%). 
Two complete sections of a5m thick bed, each 
section collected in 0.5 m thick increments, were 
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Fig. 5. Ternary diagram showing maceral group distribution (mineral-matter free) in samples of Mattson Formation coal (from 
Potter et al., 1993). A- sample C-58764; B= C-58730; C= C-74309; D= C-58738 (see Tables 2 and 3). 

TABLE 2 

Maceral compositions of Mattson coal samples' (from Potter et al., 1993) 

Samples Macerals2 
Te. De. Gel. Vit. 3 Sp. Cu. Ld. Alg. Lip. ' Fus. Sf. Mac. S. Mac. Mic. Scl. Id. In. ' Mins. 

Jackfish Gap 
C58730 3 12 <1 15 23 22- 27 1 17 3 15 17 12 57 <1 
C58737 3 10 - 13 18 2++ 20 3 28 87 19 1<1 67 <1 
C58764 4 18 1 23 19 <1 <1 - 20 1 34 +7 14 11 57 <1 

Clausen Creek 
C74309 771 15 12 32+ 17 1 27 56 26 21 67 2 

'Data in vol. %. 
2Te. - telocollinite; Dc. - desmocollinite; Gel. = gelocollinite; Vit. = vitrinite; Sp. = sporinite; Cu. = cutinite; Ld. = liptodetrinite; Alg. 
alginite; Lip. -liptinite; Fus. -fusinite; Sf. =semifusinite; Mac. -macrinite; S. Mac. =seminmacrinite; Mic. =micrinite; Scl. =sclero- 
tinite; ld. - incrtodetrinite; In. =inertinite; Mins. =mineral matter. 
3Total. 

-: not present; +: present in trace amounts. 

studied petrographically and by proximate chemi- 
cal analysis. Thinner beds exposed at several other 
sites in the Hoidahl Dome area were also sampled 
and studied. The geographic locations of these 
sites and the sampling sequence within the sections 
are shown in Figs. 6 and 7, respectively. The exact 
relationship of the beds shown at stations 3,3A 

and 4 (Figs. 6 and 7) to the thicker seam at stations 
1 and 2 is not known. They may be splits of the 
major bed, much reduced in thickness, or they 
may be different beds. Covered intervals between 
the sections and some evidence of deformation 
makes correlation between the sections very diffi- 
cult at present. 
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TABLE 3 

Proximate and ultimate analyses data for Mattson coal' (from 
Potter et al., 1993) 

Locality: Jackfish Gap Clausen Creek 
Sample No.: C58730 C58838 C74309 

Moisture (AR)z 3.4 7.8 2.54 
Ash (AR) 2.4 43.9 4.32 
Volatile matter (daf)3 34.5 45.1 32.5 
Fixed carbon (daf) 65.5 54.9 67.5 
Total sulphur (daf) 1.25 0.35 1.64 
Carbon (daf) 78.4 72.53 79.57 
Nitrogen (daf) 1.03 0.72 1.11 
Sulphur (daf) 1.25 0.35 1.64 
Hydrogen (daf) 4.44 2.98 4.53 
Oxygen (daf) 14.88 23.42 13.1 

'Data in vol. %. 
2AR=as received basis. 
3daf=dry ash-free basis. 

Figure 8 is a ternary plot of the maceral distribu- 
tion for the Kayak coal samples, whereas Table 4 
summarizes petrographic and chemical data. 
Comparison of individual increments show vitrin- 
ite contents ranging from 48 to 71%; average 
values on a whole seam basis vary from 58 to 
67%. Most of the inertinite is semifusinite and 
fusinite. Micrinite is fairly abundant in some 
samples, ranging up to 6% and often appears to 
be filling cell cavities in vitrinite (Plate I, Q. A 
common inertinite component in the Kayak coal 
samples has the form of spherical porous bodies, 
similar to those described by Lyons et al. (1982) 
and believed to be derived from medullosan 
remains (Plate I, D). Often the cavities within these 
bodies in the Kayak coal samples are filled with 
vitrinite suggesting formation of the bodies very 
early in the depositional history of the coal, possi- 
bly in the peat stage with migration of colloidal 
pre-vitrinitic material into the cavities. Table 4 
shows that the thicker bed, represented by sample 
series HD and CQ 660, is of high quality with ash 
contents on the whole seam basis averaging 6-7% 
and most sulphur values below 0.6 per cent. The 
chemical analyses (Table 4) for the Hoidahl Dome 
samples all indicate coal of semi-anthracite rank 
by ASTM standards (ASTM, 1981), though the 
reflectance data suggest that some of them are 
anthracite based on reflectance boundaries pro- 
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posed by Davis (1978). Included in Table 4 are 
data on two samples collected from the Kayak in 
the British Mountains (Fig. 1, Site Q. These are 
identified in Table 4 as 873NC (C and D). They 
are also relatively high in inertinite and higher in 
ash than the Hoidahl Dome coals. Reflectance 
values on the British Mountains samples are sig- 
nificantly higher than those at Hoidahl Dome 
suggesting a westward increase in rank for the 
carbonaceous matter in the Kayak Formation. 

The Emma Fiord Formation 

The Emma Fiord material constitutes a sample 
suite quite different from the other two in that it 
contains only one coal sample whereas the remain- 
der of the samples are carbonaceous shales and 
marlstones with kerogen of sufficient quantity and 
quality to be called oil shales. The compositional 
characteristics of these samples have been 
described in detail by Goodarzi et al. (1987), and 
only a summary will be presented here. The 
samples from the Devon Island section (Fig. 1, 
Site D) fall into three groups. One group consists 
of material with a dominant carbonate matrix in 
which the associated organic matter is dominantly 
alginite. In these samples the organic component 
does not exceed 8%. Another sample group has a 
clay-carbonate matrix and is much richer in 

organic matter, particularly matrix bituminite. 
Matrix bituminite is believed to be formed from 
the decomposition of algal matter (Creaney, 1980). 
In addition a population of discrete bodies identi- 
fiable as alginite is an important constituent of this 
sample group. Plate II, A and B show representa- 
tive photomicrographs of Emma Fiord material. 
Rock-Eval analysis on the clay-carbonate group 
confirms that these samples have a very high 
hydrocarbon potential (Table 5). The third lithol- 
ogy in the Devon Island section is coal, represented 
by a single sample with a high content of vitrinite 
(> 85%), associated with about 7% liptinite. 
Figure 9 is a series of ternary diagrams summariz- 
ing kerogen type and/or maceral group distribution 
in the Devon Island samples. 

Six samples from the section on Ellesmere Island 
(Fig. 1, Site F) were examined microscopically. 
The only determinations made on them were meas- 
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A. Micrinite (. U ) intimulcly associated with thin strands of' vitrinite (V): Mattson coal. magnification long axis of photo =240 
lute): ISI'(i Photo 370&1-17. 

B. I vpical ntaccral association with high inertinitc content in Mattson coal; SF= semi-fusinite, F= fusinitc, S- sporinite. I 

vitrinitr, magnification long axis of photo-2_4(1 tun); ISPG Photo 3602-9. 
('. Mirrinite 1: 411 sind vitrinitc I! "I maccral assemblage in Kayak coal; magnification long axis of photo 241) hm; ISP( Photo 

4004-S2. 

I) ('lutitcr of , ubtihhcrical vesiculated bodies (sclerotia or Iusiniied cell- tilling, ) in Kayak coal; magnification long axis oI, photo- 
24(1 (all; ISP(i Photo 4(1(14-20. 

urementti of' eflectance. Because of their rank 
(meta-a ithracite), maceral discrimination was not 

possihie. Thew Ellesmere samples were all carho- 

nace )US shale. 
1 here is it drastic ditl'erence in maturation level 

hctween the Devon Island and I. Ilcsmerc Island 

samples. Vitrinitc in the former has it reflectance 

range hctwrrn 0.26 and 0.50° k�m, whereas the 
latter shc)w a range of 5.11 to 5.49'7, R, max. 
Clearly the Fillcsmere Island samples were suh- 
jected to a much more severe thermal regime than 
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their Devon Island counterparts. Deeper burial of 
the Emma Fiord sediments on Ellesmere Island 
and the influence of igneous activity, both extrusive 
and intrusive, are believed to have been major 
factors in the high maturity levels at this location. 

Relationship to other Lower Carboniferous coal and 
oil shale 

('untemporancous with formation of coal and 
oil shale in northern Canada during the Earls 
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Fig. 6. Map of Hoidahl Dome area, northern Yukon Territory, showing location of sampling sites for Kayak Formation coal beds 
(from Cameron et al., 1988); sampling locations equivalent to stations on Fig. 7. 

Carboniferous was the accumulation of similar 
deposits in other parts of the world. The map 
shown in Fig. 10 and the listing in Table 6 is not 
an exhaustive compilation but does indicate that 
conditions favourable for the accumulation and 
preservation of organic material prevailed in a 
number of areas during the Early Carboniferous. 
Most of the listed deposits are dated as Visean, 
though a few are Tournaisian. As the map and 
table show, Lower Carboniferous coal occurs in 
northeast Greenland, east central Greenland, 
Svalbard (Spitzbergen), Bjornoya (Bear Island), 
Scotland and northeast England, Western and 
Central Europe (France, Germany and Poland), 
and Russia, both east and west of the Urals. There 
are also Lower Carboniferous coal beds in China 
and in the Endicott Group in northern Alaska. In 
the Appalachian area of the United States there 
are Mississippian (Lower Carboniferous) coals in 
various formations located in states from Virginia 
to Alabama. The most important beds seem to be 

in Virginia and Tennessee where they were mined 
at one time (Englund, 1979; Milici et at., 1979). 

These Early Carboniferous deposits are more 
widely separated now than they were at the time of 
their deposition and occur in present-day climatic 
regimes as diverse as the Canadian Arctic and the 
temperate-subtropical environments of Georgia 
and Alabama. To place the Canadian deposits in 
a more global context at the time of peat forma- 
tion, it is worth studying published views concern- 
ing the paleogeography and climate during Visean 
times, particularly in the continent of Laurussia. 

Paleogeography of Laurussia 

Laurussia designates the land mass formed by 
the progressive amalgamation, during Paleozoic 
time, of North America, Greenland, Scandinavia 
and the Russian Platform west of the Urals (Ziegler 
et al., 1977; Rowley et al., 1985). This progressive 
amalgamation came to a climax in late 
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TABLE 4 

Summary of petrographical data and some chemical data on Kayak coal samples' (from Cameron et al., 1986,1988) 
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Sample Vitrinite Semifusinite 
fusinite 

Other inertinite Romax Ash dry S dry VMZ 
dmmf 

HD 60.6 10.8 28.6 2.95 7.3 0.53 11.9 
CQ660 57.7 11.1 31.2 2.89 6.4 0.62 9.3 
CQ662 59.4 8.9 31.7 3.27 5.7 0.59 8.5 
CQ663 66.9 15.1 18.0 3.21 14.0 1.27 9.4 
CQ664 65.1 8.0 26.9 3.19 5.7 0.61 8.2 
873NC(D) 57.7 18.2 24.1 4.03 13.8 0.41 
873NC(C) 61.7 10.0 28.3 3.94 41.4 0.26 

'Maceral data in vol. %, miner al-matter-free basis; ash and sulphur in wt. %. Data are average values on whole-seam basis. 
2VM = Vola tile matter (dry, mineral-matter free). 

Carboniferous and Permian time when Laurussia 
and Gondwana joined to form the super continent 
Pangea (Ziegler, 1989). Figure I1 is a reconstruc- 
tion of Laurussia in Visean time, taken from P. A. 
Ziegler's 1989 book Evolution of Laurussia. Shown 
on this figure are the salient geological features 
that have influenced the distribution of coal and 
oil shale formed at this time. A large part of the 
continent is identified as cratonic or anorogenic. 
The southern part of the continent is bounded by 
a complex of active and inactive fold belts includ- 
ing, as major components, the Appalachian and 
Variscan orogens. Associated with these fold belts 
are several terrains accreted or about to be accreted 
to the southern boundary of Laurussia. The north- 
ern boundary of Laurussia is somewhat similar 
tectonically and includes as main elements the 
Innuitian and Lomonosov Fold Belts, both indi- 
cated as inactive. To the east during Visean times 
the Russian Platform (Moscow Platform of P. A. 
Ziegler, 1989) was the site of extensive shallow 
marine deposition including both elastics and car- 
bonates. The central part of the platform, the 
Moscow coal basin, saw the accumulation of coal 
seams during early and middle Visean times 
(Belskaya et al., 1975). These include the famous 
Moscow brown coal deposits. 

A major tectonic feature shown on Fig. 11 is the 
North Atlantic Megashear zone extending as a 
curvilinear feature for hundreds of kilometres from 
Newfoundland to the eastern end of the Innuitian 
Fold Belt, north of Greenland. Figure 11 indicates 
a number of basins containing continental clastics 

of Visean age as being associated with splays of 
this zone. Several of these basins contain coal, 
including the Wandell Sea Basin of northeastern 
Greenland, east-central Greenland, Spitzbergen and 
Bjornoya (Table 4, Fig. 70). Several eastward- 
trending splays appear to be related to coal- and 
oil-shale bearing basins in Scotland (Midland Basin) 
and northern England (Northumbrian Trough). 
The Visean coal beds of France are found in several 
small basins near the Loire Valley, possibly associ- 
ated with depositional sites in the Central 
Armorican Basin. In the eastern United States 
Lower Carboniferous coal beds are the product of 
accumulation in the Appalachian Foreland Basin. 
Although some of these may be Visean 
[Osagean-Chesterian according to Englund (1979), 
Milici et al. (1979) and Thomas and Cramer (1979)], 

many may also be Namurian (Witzke, 1990). 
In northern Canada the Mattson and Kayak coal 

beds formed in an environment of low tectonic 
activity (Richards et al., 1993). The Mattson coal 
was deposited in a temporarily prograding delta 

setting extending into the Prophet Trough and were 
later onlapped by marine sediments. The Kayak 
coal was formed in the northern extension of the 
Prophet Trough and is part of a gradually transgres- 
sive package of strata overlying folded Devonian 
and older rocks deformed in the Ellesmerian 
Orogeny. This was the climactic event that produced 
the Innuitian Fold Belt. This fold belt seems to 
have been a major provenance area for siliciclastics 
in the Mattson and Kayak formations. The oil 
shales of the Emma Fiord Formation occur within 
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TABLE 5 

Rock Eval/TOC pyrolysis of samples from Grinnell Section, Devon Island', see Fig. 4 for sample position (from Goodarzi 

et al., 1987) 

Sample no. GSC no. Tax SI S2 S3 TOC 111 01 

11 32919 433 0.05 5.58 2.45 1.52 367 161 
10 32917 434 0.09 6.14 3.18 1.87 328 170 
09 32916 431 3.96 243.01 18.67 39.36 617 047 
08 32915 435 11.23 376.08 25.15 47.46 792 052 
07 32914 434 3.81 224.32 23.81 33.26 674 071 
06 32910 431 0.26 15.20 4.20 4.59 331 091 
05 32908 433 0.21 15.47 3.75 4.16 371 090 
04 32900 436 0.89 89.10 10.81 16.44 541 065 
03 32899 433 7.62 258.98 33.89 53.60 483 063 
02 32893 434 0.06 3.70 1.88 1.14 324 164 
01 32891 421 1.85 47.01 52.78 69.59 067 075 

T_, = maximum temperature in °C at which max. generation of hydrocarbons occurs and related to S2 curve; SI= mg free 
hydrocarbons/g of sample; S2 = mg hydrocarbons/g of sample produced by thermal conversion of kerogen in sample; S3= 

mg C02/g sample produced by pyrolysis of sample; TOC=percent total organic carbon in sample; 1-1! = hydrogen index= 
(S2/TOC) x 100; 01= oxygen index =(S3/TOC) x 100. These parameters are defined in Espitalie et al., 1977. 

Type III & IV 

Type III 8 IV 20 40 60 8( 

Total Composition Including 
Mineral Matter 

Bitum. " Exsud. 20 40 8o 8o Matrix bitum. 

Compositional Subdivision of 
Type I Kerogen 

Reflectance Range (Rom) " Carbonate 
Carbonate 0.30 - 0.44 f Clay/carbonate 
Clay/carb 0.26 - 0.32   Coal 
Coal 0.50 All data in volume % 

Fig. 9. Ternary diagrams showing petrographic compositional characteristics for Emma Fiord Formation samples collected at 
Grinnell Peninsula, Devon Island, northern Canada; bitum. = bituminite; exsud. = exsudatinite (data from Goodarzi et al., 1987). 

pressure bands are characterized generally by surface was homogeneous. Uneven distribution of 

greater precipitation than the high-pressure zones. continents and oceans within each hemisphere rel- 
This zonal arrangement is somewhat theoretical ative to the equator and the existence of high moun- 
and would exist in more perfect form if the planet's tain chains distort the model to a significant degree, 
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Fig. 10. Global distribution of some Early Carboniferous coal-bearing strata; see Table 6. 

though it is thought that the pattern, albeit often 
modified, has been a persistent feature, at least 

since Paleozoic times (A. M. Ziegler et al., 1981). 
Relative to the formation of Lower 

Carboniferous coal deposits in Laurussia, it is 
important to consider two aspects of paleogeogra- 
phy upon which most experts seem to agree. These 
involve the drift of Gondwana and Laurussia and 
the closing of the Proto-Atlantic Ocean. 
Gondwana was drifting north on a collision course 
with Laurussia, which was also drifting north 
though apparently at a slower rate. P. A. Ziegler 
(1989) suggested that in Visean times the Proto 
Atlantic Ocean, between western Gondwana and 
the North American part of Laurussia, had closed 
to a width of 600-800 km and that large-scale 

collision had begun in the late Visean. Scotese 

et al. (1979) seem to favour slightly later large- 
scale collision. 

These movements must have had a profound 
effect on the climate of the time because they 
would have altered wind circulation and ocean 
current patterns. Of particular importance is the 
position of Laurussia relative to the equatorial 
low-pressure zone. P. A. Ziegler's reconstruction 
(Fig. 11) shows the equator passing through the 

complex fold belt on the southern border of the 
continent, that is through the Variscan Orogen, 
westward through the Maritime provinces of 
Canada and across the Great Lakes. Figure 13 
shows another Visean paleogeographic reconstruc- 
tion by Rowley et al. (1985) which displays a 
somewhat different configuration, particularly with 
respect to Scandinavia and the rest of the European 
part of Laurussia. These areas are shown consider- 
ably farther south of the position plotted in P. A. 
Ziegler's figure (compare Figs. 11 and 13). 
However, the position of the equator and latitude 
20° north, relative to North America and 
Greenland, in Fig. 13 is not greatly different from 
P. A. Ziegler's reconstruction. In both instances the 
position of the coal deposits of Greenland and 
northern Canada seem to be considerably north 
of the equatorial zone. There are some indications 
that the positioning of at least the North American 
part of Laurussia is too far north in these two 
reconstructions. Keppie (1977) in his reconstruc- 
tion of Early Carboniferous paleogeography 
showed that all of the Visean coal deposits of 
northwestern Canada, Greenland and Spitzbergen 
and the oil shales of the Emma Fiord would have 
been formed between the equator and 20° north. 
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The occurrence of reefs of this age with diagnostic 
faunal assemblages in northwestern Canada and 
the Canadian Arctic Archipelago also indicate 

geographic positioning nearer the equator (20-30°) 
than that suggested by Figs. 11 and 13 (Davies 

et al., 1989; B. C. Richards, pers. commun., 1992). 
Yet another reconstruction by Scotese and 

McKerrow (1990) is in agreement with that of 
Keppie in that it shows geographical locations for 
the formation of Visean coal deposits in 
Greenland, Spitzbergen, western Europe and 
Russia west of the Urals as being south of 20° 
north. However, according to the 
Scotese-McKerrow model Visean coal and oil 
shale formation in northern Canada and Alaska 
would have occurred between 20° and 30° north. 
This would put such sites within the belt of high 
pressure and lowered rainfall (between 15° and 30° 
north) according to the zonal arrangement shown 
in Fig. 12. Witzke (1990) using lithic paleoclimate 
indicators, such as coal, evaporites, etc., developed 
a "best fit" model that showed the Visean equator 
passing through northern Greenland and diago- 
nally across northern Canada, well north of 
Hudson Bay. By using lithic indicators, Witzke 
was attempting independent verification of paleo- 
geographic reconstructions from paleomagnetic 
data for the Paleozoic. He concluded that in most 
instances reconstructions by the two methods 
agreed fairly closely. Perhaps unfortunately for the 
present study, he also indicated that the greatest 
differences were for Devonian and Early 
Carboniferous times. A further complicating factor 
is the likelihood of global warming during Visean 
times as indicated by Kelley et al. (1990). If 
accompanied by significant rainfall, this might 
result in northward migration of regimes favouring 
enhanced growth of vegetation and peat mire 
development. 

It is not likely that the occurrence and location 
of coal deposits in northern Canada can be attrib- 
uted solely to the global zonal arrangement of 
climatic belts. A. M. Ziegler et al. (1979) and 
Rowley et at. (1985) have emphasized strongly the 
influence of the position of land masses relative to 
the location of climatic regimes. As the major axis 
for the distribution of the continents becomes more 
strongly oriented north-south, a trend that was 
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becoming more evident in the Visean prior to the 
formation of Pangea, the more likely is the possi- 
bility of climatic asymmetry in an E-W direction. 
Thus a rainfall distribution for Laurussia proposed 
by Rowley et al. (1985) shows a SE-NW decrease 
in precipitation (Fig. 13). A somewhat similar 
pattern was proposed by Bless et al. (1987). These 
patterns fall in quite nicely with the occurrences 
of coals in Greenland and Svalbard, because they 
would have formed on the eastern side of Laurussia 
in the wet or humid zones as defined by Rowley 
et al. (Fig. 13). However, the coal deposits in the 
Mattson and Kayak formations of northwestern 
Canada do not fit so easily into the Rowley et at. 
model because they are located in the "dry" zone 
of the model. 

There is one possible explanation for this appar- 
ent anomaly. The paleogeographic reconstruction 
of Rowley et al. (1985) shows the paleolatitude of 
the Mattson and Kayak coal deposits to be close 
to or north of 30° in which case they might be 
located in the belt of prevailing westerly winds. 
The coal deposits were formed to the west or 
southwest of the Yukon-Innuitian Fold Belt and 
if the fold belt was an area of high elevation, 
precipitation from the westerly winds might have 
been higher in the area where the Mattson and 
Kayak swamps were located. This interpretation 
has to be balanced against earlier discussion that 
this area might have been farther south than the 
model of Rowley et at. shows. 

It should be noted also that the high inertinite 
contents of the Mattson and Kayak coals, particu- 
larly the former, suggest there were periods of 
drought during the formation of these coals. Such 
periods of drought would increase the possibility 
of surface oxidation of peat and the occurrence of 
fires. Potter et al. (1993) compared some varieties 
of inertinite in the Mattson to "resino inertinites" 
of the Gondwana coals of India. These appear to 
have formed in dry climatic conditions (Misra 
et al., 1990). Richards (pers. commun., 1992) inter- 

prets some of the sandstones in the Mattson 
Formation as aeolian. This is further evidence for 
dry conditions during deposition of this strati- 
graphic unit. These indications of reduced rainfall 
would fit with the climatic interpretation of Rowley 
et al., but not with that of Van der Zwan et al. 
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TABLE 6 

List of some Lower Carboniferous coal and oil shale deposits 

A. R. CAMERON ET AL 

Map 
ref. ' 

Area or coal 
basin 

Age No. 
of beds 

Rank= Max/Av. 
thickness 
thickest seam 
(m) 

Remarks 

Canada 

I Liard Basin Visean/ 3 Bit. 1.5/ Potter et al., 1993 
Serpukhovian 

2 North Yukon Visean I Anthra. 5.5/ Cameron et at., 1986; 
may be more than I seam 

3 Sverdrup Basin Visean I Subbit. 1/ Goodarzi et al., 1987; 
at least 1 seam in a 35 m, 
mainly oil shale, section 

4 Sverdrup Basin Visean 3 Meta-anthra. 1/ Thorsteinsson, 1974; 
Goodarzi et at., 1987 

S New Brunswick Tournaisian Vitr. refl. 60 Macauley et at., 1984; 
0.33-0.86 oil shale 

USA 
6 Virginia Osagean 2-5 Bit. 2.40/ IGCP, 1982; 

1.50-2.00 Englund, 1979; 
2 coal fields 

7 Tennessee/ Chesterian Bit. Milici et at., 1979; 
Georgia Thomas and Cramer, 1979 

8 North slope late several Bit. to Magoon and Bird, 1988 
Alaska Mississippian meta-anthra. 

9 Alaska North Tournaisian/ 14 Ravn, 1991; 
slope 
Endicott Field Visean Melvin, 1987 

Greenland 
10 Holm Land, NE Early Carb. several 0.5/ Schiener, 1976 

Greenland 
11 Hudson Land, Early Carb. Frebold, 1932; 

E. central Schiener, 1976 
Greenland 

Norway 
12 Spitzbergen Tournaisian 6 Bit 2.9/ Cutbill et at., 1976 

to Visean 
13 Bjornoya Tournaisian 3 Bit 0.7/ Harland et at., 1976; 

(Bear Is. ) Coal-bearine strata believed 
to be Devonian underlie the 
Tournaisian 

Scotland 
14 Scottish Basin 3-80 Bl. 0.30-30.0/ IGCP, 1982; 11 separate 

0.20-5.20 fields; some contain oil 
shales 

France 
15 Central France Culm 1-3 Bl. IGCP, 1982; 2 coal fields 
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TABLE 6 (continued) 
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Map Area or coal Age No. Rank' Max/Av. Remarks 
ref. ' basin of beds thickness 

thickest seam 
(m) 

Germany 
16 Doberlug- Visean 5-17 Bl. 1.2-3.0 Baumann and Vulpius, 1991; 

Kirchhain + 
Erzgebirge several coal fields 
Depression 

Bulgaria 
17 Dobrudza Visean Bl. IGCP, 1982 

Poland 
18 Lublin Visean 1 Bl. 2.00 IGCP, 1982 

7 
Ukraine 
19 Lvov-Volyn Visean 36 Bl. 1.10/0.70 IGCP, 1982 
20 Dnepr-Donets Visean/ 50 BI. 1.90-2.50/ IGCP, 1982; 

Serpukhovian 0.50-0.60 several coal fields 
21 Donets Visean/ 19 Bl. 0.75-1.75/ IGCP, 1982; 

Serpukhovian 0.60-1.25 several coal fields 

Byelorussia 
22 Pripyat Visean/ 16 Bl. 1.80-3.80/ IGCP, 1982; 

Serpukhovian 0.60-0.70 several coal fields 

Russia 
23 Moscow Basin Vis6an 24 Br. /Bl. 0.70-8.00/ IGCP, 1982; Belskaya et al., 

0.30-2.20 1975; 8 separate fields 
24 Kizel Vis6an 19-29 Bl. 5.00/1.0-2.0 IGCP, 1982 
25 Kama Vis6an 8 Bl. /Br. 24.40/15.0 IGCP, 1982 
26 Orenburg Tournaisian 50 BI. 5.00/2.50 IGCP, 1982 
27 Egorshino- Vis6an 32 Bl. 14.00/ IGCP, 1982 

Kamenskyi 
28 Poltava-Bredy Tournaisian 40 BI. 10.00/5.50 IGCP, 1982 
34 Novosibirsk Serpukhovian I Bl. 0.15/ IGCP, 1982 
35 Kuznets Toumaisian/ 8 BI. 4.80/ IGCP, 1982 

Serpukovian 
36 Minusinsk Serpukhovian 17 Bl. 3.40/ IGCP, 1982 

Kazak stan 
29 Tselinograd Vis6an 2 Bl. 2.00/0.80 IGCP, 1982 
30A Yablonov Vis6an 2 Bl. 2.20/1.60 IGCP, 1982 
30B Koksengir Vis6an I Bl. 3.50 IGCP, 1982 
31A Zavyalov-Skoye Vis6an 23 BI. 1.70/1.05 IGCP, 1982 
31 B Samarskoye Vis6an 15 Bl. 1.10/0.85 IGCP, 1982 
32 Karaganda Vis6an 22 Bl. 3.80/3.00 IGCP, 1982 
33 Ekibastuz Vis6an 1 BI. 9.00/ IGCP, 1982 

China 
37 Tarim Yang, 1986 
38 South Qilian Datangian/ Yang, 1986 

Dewvian' 
39 West Sichuan/ Datangian/ Yang, 1986 

North Xizang Dewvian3 

'See Fig. 10. 
2 Bit. -bituminous; Anthra. =anthracite; Meta-anthra. =meta-anthracite; Subbit. =subbituminous; Bl. =black (rank identification 
according to IGCP, 1982); Br. =brown (rank identification according to IGCP, 1982). 
3- Visean/Serpukovian. 
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Fig. 11. Paleogeographic reconstruction of Laurussia during Visean time (modified from P. A. Ziegler, 1989). 
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Fig. 12. Idealized global distribution of zones of low and high 

atmospheric pressure and direction of surface winds (from J. R. 
Parrish. 1982; copyright American Association of Petroleum 
Geologists, by permission; also in J. T. Parrish and Barron, 
1986). 

(1985) who suggested a more humid climate for 
the Mattson, based on statistical analysis of paly- 
nological data. 

The "dry" zone of the Rowley et al. (1985) 
model extends into the area of the Arctic Archi- 
pelago where the Emma Fiord sediments were 
being deposited. This interpretation is somewhat 
at variance with that of Davies and Nassichuk 
(1988), who suggested moderate rainfall, though 
possibly seasonal. Their interpretation was based, 
at least in part, on a paleogeographic reconstruc- 
tion by Tarling (1985). This model suggested a 
location for the Sverdrup basin within 10-15° of 
the equator during Early Carboniferous times. 

There is another view that merits consideration 
in attempting explanations for anomalies such as 
discussed above. Because of the northward drift 
of Laurussia, geographic areas that were in the 
equatorial zone during early Visean times may, by 
late Visean times, have drifted into a drier climatic 
zone. The effect of this drift on the distribution of 
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VISEAN RAINFALL MAP 

Fig. 13. Paleogeographic reconstruction and rainfall pattern for Visean times (from Rowley et al., 1985). 

fossil fauna and flora has been pointed out by 
Bless et al. (1987). Cecil (1990) demonstrated that 
it could be used to explain the distribution of 
Carboniferous coal beds in the eastern United 
States. Long-term climate cycles may also have 
been important as shown by Kelley et al. (1990). 

The various reconstruction models involving 
paleogeography, temperature and rainfall lead to 
contradictory interpretations regarding the forma- 
tion of coals and oil shales in northern Canada. 
Clearly there is some interesting research to be 
done. It may not always be necessary to have 
tropically wet climates for the formation of coals. 
What is more important is that the preservation 
of organic matter exceed decay (Schopf, 1973). 
However, a certain minimum amount of moisture 
is necessary to promote plant growth and, in mires, 
to preserve this plant material after its death. 
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ABSTRACT 

The vitrinite reflectances (R°%) of well cuttings from two wells from the Liard Basin increase downsection from 
low values of about 0.30% at the top of the Carboniferous Mattson Formation up to values of about 4.50% at the top of 
the Devonian Nahanni Formation. Simulations of these coalification profiles indicate that geothermal gradients and 
heat flows were probably higher in the Paleozoic than at present and may have been as high as 65° C/km and 
135 mW/mz respectively. The low level of organic maturity of Paleozoic strata at the top of the well sequences and 
their outcrop equivalents indicate that little post-Paleozoic burial occurred and that post- Paleozoic geothermal gradi- 
ents and heat flows could not have been greater than their present day values of 38 °C/km and 85 mW/m2 respectively. 

Maturation and migration of oil and gas probably occurred in the Liard Basin during late Paleozoic to early 
Mesozoic even if low average Paleozoic geothermal gradients and heat flows are assumed. This indicates that the 
Manetoe Facies dolomite, which forms the reservoir rock for the Liard Basin gas fields, formed before the Cretaceous. 

RESUME 

La reflectance de la vitrinite (R°%) dans des debris de forage preleves pour deux puits dans le bassin Liard aug- 
mente avec la profondeur depuis des valeurs d'ä peu pres 0,30% au sommet de la formation Mattson carbonifere 
jusqu'ä approximativement 4,50% au sommet de la formation Nahanni devonienne. Des simulations de ces profits de 
houillification indiquent que les gradients geothermiques et les flux de chaleur etaient probablement plus eleves durant 
le Paleozoºque qu'ä present, et auraient pu titre aussi eleves que 65°C/km et 135 mW/mz respectivement. Le faible taux 
de maturite organique des strates paleozoiques qui recouvrent ces sequences dans les puits et leurs equivalents en 
affleurement indique que peu d'enfouissement post-paleozoYque eut lieu et que les gradients geothermiques et les flux 
de chaleur post-paleozoIques n'ont pas pu titre plus importants que les valeurs actuelles de 38°C/km et 85 mW/m2 
respectivement. 

La maturation et la migration d'huile et de gaz dans le bassin Liard eut probablement lieu durant l'intervalle allant 
du Paleozoique superieur au MesozoIque inferieur, meme si de faibles gradients geothermiques et flux de chaleur 
moyens sont presumes. Ceci indique que la dolomie du facies Manetoe, qui est la roche reservoir dans les champs de 
gaz du bassin Liard, se forma avant le Cretace. 

Traduit par Patrice dc Caritat 

INTRODUCTION 

The Liard Basin (Fig. 1), in southeastern Yukon Territory 
and northeastern British Columbia, was defined on the basis 
of its anomalously thick upper Paleozoic sedimentary fill 
which is widely exposed throughout this region (Gabrielse, 
1967). Petroleum exploration in this basin has been focussed 
on the Middle Devonian carbonate reservoirs that are buried 
beneath this thick, siliciclastic and organic-rich upper Paleozic 
sequence. 

West of Liard River, in the Liard Basin, are Canada's north- 
ernmost producing gas fields: the Beaver River, Kotaneelee 
and Pointed Mountain fields (Fig. 1). These fields are devel- 
oped in white, coarsely crystalline dolomite of the Manetoe 
Facies (Morrow et al., 1986). They were estimated to have 
potential reserves of several trillion cubic feet in place (de Wit 
et al., 1973; Snowdon, 1977). The Manetoe Facies has contin- 

ued to be a target for hydrocarbon exploration in Liard Basin 
in the extreme southeastern corner of the Yukon Territory and 
in northeastern British Columbia. There is little available 
information, however, concerning the source and maturation 
history of hydrocarbons in these gas fields. 

The purpose of the present study is to investigate the ther- 
mal and burial histories of the Liard Basin region through the 
examination of organic constituents from continuous well sec- 
tions. The level of vitrinite reflectance (R. %), in particular, 
indicates the present day level of organic maturity of strata in 
Liard Basin. Quantitative modelling of vitrinite reflectance 
can also be used to help unravel the thermal and maturation 
histories of this area (e. g., Bustin, 1989; Waples, 1980; 
Sweeney and Burnham, 1990). This can provide an estimate 
of when generation of oil and gas phase hydrocarbons may 
have occurred and provide information concerning the most 
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probable time for migration of hydrocarbons from their source 
rocks into reservoirs (Waples, 1980). 

Data and interpretations concerning organic maturation in 

the Liard Basin also have a direct bearing on the question of 
the time of origin of the porous reservoir rock that is the host 
for these gas fields. The reservoir rock is a white, coarsely 
crystalline dolomite, termed the Manetoe Facies (Morrow et 
a!., 1986), which has replaced limestones of the Nahanni 
Formation and other underlying Devonian carbonates (Fig. 3). 
This dolomite has higher porosity and permeability than the 
surrounding limestones (Snowdon, 1977). Consequently, the 
age of the dolomitization event that formed the reservoir rock 
(i. e., Manetoe Facies) imposes a limitation on the time of 
entrapment of hydrocarbons based upon the assumption that 
dolomitization preceded hydrocarbon migration. 
Cretaceous-Tertiary dolomitization would require a 
post-Cretaceous time for hydrocarbon migration into Manetoe 
reservoirs. Conversely, an interpretation of maturation and 
migration of hydrocarbons in the pre-Cretaceous would imply 
pre-Cretaceous origin for the Manetoe Facies dolomite. 

Aulstead eta!. (1988), based on fluid inclusion and oxygen 
isotope determinations, suggested that the Manetoe Facies was 
formed by precipitation from heated (150° to 200° C) subsur- 
face connate solutions at shallow depths before the end of 
Devonian time. Spencer (1987) and Aulstead and Spencer 
(1985) further suggested that these solutions were residual 
brines derived from the continual evaporation of seawater 
which occupied the Elk Point Basin in the Devonian (see 
Bebout and Maiklem, 1973). Spencer (1987) suggested that 
these dense brines sank to great depths in the subsurface and 
were recirculated by geothermal heating to very shallow sub- 
surface depths of less than a kilometre and dolomitized 
Devonian limestones, such as the Nahanni Formation. 
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Other authors have suggested different scenarios for the 
origin of coarsely crystalline or saddle dolomites of western 
Canada. Qing and Mountjoy (1989), in a study of dolomite in 
the Devonian, Rainbow reefs of northwestern Canada, sug- 
gested that the coarsely crystalline saddle dolomites in these 
reservoirs were probably precipitated from subsurface fluids 
during the Columbian and Laramide orogenies in the 
Cretaceous to Tertiary (see also Machet and Mountjoy, 1987). 
Other origins for the coarsely crystalline white saddle 
dolomites of western Canada are, of course, possible (Morrow 
et al., 1986; Machel and Mountjoy, 1987) but the hypotheses 
of Devonian or Cretaceous-Tertiary dolomitization have been 
given the most serious consideration. 

The maturity of palynomorphs, conodonts and vitrinite 
from outcrop samples in and around the Liard Basin (Fig. 2) 
indicate that Carboniferous strata range in maturation level 
from a vitrinite reflectance equivalent to about 0.50R 

O% at the 
top of the Carboniferous (Mattson Fm. ) to about 1.50R. % near 
the base of Carboniferous strata (Banff Fm. ). The underlying 
Devonian carbonates (Nahanni and sub-Nahanni) only 1000 to 
1500 metres below the Banff Formation display a much higher 
level of organic maturation of about 3.0R0% to 4.0R0% (Fig. 
3). Morrow et al. (1990) inferred that this abrupt post-Nahanni 
decrease in the level of organic maturity provided support for 
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Fig. 2. Index map of outcrop and well sections in Liard Basin. The 
shaded area represents the present limit of thick(>200 m) Carboniferous strata (Richards, 1989). The northern border of this area is also the preservational limit of Carboniferous strata. The inset dia- 
gram in the lower left part of the diagram is a geological map in the 
vicinity of the Pan Am Kotaneelee 0-67 (1) and Pan Am Beaver River YT G-01 (2) wells. The Kotaneelee Syncline in the eastern part of this 
geologic map contains 700 m of Cretaceous strata along cross-section C-D (Douglas, 1976). 

BCT ALBERTA 

Fig. 1. Locality Index map showing Liard Basin in southeastern- 
part of the Yukon Territory. Two of the wells examined, the Pan Am 
Kotaneelee 0-67 (1--at 611126'51' N/124° 11'56"W) and the Pan Am 
Beaver River YT G-01 (2- at 60° 00'25" N/124° 15'48" W) wells are in 
Liard Basin, whereas the third well, the Imperial Island River No. 1 well 
(3- at 60° 09' 29" N/121° 08' 16" W), Is in the Interior Plains. Also 
shown are the gasfields of southeastern Yukon Territory including, 
from south to north, the Beaver River, the Kotaneelee and the Pointed 
Mountain fields. 



PALEOZOIC BURIAL AND ORGANIC MATURATION IN THE LIARD BASIN REGION, NORTHERN CANADA 

a Late-Devonian episode of anomalous heating of the Middle 
Devonian in the manner suggested by Spencer (1987). 

Quantitative modelling of the level of organic maturation 
of stratigraphic sequences from this region has the potential to 
provide an independent means of evaluating hypotheses, such 
as those of Spencer (1987) and Qing and Mountjoy (1989), for 
the origin of the Manetoe Facies dolomites, in addition to 
determining the time of hydrocarbon maturation and migra- 
tion. Solitary determinations of organic maturity from many 
disparate outcrop localities (Fig. 2), while provocative, are not 
adequate for thermal modelling of organic maturity of thick 
sequences in a restricted area. Sampling of well cuttings pro- 
vide the only means of acquiring stratigraphically continuous 
maturation data at individual localities in the Liard Basin 

region that are suitable for this purpose. 

METHODS 

The optical reflectance of vitrinite in well cuttings from 
three wells have been analyzed (Table 1). Two of these wells 
(Pan Am Beaver River YT G-01 and Pan Am Kotaneelee 
0-67) are in Liard Basin and the third well (Imperial Island 
River No. 1) is located in the Interior Plains east of the Liard 
Basin (Fig. 1). This provided a comparison between coalifica- 
tion profiles from the Interior Plains Region where the upper 
Paleozoic sequence is thin, and those of the thicker upper 
Paleozoic Liard Basin sequences. 

Reflected light intensity measurements of organic materials 
were performed on a Zeiss MPM II microscope fitted with 
white (halogen) and blue-violet light sources, using an 
Epiplan-Neofluor oil immersion objective (N. A. 0.90 x 40), 
following procedures outlined by Bustin (1989). Samples 
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were prepared for reflectance measurements according to 
ASTM procedures (1981). 

Measurements of vitrinite reflectance were obtained from 

well cuttings selected from darker, organic-rich shaly and 
coalbearing intervals. All measurements were made from dis- 

persed vitrinite in well cuttings (Fig. 4). The small sample size 
afforded by well cuttings precluded the acquisition of a statis- 
tically uniform data base and the simple arithmetic means of 
these data for each sample were used to represent the true 

mean values without regard for the possible influence of sam- 
pling error on mean reflectance values. However, the use of 
well cuttings is the only practical means available to obtain 
the continuous profiles of vitrinite reflectance that are neces- 
sary for determining thermal histories. 

Only some vitrinite-like macerals could be identified 

unequivocally as vitrinite on the basis of relict cellular mor- 
phology or by direct association with inertinite (Fig. 4). 
However, the consistent relationship between the reflectances 
of bitumen and of the vitrinite-like macerals (with the 
reflectance of the vitrinite-like material being slightly greater 
than bitumen reflectance at any given stratigraphic level in 
both the Beaver River YT G-O1 and Imperial Island River 
No. 1 wells) supports the inference that the vitrinite-like mate- 
rial is truly vitrinite. Bitumen in these samples is commonly 
recognizable by its tendency to fill intergranular and intercrys- 

talline pore space in irregular networks parallel to bedding 
(Fig. 4). Bitumen reflectances were also systematically mea- 
sured and recorded, but are not reported here, as was re- 
worked vitrinite. 

Additional verification of the levels of organic maturation 
was provided by Rock-Eval analyses of well cutting samples 

Table 1. Reflectivity of vitrinite in the Imperial Island River No. 1 and Beaver River YT G-01 Wells. 

Feet 
Imperial Island No. 1 

Metres' Ro% Range of Values2 Feet 
Beaver River YT G-01 

Metres' Ro% Range of Values= 

1994 608 0.58 0.42-0.80 2860 872 0.31 0.26-0.35 
2134 651 0.72 0.62-0.90 3220 982 0.47 0.38-0.56 
2310 704 0.76 N/A 3470 1058 0.55 0.43-0.67 
2747 838 0.64 0.55-0.85 4140 1262 0.58 0.49.0.63 
2760 842 0.61 0.59-0.63 4400 1342 0.70 N/A 
3275 999 0.73 0.62-0.85 4970 1515 0.82 N/A 
3465 1,056 0.68 0.59-0.76 5840 1781 0.76 N/A 
3482 1,062 0.82 0.62-0.90 6120 1866 0.80 0.63-0.90 
3787 1,155 0.89 0.87-0.92 6560 2000 1.27 N/A 
5409 1,649 1.05 0.99-1.22 8765 2672 1.85 1.51-2.27 
5899 1,799 1.13 0.98-1.36 9220 2811 2.00 1.72-2.29 
6240 1,902 1.20 1.18-1.32 9490 2893 2.15 1.72 - 250 
6400 1,951 1.28 1.25-1.32 10184 3105 2.41 1.90-3.00 
6814 2,077 1.53 1.30-1.68 10570 3223 2.00 1.72-2.29 
7313 2,230 2.00 N/A 11630 3546 3.50 3.30-3.56 

- - - - 12020 3665 3.91 3.12-4.92 
- - - - 12270 3741 3.70 3.15-4.10 
- - - - 12670 3863 4.30 N/A 
- - - - 12970 3954 4.60 4.46-4.86 
- - - - 13190 4021 4.20 3.60.4.80 
- - - - 13364 4166 4.18 3.40-5.30 

I- Depths below Kelly Bushing 
2- Between 3 and 50 measurements per sample (average 10) 
N/A means only a single measurement 
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probable time for migration of hydrocarbons from their source 
rocks into reservoirs (Waples, 1980). 

Data and interpretations concerning organic maturation in 

the Liard Basin also have a direct bearing on the question of 
the time of origin of the porous reservoir rock that is the host 
for these gas fields. The reservoir rock is a white, coarsely 
crystalline dolomite, termed the Manetoe Facies (Morrow et 
al., 1986), which has replaced limestones of the Nahanni 
Formation and other underlying Devonian carbonates (Fig. 3). 
This dolomite has higher porosity and permeability than the 
surrounding limestones (Snowdon, 1977). Consequently, the 
age of the dolomitization event that formed the reservoir rock 
(i. e., Manetoe Facies) imposes a limitation on the time of 
entrapment of hydrocarbons based upon the assumption that 
dolomitization preceded hydrocarbon migration. 
Cretaceous-Tertiary dolomitization would require a 
post-Cretaceous time for hydrocarbon migration into Manetoe 

reservoirs. Conversely, an interpretation of maturation and 
migration of hydrocarbons in the pre-Cretaceous would imply 

pre-Cretaceous origin for the Manetoe Facies dolomite. 
Aulstead et a!. (1988), based on fluid inclusion and oxygen 

isotope determinations, suggested that the Manetoe Facies was 
formed by precipitation from heated (150° to 200° C) subsur- 
face connate solutions at shallow depths before the end of 
Devonian time. Spencer (1987) and Aulstead and Spencer 
(1985) further suggested that these solutions were residual 
brines derived from the continual evaporation of seawater 
which occupied the Elk Point Basin in the Devonian (see 
Bebout and Maiklem, 1973). Spencer (1987) suggested that 
these dense brines sank to great depths in the subsurface and 
were recirculated by geothermal heating to very shallow sub- 
surface depths of less than a kilometre and dolomitized 
Devonian limestones, such as the Nahanni Formation. 
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Other authors have suggested different scenarios for the 
origin of coarsely crystalline or saddle dolomites of western 
Canada. Qing and Mountjoy (1989), in a study of dolomite in 
the Devonian, Rainbow reefs of northwestern Canada, sug- 
gested that the coarsely crystalline saddle dolomites in these 
reservoirs were probably precipitated from subsurface fluids 
during the Columbian and Laramide orogenies in the 
Cretaceous to Tertiary (see also Machel and Mountjoy, 1987). 
Other origins for the coarsely crystalline white saddle 
dolomites of western Canada are, of course, possible (Morrow 
et al., 1986; Machel and Mountjoy, 1987) but the hypotheses 
of Devonian or Cretaceous-Tertiary dolomitization have been 
given the most serious consideration. 

The maturity of palynomorphs, conodonts and vitrinite 
from outcrop samples in and around the Liard Basin (Fig. 2) 
indicate that Carboniferous strata range in maturation level 
from a vitrinite reflectance equivalent to about 0.50R0% at the 
top of the Carboniferous (Mattson Fm. ) to about 1.50R0% near 
the base of Carboniferous strata (Banff Fm. ). The underlying 
Devonian carbonates (Nahanni and sub-Nahanni) only 1000 to 
1500 metres below the Banff Formation display a much higher 
level of organic maturation of about 3.0R0% to 4.0R0% (Fig. 
3). Morrow et al. (1990) inferred that this abrupt post-Nahanni 
decrease in the level of organic maturity provided support for 

INDEX MAP OF OUTCROP SECTIONS AND WELL 
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Fig. 1. Locality Index map showing Liard Basin in southeastern- 
part of the Yukon Territory. Two of the wells examined, the Pan Am 
Kotaneelee 0-67 (1--at 6111 26' 51" N/124° 11' 56" W) and the Pan Am 
Beaver River YT G-01 (2- at 60° 00' 25" N/124° 15' 46" W) wells are in 
Liard Basin, whereas the third well, the Imperial Island River No. 1 well (3- at 60° 09' 29" N/121° OB' 16" W), is in the Interior Plains. Also 
shown are the gaslields of southeastern Yukon Territory including, 
from south to north, the Beaver River, the Kotaneelee and the Pointed 
Mountain fields. 
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Fig. 2. Index map of outcrop and well sections in Liard Basin. The 
shaded area represents the present limit of thick(>200 m) Carboniferous strata (Richards, 1989). The northern border of this area is also the preservational limit of Carboniferous strata. The inset dia- 
gram in the lower left part of the diagram is a geological map in the 
vicinity of the Pan Am Kotaneelee 0-67 (1) and Pan Am Beaver River 
YT G-01 (2) wells. The Kotaneelee Syncline in the eastern part of this 
geologic map contains 700 m of Cretaceous strata along cross-section C-D (Douglas, 1976). 
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a Late-Devonian episode of anomalous heating of the Middle 
Devonian in the manner suggested by Spencer (1987). 

Quantitative modelling of the level of organic maturation 
of stratigraphic sequences from this region has the potential to 
provide an independent means of evaluating hypotheses, such 
as those of Spencer (1987) and Qing and Mountjoy (1989), for 
the origin of the Manetoe Facies dolomites, in addition to 
determining the time of hydrocarbon maturation and migra- 
tion. Solitary determinations of organic maturity from many 
disparate outcrop localities (Fig. 2), while provocative, are not 
adequate for thermal modelling of organic maturity of thick 
sequences in a restricted area. Sampling of well cuttings pro- 
vide the only means of acquiring stratigraphically continuous 
maturation data at individual localities in the Liard Basin 
region that are suitable for this purpose. 

METHODS 

The optical reflectance of vitrinite in well cuttings from 
three wells have been analyzed (Table 1). Two of these wells 
(Pan Am Beaver River YT G-01 and Pan Am Kotaneelee 
0-67) are in Liard Basin and the third well (Imperial Island 
River No. 1) is located in the Interior Plains east of the Liard 
Basin (Fig. 1). This provided a comparison between coalifica- 
tion profiles from the Interior Plains Region where the upper 
Paleozoic sequence is thin, and those of the thicker upper 
Paleozoic Liard Basin sequences. 

Reflected light intensity measurements of organic materials 
were performed on a Zeiss MPM II microscope fitted with 
white (halogen) and blue-violet light sources, using an 
Epiplan-Neofluor oil immersion objective (N. A. 0.90 x 40), 
following procedures outlined by Bustin (1989). Samples 
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were prepared for reflectance measurements according to 
ASTM procedures (1981). 

Measurements of vitrinite reflectance were obtained from 

well cuttings selected from darker, organic-rich shaly and 
coalbearing intervals. All measurements were made from dis- 

persed vitrinite in well cuttings (Fig. 4). The small sample size 
afforded by well cuttings precluded the acquisition of a statis- 
tically uniform data base and the simple arithmetic means of 
these data for each sample were used to represent the true 
mean values without regard for the possible influence of sam- 
pling error on mean reflectance values. However, the use of 
well cuttings is the only practical means available to obtain 
the continuous profiles of vitrinite reflectance that are neces- 
sary for determining thermal histories. 

Only some vitrinite-like macerals could be identified 

unequivocally as vitrinite on the basis of relict cellular mor- 
phology or by direct association with inertinite (Fig. 4). 
However, the consistent relationship between the reflectances 
of bitumen and of the vitrinite-like macerals (with the 
reflectance of the vitrinite-like material being slightly greater 
than bitumen reflectance at any given stratigraphic level in 
both the Beaver River YT G-O1 and Imperial Island River 
No. 1 wells) supports the inference that the vitrinite-like mate- 
rial is truly vitrinite. Bitumen in these samples is commonly 
recognizable by its tendency to fill intergranular and intercrys- 

talline pore space in irregular networks parallel to bedding 
(Fig. 4). Bitumen reflectances were also systematically mea- 
sured and recorded, but are not reported here, as was re- 
worked vitrinite. 

Additional verification of the levels of organic maturation 
was provided by Rock-Eval analyses of well cutting samples 

Table 1. Reflectivity of vitrinite in the Imperial Island River No. 1 and Beaver River YT G-01 Wells. 

Feet 
Imperial Island No. 1 

Metres' Ro% Range of Values' Feet 
Beaver River YT G-01 

Metres' Ro% Range of Values2 

1994 608 0.58 0.42-0.80 2860 872 0.31 0.26-0.35 
2134 651 0.72 0.62-0.90 3220 982 0.47 0.38-0.56 
2310 704 0.76 N/A 3470 1058 0.55 0.43-0.67 
2747 838 0.64 0.55-0.85 4140 1262 0.58 0.49-0.63 
2760 842 0.61 0.59-0.63 4400 1342 0.70 N/A 
3275 999 0.73 0.62-0.85 4970 1515 0.82 N/A 
3465 1,056 0.68 0.59-0.76 5840 1781 0.76 N/A 
3482 1,062 0.82 0.62-0.90 6120 1866 0.80 0.63-0.90 
3787 1,155 0.89 0.87-0.92 6560 2000 1.27 N/A 
5409 1,649 1.05 0.99-1.22 8765 2672 1.85 1.51 -2.27 
5899 1,799 1.13 0.98-1.36 9220 2811 2.00 1.72-2.29 
6240 1,902 1.20 1.18-1.32 9490 2893 2.15 1.72 - 250 
6400 1,951 1.28 1.25 -1.32 10184 3105 2.41 1.90-3.00 
6814 2,077 1.53 1.30 -1.68 10570 3223 2.00 1.72-2.29 
7313 2,230 2.00 N/A 11630 3546 3.50 3.30-3.56 

- - - - 12020 3665 3.91 3.12-4.92 
- - - - 12270 3741 3.70 3.15-4.10 
- - - - 12670 3863 4.30 N/A 
- - - - 12970 3954 4.60 4.46-4.86 
- - - - 13190 4021 4.20 3.60-4.80 
- - - - 13364 4166 4.18 3.40-5.30 

I- Depths below Kelly Bushing 
2- Between 3 and 50 measurements per sample (average 10) 
N/A means only a single measurement 
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from the three wells of this study using a Rock-Eval analyzer 
(Espitalid et al., 1985) according to procedures outlined in 

Snowdon (1989). All Rock-Eval analyses were performed on 

well cuttings that were washed and dried at room temperature. 

ORGANIC MATURATION IN OUTCROP 
SAMPLES FROM THE LIARD BASIN 
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Fig. 3. A stratigraphic plot of maturation data from the outcrop 
localities shown in Figure 2. Vitrinite reflectances (R, %), palynomorph 
thermal alteration indices (TAI) and conodont colour alteration indices 
(CAI) are plotted with reference to an empirically-based comparative 
scale (Utting et al., 1989; see also Bustin, 1989). TAI class values 
appended with + and - symbols indicate values slightly greater and 
slightly less than integer values. These data, along with conodont 
determinations, are single values only and often are given as a range 
between integral values. The vitrinite reflectances from Mattson coal 
beds are more precise with standard deviations of 0.05% R0. There is 
a rapid downsection increase in the level of organic maturity from 
about 0.5%R, at the top of the Mattson Formation to about 3.5%R, at 
the top of the Nahanni Formation. Also shown is a schematic view of 
the Paleozoic stratigraphy of Liard Basin and the stratigraphic position 
of the Manetoe Facies reservoir dolomite at the Beaver River and 
Kotaneelee Gas Fields. 
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MATURATION DATA 

Vitrinite reflectance values increase consistently down sec- 
tion in these wells. Reflectances increase from 0.26% at 79 m 
to 1.76% at 1829 m in the Kotaneelee 0-67 well, from 0.31 % 

at 262 m to 4.40% at 3546 m in the Beaver River YT G-O1 

well and from 0.58% at 608 m to 2.00% at 2230 m in the 
Imperial Island River No. 1 well (Figs. 5,6). The uniformity of 
the downsection increase of the degree of reflectance with 
stratigraphic level down to the top of the Nahanni Formation 
is much more evident in these well sections than in the plot of 
maturation indicators of outcrop samples from widely scat- 
tered localities (Fig. 2). 

The levels of reflectance for the Kotaneelee 0-67 well are 
similar to those of the more numerous data from Beaver River 
YT G-01 well at equivalent stratigraphic levels. The slightly 
higher reflectance values recorded at the Kotaneelee 0-67 

well for a given depth may be attributed to the slightly higher 

structural position of the Kotaneelee 0-67 well with respect to 
the Beaver River YT G-01 well (Fig. 5). 

Vitrinite reflectance values in the Imperial Island River 
No. 1 well east of Liard Basin (Fig. 6) display a lower rate of 
downward increase with stratigraphic level than in the Liard 
Basin wells (Figs. 5,6). In general, vitrinite macerals in the 
Imperial Island River well have lower reflectances than vit- 
rinites at equivalent stratigraphic levels in the Liard Basin 

wells. 
Extensive Rock-Eval pyrolysis data were collected for the 

Kotaneelee well, but only reconnaissance level Rock-Eval sur- 
veys were made of the other wells (Figs. 5,6). The Tmax val- 
ues of the S2 peak of the Kotaneelee 0-67 well display a con- 
sistent pattern with respect to depth or stratigraphic level down 
to the top of the overmature zone (Fig. 5). In the top 550 m of 
the well there is a consistent downhole increase of Tmax from 
4400 C at 61 m to 466° C at 549 m. Below this depth, in the 
middle of the Golata Formation to the bottom of the hole, 
Tmax is below 430° C. Rock-Eval pyrolysis chart traces of 
these samples indicate that a distinct S2 peak is present down 
to 549 m but is usually absent below this depth. This down- 
hole disappearance of the S2 peak is not the consequence of a 
corresponding downhole decrease in total organic material 
(TOC), which remains between one and four per cent down to 
the level of the Nahanni Formation near the bottom of the hole 

Fig. 4. Photomicrographs of kerogen: 
a) Vitrinitic kerogen (grey, centre left, 0.72% R0) in the Banff Formation, associated with inertinite (white, top left and centre right); Imperial 

Island River No. 1 at 837 m (KB). 
b) Vitrinite-like kerogen (reflectance: 0.61% Ra) in the Golata Formation, associated with highly reflective pyrite; Pan Am Kotaneelee at 402 m 

(KB). 
C) Vitrinite-like component of the Mattson Formation (0.43% R0); Pan Am Beaver G-01 at 1058 m (KB). 
d) Vitrinite-like kerogen in the Besa River Formation showing cellular morphology and semi-anthracite reflectance (2.05% Ro); Pan Am 

Beaver G-01 at 3322 m (KB). 
e) Low reflectance bitumen (0.47% R, ), in shaley interstices of dolomitic siltstone in the Banff Formation. The bitumens are slightly recessed 

and exhibit cross-hatched striations indicative of softness; Imperial Island River No. 1 at 837 m (KB). 
f) Low-reflecting bitumen (0.38% R. ) in the Exshaw Formation is oriented parallel to bedding and forms a dispersed network throughout the 

shale matrix; Imperial Island River No. 1 at 1056 m (KB). 
g) Bitumen (1.30% R, ) with a vesicular appearance infills matrix porosity in the Besa River Formation; Pan Am Kotaneelee at 2134 m (KB). 
h) Highly-reflective, pore-filling bitumen (ca. 3.50% R0) associated with rhombic dolomite in the Besa River Formation; Pan Am Kotaneelee at 2134 m (KB). 
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ORGANIC MATURATION IN THE ORGANIC MATURATION IN THE 
PAN AM BEAVER RIVER YT G-01 WELL PAN AM KOTANEELEE 0-67 WELL 
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Fig. S. Vitrinite reflectances (Table 1), Rock-Eval Tmax and total organic carbon (TOC) for the Pan Am Kotaneelee 0-67 and Beaver River 
VT G-01 wells. Total organic carbon averages about 1.0% in the Upper Paleozoic siliciclastics above the Nahanni Formation but is up to 4.0% in 
the lower part of the Besa River Formation shales. In the Kotaneelee well Tmax increases uniformly downhole from 440° C at 61 m to 466° C at 
549 m within the Golata Formation. Below this depth the SZ peak disappears and Tmax is unreliable. In the Beaver River well, The low Tmax 
values below 2683 m also indicates the disappearance of the S2 peak within the Golata Formation. 
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(Fig. 5), but instead is caused by maturation of the sequence 
past the point of oil preservation. 

In the Beaver River well (Fig. 5) the low Tmax values 
below about 2683 m (or below the middle of the Golata 
Formation) can also be discounted because the S2/S3 peak ratio 
falls to very low values below this depth-indicating the disap- 

pearance of the S2 peak. Above this level, there is a trend of 
upwardly decreasing Tmax values, from 536° C at 2681 m to 
469° C at 1780 m. Above 1780 m to the top of the hole, how- 

ever, sample Tmax values decrease abruptly to very low val- 
ues of between 368° C and 392° C without any consistent 
trend. These low Tmax values in the upper part of the well 
may reflect contamination by organic additives. The well his- 

tory report notes that a "hot oil string" was run at 800 m below 
kelly bushing. Such additives are known to cause contamina- 
tion of the well cuttings (Peters, 1986). 

Rock-Eval data from the Imperial Island River No. 1 well 
(Fig. 6) indicates that Tmax rises downhole from 432° C at 
841 m to 452° C at 1249 m. Below a depth of about 1500 m, 
the sample Tmax values fall off abruptly indicating the disap- 
pearance of the S2 peak consistent with passage through the oil 
window (Peters, 1986). In all wells the S2 peak tends to be 
diminished or absent at stratigraphic levels below strata char- 
acterized by vitrinite reflectances of 1.50% (R°%) or more. 
This would seem to indicate the disappearance of oil fraction 
hydrocarbons during the generation of wet gas from oil, which 



PALEOZOIC BURIAL AND ORGANIC MATURATION IN THE LIARD BASIN REGION. NORTHERN CANADA 

is at a peak at a level of thermal maturation equivalent to a vit- 
rinite reflectance of about 1.00% (R0%) (Dow, 1977) with a 
consequent diminution in the S2 peak intensity at progressive- 
ly greater values of vitrinite reflectance. 

In spite of the overmaturity of a large part of the Liard 
Basin well sequences, dark shales of the Besa River 
Formation overlying the Nahanni Formation have retained up 
to 4.0% TOC (Fig. 5) and contain abundant bitumen (Fig. 4). 
This is an indication that the Besa River Formation was a 
good potential source rock for hydrocarbons in the Liard 
Basin gas fields. The bitumen in the Besa River Formation in 
these wells has high reflectance (Fig. 4) indicative also of a 
high level of organic maturity (Jacob, 1985). 

Rock-Eval data plotted on hydrogen and oxygen index 
crossplots of pseudo-Van Krevelen diagrams (not shown) indi- 
cate that the bulk of the analyzed organic material in these 
wells is probably a mixture of type II and type III kerogens 
(Tissot and Welte, 1984) in agreement with the visual identifi- 
cation of kerogens as a mixture of bitumen, vitrinite and exi- 
nite (Fig. 4). Type III organic material is typically gas prone 
(Snowdon, 1989) and, under ideal sampling conditions, the 
Rock-Eval Tmax of this organic type exhibits a strong positive 
correlation with vitrinite reflectance (Peters, 1986). However, 
much of the overmature kerogen in these wells may have been 
derived from type II organic material and now cannot be dis- 
criminated from type III organic material where both of these 
now have hydrogen and oxygen index values close to zero. 

DEPTH-MATURATION RELATIONSHIPS 

Plots of the logarithm of vitrinite reflectances with respect 
to depth display the generally log-linear trend (Fig. 7) shown 
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by Dow (1977) to be typical for organic material in basins that 
underwent continuous subsidence under the influence of time 
invariant, linear geothermal gradients during their periods of 
major organic metamorphism. Middleton (1982) found that 
the empirical relationship of Dow (1977) could be used direct- 
ly to infer paleogeothermal gradients from depth profiles of 
vitrinite reflectance. In his extension of Dow's rule for basins 
with constant geothermal gradients, the paleogeothermal gra- 
dient G can be expressed in terms of the slope 'm' of the log 
(R°%) versus depth curve for depths in kilometres by the rela- 
tionship: 

G= 194.8(m) 
for basins that underwent their major period of organic meta- 
morphism under the influence of an approximately linear, time 
invariant geothermal gradient. 

This slope value for the Beaver River well is 0.334 and for 

the Imperial Island River well is 0.293 (Fig. 7). These slopes 
indicate paleogeothermal gradients of 65° C/km and 57° C/km 

at the time of maturation of organic material. These calculated 
geothermal gradients are much higher than the present 
geothermal gradients in the regions around these wells, which 
were found by Majorowicz et al. (1988) to range from only 
30° C/km to 40° C/km. 

The divergence between these estimated paleogeothermal 
gradients and present day gradients reflects the fact that the 
Liard Basin and adjacent Interior Plains region have had a 
complex subsidence history that has involved several phases 
of subsidence interrupted several times by episodes of uplift 
and erosion. Paleogeothermal gradients estimated by the 
method of Middleton (1982) may approximate the actual 
geothermal gradients during organic maturation but there is 

VITRINITE REFLECTANCE -- Log(Ro%) 

1.0 10.0 0.1 

BEAVER RIVER 
VT G-01 

% 

1.0 10.0 

Qc 
F 

IMPERIAL ISLAND 
RIVER No. 1 

d 

ýýJ 

....................... [VITRINITE ; (Ro%) :. ý' 

Fig. 7. Plots of the logarithms of vitrinite reflectances (R0%) versus depth from the Beaver River and Imperial Island Riverwells. A best fit 
line to the Beaver River vitrinite data is: log (R %) = 0.334 [Depth (km)] -0.665, with a correlation coefficient of 0.98. A best fit line to the Imperial 
Island well vitrinite data is: log (R0%) = 0.293 f Depth(km)) -420, with a correlation coefficient of 0.90. Vitrinite reflectance increases more rapidly 
down section in the Beaver River well. 
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little indication as to the time during which this maturation 
occurred due to the complex geologic history of these areas. 

GEOHISTORY AND SIMULATIONS OF MATURATION 

Construction of geohistory or subsidence plots are a 
method for the estimation of the cumulative time-temperature 
history of sedimentary sequences (Waples, 1980). The burial 
depth of a specific stratigraphic horizon at any time in its buri- 

al history may then be used to estimate its paleotemperature. 
The temperature history of this horizon can then be used to 
simulate the progressive maturation of vitrinite and predict the 
increase of vitrinite reflectance with time (e. g., Waples, 1980; 
Kalkreuth and McMechan, 1984). Arrhenius-based algo- 
rithms, such as the EASY%Ro method (Sweeney and 
Burnham, 1990), provide the means for accurate prediction of 
vitrinite maturity and reflectance (R0%) after a temperature 
history is determined. 

SUBSIDENCE HISTORIES 

Subsidence or geohistory plots were constructed (Fig. 8) to 
estimate the temperature history of well sequences. The origi- 
nal thicknesses of units eroded at major unconformities were 
estimated from their thickness in nearby areas where they 
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Fig. 8. Subsidence or geohistory plots of the post lurian burial 
history of the Imperial Island River No. I and the Beaver River YT G- 
01 wells. These estimates of the subsidence histories are based on 
the stratigraphy preserved in these wells and in regions adjacent to 
these wells (Table 2). Note the relatively large amount of Late 
Devonian to Carboniferous subsidence that occurred in the Liard 
Basin. 
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underwent less erosional truncation. Douglas (1970) and 
McCrossan and Glaister (1964) were basic sources of informa- 
tion. More specific references pertinent to the Liard Basin and 
the adjacent Interior Plains east of Liard Basin include 
Morrow and Cook (1987) for Devonian stratigraphy, Richards 
(1989) for Devonian to Permian stratigraphy, Harker (1963) 
for Carboniferous to Permian stratigraphy, Poulton (1989) for 
Jurassic stratigraphy, Stott (1982) for Cretaceous stratigraphy 
and Williams (1979) for Permian to Tertiary relationships and 
stratigraphy. Important stratigraphic information is also con- 
tained on several geologic maps: the La Biche River map 
(Douglas, 1976), the Fort Liard map (Douglas and Norris, 
1976) and the Trout River map (Douglas, 1974). 

Figure 9 is a comparison of the stratigraphic sequences pre- 
served in the Beaver River and Imperial Island River wells. 
Liard Basin is characterized by the thick Carboniferous basin 
fill of the upper part of the Besa River Formation and of the 
Golata and Mattson Formations. The Liard Basin also contains 
some Permian and Triassic strata preserved between the 
sub-Cretaceous, subTriassic and sub-Permian unconformities. 
In contrast, Carboniferous strata are thin in the Imperial Island 
River well; Permian and Triassic strata are absent and, as well, 
have been eroded beneath the sub-Cretaceous unconformity. 
Jurassic strata are absent across the entire study area beneath 
this unconformity. 

Table 2 is a summary of the depositional and erosional his- 
tory of the post-Silurian succession at the Beaver River well in 
the Liard Basin versus the Imperial Island River well in the 
Interior Plains. These data served as input for burial-matura- 
tion simulations of well sequences using the EASY%Ra algo- 
rithm and a burial-decompaction and maturation program 
(Osadetz and Mottershead, 1992) used to generate burial plots 
and simulated vitrinite reflectances for these sequences. ' 

The estimates of sub-Permian erosion given in Table 2 are 
based primarily on the assumption that the Mattson Formation 
was present, but thinly deposited, in the Interior Plains 
Region, unlike in Liard Basin where the Mattson is assumed to 
have been originally much thicker than its present thickness. 
The assumption of an originally thicker Mattson in Liard 
Basin is based primarily upon the rather large time interval 
from the top of the Mattson, estimated to be Early Carboni- 
ferous or about 333 Ma. to the base of the unconformably 
overlying Permian Kindle Formation at about 268 Ma. (see 
Richards, 1989). 

There are uncertainties with regard to amounts of erosional 
removal associated with each of the unconformities in the 
Paleozoic and Mesozoic strata of these well sequences. 
However, only the sub-Cretaceous unconformity displays 
regional truncation of underlying strata (Williams, 1979). 
Consequently, about 500 m and 200 m of erosional removal 
have been estimated to be associated with this unconformity in 
the Liard Basin and in the Interior Plains Region respectively, 

'This program has been modified to calculate vitrinite reflectances using the EASY%Ro algorithm. 

Million Years (B. P. ) 



PALEOZOIC BURIAL AND ORGANIC MATURATION IN THE LIARD BASIN REGION, NORTHERN CANADA 

Table 2. Comparison of the subsidence histories of the Liard Basin and the Interior Plains. 

Description of Depositional 
or Erosional Events 

Liard Basin 
Region 

Interior 
Plains Region 

Erosion beneath the sub-Tertiary unconformity 550m removed 900m removed 
- Laramide Orogeny 2150m removed* 600m to 1500m removed 

Deposition of the Cretaceous sequence 700m deposited 1500m deposited 
(Mainly Fort St. John Gp. ) 2300m deposited 1200m to 2100m deposited 

Erosion beneath the sub-Cretaceous unconformity 503m removed 195m removed 
Deposition of the Triassic sequence 800m deposited 100m deposited 

(Toad and Grayling Formations) 
Erosion beneath the sub-Triassic unconformity 11 m removed 20m removed 
Deposition of the Permian sequence 420m deposited 40m deposited 

(Kindle and Fantasque Formations) 
Erosion beneath the the sub-Permian unconformity 255m removed 300m removed 
Deposition of the Exshaw to Mattson sequence 2954m deposited 579m deposited 
Deposition of post-Nahanni to pre-Exshaw sequence 571 m deposited 1314m deposited 
Deposition of Nahanni, Chinchaga and 1477m deposited 116m deposited 

underlying Devonian strata 

'- Thicknesses in normal type are estimates based on existing geological information. Thicknesses in bold 
type are alternate estimates. Cretaceous and post-Cretaceous thickness values rounded to nearest 50 m. 

in contrast to the small amounts of erosion assigned to the 
sub-Permian and sub-Triassic unconformities (Table 2, Fig. 9). 

The 700 m thickness of Cretaceous strata preserved in syn- 
clines flanking the Beaver River well site provides a minimum 
estimate for Cretaceous subsidence (Fig. 2, Table 2; Douglas, 
1976). An arbitrary maximum of 2300 m for Cretaceous sub- 
sidence for this well site (Table 2) is the approximate maxi- 
mum thickness of Cretaceous strata in northeast British 
Columbia. (Stott, 1982). In addition, a recent determination of 
1.5 km for Cretaceous subsidence in the Interior Plains west of 
Pine Point, N. W. T., based on apatite fission track analyses 
(Arne, 1991), was used as an initial estimate of Late 
Cretaceous subsidence at the Imperial Island River No. 1 well 
location (Table 2, Fig. 8). A range of values, from 1200 m to 
2100 m, for Cretaceous subsidence were considered for this 
well site (Table 2). 

ORGANIC MATURITY OF TILE MATTSON FORMATION 

Vitrinite reflectances (R. %) in the Mattson Formation 
range from a minimum only about 0.4% at the top of the unit 
to a maximum of about 0.7% at the base of the Mattson in the 
Beaver River and Kotaneelee wells (Fig. 10). Vitrinite 
reflectance data from Mattson coal-bearing outcrop samples 
from the Jackfish Gap Section in the northern part of Liard 
Basin (Section 12, Fig. 2; Potter et al., in press), are similar to 
the data reported here, although in the upper part of the forma- 
tion, there is some divergence (Fig. 10). Reflectance measure- 
ments of vitrinite in coal samples from the upper part of the 
Mattson are slightly elevated because the vitrinite macerals in 
these coals are perhydrous and gelified, whereas reflectance 
measurements of the dispersed vitrinite in the shale samples 
from the lower Mattson are unaltered, more normal vitrinite 
(Potter et al., in press). 

Potter et al. (in press) estimate that the average reflectance 
for vitrinite at the top of the Mattson Formation in Liard Basin 
is less than 0.5% (Fig. 10). This is consistent with the vitrinite 
reflectances of about 0.5%R0 recorded by Leckie et al. (1991) 
in a few samples from basal Cretaceous coal-bearing units 
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exposed in outcrops close to the Liard Basin wells of this 
study. This low level of maturity of the top of the Mattson 

places severe constraints on post-Mattson burial depths and 
post-Mattson geothermal gradients. 

Vitrinite reflectance profiles calculated for the Mattson 
Formation, using the minimum estimate of 700 m for 
Cretaceous subsidence (Table 2) and average paleogeothermal 
gradients of 25° C/km, 30° C/km and 35° C/km, all fall within 
the range of observed values (Fig. 10). These geothermal gra- 
dients are lower than the present average geothermal gradient 
of 40° C/km for Liard Basin (Majorowicz el al., 1988). In 

contrast, vitrinite reflectances calculated with the same array 
of low to moderate geothermal gradients (e. g., Klemme, 1975) 
(but using the greater estimate of 2300 m for Cretaceous burial 
[Table 21) greatly exceed observed vitrinite reflectances, par- 
ticularly in the lower part of the Mattson. 

These simulations indicate that Cretaceous burial could not 
have greatly exceeded the present thickness of 700 m for 
Cretaceous strata preserved in regional synclines adjacent to 
the Beaver River and Kotaneelee wells (Fig. 2); and that the 
average post-Mattson geothermal gradient was probably less 

than the present average gradient of 40° C/km in Liard Basin. 
The low level of maturity at the top of the Paleozoic in Liard 
Basin also limits the potential thickness of strata eroded 
beneath the sub-Cretaceous unconformity. 

PAN AM BEAVER RIVER YT G-O1 

The determination that 700 m is a reasonable estimate for 

the amount of Cretaceous burial consistent with the level of 
organic maturity observed at the top of the Mattson Formation 
lends credence to the subsidence history for the Beaver River 

well site as shown in Figure 8. Using this as our best estimate 
for the subsidence history, we can simulate the effect of varia- 
tions in heat flow (or geothermal gradients) on vitrinite 
reflectance throughout the entire sequence using a burial- 
decompaction program (Osadetz and Mottershead. 1992). 

An array of time invariant heat flows ranging from 40 to 
140 milliwatts per square metre (mW/m2) brackets the 
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observed vitrinite reflectances (Fig. 11). Almost all the data vitrinite reflectances below the Mattson Formation but over- 
are contained between the 60mW/M2 and 100mW/mz heat estimates reflectances within the Mattson Formation itself. 
flow simulations. However, the slope of observed vitrinite This suggests that heat flows and geothermal gradients 
reflectances diverges from these simulated reflectance pro- were not time invariant in Liard Basin. Low Mesozoic and 
files. For example, the 100mW/mz heat flow profile matches Tertiary heat flows (or geothermal gradients) are required to 
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preserve the low maturity level of the Mattson Formation, as 
previously discussed. But the rapid downward increase of vit- 
rinite reflectance below the Mattson Formation indicates that 
average heat flow was high during Paleozoic deposition 
(Fig. 11). A good fit was obtained with a Paleozoic heat flow 

of 135mW/m2 - equivalent to a paleogeothermal gradient of 
about 55° C/km to 60° C/km and lower Mesozoic and Tertiary 
heat flows of 80mW/M2 and 60mW/m2 respectively (Fig. 12). 

Scenarios involving low Paleozoic to Mesozoic heat flow 
followed by high Cretaceous-Tertiary heating generate vitri- 
nite reflectances that greatly overestimate observed 
reflectances (Fig. 11). Greater estimates for Cretaceous burial 
in this region would further reduce the likelihood of high 
Cretaceous-Tertiary heat flow. 
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than 2000 m and corroborates this estimate of Ame (1991) for 

about 1.5 to 2 km of Cretaceous burial in the Interior Plains 
Region, immediately east of the Imperial Island River No. I 

well. 
A conservative hypothesis would be that heat flow was, in 

fact, time invariant at this site. However, simulations involv- 
ing high Paleozoic heat flows of up to 140mW/m2 (not shown) 
yield profiles that are almost indistinguishable from those of 
Figure 12. This is because most of the organic maturation and 
increase in reflectance of vitrinite was accomplished during 

the Cretaceous during maximum burial. Pre-Cretaceous history 
has little effect on maturation profiles at this well site. 

HISTORY OF HYDROCARBON GENERATION AND DISCUSSION 

IMPERIAL ISLAND RIVER No. I 

The same array of time invariant heat flows used for the 
Beaver River well (Fig. 11) was applied to the burial history 

of the Imperial Island River well (Fig. 12). Here, heat flows of 
80mW/m2 to 100mW/mz (corresponding to geothermal gradi- 
ents of 35° C/km to 45° C/km) bracket almost all the observed 
vitrinite reflectance data using the burial history shown in 
Figure 8 with a Cretaceous burial of 2100 m. Lesser amounts 
of Cretaceous burial fit the data less well (Fig. 12). This is a 
clear indication that the amount of Cretaceous burial at the 
Imperial Island River well site could not have been much less 

The rapid downsection increase of organic maturity docu- 

mented from outcrop samples of Paleozoic strata in the Liard 
Basin (Fig. 3) has been corroborated by profiles of vitrinite 
reflectance in samples from well sections. The correlation 
between the reflectance of low reflectance-type bitumen and 
vitrinite reflectance in all wells may indicate that this bitumen 

responds to thermal stress in a manner similar to vitrinite (e. g., 
Jacob, 1985), and corroborates the downward increase of vitri- 
nite reflectance in Liard Basin (Potter et al., in press). 

Rock-Eval Tmax, as previously noted, is also consistent 
with the vitrinite reflectance values in the Imperial Island 
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Fig. 10. A subsidence plot of the Mattson Formation at the Beaver River well site is shown on the left. On the right are shown 
the vitrinite reflectance values recorded from the Mattson Formation in the Beaver River and Kotaneelee wells (K), as well as 
reflectance values recorded from Mattson outcrop samples by Potter et at (in press). The average vitrinite reflectance value (R°%) 
of 0.5% for the top of the Mattson Formation in Liard Basin is from Potter et al. (in press). Vitrinite reflectance profiles for the 
Mattson were calculated using the EASY%R0 algorithm of Sweeney and Burnham (1990) with three time invariant geothermal gra- 
dients of 25° C/km, 30° C/km and 35° C/km. The solid vitrinite profiles were calculated assuming 700 m of Cretaceous subsidence 
(i. e., equal to the present preserved Cretaceous thickness) versus the patterned profiles that were calculated using 2300 m of 
Cretaceous subsidence. 
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River No. 1 well according to the relationship of Peters (1986) 
for type III organic material. For example, the Tmax of the 
Imperial Island River well at 1300 m is about 450° C (Fig. 6) 

which is equivalent to an 110% value of 0.7% to 1.2% (Fig. 14 
In: Peters, 1986). The observed R°% value at this depth is 

about 1.0 (Table 1). 
In both the Beaver River and Kotaneelee wells, the 

Rock-Eval S2 peak disappears below the approximate 
mid-point of the Golata Formation at maximum Tmax values 
somewhat greater than 450° C (Fig. 5). The maximum Tmax 

of 466° C in the Kotaneelee well equates to a vitrinite 
reflectance of about 1.5 (Fig. 14 In: Peters, 1986) which is, 

perhaps, a bit high compared to a value for vitrinite reflectance 
of about 1.0 that could be reasonably interpolated between the 
strati graphically closest vitrinite reflectance values (Table 1; 
Fig. 5), but there are too few data for rigorous comparisons. In 
the Beaver River well, vitrinite reflectances of 1.40 to 1.85 

appear to correlate with the stratigraphic level at which the S2 

peak disappears. 
The higher Tmax values attained in the Beaver River and 

Kotaneelee wells may indicate that the organic material in 
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these wells is more hydrogen-rich than that in the Imperial 
Island River well. This is consistent with the slightly higher 

average hydrogen indices recorded for Rock-Eval analyses of 
the Beaver River and Kotaneelee wells. The highly reflective 
and microscopically vesicular bitumen in the Kotaneelee well 
(Fig. 4g) may indicate rapid maturation of kerogen and gener- 
ation of hydrocarbons. 

Superimposition of the oil window on a burial maturation 
plot of the Beaver River YT G-01 well indicates that oil gener- 
ation began in the Besa River shales overlying the Nahanni 
Formation in the Early Carboniferous about 340 million years 
ago. Oil generation may have reached its peak in the late 
Carboniferous even if a relatively low average heat flow of 
80 mW/mz is assumed (Fig. 13). By about 300 million years 
ago the lower part of the Besa River Formation had passed 
through the oil generation window and had begun to generate 
gas phase hydrocarbons. By about 230 million years ago, the 
Besa River Formation had moved entirely through the oil win- 
dow and was generating dry gas only. Besa River shales, 
which have up to 4.0% total organic carbon, are the most 
probable source rock for hydrocarbons in the Liard Basin gas 
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Fig. 11. Calculated vitrinite reflectance profiles for the Beaver River YT G-01 well using the Osadetz and Mottershead (1992) 
decompaction program and the subsidence history of Figure 9. The means and ranges of observed vitrinite reflectances are shown. Also shown are the reflectance data of Potter et al. (in press) for the Mattson Formation. The left diagram shows vitrinite reflectances 
calculated using six time invariant heat flows. None of these match the slope of the data but most observed reflectances fall between 
the 80 MW/M2 and the 100mW/m2 calculated profiles. In the plot on the right, a better overall fit to the data is shown in profile 1 in 
which the Paleozoic heat flow is 135 MW/M2 followed by a Mesozoic heat flow of 80 MW/M2 and a Tertiary heat flow of 60 mW/m2. Profile 2 shows the result of an alternate scenario in which Tertiary heat flow is 135 MW/M2 and Paleozoic heat flow is 60 mW/m2. 
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Fig. 12. Calculated vitrinite reflectance profiles for the Imperial Island River No. 1 well using the subsidence history shown in Figure 8 but 
with two different estimates for Cretaceous subsidence. The same array of constant heat flows that were used in Figure 11 are used in both 
graphs. The graph on the left, incorporating the smaller amount of Cretaceous subsidence (1200 m- Table 2), does not fit the data very well. On 
the right, using a larger estimate for Cretaceous subsidence (2100 m- Table 2), almost all the observed vitrinite reflectances fall within the 
domain between reflectances calculated using the 80 mW/m2 and 100 mW/m2 heat flows. This implies that the average paleoheat during deposi- 
tion was about 90 mW/m2, or the same as the modern day heat flow (Majorowicz et aL, 1988) at this well site. 

fields because of the proximity of these shales to the underly- 
ing Manetoe Facies gas reservoirs (Fig. 3). Hydrocarbons may 
have moved downward from these organic-rich shales into 
Manetoe reservoirs as oil, during the late Carboniferous when 
sufficient oil had been generated to permit migration as a con- 
tinuous liquid phase, or later, as gas phase hydrocarbons, in 
the Permian to Triassic, during the thermal cracking of oil to 
gas. 

The large amounts of bitumen present in the gas fields of 
the Liard Basin as vug-fillings postdating dolomitization 
(Morrow et al., 1986; 1990, Snowdon, 1977) may indicate that 
hydrocarbons migrated into these fields as oil, rather than as 
gas. This implies that migration of hydrocarbons into these 
gas fields can have occurred only if dolomitization occurred 
early, in the Late Devonian to Carboniferous. Alternatively, if 
migration of hydrocarbons occurred in the gas phase, the most 
likely period of migration would be the Permian to Triassic, 
which coincided with the peak of gas generation near the base 
of the oil window (Dow, 1977). In either case, a Cretaceous or 
Tertiary origin for the Manetoe Facies dolomite is less likely 
than a pre-Cretaceous origin. 

If the host rock dolomite of the Manetoe reservoirs formed 
in the Cretaceous or Tertiary, migration of hydrocarbons from 
the Besa River shales would have occurred as dry gas only 
and residual bitumen should not be expected in these reser- 
voirs. This is consistent with the conclusions of Aulstead et al. 

(1988) who also suggested, based on fluid inclusion data, that 
the diagenetic dolomites of the Manetoe Facies were 
emplaced in the late Devonian, rather than during the 
Cretaceous-Tertiary. Manetoe dolomitization was probably not 
coeval with hydrocarbon maturation and migration because 
hydrocarbons were not identified in any dolomite fluid inclu- 
sions (Aulstead et al., 1988). 

Small Devonian gas reservoirs are common in wells near 
the Imperial Island River No. I well (Williams, 1981). As in 
the Liard Basin, generation of oil in the region of the Imperial 
Island River well began in the late Devonian if even a relative- 
ly low heat flow of 80mW/m2 is assumed. However, the 
Devonian sequence in this well did not pass through the oil 
window until the late Cretaceous unless higher average heat 
flows are assumed. Consequently, because of this more 
lengthy maturation history, it is uncertain when these smaller 
gas reservoirs formed in the Interior Plains Region. 

Simulations of organic maturation have indicated that 
Paleozoic geothermal gradients were on average higher than 
present gradients in the Liard Basin Region primarily because 

of the very low level of organic maturity of the top of the 
Paleozoic sequence and the rapid downward increase in matu- 
rity. This is consistent with the data and conclusions of 
Feinstein et al. (1991) which suggest that the sub-Cretaceous 
sequence of the south-central part of the Mackenzie 
Mountains north of the Liard Basin was subjected to anoma- 
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Fig. 13. Burial history and organic maturation plot of the Pan Am 
Beaver River YT G-01 calculated using the decompaction program of 
Osadetz and Mottershead (1992) modified to calculate vitrinite 
reflectances R0 /o according to the EASY%Ro algorithm (Sweeney and 
Burnham, 1990). Eroded intervals are shaded. Organic-rich shales of 
the Besa River Formation enter the oil window in Carboniferous time, 
even using a heat flow of 80 mW/m2, which underestimates the level 
of maturity in the lower part of this sequence. Migration of oil down- 
ward into underlying Manetoe dolomite may have occurred at that 
time. This oil may then have then evolved to gas phase hydrocarbons 
and to abundant residual pyrobitumen that coats vug-filling dolomite 
crystals in Manetoe reservoirs. Alternatively, gas phase hydrocarbons 
may have entered Manetoe reservoirs from the overlying Besa River 
in the late Paleozoic to early Mesozoic during thermal cracking of oil 
to gas. 

lously high pre-Cretaceous geothermal gradients of 50° to 
55° C/km. 

Simulations of organic maturation in the Interior Plains 
Region are less well constrained. The model tentatively adopt- 
ed here of deep late Cretaceous burial coupled with a constant 
heat flow or geothermal gradient similar to that of the present 
heat flow and gradient at the Imperial Island River No. 1 well 
is consistent with the conclusions of Arne (1991) that the 
Interior Plains Region, between the Imperial Island River 
No. I well and the Pine Point Mine at Great Slave Lake, was 
subjected to late Cretaceous burial of 1.5 km to 2.0 km, based 

on analysis of apatite fission track data. Models with lesser 

amounts of late Cretaceous burial do not fit the trend of 
observed vitrinite reflectances as well. 

CONCLUSIONS 

D. W. MORROW, J. POTTER, B. RICHARDS and F. GOODARZI 

Carboniferous, indicates that Cretaceous burial did not 
greatly exceed the 700 in thickness of locally preserved 
Cretaceous strata. These low reflectances also indicate that 

the average post-Paleozoic geothermal gradient was less 

than the present gradient of 40° C/km in Liard Basin. 
2. The rapid increase in vitrinite reflectance downsection 

below the Mattson Formation indicates that the average 
Paleozoic heat flow and geothermal gradient was high. 
Simulations of vitrinite reflectance or coalification profiles 
of the Beaver River G-01 well in the Liard Basin that 
involve high Paleozoic geothermal gradients (65°/km) or 
heat flows (135mW/mz) provide good fits to the observed 
data predicting low vitrinite reflectances of about 0.5%Ro 

at the top of the Mattson Formation and high reflectances 
of about 4.5%R° at the level of the Nahanni Formation. 
This is consistent with previous suggestions regarding a 
late Devonian thermal event (Aulstead et al., 1988) or of 
high average Paleozoic heat flow (Feinstein et al., 1991). 

3. Simulations of the observed vitrinite reflectance profile of 
the Imperial Island River No. I well indicate that late 
Cretaceous burial was about 2.0 km under the influence of 
a geothermal gradient and heat flow of about 45°/km and 
90mW/M2 respectively. Consequently, late Cretaceous burial 

was probably much greater in the Interior Plains than in the 
Liard Basin north of 60° N latitude. 

4. Oil and gas generation and migration in Liard Basin is 
inferred to have occurred during the Late Paleozoic to 
Early Mesozoic. This implies a pre-Cretaceous, rather than 
a Cretaceous-Tertiary, origin for the dolomitized Manetoe 
Facies reservoir rock of the Liard Basin gas fields. The 

time of oil and gas generation in Liard Basin is largely 
independent of the choice of the heat flow models exam- 
ined in this study because, even under the assumption of a 
low average Paleozoic geothermal gradient and heat flow, 
the hydrocarbon source rocks of the Besa River Formation, 
including equivalents of the Exshaw Formation, pass 
through the oil window in the late Paleozoic. 
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Abstract Organic petrology and geochemical studies (Rock-Eval/TiOC) were car- 
ried out on shales from the Besa River (Upper Devonian-Lower Carboniferous), 
Yohin, Clausen, Prophet, Golata, and Mattson Formations (Lower Carboniferous) in 
exposed sequences at Jackfish Gap-Yohin Ridge and in a subsurface section in the 
North Beaver River area of the Liard Basin. 

Basinal shales of the Besa River Fm. have TOC values ranging from 1 to 4% 
and contain abundant type II, dominantly amorphous, kerogen of marine origin. 
Shales in the Yohin Fm. (slope to neritic shelf), Clausen Fm. (basin and slope de- 
posits), Prophet Fm. (carbonate slope), and Golata Formations are of mixed marine 
and terrestrial origins and yield TOC values of 1 to 3 %. Kerogen in the Golata 
(prodelta shales) and Yohin Formations are dominated by terrestrial components, 
while the Clausen and Flett kerogen comprises marine liptinites and bitumens. Kero- 
gen from the deltaic Mattson shales at Jackfish Gap are types II and III, having 
mixed marine and terrestrial origins consistent with shallow, nearshore, subtidal 
environments. The coals, which are rich in inertinite and liptinite (up to 30%), are 
sapropelic and probably lacustrine in origin. Algal laminites associated with coals in 
the Upper Mattson have >10% 770C values, while non-laminite shales contain be- 
tween 2 and 5% TVC. Comparable measured and calculated vitrinite reflectance 
data indicate that kerogen in the Lower Carboniferous at Jackfish Gap is mature 
(0.5-1.1 %). Kerogen in correlative formations in the subsurface at North Beaver 
River is more marine. Vitrinites are rare and oxidized, but four populations of bitu- 
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mens are distinguished on the basis of relative reflectivity and morphological or 
petrophysical associations. Types A and B bitumens are primary and by-products of 
hydrocarbon generation from type II (algal and amorphous) kerogens. Correlations 
between depth and reflectance of bitumens A and B are very good (r2 - 0.97%). 
Vitrinite reflectance data calculated from bitumen reflectance measurements for the 
Besa River (1.6-2.1%), Prophet (1.5%), and Golata (1.2%) indicate that they are 
potential sources of catagenic gas. The Mattson kerogen is mature (0.84-1.0% VRo), 
oil and gas prone. 

Keywords Kerogen, sapropelic coals, primary bitumens, reflectance, maturation, 
catagenic gas 

Introduction 

Lower Carboniferous and Upper Devonian rocks are exposed over large areas of the 
Liard Basin in the southeastern Yukon territory and southwestern District of Mackenzie, 
NWT, Canada, between latitudes N60 ° and N61 ° and W 122 ° and W 125 ° (inset, Figure 
1). Since gas production from Middle Devonian (fractured dolomite) reservoirs was 
established in the Beaver River (approx. 124°20' and 60 °04') and Pointed Mountain 
areas (123 °50' and 60 °30') in the late 1950s to early 1960s, there has been a hiatus in 
drilling activity in this area. Although renewed interest in the Liard Basin has led to 
exploration drilling in northeastern British Columbia, the region north of latitude 601, 
and west of longitude 1240 remains largely unexplored. A detailed examination of the 
source rock potential and thermal history of the Upper Paleozoic strata of the Liard 
Basin is therefore highly relevant to the economic potential of this region. 

These preliminary studies of the hydrocarbon potential of the Lower Carbonifer- 
ous and Upper Devonian in the area west of Fort Liard are based on organic petrologi- 
cal studies (kerogen characterization, vitinite and bitumen reflectance measurement) 
supplemented by estimation of Total Organic Carbon (TOC) and Rock-Eval pyrolysis 
studies. Two sections were examined: (1) a subsurface section in the Canada Southern 
et al. N. Beaver River YT 1-27 well at N60 007' W 12411371 (NTS 95 B/2), where the 
Lower Carboniferous and Upper Devonian occurs between 1000 and 4000 m depth; 
and (2) surface exposures of the Upper Devonian and Lower Carboniferous at Jackfish 
Gap and Yohin Ridge at N61 °05' 54 W 123 °59' 26 ", where Upper Paleozoic strata 
occur at 2000 to 3000 m elevation and an expanded section of the Mattson Formation 
attains a thickness of 1030 m. Analyses were carried out predominantly on shales, 
siltstones, and coals from the Mattson, Golata, Flett, Prophet, Clausen, Yohin (Visdan- 
Serphukovian), and Besa River (Frasnian-Fammenian) Formations. 

The purpose of this article is to present some of the preliminary data on the kerogen 
type and potential source rocks in the Liard Basin and to demonstrate the use of bitumen 
reflectance data in thermal maturity studies. The Lower Carboniferous and Upper Devo- 
nian sequence in this area is dominated by carbonate rocks that tend to be poor or 
lacking in vitrinite. Data presented here show that the reflectance of primary bitumens 
can be used as an alternative to vitrinite reflectance measurement in thermal maturity 
studies of marine sequences and source rocks. 

Geology 

The regional geology is shown in Figure 1 (Douglas et al. 1963). Upper Devonian and 
Carboniferous strata consist of a shallowing-upward succession of basinal to shelf 
carbonates and terrigenous clastics deposited in the eastern Prophet Trough, a broad, 
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north northwest-south southeast-trending trough-shaped basin produced by subsidence 
of the western margin of the ancestral North American Plate (Richards 1989; Richards 
et al. 1989). The Lower Carboniferous succession in the Liard Basin has been inter- 
preted by Richards (1989) as deltaic and shallow marine shelf, slope, and basinal 
sediments. Figure 2 shows the stratigraphic correlations between the Lower Carbonif- 
erous and Upper Devonian in the Liard Basin in the Southern Yukon, District of 
Mackenzie, and Northeastern British Columbia. The stratigraphy and depositional en- 
vironments of the Upper Devonian-Lower Carboniferous at Jackfish Gap-Yohin Ridge 
succession are described in detail by Richards (1989). At Jackfish Gap-Yohin Ridge, a 
thick sequence of Lower Carboniferous includes the Besa River, Yohin, Clausen, 

Figure 1. Surface geology of the Liard Basin west of W122* and north of N60 °, southeastern 
Yukon and southwestern District of Mackenzie. Jackfish Gap is shown at location 4 and Canada 
Southern et al. N. Beaver River at location 18. (Reproduced from Richards 1989). 
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Figure 2. Partially schematic, restored east-west cross section showing stratigraphy and deposi- 
tional environments of Lower Carboniferous and Upper Devonian strata in the Liard Basin, Dis- 
trict of Mackenzie. Section at Canada Southern et al. N. Beaver River is No. 2. (Reproduced from 
Richards 1989. ) 

Prophet, Flett, and Golata Formations. The Besa River Formation comprises a thick 
unit of basinal shales and mudstones of Middle Devonian to late Visdan (V3) age, 
which conformably underlies the Prophet and is 3060 m thick in the Canada Southern 
et al. well at N. Beaver River. The upper Besa River thins northward and eastward and 
is correlative with the Banff, Clausen, and Golata Formations at Jackfish Gap-Yohin 
Ridge. The sandstone-dominated facies of the Yohin Formation is restricted to the 
northern section, where it attains a thickness of 160 m. Richards (1989) interpreted the 
Yohin as slope and shallow neritic shelf deposits. The slope and basinal shales of the 
Clausen at Jackfish Gap are 150 m thick and grade laterally and southward into the 
basinal shales of the Besa River Formation. The Prophet is a shale-dominated unit of 
lower to middle slope and basinal deposits that is 125 m thick at Yohin Ridge but 
reaches a thickness of 765.4 m in the subsurface at Canada Southern et al. N. Beaver 
River. The Flett Formation represents carbonate ramp and platform deposits and asso- 
ciated shelf margin and slope facies, of which 350 m are exposed at Yohin Ridge but 
which pinch out to the south and are absent at N. Beaver River. The shale-dominated 
Golata Formation represents prodelta facies that is only 12 m thick at Yohin Ridge but 
attains a thickness of 900 m in the subsurface at N. Beaver River. The Mattson is of 
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Upper Visdan (V3) to Early Serpukovian age (Patton 1958; Bamber and Mamet 1978; 
Braman and Hills 1977; Utting 1981) and is thickest (1020 m) at the type section at 
Jackfish Gap. It is a sandstone-dominated sequence including siltstones, subordinate 
shales, coals, and carbonates, deposited in deltaic and related environments during 

several delta cycles (Richards 1989). The lower Mattson at Jackfish Gap represents 
prograding delta plain facies (Richards, pers. comm. ) recording a major regression 
during late Visean and subsequently a marine transgression during uppermost Visean 
to early Serpukovian. In the Canada Southern et al. well, the lithofacies are interpreted 
as delta slope to delta front deposits. Aeolian sandstones in the Upper Mattson at 
Jackfish Gap suggest deposition of the Mattson culminated under relatively dry, emer- 
gent conditions (Richards 1991). 

Sampling and Analytical Methods 

For this study, shales, siltstones, and coals samples were collected from surface expo- 
sures of the Besa River, Yohin, Clasen, Prophet, Golata, and Mattson Formations by 
Richards during a regional study of the Lower Carboniferous and Upper Devonian in 
this area (Richards 1983,1989). Drill cuttings were hand-picked from the Besa River, 
Prophet, Golata, and Mattson Formations in the Canada Southern et al. N. Beaver River 
well. Sample splits were (a) mounted as epoxy resin pellets and polished for reflected 
light microscopy, and (b) pulverized for TOC and Rock-Eval pyrolysis. 

Qualitative analysis of the kerogen was carried out with a Zeiss USMP-microscope 
using non-polarized, incident white and fluorescent (400-440 nm) light and oil immer- 
sion objectives (x 40). The small particle size limited reflectance measurements to ran- 
dom reflectance, which was measured at 546 nm on vitrinite-like components and pri- 
mary bitumens. Measurements were made predominantly in the plane of the bedding in 
order to minimize the reflectance variations attributable to anisotropy at elevated thermal 
maturity levels. The total number of measurements obtained for each organic component 
and sample varied according to the TOC content and kerogen composition. Rock-Eval 
pyrolysis was carried out following the method of Espitali6 et al. (1985). 

Maturation profiles for the two sections are based on both vitrinite and bitumen 

reflectance. For samples from the Jackfish Gap-Yohin Ridge section, reflectance was 
measured on vitrinite, which is relatively abundant in both coals and shales throughout 
the section (excluding the Flett Formation). However, in the subsurface at North Beaver 
River, vitrinite is rare to absent in most formations. Where vitrinite does occur, it is 
severely oxidized, probably due in part to extensive dolomitization and in part to pro- 
longed storage, hence reflectance measurements were taken exclusively on indigenous 
bitumens in this section. 

Results and Discussion 

Kerogen Composition 

The petrographic, geochemical characteristics and organic richness (total organic car- 
bon, TOC) of the kerogens in Lower Carboniferous and Upper Devonian shales and 
siltstones at Jackfish Gap-Yohin Ridge and Canada Southern et al. well at N. Beaver 
River are summarized in Tables 1 to 4 and Figure 3. The kerogen compositions are 
discussed formation by formation. 
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Table 1 
Organic Petrology of Samples from Lower Carboniferous and Upper Devonian 

Strata, Jackfish Gap-Yohin Ridge (N61 °05'54" W 123 °59'26") 

Kerogen Type 

Formation Dominant 

Mattson Inertinites: a micrinite 
(coals) semifusinite, resino-intertinite 

Mattson 
(shales) 

Golata 

Flett 

Prophet 

Clausen 

Yohin 

Liptinites: sporinite 
with minor alginite 
and liptodetrinite 

Structured liptinites: sporinite 
(megaspores, crassispores, 
tenuispores) 

Vitrinite: 
gelocollinite, perhydrous 
desmocollinite, 
reworked telocollinite 
(upper Mattson) 

Unstructured liptinites: matrix 
bituminite, 
bituminite II 

Structured liptinite: lamalginite 
Unstructured liptinite: 

bituminite 
Structured liptinite: 

reworked alginite 
Bitumen: type A (algal) 
Liptinite: large 

colonial alginite 
Bitumen: type A 

(algal), type B 
(amorphous) 

Unstructured liptinite: bituminite 
Vitrinite: reworked 
Bitumen: type A (algal) 
Liptinite: liptodetrinite 

(? algal) 
Unstructured liptinite: matrix 

bituminite 
Vitrinite: "fresh" 

and reworked; 
gelocollinite 

Subordinate 

Vitrinite: perhydrous 
desmocollinite, gelocollinite, 
telocollinite 

Mineral matter (minor) 

Unstructured liptinites: 
matrix bituminite, 
bituminte II, lamalginite, 
exsudatinite 

Structured Liptinites: 
Tasmanites, ? Reinschia, Vila 

Inertinites: micrinite, 
semifusinite, fusinite 

Liptinite: alginite 
Vitrinite: 

telocollinite 
Inertinite: fusinite 

Liptinites: rare 
alginite, reworked 
alginite, 
liptodetrinite, rare 
sporinite (reworked) 

Liptinite: alginite (rare) 

Inertinite: semifusinite, 
macrinite fusinite; 

Vitrinite (rare); 
reworked vitrinite-like 

Inertinite: semifusinite, 
macrinite, sclerotinite 

Liptinite: degraded sporinite, 
alginite (? Botryococcus), liptodetrinite 

? Chitin 

"In order of abundance. 
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Table 2 
Organic Petrology of Samples from Lower Carboniferous and Upper 

Devonian Strata, Canada Southern et al. N. Beaver River 
(N60 °07' W124°04') 

Kerogen Type 

Formation Dominant 

Mattson Bitumen: type A 
(algal); type B 
(amorphous); 

Unstructured liptinite: 
bituminite (algal) 

Golata Bitumen: type B 
(amorphous) 

Prophet Bitumen: type A 
(algal) 

Unstructured liptinite 
bituminite (algal) 

Besa River Bitumen: type A 
(algal) 

Subordinate 

Bitumen: pyrobitumen 
type D 

Bitumen: type A 
(algal); pyrobitumen 
(type D) 

Unstructured liptinite: 
bituminite (algal) 

Inertinite: fusinite 
Bitumen: type B 

(amorphous) 
pyrobitumen (types C& D) 

Bitumen: type B 
(amorphous), pyrobitumen 

Unstructured liptinite: 
algal bituminite; 
matrix bituminite 

295 

Besa River Formation. The Besa River Formation was sampled only in the Canada 
Southern et at. borehole. Kerogen accounts for between 2 and 6 wt. % of the shale in 
the Besa River Formation (Table 4). It is dominated by unstructured liptinite compris- 
ing a dark bituminite-micrite groundmass derived by maturation of what was previ- 
ously a rich amorphous bituminous matrix (Figure 4a). Also present are thin lenses of 
dark brown to black bituminite of the order of 100 µm long, lying parallel to the 
bedding. The form and distribution suggests that this is either a degradation or a 
maturation product of algal components such as Leiosphaeridiales. These components 
are consistent with a marine type II kerogen. Hydrogen indices are low, which may be 
attributed to elevated maturity. 

Indigenous bitumens are present also. Initially these were distinguished on the basis 
of differences in reflectance, but morphological/petrophysical associations are effec- 
tively the predominant distinguishing characteristics. The dominant type in the Besa 
River is a relatively low-reflecting, isotropic solid (type A), which is somewhat vesicu- 
lar at 3310.13 m. It is concentrated along the bedding planes and associated with a 
laminated fabric imposed by the ? algal bituminite. It commonly occurs as a thin (<3 

µm) lining on the surface of pores occupied by the bituminite. Medium reflectance 
bitumens (type B) and highly reflective pyrobitumens (types C and D) are also present in 



a 

ON 
w oý 

c+1 
N 

v3 
5 ;x 

N `I 

Me 

la o 

ayi 

aE 
ý 

b9 
9 

Co 

I u 
04 
b 

0 

ä 

A 

W 
ai 
ö 

H 

j 

.I 

y ýi 

aý 

a 

a 
d 0 
0 w 

a 
w 

0 

ýI 
eo u 

a 

z 

N9N 
Vý-+1 

N 

N . 
--" 

eNl eý 

N 
tý1 "N NN 

od O 60 

en n ell Vi (n N 
od Ö Ö 

NN M NG 

cc O OO 

6eN" a 
ON 

ÖÖ O OÖ 

ýo It 00 

.. i 

° hg IDh00 %0 - 

-Nn4s 
ýýd c; d 

v 
- 

M 
e2+ß 

- w-, g 

O O OOOOO 

00 ýo 
7 

hN 
et 

ä 

0 Ö OÖOOÖ 

O 
N -0--- 

O 
Ö O OÖOÖÖ 

Avývv I& 

h 
le00 

t 
N%n 

0OÖÖ . ýi 

ö coo 00 cc 

ö 

00 mää ähh ää 
öO C50 coo cc 

M t% MI e+'1 e+1 

OOOOOO 

NMNN 
tt 

ÖÖÖÖÖÖ 

:" ý11" 000 00J EEE 

N NOR Cý [, h lý t, 0et cý rý c"f eý1 
rN V1 Nb ýf N häNNmp 

in 
g 

OO rrN cif m If 

Nra apý li ýe} carNva le 0.1 n aýp h en M 
Cý Vl . 

ý-ý 
. 
ý-ý 

N ono 
NhbON4 

-- (R1 to `7 ýO ýD NNN Oa 00 00 

ý1 M ýO MN NO O aý 

O 

ýO 
"' 

N ýO 
MN 

!S- 

- 
Iry - 

`N 0j 
. 
nr 

V1 . 
fir `8 O_ cV MM VI kn 

00 
'ý 

N 
v'ý 

00 V) en en - 
'ý 

N 00 NNN! 
r'ý 

Nýr'ý N Nv'ý 000 NN 00 

296 

ýý 



-m c4- -m -v ýýz 1 

1 

M V% 00 
-N - 

N 

.. sooö ýoö ý ý CCGGC GGG C CO 

ýoä NVý N ' ll, 
OOÖr+O 0000 O ýN 

OVein ci 00 h 
H1 ei - . 

fir 
t O% 

OOON !O 00 N NO 

-0r- -0 N 
-- O 

ÖÖÖÖÖ 00 0 0 -(D 

iä4 4 74 3: ý 4 
rn 00 r4 

4ä 
es 

M 
c> 0N 

O2 Om0 O 
V1 N H1 N 'Q '+ V 

N 
öööö 

vý v. n v1 

ý 

v1 r 

vhi 0000 
'ý 

NNNMMmm 
M' in %'M in, 

n 
[- 00 Vý 

öo 

V1 NP V1 V1 v1 v1 

ýy ýp 
ý Oý a0 C 

oýO OýOOÖ. 
N. 

. 
ý. 

. "i 

ý 
ýýMeýý1 

eQý1 
ýýOrýoýo 

---N1O 
O' O M1 of v1 M 000% 00 r 

000V} 0! 
I0000V0ý 

000! 
I00V00ý 

OrVo} OnýIo0V0ý 
00! 

I00ý1 
OnVoý 0V0} 

`v00ý 
00vý 

0v0ý 0v0ý 0V0ý 00v0ý 
VVV ýJ VU ýJ V ý. J VV CJ UV Gý U ý1 GJ 

ai 
e 

ä 

c 

a 

V 

V 
d 

297 



qt ON 

U$ 

a~i 

ýa 
y 

ýiy F`1 

" iz 

ayi i 

0 
5 

W. ý 

ýSs 

pÜý 

ýÄ 

a4 

8 

a 
F 

ä 

0 

ä 

WM 
LO) 

O 

a N 
h 

h 

ýý 

5. 
A 

a w 
U 

fý 

yd 

a 

U 

d 

a 0 

w° 

äý 
v 

92 

z 

V% h%0 hMhmhOT in m0 In MhZ in in N 'O 00 N 'a v1 ýO M et MNNvV, 3 V) NMNMN . -+ tN 

.NbP 
N 

Gý IOj VN1 
N 

Q+ et 
hNN le MV b 

%n . 
1- 

Q 
ýý'1 "h" 

ý-i 
MM V1 

NbNNN t- bM In gNN 
OOOOOOOOOOOOOOOOOOOOOOOO 

h pý p .. er 
. 
h- hhh en .. O oo O . -+ Oo -! O. 

h 
00 

21113 
ýO lý M 'at hm 00 N lý h 00 hO ri 0000NMe+i . r0 0c; ei 

h 00 In %0 0mN iA N 00 00 M O, mg 00 N+ h in N O- M h9h 00 c> h- e M- M '7 N 'O ý- N vi m %D m 
Ne '+ OO Nc; OOOOO ý-+ MNOOO . -+ dOO tz 

. 
fir 

119 nNNhN- --i In 
e 

If in 7 %A O `7 
h 

ht+1OO NÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖ.: 
- 4 

00 00 
pt N v1 

Int 
00 

Ö0NNNM 00 NN 
00 

4 
00 

~M ýe 
V 

at et ýhMý ýt 'ýt sF 
VaM 

et m --e 

ä 
000 

N. 
" 

Nh'? NN 
vii. ýt ONN . 

h-+ N 
000 

Q 
cif 

N 
cc. O . 

^-ý 
. 
~i 

oÖ ... i MM ýO '7 ýO .w . ti 

OMO ONO 
0 

1Np 
MN 

cN7 
Nh 

ýý NNNýMMMM 

ONO t-: ýD 
N ýOr ýO l00ý 

hh(9 .i 
.r . -i ." .r 'r - .4 ""i NNNNMMM 

c NcM+1, 
e 

00 

. 

h. NN ÖON ä hb 
O----------NNNNNN 

NNZh0M (> . ý-Mv 0h No0 M ONNMh V7 hnNNNO- 
OO "-i - . -i . -i . -i -- .-------NN 

c4 
«0 

00 %D 
-3 (22 21 bm 

Nc4 M el' Me4 
eF'4 V1 

ENO h 
ýý Ný 9h 

Oý 
hh 

ý0 
N 

`ýt 
N 

-NNNNNNNN t+j MM ývj M ,ý 

ýOn oýop99 000 inoo 0: 
000 

Vi CM V1 n O "" - "" '""' - "'ý "+ NNNNNM e+1 M P1 

O2 Oh O00c ý Oo0'O, OO NMM 00 0 0e 0 "i ,. r M0c 
NN NN Nc 

1 äsi1t E525ääm. 25äaAaaaa 
51 51 ZI 51 51 e cl 

li PMM 00 cý ll h 00 M llt h 19 V1 V1 00 h ýD r+ Op 
r4 00 vi 

02h 
V1 '-T ýo 00 ýp N l- m 00 m 00 

OM et gh 00 O . 
n. N ýý1 

ýO 
N 

oho "ý 
NM 00 -E--NNNNNNNNNN eM+1 m teil 

m 

Q O% 
- 

00 Oý T* 
`O hh V01 

29 Qi ýi 
pý` 

Oýp1 
NN 

epýý N vi 00 00 Nh vt N 00 .rm .rh o0 h o0 OM ýO OON 

, g3.2 Nm d8iN-6d60d 
ÖO 

dýp add lý 00 

2MMMMhI, 

.rN lý "-ý ýD M Mh 00 Oý M ýp .r V1 00 V1 00 00 . "r MOM co pý y NMM 
'ý! 7N d' h ý! 1 ýO ýO NhN 00 00 00 O- 

n e, rneeeeeeNNNNNNNNNNN eý ee 0G '. O ýD b 00 00 00 '. O 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 0_O Op 

0' a 

R 
s 
m 

A 



D N VV i 
M V) 0 N NM 

% 
ý CO 

en N D vN en Nr -+ 

º-i 'ýiy' OO 
N c> 

\O NNOO 
vl lt i N- 0% et 

M Oý 
.tN 

ýy 
N 

NNM 
d 'O et 

en 0% 
ýO v1 

NN 
rr v1 

ýo N of 
. -+ 

tý 
O 

a ý-r to 
en e, V1 
of et . -+ 

et ý 
. -' M 

e- V1 e- 
MMM 

Zt O 
v '0 

tp 'C p 
NN 

M Oý N 
N tý -t 

0% \O 
%0 M 

et 0' . -+ 
V'1 N. N 

O 
N 

A 
ÖÖ GÖÖ ÖÖ ÖÖÖ ÖÖ ÖÖÖ ÖÖÖ ÖÖ +Ö ÖO Ö 

M 
'A O 
00 er 

0% 0% et 
0% V1 M 

et O VA 
'0 O "-+ 
\O \O I- 

eF .r M -e 
to t, t` 
r.. O ". 

U1 v1 v1 
"tN 

en r+ 
M et 

'O co O 
00 N l' 

~ 
KA 

N Ö . -+ ÖÖ v1 Ö K) ÖÖ ÖÖ tý M CM Ö ý-r Ö ÖÖÖ 

41 N CO OMi N ý, 
ý 

[-3, 
tor) 

0-0 en - en N Co fir N 
- 

O' M 
W CV `"ý -4 ÖÖ ÖÖ 4 CM N 

. Km 
-4 ÖÖ 

O 
Ö4 

t M 1 
ÖÖÖ 

tai 

O eh 0 
O 

Co NO 
CO vi 0% 

NN 
NN 

00 tý Oý 
-+ 

0% 0 
' 

en 0% '0 OO r-+ eY '0 M 'D '0 CO O cn U1 NV V ) et v1 'D '0 le, V% v1 'D O' V 

r4 
v1 K) ÖÖ4 (li Ö ÖÖG ÖÖ ÖÖÖ ÖÖÖ ÖÖ Ö44 et 

cd ýO O r+ M ýD 
ý 

ON [ý '0 M 
ýý 

M v1 pQ ý ý Co pt ý th v1 O 00 Co 
V 

d 
4 

NM ( (ý Ný 
xf 

M te Co 
eV-4 p 

7-4 
le 

u 
O t- O 

Oý 00 
N0 
. -i N 

0, 
N 

(ý 00 0 
NV 

eO 
V 

vý vý p 
-+ 

ON ýn et Vý 
' 

NN l- 
H Oý et tai *+ 

ý-ý 
. -i 

i et 
t. j i .4 

O 1 
44 

N" N 
toi V1 %ld 

D Co 0% 
tai -i 

MN 
. -i tM 

O . -4 en 
tai et 

el r ,. 4 

11 cl 10 G; N t- en 
* 11 

'a 9 ý e en " 
.4 

1 

> 
7 -4 "'+ CA (. 4 tai l'M ti tri en tii 

. eý O vý NO 'O 'D O */ 0% 'D %0 0% NON M 
CY er er Oý 00 N N ýD N Ch 
w ri . -+ . -i . -i rr 4 fei ni Cri fei Cri M tY) K) 

Wb 
ýO 
Oý 

ON 
N '0 

NM 
NM 

0' 00 
M et 

'O de 
'O Il 

OO 
N 

N 
O 

n 
O 

N 'D 
ýt v1 

Oý 
'0 i N 

tai (4 

Z < 000 
NÖ Ö 

P-1 
g 
NN 

M 
in m %0 in in 

NN N 
000 rM-4 -t ý'-+ Ö p 

e4 l-i . -i r4 ,4 p-i . -i 14 74 . -i ri Psi 
4 

"1 

r4 Mb ý 0 ý 0 IA M x 
0% %0 

,. > cd c4 er; en er er er .4 vi 
Z0 N 

'a 
V-4 
v, 

OO 
4 

Od O 
-+ 

00 
i 

O 
' 

O et 
( v 

OOO 
% - N (1 - 0 , n o> n A l Rv m; '-+ tai hi (4 (4 Cri t, 1 (. i c. 4 K1 K1 M M et `t et 

o .d O O o0 OO O vý Np OO O OO V1 O O 

W rG 
O W-+ r-i r-i 1--1 14 14 14 c4 tý c4 Cý fei M M tr1 M 

r+ eT 0% O v1 0 V-1 OO OMN 0 Co er O% O O 
N Co O NO MM '0 Co CO CO c0 r+ . -+ en 00 en 

ºº--77 
c; c5 4 ti -i 4 ti . -i rr 7-4 4 .4 fei ti c4 C. 4 fei t+1 

MM Ir M M Ir M 

Z a 00 aaa 0OO aa OO 1 .. .w .w .a 44 U 
>> P2 > >y i2 . L-4 i2 "ä 

0 
1 ä d Qd m 

' 
W W 

be 
a 

22ig A2 ß 
0 ;? a. en 

-00 
. . 
aa 00 

. 
a P a 000 el 42 , 

i to 2? 0 4, UU4 .G ý > C7t0c7 aa aaa mm P p pz mpp m Z i 
^ N r+ N to M 00 C' h eh v3 00 2 e*vZ 'O vi oo 0 vi "g r-+ 00 

A 
p M 

CEO yin CCo 
'0 

N en 
N N Co 0 

rý-+ 000 
M' 
t 

c>00 
'0 

e h ý-ý ~ 
rýý tart 

' 
` W ~ en en le 

I ýI P-9 i- 
p ý-, 
N N NNN 

cý N p ý. M 
MMM 

Co 
CV N 

vlý V-4 000 000 
Oý i 01 Q1 

ýQ 11% v% 
O 

0% 
Q4 

1 - 0% r On 
O0 M 

O 00 
OZ 

0OO 
6 

MM I Il I 
9-4 

98 

l" 
ý 

b 
r-4 v' Co pv 

t7 000 
O 
Ch ° 

% 
Omi 

7-4 r. 4 V-4 "4 
T t T f ? " v OA 

W 00 ý1' N t- v1 CO en M M 
c) 

MM 
o c> <D 0 

hN -4 
CD c> 
Oý N tý 

CD ý- 
V1 M 

00 
A N V1 M v1 N 00 0% LD M v1 ý CO v1 CO CO en '0O OOO 

N 
en en " 1-1" et ' v1 41l1 'D %D IN tý N 00 00 Co 0% 0% 0% "-- rr 1-4 1-4 "-+ 

ä 
o0 
\O '0 

000 
'o %0 '0 oO 

'o 9O 
o00 
\o ' ' 00 \ ' 00o \ \ 0 cý oO 

ý 
o 0p 
\ \ ý 0 

N NN NN NN 
0 0 

NNN 
o 0 

NN 
o O '0 

cN [N IN 
\o 
tý N t` 

%D D 
NN 

o O O 
NNN 

O 
t- 

ýo do %0 \0 '0 ý '0 '0 '0 '0 '0 ý 'o %0 NO NO do 'o '0 '0 '0 '0 %D '0 CO 00 00 co Co CO 00 00 CO CO CO CO Co CO CO 00 Co Co CO Co Co Co CO Co 

CO 
z ÜÜÜÜÜ ÜÜ ÜÜÜ ÜÜÜÜÜ ÜÜÜ ÜÜ ÜÜÜ Ü 

rri 
Co oý 

.C S 
ti 0 
bO 
.9 b w 
A 

b u 
A 

" 

ýJ` 

0ý 



O NN 
11-4 N --r 000 

N 
výj 

Nb 

- 
!N 

, 
ý-ý 

CV 
NM 

oho 
%0 Ö 

%0 
%D 9t M 41 00 
le" 931 

v', r- , -+ 
ON 

ä p 
ti N ry N 

MO 
. 
ý+ NN 

e} 
ö'ÖÖOÖ 0Ö 

O 90 
dOdd d d° ööddd ööc dd 

di 

ýiM 
N 

MNMN 
, 
ý+ M ~r1 vli 

N 
%0 Ö'0 vi h 

vMi 
Id"1 N ý. 

7 Cri 
A dd d °O cd dOÖOÖdd °'"d Odd , d 

r,. ý 

ý N N tý Cý ýD 
MbädM 00 Co 

h 
M 

'O 
4 r4 

O, 
º f /ý ÖdOOÖ dÖOOOOO ýO ý-+ Cri ON 00 No 

Ova 
U 

VI4 9ON 

° 
ýÖvW. 

4 
Ö Ö- Co M- ÖA ýO 

d -1 a dd dd dciddd ddddd dd " 

g %0 ;tm 00 N till 
l " 

Vlb t- en 
ý\ 

erb <D A 
`°9 'N 

,ý en -4 -4 

:Z 

*0 C> 

of 
" 411) 

e v ýt rt et et eh d 

"U p p ON 00 ON 
n li Vi 0V 

rt 
'O CO %0 pQ V1 et 

sN OOO 
ý- 

O ýO tý v mt xh r h t 
ý 

Cd 
p epN 

Co 1 
ti 

ýe ý ! 
V1 NM OddÖdA r" 

V1 V -M eh v 

00 
n 

ýO 
NN '0 b 

d ddddddö 
U ^ 
z 

00 
{N 

. -ýp o 
rt; 

et No et 
%e 

. 
rý %O 

'. ýp v1 
1D IR 

ddööd ddddO döOO Oööö 
E-+ 0 1 

.b 
V 
W °' 

o$ 
d 

en oý 
ddh 

CO) ýd -- --- et 
dd 

- ... - 
dddddd 

Q CYN c* "q 
oo 

r4 º- 
odOd 

N 
^M 

1-4 N COIN 
dödddd 

z tl db i7 
.:. {: "ý 

2 

22 
" 16' g Cl dgdqd cl 

OO Oy t/ýQQ 
QO 2N 

ý~. r 
ä+ 

+N 
Y+ 

aý+ ýy ,ý wj ý 7 Ji 

ddaadd 
O vOý ! oý yO ý 

dQ Cl dd 
ää9 

p4 
O 

to d 
000000 etl 

r+ T+ ý+ : . a 4V OO NNI 
,e ýV 

ÄÄÄ 
a ý j-+ r+ T 

ii ýi cd cV Co 'd 04 A Co Cd Cd 

w 
� 0 i 

Z r 
W 

O 
9 

nM 

le 
ä~ V'@ vi 

.r . -4 "4 

M 
t, 

Ö 
.av 

Di no 
0V fOMN CV 

MM 
ý 

rj 
MM lt et et d ýt °ý CV 

MM 
Vý1 vý1 A 

ýA 
n 

o0 00 r., 
us i 

ýý--++ 
(7 ! 

ýO Oý Oý Nn O\ 0% 
nj vi V1 OZ v of -e* V1 

V-4 1-4 M et Qý . -r v1 

N Vý 0% et Oý N eh tý tý tý ", 
N 

vi vi 
Nii 

V1 N ri Vi ri eY N pp OO 
at N o0 v1 ýO 

ÖM 
00 (V 

ý 
<, In' 

NMM 
-, M -+ 

000 0, 

v1 
. -, r+ n 

W 
U en M rr MM .4 . -+ et ýt ýD ýD lý Co 00 00 Oý 1-4 

. . r+ .4 ý+ r+ 

941 V1 ýp m et NO '-4 O ýD ONO Co 00 
vý r"+ . -, vý -4 vli . -i ". i 

N '0 V1 N '0 o0 NNN v-I M O% M ýp O l- 
ýO O .rNMM v1 v1 1.4 . -i N "4 (V NMM 
p . -r . -, U1 MM .r r+ v1 n lý n l2 tý 

O> OM . ý} V1 
ý! vf ý1 ýO 
n lý lý lý 

M 
00 
lý 

00NN 00 N Co NjVNý 

VVVVV 
yý 

h1 NVý NVo0ý et etN Co Co 0v0ý 00 SOSO 00 
v00ýSO 

VVVVVVVVVV 

00 0v0ý SO 00 00 

V VV2 `Y J2 

QOý o0 

V 
YV2 

Zi 



Source Rocks in the Liard Basin 

%C org. 

2468 10 12 14 16 18 20 
2000 9 

1800 

E 1600 
c 

1400 
U 
G) 
N 

ö 1200 
0) 
N 

1000 

ä 800 
to 
vi 600 
C) 

200 

299 

%C org. 
02468 10 12 14 1618 21 

10001,11 fill 11 ! 

1500- 

2000- 

E 
6 
ä 2500- 
4) 
a 

3000- 

4001 
_ 

PROPHETI 
3500. 

0 I, = I vnn" 1 4000 

a) 
  

MATTSON 

  

  

   GOLATA 

FLETT 

PROPHET 
  

CLAUSEN 

YOHIN 

  
b) 

"       
MATTSON 

  

" GOLATA 

  
  

" PROPHET 

  

  
   

" BESA RIVER 

NAHANNI 

Figure 3. Abundance of organic matter in the Upper Devonian-Lower Carboniferous at (a) Jack- 
fish Gap-Yohin Ridge; (b) Canada Southern et al., N. Beaver River, YT. 

small amounts (Figure 4b). The type B bitumen is normally present in small pores (< 30 

µm) or lenses parallel to bedding in a fine-grained, clay mineral-rich matrix containing 
amorphous kerogen. It is also considered as a product of hydrocarbon generation, most 
likely from the amorphous matrix bituminite. The highly reflecting bitumens (types C 

and D) are anisotropic and are also pore-filling, but they are typically associated with 
pores partially filled by dolomite. Type D is more highly reflecting and highly aniso- 
tropic. 

Yohin Formation. The Yohin Formation is exposed in the Yohin Ridge section only and 
comprises cherry paper shales with TOC values in the 1-1.6% range (Table 3). The 

shales contain coaly kerogen, dominated by vitrinite, with subordinate inertinite (semifu- 
sinite and semimacrinite). Although the low hydrogen indices are consistent with the 
dominantly terrestrial organic matter, in this case they may reflect elevated maturity 
since the oxygen content is also unusually low for terrestrial kerogen and may also 
reflect elevated maturity (T, m 474-488 °C). Both geochemical and petrological data are 
compatible with the interpretation of a shallow neritic depositional environment pre- 
sented by Richards (1983). Much of the vitrinite population is reworked, and a signifi- 
cant proportion of the "fresh" vitrinite comprises gelocollinite. Liptodetrinite and chitin 
are present in minor amounts. 

Clausen Formation. Total organic carbon in the platy, slightly cherry black shales ex- 
posed at Yohin ridge amounts to only 1.5% (Table 3). The kerogen is characterized by a 
dark, amorphous bituminous matrix typical of marine shales, and abundant and perva- 
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sive liptodetrinite (possibly derived from marine algae, < 10 )Am). Terrestrial compo- 
nents are subordinate, being dominated by inertinites (fusinite, semifusinite, and ma- 
crinite; Table 1) and including vitrinite-like material (associated with micrinite as 
bimacerite). Low hydrogen and oxygen indices may be a reflection of the elevated 
maturity of the amorphous kerogen (T,,. 458 °C). The Clausen Formation has been 
interpreted by Richards (1983) as basin and slope deposits. 

Flett Formation. The Flett formation occurrs only in the Yohin Ridge section. Only the 
marly beds of the Jackfish Gap member were sampled in this carbonate-dominated unit 
comprising carbonate platform and ramp lithofacies (Richards 1983). Total organic car- 
bon values are characteristically low (< 0.7 wt. %). The organic components are distinc- 

tively marine and differ significantly from the clastic-dominated units above and below. 
Large (> 1000 µm) colonial alginites (Figure 5a) and amorphous kerogen dominate the 
organic components with liptodetrinite, lamalginite, and ? algal bituminite subordinate 
(Table 1). The slightly higher hydrogen indices (100,131) in some intervals probably 
reflect contributions from algal components. The marls of the Flett Formation are exten- 
sively dolomitized. A weakly fluorescing, low-reflectance bitumen (type A), possibly 
albertite, is commonly associated with the alginite (Figure 5b), and medium-reflectance 
bitumen (type B) is a minor component associated with porosity in the dolomitized 

matrix. 

Prophet Formation. Samples were obtained from the Prophet Formation at both locali- 
ties. At Yohin Ridge, the fissile shales formed on the middle to lower slope (Figure 2) 

consist of cherry, spiculitic mudstones that contain abundant fossil fragments (bryozoans, 

corals, and sponge spicules). Total organic carbon values are only 0.5 wt. % (Table 4), 
but numerous intervals in the Canada Southern et al. well (at 2396.3 m and 2687.5 m) 
have significantly greater amounts (3.5 and 6.2 wt. %, respectively). Petrographic analy- 
sis suggests that kerogen is not abundant in shales of the Prophet Formation and com- 
prises reworked vitrinite and primary (low- and medium-reflectance) bitumens (Figures 
4c and 4d). T. values are anomalous (395-503 °C), as are the high TOC values, which 
may be attributed to cavings from the overlying Mattson Formation. 

The low-reflecting bitumen (type A) shows weak brown fluorescence under blue 
light and is commonly associated with pores occupied also by non-fluorescing bituminite 

of ? algal origin. The medium-reflectance bitumen (type B) is associated with pores in the 
matrix partially filled by carbonate. 

Golata Formation. Shales of the Golata Formation are present at Yohin Ridge and in the 
subsurface at N. Beaver River. Total organic carbon varies from 1.35 to 2.27 wt. %. At 
Yohin Ridge, the prodelta shales of the Golata Formation contain mixed marine and 
nonmarine kerogen that is dominated by terrestrial inertinite macerals (semifusinite, 
fusinite, and macrinite) and reworked vitrinitic components (Table 1). In the North 
Beaver section, low-reflectance bitumen (type A) is associated with alginite predomi- 
nates, while matrix bituminite, vitrinites, and inertinites are minor components suggest- 
ing a greater marine influence. 

The hydrogen indices are low in both sections (Tables 3 and 4); in the subsurface at 
Beaver River this may be due to elevated maturity (T, 457-493 °C), while at Yohin 
Ridge the kerogen is significantly less mature (T,,,,,, 437 °C). 

Mattson Formation. Shales in the basal section of the Mattson Formation at Jackfish 
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Gap-Yohin Ridge are black, fissile and paper shales with TOC values ranging from 1.4 
to 18.4 wt. % (Table 3). Petrographic analysis of the kerogen suggests mixed marine 
and terrestrial origins. Typically, amorphous and structured liptinites dominate the 
kerogen, with sporinites and cutinites (Figure 5c) abundant. Sporinites are derived 
from highly sculptured megaspores and a large variety of crassispores and tenuispores 
(Figure 5d) (Potter et al. in progress). The strong lamination reflects an abundance of 
marine alginite (Leiosphaeridiales type) oriented parallel to bedding. Samples with an 
abundance of algal components (C58750, C58749, C58765) (Figure 4c) also have 
hydrogen indices greater than 150 (Table 3). Terrestrial components such as vitrinite, 
fusinite, and minor inertodetrinite are relatively abundant. Vitrinite occurs in trima- 
cerites and bimacerites. Primary vitrinites exhibit a weak brown fluorescence, indicat- 
ing that they are perhydrous. Reworked vitrinites are abundant. Marine Tasmanites, 
which also show evidence of extensive reworking, and freshwater Reinschia- or Pila- 
type alginites and cutinites are minor components. The maceral assemblage suggests a 
shallow marginal marine depositional environment with considerable mixing of marine 
and fresh water. 

Thin coals are common in the middle to upper portions of the Mattson Formation 
(samples C58764, C58838). Samples C58764 and C58838 are sapropelic coals and 
shales, respectively, with a large proportions (>50%) of inertinite (dominated by mi- 
crinite, semifusinite, and resino-inertinites) and liptinite (ca. 30%), dominated by 
sporinites, with <20% vitrinite (perhydrous vitrinites and gellocollinites) and little or 
no mineral matter. These are typical of coals accumulated subaquatically, under highly 
reducing conditions, perhaps in a lacustrine setting (Goodarzi et al. 1987; Potter et al. in 
progress). The coals also contain weakly fluorescing bitumen (0.32 %R0) and strongly 
fluorescing exsudatinite. Argillaceous rocks in the middle Mattson are dominantly silt- 
stones with ca. 1-18 wt. % TOC comprising liptinites (sporinite), vitrinite, and inertini- 
tes. The coals in the upper portion of the Mattson Formation are also sapropelic in 
nature and are commonly interbedded with, or associated with, black shales (3.5 wt. % 
TOC) comprising algal laminites (sample C58806) dominated by lamalginite and un- 
structured liptinite (matrix bituminite). This is reflected in a higher hydrogen index 
(116) than most of the Mattson kerogen. 

Sapropelic coals and algal shales in the Mattson have low oxygen contents and 
slightly higher hydrogen indices. Cross plots of hydrogen versus oxygen indices for the 
Jackfish Gap-Yohin Ridge (Figure 6a) show that most of the kerogen in the Upper 
Devonian-Lower Carboniferous strata are predominantly gas-prone and are overmature. 
Petrographic analysis suggests that kerogen in most formations, including much of the 
Mattson, are of terrestrial (mixed types III and IV) origin. Only samples from intervals 
in the Flett and Mattson Formations have hydrogen indices over 100, which probably 
reflects type I and II components. Hydrogen versus oxygen indices for the subsurface 
section at North Beaver River (Figure 6b) also indicate that the kerogen in the Upper 
Devonian and Lower Carboniferous are gas-prone and overmature. However, petro- 
graphic analysis of the kerogen suggests that shales in the Besa River, Clausen (mixed 
terrestrial and marine), Prophet, and Flett Formations probably contain type II kerogens 
of amorphous and algal origins, while the Golata and Mattson Formations contain pre- 
dominantly terrestrially sourced organic matter. 



304 J. Potter et al. 

600 

500 
x 
m 

40C 

c 
30C 

0 
201 

x 

101 

I 
a) 

gas prone 
  B[ 

D on 
-- -- 0 20 40 60 80 100 120 140 160 160 ZUU 

Oxygen index 

600 

500 

400 
v 

w300 
rn 
0 

200 

100 

0 
0 

Figure 6. Plot of hydrogen index versus oxygen index for kerogen from shales in Upper 
Devonian-Lower Carboniferous at (a) Jackfish Gap-Yohin Ridge; (b) Canada Southern et al. N. 
Beaver River, YT. 

Maturation 

T,,... In both sections studied, the T. data are generally inconsistent and vary consider- 
ably within a given formation. For most of the samples, the S2 peak is less than 1, which 
suggests that during pyrolysis, hydrocarbon generation did not produce a well-defined 
peak with a clearly defined T.. The resulting anomalous and wide-ranging T. values 
are therefore generally unreliable as maturation indices. In a few cases (when S2 exceeds 
1.0), the calculated vitrinite reflectance data (Tables 3 and 4) fit within the range of 
values reported by Espitalie (1986), but none of the data show any good correlation. 
This may be due, in part, to the fact that the majority of samples are overmature and, in 

part, to the fact that the organic matter is predominantly in the form of bitumens, i. e., 
relicts of kerogen maturation and hydrocarbon generation rather than hydrocarbon pre- 
cursors. 

Reflectance. Figure 7 shows the vitrinite reflectance data plotted against height above 

20 40 60 80 100 120 140 160 180 200 
Oxygen index 
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Figure 7. Reflectance of primary bitumens versus 
depth in Lower Carboniferous strata at Jackfish Gap- 

vitrinite (projected, from bitumen B data) Yohin Ridge. 

the base of the section at Jackfish Gap-Yohin Ridge (see Table 3). Measured data are 
limited to the Mattson, Clausen, and Yohin intervals and are derived from vitrinite in 
coals and shales in the Mattson and from vitrinite in shales in the basal part of the 
Clausen and in the Yohin Formations. Vitrinite is absent in the Flett Formation and 
reworked or oxidized and, therefore, unsuitable for measurements in the Golata and 
Prophet Formations (much of the oxidation is attributed to oxidation by dolomitizing 
fluids). Reliable vitrinite reflectance data were therefore restricted to samples obtained 
from the exposures at Jackfish Gap and Yohin Ridge. Furthermore, the latter intervals 

contain low-reflecting bitumen (type A), which appears to be generated during matura- 
tion and/or subsequent migration of hydrocarbons from alginite or algal bituminite (Fig- 
ure 4c)., The correlation between vitrinite reflectance and depth is reasonably good. The 
data from the lower Mattson fits in with the trend shown by measured and calculated 
data from the Clausen and Yohin Formations. Data from the upper Mattson are derived 

predominantly from coals. These coals show a broad range of vitrinite reflectance values 
consistent with perhydrous and highly gelified vitrinite. In one of the samples collected 
at 1.39-km elevation (sample C58765), the higher value was measured on vitrinite in 
coal and the lower on vitrinite in the interbedded shale. Variations in vitrinite reflectance 
associated with variations in lithology of the enclosing rock are cited in the literature 
(Jones et al. 1972; Bostick and Foster 1975; Stasiuk 1988; Durand et al. 1986; Goodarzi 
et al. 1989). The reflectance of numerous populations of primary bitumens correlate 
well with depth and have been used to model the geothermal history of the region 
(Morrow et al. in press). 
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Bitumens as Thermal Indicators. Due to the absence of vitrinite in the subsurface at N. 
Beaver River, only bitumen reflectance was measured. Following the method of Jacob 
(1985), the relationship 

R, 1 - 0.618Rbi,.. + 0.40% 

is used to calculate vitrinite reflectance from the low- (type A) and medium-reflectance 
(type B) bitumen. Jacob (1985,1989) established a correlation between the refelctance 
of vitrinites and primary "migrabitumens" and found that, below a reflectance of 1 %, 
bitumen reflectance is lower than the vitrinite; above I%, the bitumen reflectance ex- 
ceeds that of the vitrinite. Goodarzi and Macqueen (1990) found a similar trend in 
Middle Devonian rocks from Pine Point, NWT. 

Durand et al. (1986) pointed out that "dispersed organic particles whose reflectance 
can be measured are rarely true vitrinite, i. e., material derived from ligno-cellulosic 
parts of higher plants. In marine and lacustrine sediments they are mostly bituminites 
from a planktonic source and may often be mistaken for vitrinites. Their physico- 
chemical properties, hence their response to thermal stresses' are not the same than for 
true vitrinites. " They (ibid. ) further point out that work by Buiskool Toxopeus (1983), in 
which different maturation trends were recognized for a variety of vitrinites in shales, 
originally interpreted to represent trends for a variety of vitrinite types, may actually 
represent vitrinites and bituminites. Caution is therefore advised in the use and interpre- 
tation of "vitrinite" reflectance data in thermal modeling. There are therefore many 
advantages to be considered in using bitumen reflectance in thermal studies: 

(1) In marine sequences, vitrinite may be rare or absent; bitumens appear to be 
present even in relatively lean source rocks. 

(2) Unlike vitrinite, primary bitumen cannot be reworked or oxidized prior to depo- 
sition, thereby eliminating the potential for reflectance variations due to second- 
cycle vitrinite. 

(3) Identification is relatively easy in marine rocks, whereas vitrinite or vitrinite- 
like components may be faunal or marine in origin. 

(4) Use of bitumen reflectance may circumvent problems associated with reflec- 
tance suppression in hydrogen-rich vitrinite (Price and Barker 1985; Goodarzi 
et al. 1987; Feinstein et al. 1991; Raymond and Murchison 1991; Barker 1992). 

(5) Bitumen reflectance does not appear to vary with enclosing lithology in clastic 
rocks. 

(6) The presence of primary bitumens is also an indication of maturity of kerogen, 
generation and subsequent migration of hydrocarbon. 

In the present study three, and occasionally four, populations of bitumen are present 
in most samples (Figure 8). The population with the lowest reflectance (type A) is 
without exception intimately associated with alginite or algal bituminite (Figures 4c and 
5b); the shape and distribution of the bitumen often mirrors the remnant morphology of 
the precursor. It is normally found as a coating on matured alginite or algal bituminite or 
on the walls of mutual pores, and is therefore interpreted as a by-product of in-situ 
maturation, hydrocarbon generation, and subsequent movement of the lighter hydrocar- 
bons from alginites and algal bituminite. Gentzis and Goodarzi (1990) described numer- 
ous populations of primary bitumen in Upper Devonian rocks of the Canadian Arctic and 
observed that the low-reflecting bitumens have a "wispy form and appear to be primary 
autochthous: ' The second population of bitumen (type B) is commonly most abundant 
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  bitumen A Figure 8. Reflectance versus depth of primary bi- 
* bitumen B tumens in Upper Devonian and Lower Carbonifer- 
" bitumen C ous strata in Canada Southern et al. well at North 
0 bitumen D Beaver River. 

throughout the Upper Devonian-Lower Carboniferous succession; it characteristically 
has a medium reflectance and is usually observed filling pores in the matrix (Figures 4b 

and 4d). It does not show affinities with any identifiable macerals, but it is normally 
abundant in samples with matured amorphous liptinite such as matrix bituminite and 
therefore could conceivably be a maturation by-product also. Its having a greater reflec- 
tance than the type A bitumen indicates that the source must be kerogen that matures 
earlier than structured lipinites (ca. 0.72%; Powell and Snowdon 1983). The source 
must be therefore be unstructured type II kerogen, since the structured liptinites (type II) 
and type III kerogen that dominates the clastic succession mature around 0.7%M. 
Also, the latter are gas- rather than oil-prone and therefore would not be expected to 
yield bitumen. This explains why the type B bitumen is present in shales in the early 
stages of maturity. Powell and Snowdon (1983) have suggested that mild thermal events 
are a viable mechanism for the conversion of NSOs/asphaltenes to insoluble bitumens. 
Furthermore, our observations and interpretations regarding the timing and genesis of 
bitumens are consistent with results of hydrous and anhydrous pyrolysis studies of 
kerogenous shales by Lewan (in press). 
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Two populations of high-reflecting bitumen (types C and D) are also present. These 

are, without exception, pore-filling or fracture-filling bitumens. The pore-filling vari- 
eties are interpreted as by-products of early oil generation (Robert 1981; Goodarzi et al. 
1985) or possibly biodegraded oils (Powell 1984) or migrated oil from an external 
source. The reflectance of type C shows a large range of values, which can be attributed 
to development of anisotropy; the range reflects the minimum and maximum reflectance 
and there is a slight increase with depth (Figure 8). Type D shows an even larger scatter 
but still increases slightly with depth (Figure 8). Gentzis and Goodarzi (1990) observed a 
similar relationship in the Devonian of Melville Island, Arctic Canada. By contrast, 
correlations between the reflectance of the low- (type A) and medium-reflectance (type 
B) bitumens with depth is very good (r? - 0.85 for type A; r2 - 0.97 for type B), 
indicating the excellent potential for use as indicators of thermal maturity. Gentzis and 
Goodarzi (1990) likewise found good correlations between the reflectance of primary 
bitumens and depth in Paleozoic rocks in Arctic Canada. The rate of increase in reflec- 
tance with depth follows similar trends for the types A and B bitumens, but a slight 
divergence occurs at increased depths (see Figure 10). At a reflectance of 1%, the 
difference between the two is 0.3%; but at a reflectance of 3.0%, they deviate by 0.6%. 
The variation with increasing depth may be due, in part, to differences in the rate of 
increase in anisotropy with depth. 

The use of bitumen reflectance as a maturation parameter can be ominous if more 
than one population of primary bitumen is present in a rock (Robert 1981; Goodarzi et 
al. 1985). Which data set should be used to calculate equivalent vitrinite reflectance? 
Gentzis and Goodarzi (1990) suggested using the population with the lowest reflectance 
(which is closest to that of vitrinite), However, it does not correlate with the low- 
reflectance (type A) bitumen in this study. 

In the ensuing discussion, the bitumen reflectance data sets from both Jackfish Gap- 
Yohin Ridge and the Canada Southern et al. well at N. Beaver River are used, in 
conjunction with factors such as T. 

�,, 
kerogen type, fluorescence properties, and asso- 

ciated morphological components/petrophysical features, to determine which data 
should be used to calculate equivalent vitrinite reflectance values. Figures 7 and 9 show 
the measured vitrinite and type A bitumen reflectance data from the succession at Jack- 
fish Gap-Yohin Ridge. Only one population of bitumen (type A, low-reflectance bitumen 
associated with alginite) was present in the carbonate-dominated interval for which vi- 
trinite data were not available. The type A bitumen reflectance best-fit line plots parallel 
to the best-fit line for reflectance of alginite, from which it is thought to have formed, 
and parallel to the vitrinite reflectance trend. This is taken as a good indication that the 
bitumen, alginite, and vitrinite have followed similar thermal maturation patterns (Fig- 
ure 9). Furthermore, the first appearance of the bitumen, at around 700 m depth (0.42 % 
reflectance) coincides with a vitrinite reflectance of 0.85 %, which is considered the peak 
of hydrocarbon generation from alginite. The vitrinite reflectance equivalent, calculated 
from the low-reflectance bitumen (type A) data, following Jacob's method (Jacob, 
1985), falls below the vitrinite reflectance line. Although there is no medium-reflectance 
bitumen in the succession at Jackfish Gap-Yohin Ridge, the observed relationship (0.3 % 
difference) between the reflectance of the low- (type A) and medium-reflectance (type B) 
bitumens in the Canada Southern well (from Figure 10) suggests that the medium bitu- 
men (type B) reflectance values would fall between 0.72 and 0.92%. Using Jacob's 
formula, the vitrinite reflectance calculated from the medium-reflectance bitumen would 
therefore increase from 0.86 to 0.99% for the same interval in which type A bitumen 
occurrs; these values would plot along the measured vitrinite reflectance line shown in 
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Figure 9. Measured and calculated vitrinite reflectance data for the Upper Devonian-Lower Car- 
boniferous succession at Jackfish Gap-Yohin Ridge (legend as Figure 8). 

Figure 9. This suggests that in the Liard Basin, the reflectance of the type B (medium 
reflectance) bitumen should be used to calculate the vitrinite reflectance. 

If this line of reasoning is applied to the subsurface section at N. Beaver River, and 
medium-reflectance (type B) bitumen is used to calculate vitrinite reflectance equivalent, 
the upper part of the Mattson Formation would plot in the oil window (Figure 1la) and 
the rest of the Lower Carboniferous and Devonian succession would plot within the gas 
window (Dow 1977). If the low-reflectance (type A) bitumen reflectance is used to plot 
the vitrinite reflectance trend for the same succession (Figure 11b), all of the Mattson 
and Golata formations would fall in the oil window and the Prophet and Besa River 
would be in the condensate and wet gas window. However, T. values from samples in 
which the S2 peak is >1 (Table 4) indicates that the kerogen is overmature in all but the 
uppermost Mattson Fm. Furthermore, liptinitic kerogen in the Mattson and Golata For- 
mations show no significant fluorescence below 1347 m depth. This further supports the 
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use of data derived from the medium-reflectance (type B) bitumen to draw the limits of 
the oil window. Finally, Rock-Eval data and qualitative optical evaluation of the princi- 
pal kerogen types in the Lower Carboniferous and Upper Devonian sequence show that, 
except in the Flett Formation where alginite dominates, unstructured or amorphous 
liptinitic kerogen is the principal source of hydrocarbon and therefore bitumen. 

Source Potential. T. and vitrinite reflectance data from the Upper Devonian and 
Lower Carboniferous at Jackfish Gap-Yohin Ridge ('Table 3) indicate that shales in most 
formations, with the exception of the Mattson, contain overmature kerogen and are 
therefore gas-prone. Despite the occurrence of more marine kerogens in correlative 
strata in the subsurface at North Beaver River, low hydrogen indices and correspond- 
ingly low oxygen indices indicate that the kerogens are gas-prone. 

Kerogen microscopy and vitrinite and bitumen reflectance measurements suggest 
that the liptinite-rich coals and associated algal-shales and laminites in the Mattson For- 
mation have some hydrocarbon potential. Above the present-day sea level, the kerogen 
in the Mattson Formation is mature. In the subsurface at Beaver River, the upper Mat- 
tson is mature, suggesting that hydrocarbons may have been generated recently while the 
middle and Lower Mattson kerogen could potentially be a source of condensate and wet 
gas. However geothermal studies in the Beaver River area by Morrow et al. (in press) 
suggest that the Mattson entered the oil window around 230 million years ago. The 
reflectance variations observed in the vitrinites in coals from the Mattson Formation and 
work by Potter et al. (in progress) may be considered further evidence of early hydrocar- 
bon generation. Weakly fluorescing vitrinite-like stringers have a reflectance of 0.58% 
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Figure 11. Relationship among maturity, hydrocarbon potential, and vitrinite reflectance (a) cal- 
culated from the low-reflectance (type A) bitumen; and (b) the medium-reflectance (type B) bitu- 

men (limits of the oil and gas windows after Dow 1977). 

compared to nonfluorescing telocollinite in the same sample having a reflectance of 
0.70%. This is typical of perhydrous vitrinite (Teichmüller and Teichmüller 1982; Price 
and Barker 1985; Goodarzi et al. 1987) which is oil-prone. Furthermore, the occurrence 
of primary bitumens indicates that hydrocarbons were generated within the shales of the 
Mattson Formation. 

Golata shales contain gas-prone kerogen, and shales in the lower part of the Prophet 
and Uppermost Besa River have probably generated condensate and wet gas from type H 
kerogen. Below 3 km depth, the Besa River may well have been a prolific source of 
catagenic gas, since it entered the gas window approximately 280 million years ago and 
may have contributed significantly to the gas reserves in the Beaver River Gas fields. 

Conclusions 

(1) Rock-Eval, TOC, and petrographic data suggest that Upper Devonian and 
Lower Carboniferous strata, particularly, the Besa River and Mattson Forma- 
tions, have been significant sources of hydrocarbons, particularly gas, in the 
North Beaver River area of the Yukon Territory. 

(2) Kerogens in the Upper Devonian and Lower Carboniferous succession are 
mixed types II and III (mixed marine and terrestrial) with rare types I and II 
(algal) sources. 

(3) A lack of unoxidized vitrinite and the predominance of primary bitumens over 
vitrinite makes bitumens the preferred indicators of thermal maturity. 
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(4) Correlations between bitumen reflectance and depth are very good. 
(5) The sources of the low- (type A) and medium- (type B) reflectance populations 

of bitumen are alginites, algal bitumens, and amorphous kerogen, respectively. 
(6) The reflectance trends, source, and timing of generation of the medium (type 

B)-reflectance bitumen suggest that it is the preferred index of maturation in the 
Liard Basin. 
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4f C- ABSTRACT 

Cores of the thick peritidal argillaceous dololaminite shoreface sequence in the Headless equivalent 
of 

the subsurface Manetoe Dolomite in Liard Basin display lithologies similar to the thick peritidal dolomitic 
wackestone facies of the lower part 31 the Dunedin Formation of 'northeast British Columbia. This supports lE 
the concept that the Nahanni and Headless formations in the subsurface of, Liard Basin were a transgressive 
sedimentary package similar to the Dunedin before dolomitization, unlike the Nahanni-Headless sequence 
of the Mackenzie Mountains. 1G. ß. 

Manetoe Dolomite in cores from gas fields in. 
ýiard 

Basin display evidence of at least one, and possibly 
several, solution excavation events. Cavern-fill~deposits postdate, and possibly formed contemporaneous 2 

with, emplacement of the Manetoe Dolomite. Movement of hydrocarbons into Manetoe Dolomite reservoirs 
postdates the episode(s) of cavern excavation. Gas and bitumen in the Labiche Field indicates that cavern- 
fillings are in contact with source rock. Reservoir bitumens that completely occlude prebitumen porosity of 
the Manetoe Dolomite may represent deasphalted oil. Bitumens in overlying strata display a consistent 
downward increase in reflectivity that parallels the downward increase in vitrinite reflectance and in Tmax. 

The present day porosities of the Manetoe Dolomite and Nahanni limestone in cores from the gas fields 
are consistent with depth-dependent burial porosity loss accompanied by occlusion of porosity by mineral 
cements and bitumen. Additional porosity loss may have occurred from more time-dependent processes 
such as stylotization. Permeability, particularly vertical permeability, has been enhanced by dolomitization, 
except possibly in cases where pre-dolomitization porosity and permeability was high. Late stage fracture 
porosity is not pervasive, and, in most cores, is not present. 

IN RODUCTroN formations and immediately underneath the shaly lime- 

The Manetoe Dolomite and its associated gas fields 
lie in the subsurface of the Liard Basin (Gabrielse, 1967) 
west of the Liard River)across the border of the Yukon 
and Northwest Territories (Fig. 1). Large masses of frac- 
tured white sparry dolomite form the reservoir rock at 
depths ranging from 2600 metres to 3400 metres subsea 
in the Pointed Mountain and Kotaneelee gas fields (Figs. 

- ti 2 and 3). Other non, prodvcing fields, such as the Liard 
u C. and Labiche fields (Price, 1994), developed within the 

Manetoe Dolomite of this region and occur at shallower 
D cAC-depths. The Manetoe Dolomite itself extends north to ý632N latitude. It is present across an area of 

more than 30,000 kn in the south-central Mackenzie 
Mountains (Morrow et al., 1990). The Manetoe 
Dolomite is mainly stratiform, or stratabound, and is 
confined to a thin stratigraphic interval, commonly 10 - 
40 metres thick, within the Landry and uppermost Arnica 

stones of the Headless Formation (Fig. 4). However, in 
some areas, such as at the gas fields, the Manetoe 
Dolomite extends vertically several hundred metres 
upwards through the Headless Formation and into the 
overlying Nahanni Formation (Fig. 4). It is in these areas 
where dolomitization extends vertically upwards into the 
Nahanni that the Manetoe is prospective for hydrocarbons. 

The Beaver River, Kotaneelee and Pointed Mountain 
gas fields have an initial combined estimated gas reserve 
of about 15.5x109 m3, and have had a cumulative gas 
production of about 10.0x109 m3 (Morrell et al., 1995). 
Gas in these fields is almost entirely contained within 
intercrystalline pore space of the matrix dolomite 
(Snowdon, 1977) and is almost entirely methane (Ward, 
1994). Other gases present include CO2 (<15%) and N2 
(<10%). H constitutes less than a few per cent and He 
(0.05%) is present in trace amounts (Ward, 1994). 
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Fig. 1. Index map showing locations of gas fields, Liard Basin, Arrowhead Salient of the Presqu'ile Barrier and trends of major 
basement structures (Liard Fault and Beaver River Structure). 

Gas columns in these fields are in excess of 600 

metres and production is aided by an active water drive 
t in addition to gas expansion (Ward, 1994; Meding, 

1994). This water drive is provided by a regional aquifer 
which flows through lower Paleozoic carbonate strata 
west to east from the Mackenzie and Franklin Mountains 
and discharges rather saline water into the Liard and 
Mackenzie Rivers (Ward, 1994). The basal black shales 
of the Besa River Formation, or Hom River equivalent 
shales (Fig. 4), act as an upward confining layer to this 
regional aquifer. These black shales also act as a seal 
against the upward migration of gas which is entrapped 
in dolomitized sections of Arnica to Nahanni strata (Fig. 
4) in areas of structural closure such as at the Pointed 
Mountain and Kotaneelee fields (Figs. 2 and 3). These 
organic-rich shales with up to 5% TOC (total organic 

rbow e al) probably also were the main source beds for 
hydrocarbon in these fields (Fig. 5; Morrow et al., 
1993). 

Liquid hydrocarbons were generated from Besa River 
source beds in late Paleozoic time and initial migration 

of oil probably occurred before the end of Paleozoic time 
(Morrow et al., 1993). This was primarily the conse- -{ 
quence of rapid and deep Carboniferous burial in Liard 
Basin (Fig. 1) under conditions of high heat flow 
(Morrow et al., 1993). The northern edge of this upper 
Paleozoic depocentre is close and parallel to the north- 
east contination of the Beaver River Fault in the La, ý- 
Biche River map area (Douglas, 1976). The Beaver 
River Fault and its northeast continuation are named 
here as the "Beaver River Structure" (Fig. 1). The promi- 
nent east-west bend in the Nahanni Thrust Fault at 
Nahanni Butte (at the junction of the South Nahanni and 
Liard rivers) as mapped on the Sibbeston Lake map area 
(Douglas and Norris, 1976), marks the eastern traceable 
limit of this hypothesized Beaver River Structure. 

There is a profound difference in structural style north 
and south of the Beaver River Structure. Thrust faults 

north of the structure are almost all eastward-verging, 
with the normal eastward-directed movement on 
Laramide thrusts. South of the structure, thrust faults are 
dominantly west-verging. West-verging thrust faults, 



D. W. Morrow 5/19/98 7: 49 PM Page 3 

IMERNAL STRATIGRAPHY. PETROGRAPHYAND POROSITY DEVELOPMENT OF THE MANETOE DOLOMITE 

\oeý \0 60*w 0 

/11104 
GAS 

- 

WATER 
LINE 

ý' f 

f 

ý8 

8 

FJt 

sA 

WATER 
GA 

AULT 

S 

f 
g 

POSTED 
MOUNTAIN 

6 

N N 

Fig. 2. Seismic depth map of the top of the Manetoe 
Dolomite (Nahanni equivalent) at the Pointed Mountain gas 
field, Northwest Territories (Amoco Canada Petroleum 
Company Ltd., 1964). 

such as the Beaver River Thrust, the Larsen Thrust, the 
LaBiche Fault, the Dendale Thrust, and the Kotaneelee 
Fault (Douglas and Norris, 1976 and Fig. 3), are the 
norm, rather than the exception south of the Beaver 
River Structure. The more "normal", eastward dominant 
sense of Laramide thrust fault movement reasserts itself 
only south of the border with British Columbia. 

It seems possible that this profound change in struc- 
tural style is a manifestation of a deep Precambrian 
crustal fault that was periodically reactivated during 
times of tectonism, such as the Laramide Orogeny. The 
Beaver River Structure also may have played an earlier 
role in forming the northern margin of Liard Basin in 
late Paleozoic time. Other, similar ancient northeast- 
southwest oriented Precambrian crustal faults are known 
to have segmented the miogeocline of western Canada in 
Paleozoic time (Cecile et a1., 1997). 

In addition to the hypothesized Beaver River 
Structure, the Liard Fault is another ancient fault that 
may have been active in late Paleozoic time within the 

3 

region of the gas fields. The Liard Fault is a NNE-SSW 
trending structure that has offset the top of the Devonian 
carbonates (Williams, 1981; Fig. 1). Morrow et al. 
(1990) suggested that the Pointed Mountain, Kotaneelee 

h d Fi ld f l l h d i Beaver River ong t e sout war an e s a la cont n- 
of this fault. They suggested that post-Devonian uation 

movement along this fault may have provided vertical 
permeability that localized, or focused the upward flow 4ýº 
of brines responsible for Manetoe dolomitization. 

This study is an attempt to define more precisely 
stratigraphic correlations within the intensely dolomi- 
tized Manetoe Dolomite of the gas fields, and to docu- 
ment episodes of mineral cementation (e. g. dolomite, 
calcite, quartz) and of bitumen emplacement, or the bitu- 
men-like residual hydrocarbons that are commonly 
referred to as "reservoir bitumen" (Lomando, 1992). 
Petrographic relationships between these phases are used 
to define the sequence of events during burial dia enesis_ . 
and fluid movements within lard Basin. The inferred 
time of oil generation and migration is a key factor in 
determining the age of the Manetoe dolomitization event 
(Morrow and Aulstead, 1995). Another objective is to 
identify and characterize episodes of pore space creation 
and porosity destruction. The data and interpretations 
contained here are derived from a core display given at a 
core conference (Morrow, 1996) which accompanied the 
1996 annual meeting of the Canadian Society of 
Petroleum Geologists (Pools '96). 

STRATIGRAPHY OF MANETOE RESERVOIRS - POINTED 

MOUNTAIN KOTANEELEE AND LABICHE FIELDS 

Stratigraphic cross-sections across the Pointed 
Mountain and Kotaneelee fields are shown in Figure 6 in 
addition to the "one well field" at Labiche F-08. In all 
wells of the Pointed Mountain and Kotaneelee fields the 
lower Devonian carbonates beneath the top of the 
Nahanni Formation and beneath the Middle to Upper 
Devonian Besa River shale are completely dolomitized 
and overprinted by the Manetoe Dolomite. However, the 
correlative sequence in the CPOG et al. Labiche F-O8 , L1. G 
well is incompletely dolomitized and contains numerous 
intervals of undolomitized Nahanni fossiliferous lime 
wackestone. Across most of the southern Mackenzie 
Mountains and in the subsurface of the Interior Plains 
east of the Mackenzie Mountains, the Manetoe Dolomite 
is more stratiform and is confined stratigraphically to a 
zone of variable thickness commonly less than 30 metres 
thick and is dominantly, or entirely, developed within the 
Landry Formation (Morrow et al., 1990). 

In spite of the total dolomitization of the Arnica to 

INN 
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Fig. 4. Schematic stratigraphic chart illustrating the distri- 
bution of the Presqu'ile and Manetoe dolomites from the 
Arrowhead Salient of the Presqu'ile Barrier northwestwards to 
the Mackenzie Shelf sequence beneath'Liard Basin and the 
southern Mackenzie Mountains. V- 

younger eastward towards the Arrowhead Salient 
(Morrow and Aulstead, 1995). Conodonts collected from 
the uppermost beds of the Nahanni Formation in the 
eastern Texaco Bovie Lake J-72 well indicate a middle 
to late Givetian age for the top of the Nahanni 
(Appendix 1 of Meijer-Drees, 1993) near the western 
limit of the Arrowhead Salient of the Presqu'ile Barrier 
(Fig. 7). The eastward ̀ younging' of the upper contact of 
these strata with the overlying Besa River black shale 
closely resembles the similar southeastward ̀younging' 
of the upper contact of the Dunedin Formation towards 
the Keg River, or Presqu'ile Barrier of northeastern 
British Columbia (Morrow, 1978; Taylor and 
Mackenzie, 1970). Strata close to the top of the Dunedin 
Formation near its northern limit in northeastern British 
Columbia are as old as Emsian (Chatterton, 1978). There 
is even evidence of intertonguing of Besa River shales 
with uppermost beds of Nahanni strata in the gas fields 
similar to that which occurs in outcrop at the top of the 
Dunedin Formation in northeastern British Columbia 

(Morrow and Aulstead, 1995; Morrow, 1978). 
1 The "Headless Formation" strata in the gas field wells 

is also somewhat different from Headless strata farther 
north in the outcrop belt of the Mackenzie Mountains. At 
the latitude of the southern Mackenzie Mountains, the 
Headless Formation gradually thickens westward from a 
feather edge in the Interior Plains to more than 250 
metres thick in westernmost sections (Morrow and 
Cook, 1987). At its eastern limit, the Headless 
Formation is only a few metres thick and its basal con- 
tact is an unconformity that merges with the unconformi- 
ty represented by the Ebbutt Break and the mid- 
Chinchaga detrital zone (Fig. 4). Throughout almost the 
entire Interior Plains east of the disturbed belt the 
Headless Formation is less than 30 metres, and common- 
ly less than 10 metres, thick (Fig. 40 in Meijer-Drees, 
1993). The eastern part of the Headless Formation is 
dolomitic and contains peritidal features such as finely, 
laminated intervals containing fenestral fabric and time 
mudflakes and mudlumps in pockets of green and oc)(re- 
coloured pyritic argillaceous material (Morrow and 
Cook, 1987; Meijer-Drees, 1993). The thicker Headless 
in western sections is a shaly, open marine, completely 
subtidal limestone sequence quite different from the 
eastern Headless. The western Headless sequence were 
deposited on a submarine apron that accumulated in 
front of the westward-prograding shallow water shelf, or 
platform, limestones of the Nahanni Formation (Morrow 
and Cook, 1987; Noble and Ferguson, 1971). 

The 'Headless Formation' in the gas fields is about 
150 metres thick and is distinctively argillaceous (Fig. 
6). In core, however, it does not resemble the open 
marine fossiliferous shaly lime wackestones of, Headless 
Formation that is also about 150 metres thick in the 
southern Mackenzie Mountains. Instead, the lithologies 
of the 'Headless' interval in the gas fields more closely 
resemble the peritidal deposits of the thin Headless east 
of the disturbed belt. The gas field Headless interval also 
is lithologically and sedimentologically similar to the 
lower part of the Dunedin Formation in northeastern 
British Columbia. The lower part of the Dunedin, the 
dolomitic wackestone facies, has a maximum measured 
thickness of 130 metres and is composed of laminated 
and thin bedded dolomitic lime mudstones containing 
fenestrYfabric and dololaminites containing little fauna 
(Morrow, 1978). It has a log signature similar to the gas 
field 'Headless' strata (Fig. 7). 

These observations reinforce the concept (Morrow 
and Aulstead, 1995) that the 'Headless' interval in the 
gas fields is better regarded as a northward continuation 
of the lower part of the Dunedin, rather than a southward 
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Fig. 5. Profiles of organic maturation from well cuttings in the Pan Am Beaver River YT G-O1 and Pan Am Kotaneelee 0-67 
wells. The open circles represent vitrinite reflectance values calculated from bitumen reflectances (Jacob, 1985). 

continuation of the Headless Formation. The southward approximately with the northern edge of the Arrowhead 
limit of the upward-shallowing, regressive sedimentary Salient (Fig. 7). South of this limit, Emsian-Eifelian depo- 

package of the Nahanni and Headless formations coincides sition of the Dunedin Formation accompanied, rather than 
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followed, marine transgression onto the subaerially esis during the early stages of lithification of Nahanni 

exposed underlying dolostones of the Stone Formation. and Headless limestones and argillaceous limestones or 
during early diagenesis of Landry limestone. Probably 

PETROGRAPHIC RELATIONSHIPS - PORE SPACE the fine grained lime sediments in these Middle 

MODIFICATION AND CEMENTATION Devonian units were deposited originally as calcite 
rather than the more soluble polymorph, aragonite (see 

There is little evidence remaining concerning diagen- James and Choquette, 1990). The peritidal cyclic light 

w 
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and dark brownish-grey dolostones of the underlying 
Sombre and Arnica formations are typical synsedimenta- 
ry platform dolostones (Morrow and Cook, 1987) that 
were partly to completely dolomitized before burial. 
This is probably true also of the argillaceous dolo- 
laminites of the `Headless Formation' intervals in the 
gas fields. 

The first major post-lithification feature observable in 
core is the widespread dissolution of macrofauna, such 
as colonial corals and stromatoporoids in the upper part 

1 

a 

of the Nahanni Formation in the gas fields (Figs. 8,9b, 
10a and 10b). The cored interval of 10296 feet to 10348 
feet from near the top of the Nahanni in the Amoco A-4 
Pointed Mountain A-55 well (Figs. 8 and 9b) representa- 
tive of Nahanni cores from the other Pointed Mountain 
wells with zones of spectacular vuggy biogenic moldic 
porosity. 

Most of these large vugs are occluded or partly 
occluded with white sparry, -centripetal (i. e. vug-lining), 
dolomite, or saddle dolomite (Figs. 9b, 10a and 10b). 
Some large vugs appear to have been floored by a signif- 
icant amount of dark carbonate sediment before precipi- 
tation of the vug-filling white dolomite cement (Fig. 9b). 

. 
This indicates that enough time elapsed between cavity 
dissolution and later dolomitization and dolomite cemen- 
tation for geopetal carbonate sediments to floor these 
cavities. Many dolospar-lined vugs have ill-defined, dark 
bands rimming their undersides that may also represent 
geopetal, cavity-flooring internal sediments that accumu- 
lated before dolomitization. Alternatively, dissolution 
after dolomitization may have formed cavities preferen- 
tially along the undersides of these large dolospar- 
rimmed vugs. 

The dolomitization associated with the white, coarsely 
crystalline dolospar of the Manetoe Dolomite is the first 
clearly defined, post-lithification cementation event. 
White Manetoe dolospar lines and, partly to completely, 
occludes vugs (Figs. 9b, 10a and 10b) and fills interfrag- 
ment spaces in rubble and mosaic breccias (Figs. 8,10b 
and l lc). These breccias tend to be completely cemented 
with white dolospar, but unoccluded pore space occurs 
between some larger fragments (Figs. lOb and 11 c). Part 
of the interfragment space in these breccias is filled with 
particulate, or detrital, silt- and sand-sized carbonate( 
(Figs. 10b and llc). Subvertical to oblique, thin, sharp- 
walled fractures cemented with white dolospar occur 
within and around breccia masses, particularly where 
these tend to have an overall vertical orientation (Figs. 
9b, lOa and IOb). 

Under cathodoluminescence, the coarsely crystalline 
white dolospar of the Manetoe Dolomite exhibits very 

low intensity, or dull to very dull luminescence (Fig. 12). 
This is unlike the bright cathodoluminescence that is 
commonly observed in dolomites precipitated from 
anoxic, or from reducing basinal fluids in deep burial 
diagenetic environments (Machet, 1985). Brightly lumi- 
nescent burial calcite and dolomite cements generally 
have manganese contents of at least several mole per 
cent (ie. several thousands of parts per million; Machel, 
1985). The near nonluminescence of the Manetoe 
dolospar cements is consistent with their very low man- 
ganese concentrations of only a few tens to a few hun- 
dreds of parts per million. White dolospar of the 
Manetoe Dolomite contains very low concentrations of 
contaminant elements in general, as may be seen in 
Appendix 3 of Morrow et al. (1990). 

The next clearly defined event that definitely post- 
dates at least part of the Manetoe dolomitization event is 
a dissolution and cavity-filling episode that is particular- 
ly well developed in core from the Pointed Mountain gas 
field (Figs. 8 and 9b) but is also visible in core from the 
Kotaneelee field (Fig. 10c). Dark, fine grained carbonate 
sediment infilled small caverns which were clearly exca- 
vated within pre-existing Manetoe Dolomite. Small cal- 
cite-cemented fractures contained entirely within these 
cavern-fillings (Fig. 9b) may be shrinkage cracks related 
to the dewatering and lithification of these internal sedi- 
ments. These cavern fillings also contain small millime- 
tre to centimetre-sized fragments of white dolospar 
which have apparently been reworked from the walls 
and floors of caverns (Figs. 9b and 10c). 

Although there are dark cavern-fillings that postdate 
Manetoe Dolomite unequivocally, at least in the intervals 
in which they occur, there are other dark bands that 
strongly resemble the cavern-fillings that have been frac- 
tured or brecciated by the Manetoe Dolomite in core 
from both Pointed Mountain and from Kotaneelee (Figs. 
10c and 10d). This, combined with the previous sugges- 
tion of geopetal sediment deposition in vugs which may 
have predated Manetoe dolomitization, may indicate that 
this early dissolution, or karst event may have occurred, 
in part, contemporaneously with Manetoe dolomitiza- 
tion, and, possibly, may have begun before dolomitiza- 
tion. This inference is consistent also with the general 
specs of the fauna preserved within cavity-filling sedi- 
ments which strongly resemble fauna, such as the colo- 
nial coral Alveolites , amphiporids and crinoids typical of 
the Middle to Late Devonian. 

Hydrocarbon in the form of solid bitumen, or reser- 
voir bitumen (Lomando, 1992) forms the next petro- 
graphically distinct paragenetic phase in cores from the 
Pointed Mountain and Kotaneelee fields. Ubiquitous, 

0 
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Table 1. Rock-Eva[ data for core samples from the Columbia et al Kotaneelee YT E-37 well 

Depth 
(feet) 

Wt. 
(mg) 

Tmax Si S2 S3 PI S2/S3 PC TOC HI or 

12792 100.3 593 0.03 0.19 1.17 0.14 0.16 0.01 4.39 4 26 

12792 100.3 594 0.02 0.18 1.20 0.10 0.15 0.01 6.02 2 19 

12987 100.1 592 0.10 0.57 0.73 0.15 0.78 0.05 10.56 5 6 

12987 99.5 591 0.12 0.59 0.73 0.17 0.80 0.05 5.14 11 14 

`-see Peters (1986) for explanation of Rock-Eval parameter abbreviations 
(e. g. 01=Oxygen Index) 

solid black bitumen either coats the interiors of dolospar- 
lined open vugs (Fig. 9b) or totally infills vug interiors 
(Figs. 10a, lib and lid). Thin irregular, subvertical to 
subhorizontal, bitumen-filled, sharp-walled fractures 

crosscut fabrics of the Manetoe Dolomite (Fig. 11). 
These bitumen-filled fractures also cross-cut the post- 
Manetoe cavern-filling internal sediments (Figs. 10c and 
1 Od). In some instances, reservoir bitumen seems to have 
infilled stylolites or solution seams developed subparal- 
lel to bedding (Fig. lib). 

The sparse core coverage available from wells in the 
pointed Mountain and Kotaneelee fields largely 
precludes an assessment of vertical trends in the amounts 
of reservoir bitumen. In cores from the Pointed 
Mountain Field there is a definite tendency for the 
amount of macroscopic bitumen to increase in amount 
downwards from Nahanni equivalent strata to the deeper 
Landry and Arnica equivalent strata in wells such as 

ýý - Amoco A-4 Pointed Mountain A-55 which have core 
from deeper Arnica equivalent strata (Fig. 6). In the 
Kotaneelee field, cores from the Nahanni and Headless 

<<5 intervals in the structurally high wells of Columbia et al ýý< Kotaneelee YT 1-48 and H-38 contain small amounts of 
reservoir bitumen throughout. However, core from the 
Nahanni interval in the structurally low Columbia et al. 
Kotaneelee YT E-37 well contains anomalously large 
amounts of black reservoir bitumen infilling vugs (Fig. 
I Oa) and post-Manetoe fractures. 

Rock-Eval analyses (Imperial Oil Resources Ltd., 
pers. comm. ) of selected reservoir bitumen samples from 
the E-37 well are shown in Table 1. These reservoir bitu- 
mens from the Manetoe Dolomite have extremely high 
TOC values but virtually insignificant pyrolyzable car- 
bon (PC) reflecting low Si and S2 peaks (Table 1). This 
is consistent with their passage through the oil window 

{ to gas generation. Their low HL OI tAtios preclude classi- 
fication according to original organic material type on 
Van Krevelen-like plots of HI versus 01 (e. g. Espitalid, 
1986). The S2 peaks gave extremely high Tmax values 
which are beyond even the high maximum Tmax values 

of about 500°C observed in organic material in the 
siliciclastic sequence overlying the Manetoe Dolomite 
(Fig. 5). 

A re-evaluation of the petrographic characteristics of 
organic matter in the Upper Devonian and Lower 
Carboniferous shales in the Pan Am Beaver G-01 and 
Pan Am Kotaneelee 0-67 wells indicates that organic 
matter is composed of various populations of indigenous 
solid bitumens and that true vitrinite is rare (Potter, in 

r 
,r 

prep. ). Most of these bitumens were generated in situ as , ý"ýýr' 
byproducts of maturation of various species of organic tt \Zý" 
materials which initially were a ycpeý, possibly sul- 
phur-rich, kerogen (Potter, in prep. ). Pe hig °l rm m . )N"c' Tmax values of 500°C observed in the dispersed=bitu- ! aV 
men&of the Mattson-Golata interval (Fig. 5) may actual- -` 
ly be somewhat lower than they potentially might have 
been in sulphur-deEleted bitumens (Snowdoný_1995). // 

_ý Tmax profiles through the post-Middle Devonian 
sequence overlying the Nahanni-Manetoe carbonates 
(Fig. 5) are also consistent with the very high Tmax tem- 
peratures observed in the Kotaneelee E-37 Manetoe bitu- 
mens. Tmax temperatures in the nearby Pan Am 
Kotaneelee and Pan Am Beaver River YT G-01 wells 
reach maximums of up to and even greater than 500°C in 
the Golata shale more than 1000 metres above the con- 
tact of the Besa River shales with the Nahanni Formation 
(Fig. 5). Vitrinite reflectances and vitrinite-equivalent 
reflectances from bitumen at this level are about 1.40% 
to 1.50% Ro (Fig. 5). This is consistent with the correla- 
tion between Tmax and vitrinite reflectances established 
by Espitali6 (1986) for type III coal series organic mate- 
rial in the Paris Basin (Fig. 8 in Espitalid, 1986) and may 
indicate that there is some admixture of type III organic , '! 

ý 
material within these sediments. 

Indigenous bitumens in the post-Devonian, dominant- 
ly siliciclastic, upper Paleozoic sequence including the 
organic-rich Besa River shale source rocks overlying the 
Nahanni in wells close to the gas fields 

sdisplay a pro- 
gressive increase in reflectivity downsection in a manner 
parallel to that of vitrinite (Fig. 5; Table 2). Bitumens in 
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Table 2: Bitumen Reflectances from post Middle Devonian strata - Pan Am Beaver River YT G-01 and Pan Am Kotaneelee 0-67 

Pan Am Beaver River YT G-01 Pan Am Kotaneelee 0-67 

Depth R% 
(Feet Kb) (measured) 

R, �% eq. 
(Calculated)' 

Depth 
(Feet Kb) 

R1% 
(measured) 

R, �% eq. 
(Calculated) 

2880 0.60 0.77 260 0.71 0.84 

3250 0.66 0.81 1320 0.73 0.85 

3700 0.71 0.84 4200 1.71 1.46 

4135 0.84 0.92 7595 2.91 2.20 

5520 1.20 1.14 7800 3.20 2.38 

6120 1.40 1.27 Pan Am Beaver River YT G-01 

6540 1.47 1.31 10865 2.41 1.89 

6565 1.47 1.31 11635 2.74 2.09 

7480 1.52 1.34 12015 2.85 2.16 

8766 1.55 1.36 12265 2.90 2.19 

9210 1.53 1.35 12665 3.40 2.50 

9880 1.72 1.46 12915 3.50 2.56 

101291.76 1.49 12975 3.70 2.69 

10183 1.87 1.56 13185 3.43 2.52 

10575 2.02 1.65 13549 3.80 2.75 

-_ "IRO/6 eq. " is calculated according to the formula R, % eq. = 0.618(Rä1%+0.40 
1, n yti (after Jacob. 1985) 

the Pan Am Beaver River YT G-01 well Anear the display 
'f ra very consistent downhole increase in reflectivity that 

parallels the downhole increase in vitrinite reflectances. 
Vitrinite equivalent reflectances calculated from bitumen 
reflectances using the relationship of Jacob (1985, Rvr% 
eq. = 0.618(RblI%+0.40) may underestimate vitrinite 

"reflectances by a progressively greater amount downhole 

", (Fig. 5; Table 2). Better its to vitrinite reflectance data 
of the G-01 well can be made by linear functions with a 
steeper slope and lower intercept value (e. g. R, % eq. _ 
1.05(Rbjt%+0.20). The degree of misfit between Jacob's 
(1985) relationship and the G-01 data may be partly 
explained by the fact that Jacob's (1985) data fitting was 
limited to vitrinite reflectances of less than 2.0%. 

Bitumens in the post-Middle Devonian of the Pan Am 
Kotaneelee 0-67 well are much more scattered than in 
the G-O1 well although they also show a general down- 
ward increase in reflectivity (Fig. 5). The 0-67 bitumens 
may have originated both as residual in-place bitumen 
during maturation and as migrated bitumen (see Fig. 4 of 
Morrow et al., 1993). 

Drusy quartz infills parts of larger vugs in the 
Kotaneelee and Pointed Mountain fields. Typically, 
"dogtooth" or drusy quartz occupies the centres of 
dolospar-lined vugs (see Fig. 10 in Morrow et al., 1990) 

, and also lines abundant open subvertical fractures that 
crosscut Manetoe Dolomite near the top of the Nahanni 
in the Columbia et aL Kotaneelee YT 1-48 well (cored . 

ý4 
interval 3660-3665.7 metres). Some of the dolomitized 
groundmass in this atypical Manetoe core has been sili- 
cified by microcrystalline quartz. 

Equant, coarsely crystalline white calcite occurs also 
as a late stage vug-filling cement in dolospar-rimmed 
and bitumen-lined vugs, particularly in core from the 
Pointed Mountain Field (Fig. 8). Calcite-filled vugs con- .CG 
tained no drusy qüärtz even in those rare instances where 
both quartz and calcite-filled vugs were found in the 
same core, such as in cores 2 and 3 (10,348 - 10,396 ft. 
and 10,600 - 10,658 ft. K. B. ) of the Pointed Mountain 
A-55 well (Fig. 8). Consequently, there is little petro- 
graphic indication of the order of emplacement of calcite 
versus quartz vug-filling cements. However, the fact 
that, in these cores, all calcite-filled vugs are totally 
occluded with calcite cement, whereas quartz-filled vugs 
are, almost invariably, incompletely filled with drusy 
quartz and retain unfilled pore space, may indicate that 
calcite cementation preceded quartz cementation. 

In a different mode of occurrence, late stage )equant to 
bladed white calcite has grown displacively within the 
bitumen of bitumen-filled vugs (Fig. 10a) or within bitu- 

w 
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Fig. 8. Graphical logs and descriptions of cores from the Kotaneelee and Pointed Mountain gas fields. 

men-impregnated, cavity-filling internal sediments (Fig. 
10c) in core from the Kotaneelee E-37 well. This type of 
calcite appears to be restricted to wells, such as 
Kotaneelee E-37, which contain relatively large amounts 
of post-Manetoe bitumen. 

Isolated small blebs of coarsely crystalline galena 
occur as final vug-fillings, and as irregular veinlets 
crosscutting Manetoe fabrics in the Manetoe Dolomite in 
the Nahanni equivalent interval as in the Kotaneelee E- 
37 well (Fig. 8) and in the Kotaneelee H-38 well (Fig. 
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Table 3. Rock-Eval data for core samples from the CPOG et al LaBiche F, -08 well 

Depth 
(feet) 

Wt. 
(mg) 

Tmax Si S2 S3 PI S2/S3 PC TOC HI OI' 

6525 101.7 303 0.16 0.07 0.16 0.73 0.43 0.01 2.15 3 7 

6525 103.0 423 0.16 0.09 0.20 0.67 0.45 0.02 2.24 4 8 

6526 102.8 303 0.18 0.03 0.25 0.90 0.12 0.01 1.45 2 17 

6526 103.2 393 0.19 0.03 0.22 0.86 0.13 0.01 1.40 2 15 

6521.5 100.0 0.00 0.00 0.14 0.00 0.00 0.41 0 34 

6521.5 100.0 0.00 0.00 0.13 0.00 0.00 0.39 0 33 

6537 101.7 0.00 0.00 0.06 0.00 0.00 0.06 0 100 

6537 102.9 "" 0.00 0.00 0.07 "" 0.00 0.00 0.06 0 116 

'-see Peters (1986) for explanation of Rock-Eval parameter abbreviations 
(e. g. 01=Oxygen Index) 

1Oa in Morrow et al., 1990). Finely to medium crys- 
talline, reddish-brown sphalerite occurs as small veinlets 
crosscutting Manetoe fabrics and as fine disseminations 
within cores from Nahanni equivalent strata in most 
wells. Striking sphalerite mineralization occurs in the 
uppermost Nahanni-equivalent cores of the Columbia et 
al Kotaneelee YT 1-48 well. 

High amplitude, sutured stylolites commonly crosscut 
the dolomitized fabrics of the Manetoe Dolomite (Fig. 8; 
see also Fig. 10d in Morrow et al., 1990). Some thin 
subvertical white dolospar-cemented fractures are cut by 
stylolites, as in the core interval at 12,144 - 12,204 ft. in 
the Pointed Mountain A-55 well. 
r Late-stage large fractures, either open or cemented are 

not common in the Liard Basin Manetoe gas fields., ) 
Where present, they are confined to local horizons, such 
in the previously, mentioned. uppermost part of the 
Manetoe at the Columbia et al. Kotaneelee YT 1-48 well 

ßeä where an unusual zone of open, subvertical fractures is 
developed in the cored interval from 3660 - 3665.7 in. 
Almost all fractures in the Manetoe Dolomite of the 
Liard Basin gas fields are completely cemented with 
white dolospar, tend to be small, and commonly are 
associated with masses of dolomite-cemented Manetoe 
rubble breccia. Late tectonic fracturing, particularly with 
open, incompletely cemented, very large subvertical 
fractures of the type observed in the Manetoe Dolomite 
of the Beaver River gas field (Davidson and Snowdon, 
1978) 20 kilometres south of the Kotaneelee Field, is 
almost entirely absent in the Pointed Mountain and 
Kotaneelee fields. 

A very large scale internal sediment, or cavern-filling 
ý. 

` deposit, may be seen in the uppermost Nahanni cored 
interval of the CPOG La Biche F-08 well (Figs. 6 and 
13). In this core, an extremely porous and permeable, 

black, sooty interval of silicified carbonate forms an 
internal sediment filling interval about 2.75 feet (0.84 
metres) thick with the base of the interval at about 
6,527.67 feet below K. B. (Figs. 13 and 9a). This sooty, 
cavity-filling deposit rests with a sharp and erosional 
lower contact on typical, dense fossiliferousi time mud- P 
stone of the Nahanni Formation (Fig. 9). The Nahanni 
limestone, above and below this interval contains abun- 
dant (h e calcite-filled fractures that are oriented parat- t~'ýL 
lel to, and oblique to bedding. The base of the cavern- 
filling appears to have erosionally truncated one of these 
large calcite-filled fractures (Fig. 9a). 

The fact that the calcite veining is totally absent from 
the dark sooty cavern-filling, as well as the truncation of 
calcite veins by the cavern-fill, indicate clearly that this 
episode of cavern excavation and filling postdates the 
time of calcite veining. It is not known with certainty 
whether this cavern-filling deposit postdates emplace- 
ment of the Manetoe Dolomite, some of which occurs at 
the base of this core in the undolomitized Nahanni lime- 
stone below the cavern-filling (Fig. 13). However, the 
fact that the cavern-filling postdates calcite veining in 
the Nahanni may indicate that this episode of cavern 
solution excavation and filling also postdates emplace- 
ment ofihe Manetoe Dolomite. This is implied, because, 
elsewhere, calcite veining postdates Manetoe Dolomite 
(Morrow et aL, 1990). However, a pre-Mesozoic, or late 
Paleozoic age is indicated for the cavern-filling sedi- 
ments from the appearance of the abundant bioclasts 
which include probable Paleozoic crinoid and brachio- 
pod fragments. 

The top of the cavern-filling is marked by a 1.0 foot 
(0.3 metre) thick interval of massive, coarsely crystalline 
milky white calcite (Fig. 9a). It seems likely that this 
massive calcite represents an episode of cementation of 
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Fig. 9. Core photographs and thin section photomicrographs. Fig. 9a shows two boxes from core 1 of CPOG et al LaBiche F- 
OB. The black arrows mark the base of a sooty, bituminous and silicified cavern-filling at 6527.75 feet (K. B. ). Fractured Nahanni 
limestone overlies and underlies this cavern-fill. Fig. 9b shows spectacular leached biogenic porosity in Manetoe Dolomite at 
10,345 feet (K. B. ) in the Amoco A-4 Pointed Mountain A-55 well. Dark, cave-filling deposit occupies upper part of core. Arrow 
near centre of core points to base of probable internal sediment layer beneath a thick vug lining of white dolospar. Figs. 9c and 
9d are plain light and crossed nicols thin section views of diagenetic calcite at the base of the white calcite zone at the top of the 
cavern-filling shown in Fig. 9a. Diagenetic calcite has engulfed the silicified carbonates of the cavern filling before the introduction 
of bitumen. 

former unfilled void space at the top of the ancient cav- 
ern-filling. The uppermost part of this calcite cement 
zone has a sharp stylolitic contact with the overlying 
veined Nahanni limestone. The lower contact of the 
white cement zone with the underlying black sooty cav- 
ern-filling is gradational. This lower contact is character- 
ized by an aggregate of poikilotopic white calcite crys- 
tals that average about 10 to 20 cms. in size. A thin 
section view of these calcites shows that the silicified 

carbonates of the cavern-filling were engulfed by calcite 
growth before these silicified carbonates were impreg- 

nated by sooty reservoir bitumen (Figs. 9c and 9d). 
This cavern-filling bears some similarity to a very 

large, spectacular cavern-filling within the Manetoe 
Dolomite exposed along the south side of First Canyon 
in the South Nahanni River (Morrow and Cook, 1987, 
Aulstead, 1987). This cavern-fill deposit is more than 
500 metres broad and tens of metres thick and contains 
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Fig. 10. Photographs of core from the Manetoe Dolomite. Fig. 10a shows solid reservoir bitumen as large vug-fillings at 
12,799.5 feet (K. B. ) in the Columbia et al Kotaneelee YT E-37 well. Fig. 10b shows rubble packbreccia completely cemented by 
white dolospar at 3661.0 metres (K. B. ) in the Pan Am Kotaneelee YT 1-48 well. Fig. loc shows bitumen-filled fractures and late = 
diagenetic white bladed calcite within a dark biturnenous groundmass at 12,926 feet (K. B. ). In the Columbia et al Kotaneelee YT 
E-37 well. Fig. 1 Od shows the rounded side of the slabbed core shown in 10c. 
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Fig. 11. Photographs of core from the Manetoe Dolomite. Fig 11 a shows bitumen seams crosscuttmy white doiu: >p i: at t a. II 
feet (K. B. ) in the Columbia et al Kotaneelee YT E-37 well. Fig. 11b shows black bitumen within white Manetoe dolospar at 11,. 
feet (K. B. ) in the Amoco A-4 Pointed Mountain A-55 well. Fig. 11c shows a vertical vein of bitumen crosscutting Manetoe breccia 
at 12,304 feet (K. B. ) In the Columbia et al Kotaneelee YT H-38 well. Fig. 11d shows a vertical vein of bitumen crosscuttinci 
Manetoe laminite at 11,259 feet (K. B. ) In the Amoco A-4 Pointed Mountain A-55 well. 

cross bedded carbonate sand and pea gravel (Morrow, 
1994) that are similar to the cross bedded cavern-filling 
in the Labiche F-08 core. Spectacular metre-sized and 
smaller blocks of Manetoe Dolomite occur as dropstones 
within this cave deposit. This surface cave deposit is not 
silicified or impregnated with bitumen. It is tentatively 
assigned a late Tertiary to recent age as a separate, late 
solution event (Fig. 14) that affected the Manetoe in 
areas near present day outcrop. 

Duplicate Rock-Eval analyses were done on several 
samples of the bitumen-impregnated sooty cave-fill (sam- 
ples at 6525 feet and 6526 feet) and of the Nahanni lime- 
stone above (sample at 6521.5 feet) and below (sample at 
6537 feet) the cave-fill in Core 1 of the LaBiche F-08 
well (Table 3). TOC for the cave-filling samples ranges 
from 1.4% - 2.24%. The low SI and S2 peaks, the unreli- 

able and low Tmax, and their very low Hydrogen Indexe 

(HI), indicate that these bitumens are greatly overmatm 
and(were-not indigenous; consistent with: thieir sooty, k,, 
bonaceous aspect and with the dry gas produced ft(, i; i 
Nahanni-equivalent strata slightly above this core (f 
6). The Nahanni limestone samples from the Labichr I 

08 well contain insignificant amounts of organic material 

and no measurable SI or S2 peaks similar to the low 

TOC contents recorded from the uppermost Nahanni 

limestones at the Kotaneelee 0-67 well (Fig. 5). 

The gas zone of the Labiche riebd is developed in a 

siltstone'-rich interval (Meding, 1994) just above core I 

of the Labiche F-08 well (Fig. 6). This very porous rvný- 

may he Iawely a c: tvc rn fillinýý , imil; ir tco the cavern l ill 

of con 
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Fig. 12. Thin section photomicrographs of Manetoe vug-filling dolospar in the Columbia et Al, Kotaneelee YT H-38 well at 
12,067 feet (K. B. ). Fig. 12a is a cathodoluminescent view of the dolospar. Luminescence is dull except for thin orange lumines- 
cent bands near the distal edges of crystals. Fig. 12b is a plain light view of cathodoluminescent image in 12a. 

POROSITY AND PERMEABILITY 

Spectacular vuggy biogenic porosity (Figs. 8 and 9b) 
occurs in the upper part of the Nahanni Formation in the 
Pointed Mountain Field. Porosity in the completely 
dolomitized uppermost cores from Nahanni equivalent 
strata at the Amoco A-4 Pointed Mountain A-55 well 
ranges from about 1.0% to a high of nearly 10.0% with a 
weighted average porosity of about 3.6% (Fig. 15). The 
zones of porosity greater than 4.0% generally correspond 

to zones with a significant proportion of incompletely 

occluded macrovugs, most of which are biogenic. But 

some represent unoccluded interfragment macropores in 

incompletely cemented collapse breccias. More com- 
monly, however, the interfragment spaces of mosaic and 

rubble packbreccias in the Manetoe Dolomite tend to be 

completely cemented with white dolospar (Fig. I Ic). 
Permeability in the A-55 well tends to be very 

anisotropic with permeability parallel to bedding typical- 
ly being several orders of magnitude greater than that 
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Fig. 13. Graphical logs and descriptions of cores from the CPOG et aLLaBiche F-08 well. See Figure 8 for legend. 

perpendicular to bedding. Many intervals in cores 1 and is than in the A-55 cores. This is primarily because per- 
2 of the A-55 well have no permeability, or are imperme- meability perpendicular to bedding is much greater in 

able, perpendicular to bedding (Fig. 15). Many thin the E-37 well than in the A-55 well, whereas permeabili- 
intervals scattered throughout this well exhibit extremely ty parallel to bedding in E-37 is considerably less overall 
high permeabilities in excess of 30,000 millidarcies par- than in A-55 (Fig. 15). There is strong covariance 
allel to bedding. In general, permeability and porosity in between permeabilities parallel and perpendicular to 
this well appear to exhibit a certain degree of covariance. bedding in the E-37 well with generally less than an 
Zones with high porosity tend to also exhibit relatively order of magnitude separation between permeability 
high permeabilities both parallel and perpendicular to curves. There is probably even a stronger covariance 
bedding and vice versa (Fig. 15). between porosity and permeabilities in the E-37 cores 

The uppermost cores from the totally dolomitized, than in the A-55 cores (Fig. 15). 

ý 
Nahanni equivalent strata in the Columbia et al. The much shorter cores 1 and 2 from the CPOG et al 

1 -4 
fL` " Kotaneelee YT E-37 well, cores 4 and 5, exhibit some-A LaBiche F-08 well are generally much less porous than 

what lower porosity and permeability than those of th: r)ecores from A-55 and E-37 (Fig. 15) and are only partly 
A-55 well. This may be due in large part to the presence dolomitized (Fig. 13). Disregarding the very porous 
of fewer zones with less wellAdeveloped, unoccluded bio- interval representing the silicified bitumen-impregnated 

genic porosity in the E-37 well than in the A-55 well. cavern-fill (6523.5 - 6525 ft.; Fig. 9a), the average 
porosity in the E-37 cores ranges from a low of about porosity of core I at F-08 is only 1.5%. This reflects the 
2.0% to a high of about 11.0% (Fig. 15). However, very low porosity of the undolomitizedfossiliferous. lime 

porosity is far less variable in the E-37 cores. Porosity wackestone that forms most of this core (Fig. 13). The 
throughout these cores tends to fall within limits of cavern-fill interval by contrast is extremely porous, at 
between 2.0% and 4.0% porosity, unlike the A-55 core almost 24% porosity. The subhorizontal to subvertical 
where porosity most commonly ranges from 2.0% - calcite veining, which is common in the limestone above 
6.0% (Fig. 15). and below the cavern-fill in core 1 (Fig. 9a), does not 

Permeability in the E-37 cores is much less anisotrop- appear to contribute significantly to its porosity or per- 

toil 
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Fig. 14. Diagenetic history of Lower and Middle Devonian carbonate strata that contain the Manetoe Dolomite. 

meability. Average porosity in core 2 is about 2.3%, or 
slightly greater than that of core 1, if the cavern-fill inter- 

val is not included. Porosity values increase slightly 
downdepth in core 2, possibly reflecting the passage 
downcore from partial to complete dolomitization. 
Although there are some intervals with common macrop- 
ore vugs of biogenic origin in core 2, they tend to be 

completely occluded with reservoir bitumen and white 
calcite, and consequently do not contribute to porosity. 

Permeability in both the F-08 cores is low, commonly 
less than 5 millidarcies. In spite of the high porosity of 
the cavern-fill interval, its permeability is less than 10 

millidarcies, but is nearly the same in directions parallel 
to and perpendicular to bedding. The remainder of core I 

and all of core 2 exhibi(the more usual anisotropy. with 
permeability parallel to bedding being greater than that 
perpendicular to bedding (Fig. 15). 

DISCUSSION 

The internal stratigraphy of the thick Manetoe 
Dolomite in the Pointed Mountain and Kotaneelee gas 
fields may be discerned on geophysical well logs. 
Correlation of the upper part of the Manetoe in and 
around the gas fields is more readily made with the 
Dunedin and Stone formations of northeast British 
Columbia, rather than with the Nahanni and Headless 
formations of the southern Mackenzie Mountains. The 

I4 

lithologies and log signatures of the internal subdivisions 
of the Dunedin Formation strongly resemble the litholo- 

gies and log signatures of the upper part of the Manetoe 
Dolomite in spite of the fact that these are long distance 

correlations. The available sparse biostratigraphic infor- 

mation indicates that the upper contact of the 'Nahanni' 
interval within the Manetoe Dolomite is highly 
diachronous becoming younger eastward towards the 
Arrowhead Salient. This is similar to the southeastward 
younging of the upper contact of the Dunedin Formation 

of British Columbia, which also is Givetian in age, near 
the junction of the Dunedin with the Presqu'ile, or Keg 
River Barrier. This intertonguing of Besa River shales 
and Nahanni carbonates, implied by the eastward 
'younging' of the upper contact of Nahanni-equivalent 

strata around the gas fields, may have provided opportu- 
nity for a degree of lateral, as well as downwards, migra- 
tion of hydrocarbons into Manetoe reservoirs. 

The process of dolomitization definitely appears to 
have enhanced porosity and permeability. This is not 
likely to have been the consequence of volume loss dur- 
ing dolomitization. The greater porosity and permeabili- 
ty of dolomitized Nahanni versus undolomitized 
Nahanni limestones in cores from the gas field wells is 

more likely to have been the result of the preferential 
preservation of porosity during burial of dolornitized 

versus that of undolomitized. limestones (Schmoker and 
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Halley, 1982). 
A simple calculation, based on extrapolation of depth- 

dependent porosity functions, shows a considerable dif- 
ference in the present day expected porosity between 

ý1 , 

e Pointed Mountain, Kotaneelee and Labiche fields based upon 

dolomitized and undolomitized Nahanni strata. It is clear 

that dolomitization occurred after lithification and possi- 
bly after an episode of karst dissolution, which implies 

burial to depths of at least tens to hundreds of metres. 
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The absence of evidence for boiling during Manetoe 
Dolomite precipitation (Aulstead et al., 1988) also indi- 

cates a burial depth of several hundred metres, assuming 
that the fluid inclusions were entrapped under conditions 
of hydrostatic equilibrium. On the other hand, the 
Manetoe dolomite, cements were precipitated at depths 

shallow enough that there is no discernible pressure cor- 
rection to fluid inclusion homogenization temperatures, 
assuming that the precipitational solutions were Late 

-. Devonian residual connate brines of evaporitic origin 
and that the dolomites formed in isotopic equilibrium 
with these connate brines in Late Devonian to 
Carboniferous time (Aulstead et al., 1988, Morrow and 
Aulstead, 1995). As a very rough estimate then, we can 
assert that the Manetoe Dolomite formed at a depth of 
around 500 metres. 

Using this depth estimate for dolomitization, and 
assuming that the dolomitization process, as a first 

approximation, conserved rock volume and using the 
depth-dependent compaction function of Schmoker and 
-Halley (1982) for the decrease in Floridan limestone 
porosity fraction with depth: 

01St = 0.513( exp(-(Z)/1888) (1) 

whereat is the depth-dependent limestone porosity 
I: < 

- and Z is the depth in metres, we find that at 500 metres a 
limestone would have 39.4% porosity. If dolomitization 
were volume conservative, then the resultant dolomite 

also would have 39.4% porosity as an initial porosity at 
500 metres depth. 

- In order to determine the porosity in the Manetoe 
Dolomite during deeper burial, we can assume, as a first 

approximation, that this dependency will follow the 
same exponential trend as depth-dependent compaction 
in Floridan dolomites: 

Odol = 0.3036( exp(-(Z)/4619) (2) 
(Schmoker and Halley, 1982). The fixed dolomite 

porosity of 39.4% at 500 metres requires that the initial 

surface porosity of 30.36% of equation 2 be recalculated 
to be consistent with the 39.4% porosity at 500 metres 
depth of the Manetoe Dolomite. This recalculated ficti- 
tious initial dolomite surface porosity corresponding to a 
porosity of 39.4% at 500 metres is 43.9%, so expression 
2 becomes: 

Od., = 0.439( exp(-(Z)/4619) (3) 

assuming that a simple linear transformation is appro- 
priate. 

The resultant dolomite porosity at the 5000 metre 
maximum depth that the Manetoe Dolomite experienced 
in Late Cretaceous time (Morrow et aL, 1993) following 
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equation 3 is about 14.9%. This figure could be reduced 
only slightly to 12.7% if dolomitization occurred at 
depths as deep as 1000 metres, which the fluid inclusion 
data indicate is unlikely. Limestone porosity at this depth 
would be only 3.6% according to equation 1. This 
extreme difference serves to emphasize the perception 
that at great depths there is a greatly enhanced potential 
for preservation of porosity in dolomites which formed 
at much shallower depths. 

There is a possibility that the initial average near-sur- 
face porosity of the Nahanni skeletal lime wackestones 
was less than that of the Cenozoic Floridan limestones, 
which contain a high proportion of wackestones and 
mudstones (Schmoker and Halley, 1982). Bond and 
Kominz (1984) found that best fitting average depth- 
dependent porosities of lime sediments are strongly 
dependent on initial sediment grain size such that "cal- 
carenites" are much less porous than "micrites" (i. e. lime 
mud) at all burial depths (Fig. 2 in Bond and Kominz, 
1984). Lbwer initial limestone porosities imply corre- 
spondingly lower dolomite and limestone porosities at 
maximum burial. This grain size factor may have con- 
tributed to a low initial limestone porosity and might 
help to explain why the present day porosity of most of 
the gas field Manetoe Dolomites ranges from about 2.0% 

- 6.0%, and the limestones have about 1.0% porosity. 
The fact that Devonian lime muds, which formed 

most of the Nahanni were probably calcite, rather than 
aragonite (James and Choquette, 1990) may have also 
have influenced initial porosity. It seems likely that cal- 
cite muds of the Devonian would have had a lower ini- 
tial porosity than present-day aragonite muds because 
the more equant calcite crystals are unlikely to exhibit 
the "jackstraw" style of open packing that characterizes 
the acicular aragonite crystal masses in the very porous 
aragonitic seafloor muds of the Bahama Banks (Enos 
and Sawatsky, 1981). This mineralogical factor may also 
have contributed to a slightly lower initial limestone 
porosity for pre-Manetoe Nahanni limestones. 

Although the process of dolomitization did not 
increase porosity at the time of dolomitization, there is 
some indication that permeability, particularly vertical 
permeability, was increased by the Manetoe dolomitiza- 
tion event. Undolomitized limestones in the Labiche F- 
08 

ý. t 
core tend to have little or no vertical permeability. 

whereas dolomitized intervals have measurable vertical 
permeability. The nearly isotropic permeability of the 
dolomitized Kotaneelee E-37 cores is also an indication 
of the enhancement of vertical permeability during 
dolomitization. This effect is not as evident in the 
Pointed Mountain A-55 cores, possibly because the 



D. W. Morrow 5/19/98 7: 51 PM Page 22 

22 

circulation of dolomitizing solutions was focussed pref- 
erentially parallel to bedding along pre-existing porosity 
networks of leached biogenic porosity. There may have 
been a tendency for the rate of dissolution to be higher 
relative to the rate of dolomite precipitation because of 
more rapid solution flow along the more open porosity 
networks parallel to bedding. If true, this would tend to 
preferentially enhance permeability parallel to bedding 
during dolomitization. 

There is no indication from the porosity-permeability 
data, or from visual examination of the cores of this 
study, that significant vertical fracture permeability 
exists. Comparison of geophysical logs, such as the neu- 
tron and sonic logs, might indicate the existence of open 
subvertical fracture porosity. Snowdon (1977) and 
Davidson and Snowdon (1978) suggested that the spo- 
radic nature of gas production from the Manetoe 
Dolomite at the Beaver River Gas Field was due to the 
preferential invasion of water into the pervasive, gas- 
filled, fracture network which effectively 'sealed in' 
matrix gas. 

The data of this study might be interpreted to indicate 
another possible cause for sporadic gas production inter- 
spersed with water production, particularly for the 
Pointed Mountain Field. Pointed Mountain exhibits an 
essentially horizontally layered, porosity-permeability 
fabric with weak vertical continuity. Production of gas 
would tend to quickly deplete the high permeability lay- 
ers. If these layers intersected fractures open to the pres- 
sured aquifer beneath the gas column, water would tend 
to rise up these fractures and invade the high permeabili- 
ty layers during gas production. Vertical fracturing at 
Pointed Mountain and Kotaneelee, at a minimum, must 
be significant near the major faults that segment these 
fields (Figs. 2 and 3). This interpretation, involving scat- 
tered, rather than pervasive, open fractures, represents a 
variation on the theme of Davidson and Snowdon 
(1978). 

The presence of other mineral cements, such as quartz 
and particularly calcite, along with reservoir bitumen 
have a considerable role in porosity reduction. The 
extent of this reduction has not been studied here, but 
insoluble residues of core samples from the Kotaneelee 
E-37 well yielded about 4.0% by weight of insoluble 
residue after digestion in hydrochloric acid. These insol- 
uble residues were found to be mainly bitumen and 
quartz (Henderson, 1995). This amount of additional 
cement and mineral matter would cause a significant fur- 
ther reduction in porosity by at least 4.0% in the low 
porosity Manetoe Dolomite of this well. Subtraction of 
these non-carbonate phases from the rock volume would 
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raise dolomite porosity to the range 6.0 - 10.0%. 
Henderson (1995) suggested that the release and disag- 
gregation of these acid insoluble phases during sec- 
ondary acid stimulation of the Kotaneelee field could 
adversely affect field performance. 

Solution seams and stylolites have undoubtedly 
caused additional porosity loss in the Manetoe 
Dolomites. It is uncertain, however, whether pressure 
solution has been any more intense in the Manetoe 
sequence than in the Floridan carbonate succession 
examined by Schmoker and Halley (1982). On this basis, 
we cannot assert that pressure solution in the Manetoe 
Dolomite is likely to have caused any major departure 
from the depth-dependent porosity functions of 
Schmoker and Halley (1982) through porosity destruc- 
tion. 

However, chemical processes, such as pressure-solu- 
tion, are time-dependent, as well as depth-dependent. 
Schmoker (1984) has suggested, with some documenta- 
tion, that porosity in carbonates is best understood as a 
function of their Time-Temperature Index, or Lopatin 
TIT: 

0cuboeue = a*(M)b (4) 

where TTI is the Time-Temperature Index 
(e. g. Waples, 1980). However, like the variety of depth- 
porosity functions, there is also considerable variation in 
the values of constants "a" and "b" in equation 4, with 
different sets of constants applicable to different carbon- 
ate sequences, although there is remarkable internal con- 
sistency for each individual sequence. It seems at least 
possible that part of the difference between the low 
porosity of the Manetoe Dolomite and Nahanni lime- 
stone and the more porous Floridan carbonates may be 
due to the fact that the TTI values of the Manetoe and 
associated Nahanni are much higher than in the Floridan 
carbonates. Therefore, in the absence of direct compara- 
tive evidence between the Manetoe Dolomite and the 
Floridan carbonate sequence, it seems likely, based on 
equation 4, that there should be considerable porosity 
destruction in the Manetoe Dolomite sequence beyond 
that predicted in Floridan Carbonates buried to similar 
depths, according to the depth-dependent functions of 
equations I and 2. The abundance of well developed sty- 
lolites within the Manetoe Dolomite (Figs. 8 , 10,11 and 
13) is consistent with this possibility. 

Consequently, while there may have been differences 
between the initial depositional porosities of pre-Manetoe 
Nahanni limestones and Cenozoic to modem day carbon- 
ates, post-depositional processes of mineral cementation, 
bitumen emplacement and stylolite development are 
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sufficient to adequately explain the lower porosities of 
the Manetoe Dolomite and Nahanni limestones as 
compared to porosities predicted from their maximum 
burial depths according to equations 1 and 2. 
Dolomitization itself is unlikely to have created poros- 
ity. Instead, the low average porosities of the Manetoe 
Dolomite may indicate that dolomitization either con- 
served rock volume or even caused the occlusion of 
some pre-existing porosity by the precipitation of addi- 
tional dolomite cement. 

Manetoe dolomitization is inferred to have been early 
in the diagenetic sequence, preceding the generation of 
hydrocarbons (Fig. 14). The pervasive solid reservoir 
bitumen coating dolomite crystals lining vugs attests to 
the post-dolomitization migration of liquid hydrocarbon 
into these rocks. The presence of subvertical bitumen- 
filled fractures crosscutting Manetoe Dolomite fabrics 
implies that there may have been fracturing from gas 
generation during oil catagenesis. Thermal gas genera- 
tion in oil pools probably can generate considerable 
overpressures in the subsurface (Ungerer et al., 1983) 
which might lead to subsurface fracturing. The extreme- 
ly low vertical permeability of the overlying Besa River 
shale and the low permeability of Nahanni limestones 
adjacent to Manetoe reservoirs would enhance the poten- 
tial for the generation of overpressures during the ther- 
mal cracking of oil to gas in these reservoirs. Viscous, 
but still mobile bitumen may have been forced into these 
fractures during gas generation some time following 
emplacement of the Manetoe Dolomite. 

The occurrence of zones with macropore vugs com- 
pletely occluded by solid bitumen may indicate that 
much of the bitumen originated not simply as the residu- 
al bitumen that remains after the thermal cracking of oil 
to gas, but rather as deasphalted bitumen (Lomando, 
1992), in which the gas-soluble oil fraction has been 
stripped from the oil by gas passing upwards through the 
oil column. The relatively massive amounts of bitumen 
in the Kotaneelee E-37 well may be due to its proximity 
to a fault which possibly provided a local focus for the 
upwards flow of gas through the oil column in Mesozoic 
to Cenozoic time. 

The quartz and calcite vug-filling cements clearly 
postdate bitumen emplacement as do the sphalerite and 
galena veinlets. It is difficult to be certain of the timing 
of the cavern-fillings. Those in the Pointed Mountain A- 
55 core appear almost contemporaneous with the 
Manetoe dolomitization event, with some evidence that 
the excavation of macrovug porosity predated dolomiti- 
zation (Fig. 14). 

Silicification of the detrital crossbeddedfossiliferous 
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carbonates in the large cavern-filling in the Labiche F-08 

well may have been caused by pH changes related to the 
generation of organic acids during organic maturation. 
Generation of hydrocarbons in the overlying Besa River 

shale source beds in Late Paleozoic to Early Mesozoic 

time would have been accompanied by high solution 
concentrations of organic acids. These acid solutions., on 
entering the porous cavern-filling may have caused the 

replacement of carbonates by silica if the pre-existing 
pore solutions of the cavern-fill were alkaline and 
e. iriched in silica (see Williams and Crerar, 1985). 
However, in the absence of definitive age information, it 
is not possible to be certain concerning the timing of the 

cavern-filling with respect to liquid oil generation. The 

sooty bitumen impregnating the cavern-fill could be the 
later residue of in-place thermal cracking of oil that 
filled the cavern-fill porosity because the existing porosi- 
ty of the cavern-filling, at more than 23%, is an order of 
magnitude greater than the TOC of about 2.0%. 

This cavern-filling is shown as a distinct episode of 
cavern development on Figure 14. However, the 
"Paleozoic" appearance of the weakly crossbedded and 
silicified faunas and the probability that cavern excava- 
tion occurred before oil migration leaves open the possi- 
bility that this cavern-filling formed at the same time as 
the cavern-fillings in the Pan Am Pointed Mounted A-55 

core. 

CONCLUSIONS 

Examination of cores from selected wells in the Liard 
Basin, in conjunction with regional geological and geo- 
chemical information has led to: 
" Recognition that the Nahanni Formation in the sub- 

surface of Liard Basin more closely resembles the 
transgressive Dunedin Formation of northeast British 
Columbia than the regressive Nahanni Formation of 
the southern Mackenzie Mountains; 

" Identification of one, and possibly two episodes of 
subsurface cavern excavation and internal sediment 
infill that postdate Manetoe dolomitization; 

" Recognition that hydrocarbon migration postdated 
cavern development and emplacement of the Manetoe 
Dolomite; 

" Recognition that much of the gas field bitumen origi- 
nated by deasphalting of oil, rather than as a residue 
of the thermal cracking; 

" Correlation of trends in bitumen reflectance of the 
upper Paleozoic siliciclastic sequence overlying the 
Manetoe Dolomite with trends in vitrinite reflectance 
and in Rock-Eval Tmax 7 
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Recognition that the absolute porosities of the 
Manetoe Dolomite and accompanying Nahanni lime- 
stone and their average porosity differences are large- 
ly the result of depth-dependent porosity changes dur- 
ing burial, along with additional porosity occlusion by 
mineral cements and bitumen, 
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Davidson, D. A. and Snowdon, D. M. 1978. Beaver River 
� Middle Devonian carbonate: performance review of a high- 

relief, fractured gas reservoir with water influx. Journal of 
Petroleum Technology, v. 30, p. 1673-1678. 

Douglas, R. J. W. 1976. Geology of the La Biche River map- 
area, District of Mackenzie, Geological -Survey of Canada 
Map 1380A, 1: 250,000. 

Recognition that porosity-permeability tends to be 
and Norris, D. K. 1976. Geology, Sibbeston Lake, 

preferentially developed parallel to bedding and that District of Mackenzie. Geological Survey of Canada, Map 
vertical permeability was enhanced by dolomitization; 1377A. (Scale 1: 250,000). 
Recognition that late stage fracturing, unlike in the 
Beaver River gas field, did not contribute significant- 
ly to porosity or permeability of the Kotaneelee and 
Pointed Mountain fields 
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