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Kurzfassung 

Die Evaluierung der Kerogenqualität ist wesentlicher Bestandteil von Erdöl-

explorationsstrategien, da dies den Schlüssel zur Bestimmung von sowohl Quantität und 

Typ des generierten Petroleums, als auch dessen Ausmaß im Becken darstellt. Einerseits 

sind die sedimentären Fazies eng mit der Qualität des organischen Materials und somit 

mit seinem Potential zur Erdölbildung verknüpft, da lateralen und vertikalen 

Änderungen im Muttergestein entsprechende Änderungen in der 

Erdölzusammensetzung erwarten lassen. Andererseits ermöglichen die zunehmend 

genaueren analytischen Möglichkeiten hochauflösende Studien und regen dazu an, die 

Auflösung bei der Simulierung geologischer Strukturen und Prozesse, die auf die Bildung 

von Erdöl Einfluss nehmen, voranzutreiben. Im Kontrast zu konventionellen Methoden, 

welche einem völlig homogenen Muttergestein ein durchschnittliches Erdölpotential 

zuordnen, wird hier vorgeschlagen, die lateralen und vertikalen Variationen der 

Organofazies und des Petroleumpotentials zu berücksichtigen. Dafür wurde erstmals ein 

Multi-Parameter-Ansatz angewandt, der eine Beurteilung des Genesepotentials, des 

Petroleumpotentials, der petrographischen Fazies und die Thermische Stabilität der 

Sedimente berücksichtigt. Diese Methode wurde auf fünf Muttergesteine des 

kanadischen Mackenzie Deltas angewandt. 

Im Mackenzie Delta haben die Unterschiede der organischen Fazies, 

hervorgerufen durch unterschiedliche Ablagerungsmilieus, eine starke Auswirkung auf 

die Zusammensetzung des Erdöls. Meeresspiegelschwankungen während der 

Ablagerung der Kugmallit Sequenz führten zu einer Verschiebung des Erdölpotentials 

von „low-wax“ zu „high-wax“ Ölen innerhalb der Delta Plain und Delta Front Sedimente, 

sowie zu einer Anhebung des Ölfensters um bis zu 1500 m. Die ästuarinen / lagunalen 

Abschnitte der Taglu Sequenz hingegen neigen zur Gaserzeugung in den terrigenen 

Bereichen, während die Bereiche mit einem starkem limnisch/marinen Charackter der 

organischen Fazies, Potential für die Bildung von Öl und eine enge Verteilung der 

Aktivierungsenergien zeigen. Die direkte Konsequenz ist eine Absenkung des Ölfensters 

um bis zu 2500 m zwischen den ästuarinen und den terrigenen Faziesbereichen der 

Taglu Sequenz. Laterale und vertikale Heterogenitäten des sedimentären organischen 

Materials haben Auswirkungen auf die Bewertung des Muttergesteinspotentials. 

Innerhalb der Smoking Hills Sequenz (Obere Kreide) werden organische Fazies-

Variationen durch Redox-Bedingungen und Strömungsgeschwindigkeiten erklärt, die 

einen selektiven Transport und Ablagerung begünstigt haben. In der Aklak Sequenz 

(spätes Paläozän – frühes Eozän) geht der Wechsel von der Ablagerung im marin – 

beeinflussten deltaischen Milieu hin zur Küstenebene nicht nur mit einem Wechsel von 

Öl- zu Gaspotential einher, sondern er resultiert darin, dass die gas-generierende 

Sedimente der oberen Aklak Sequenz weniger stabil sind, als die öl-generierenden 

Sedimente der unteren Aklak Sequenz. Die oil-generierenden ästuarinen/lagunalen 

Abschnitte der Taglu Sequenz (frühes bis mittleres Eozän) unterscheiden sich von den 

kontinetalen gas-generierende Abschnitten in ihrer Maceralzusammensetzung und ihrer 

thermische Stabilität, die zu einer Absenkung des Ölfensters auf bis zu 2500 m führt. Die 

Mittel. bis Spät-Eozäne Richardssequenz kann trotz ihrer teils erheblichen Fazies-

Variationen nicht als Muttergestein betrachtet werden. Schwankende Meeresspiegel 

während der Ablagerung der Kugmallitsequenz führte zum Wechsel der 
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Geomorphologie des Deltas, vom fluß- und wellendominierten Delta hin zum von 

Gezeiten beeinflussten Flussmündungsgebiet. Folglich entwickelten sich auch sehr 

spezifische Organofazien entsprechend der Ablagerungsgeschichte. Ebenso wurde eine 

Anhebung des Ölfensters um bis zu 1500 m beobachtet. Die Heterogenität des 

Muttergesteins spielt vor allem währende der Reifung des organischen Materials eine 

wichtige Rolle. Dies konnte durch künstliche Reifungsexperimente an zwei sorgfältig 

ausgewählten Proben gezeigt werden. Die erste Probe entstammt der Kugmallitsequenz 

(Delta-Ebene) und generiert während der künstlichen Reifungsexperimente wachsreiche 

Öle. Die Öle der zweiten Probe aus der Smoking Hills Sequenz (Delta-Slope) sind 

charakterisiert durch einen niedrigeren Wachsanteil. In den Proben der Smoking Hills 

Sequenz finden unter offenen Pyrolysebedingungen vor allem Crackingreaktionen statt 

während Aromatisierungs- und Kondensationsreaktionen im verbleibenden Kerogen der 

Kugmallitsequenz überwiegen. Das verbliebene Potential beider Proben steigt während 

der frühen Reifungs-Phase (300-340°C), was der Bildung von Bitumen zugeschriebn 

werden kann. Obwohl die Smoking Hills-Probe im offenen System 50% mehr Gas als die 

Kugmallitsequenz generiert, zeigt die Letztere eine offenkundig höhere Gas-Genese-

Kapazität im geschlossenen System, und besonders die Methan-Genese hat ihr Ende im 

höchsten getesteten Reife-Level (600°C) noch nicht erreicht. Solch späte Methan 

Genese von sekundären Cracken eines neugeformtent Überrests stammmt von der 

Aromatisierung bzw. Kondensation eines Residual-Kerogens mit neugenerierten 

Produkten bei niedriger Reifung. 

Diese Beobachtungen zusammen mit Konfiguration der Mackenzie Delta’s Play 

Elements, deutet auf die Kugmallitsequenz als wahrscheinlichste Quelle der Gashydrate 

hin. 
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Abstract 

A crucial part of petroleum exploration strategy is to evaluate the quality of 

kerogens because this is the key to determining both the quantity and type of 

petroleum generated, and the extent of this generation within the basin. Surprisingly, 

despite the availability of more and more analytical tools, the inferred source rock 

generative profile is never used considering the depositional history of the region, albeit 

the source rock quality is genetically tied to the geological context at the time of 

deposition. By contrast with conventional methods, which consider wholly 

homogeneous source rock to which an average petroleum potential is attributed, what 

is proposed here is to point to the occurrence of lateral and vertical variations of 

organic facies and then petroleum potential within a given source rock. For this, an 

original multi parameter approach is used, which involves the assessment of the genetic 

potential, petroleum potential, petrographic facies and thermal stability of the 

sediments. This is applied to five source rock units of Canada’s Mackenzie Delta. Lateral 

and vertical sedimentary organic matter heterogeneity is shown to impact on source 

rock petroleum potential assessment. Within the Upper Cretaceous Smoking Hills 

sequence, organic facies variations are explained by the control of current speed and 

redox conditions in a context of low sedimentation rate, which have favoured selective 

transport and deposition of oil precursors. For the Late Palaeocene-Early Eocene Aklak 

sequence, the shifting from marine-influenced deltaic environment to coastal plain not 

only coincides with a shifting from oil to gas potential, but it results in the incongruous 

situation where gas-prone sediments of the upper Aklak sequence are less stable than 

oil-prone sediments of the lower Aklak sequence. Oil prone estuarine episode within 

the Early to Middle Eocene Taglu sequence contrasts with gas-prone continental 

episodes by its macerals assemblage and thermal stability, resulting in a deepening of 

the oil window up to 2500 m. The Middle to Late Eocene Richards sequence cannot be 

considered as a source rock despite the strong facies variation observed. Fluctuating sea 

level during the deposition of the Kugmallit sequence leads to changes in the 

geomorphology of the delta from river- and wave-dominated delta to tidal estuary. 

Consequently, specific organic facies are developed according the depositional history 

and a shallowing of the oil window up to 1500 m between both phases is observed. 

Source rock heterogeneity is also crucial when considering the fate of organic 

matter with maturation. This is shown by performing artificial maturation experiments 

on two judiciously selected samples: a high-wax, oil-prone, delta-plain of the Kugmallit 

sequence and a low-wax oil prone, delta-slope sample from the Smoking Hills sequence.  

In open system, reaction pathways comprise mainly cracking reactions for the Smoking 

Hills sequence, while aromatization/condensation reactions within the residual kerogen 

predominate for the sample of the Kugmallit sequence. Residual potential of both 

samples increases in early maturation stages (300-340°C), which may be ascribed to 

bitumen formation. Although the Smoking Hills sample generates in open-system 

around 50% gas more than the Kugmallit sequence, this latter shows patently higher gas 

generative capacity in closed-system and notably methane generation does not reach 

an end by the highest maturity level tested (by 600°C). Such late methane generation 

from the secondary cracking of a neoformed residue issued from the 

aromatization/condensation of the residual kerogen with newly generated products at 

low maturity. 
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These observations, altogether with Mackenzie Delta’s play elements 

configuration, indicate that the Kugmallit sequence is likely the source of gas hydrates. 
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1. Introduction to the study: Approach and Objectives 

The reader must be aware that this report is not an exhaustive collection of 

description of organic facies of the Mackenzie Delta but it is rather the exposition of a 

point of view aiming to highlight the importance of the way of interpretation of 

geochemical data in petroleum exploration. 

1.1 APPROACH 

Characterization and variation of the organic facies, id the organic characteristics 

and subsequent potential generating capacity of a source rock (Jones, 1987), cannot be 

ignored of modern investigations of petroleum provinces especially with the aim of 

predicting and modelling petroleum composition and generation on a regional scale 

(Jones, 1987; Burwood et al., 1988; Huc, 1988).  On the one hand, the sedimentary 

facies being closely linked to the quality of the organic matter and so to the petroleum 

potential (Hunt, 1963; Rodgers, 1979; Tissot and Welte, 1984), lateral and vertical 

variations of the source rock commonly observed (see Burwood et al., 1988 and 

references therein) augur similar variations of the distribution of the petroleum types. 

On the other hand, the increasing analytical sophistications, particularly computer-

assisted simulation, such as OF-mod® (Organic Facies Modelling) or Petromod® 

(Petroleum system Modelling), enable fine-tuned studies and encourage to take a step 

forward in the resolution of the simulation of the geologic elements and processes that 

are involved in petroleum generation. A better understanding of the origin of the 

heterogeneous distribution of organic matter and of its evolution within a geological 

context is essential for the improvement and the reliability of predictions and models.  

The link between depositional environment and source rock properties is for the 

first time highlighted in Problems of Petroleum Geology (Wrather and Lahee, 1934). The 

expression "organic facies" appears during the 70's (Rogers and Koons, 1971) when 

most of the studies contrast "marine organic facies" and "terrestrial organic facies" 

(Rodgers and Koons, 1971; Tissot et al., 1974). During the 80's, this opposition is 

contradicted by new findings that prove the occurrence of significant quantity of 

terrestrial organic matter in the so-called marine facies (Bezrukov et al., 1977; Cornford, 

1979, Welte et al., 1979, Tissot et al., 1980).  The concept of organic facies is then 

refined by Jones and Demaison (1982) who define an organic facies as being "a 

mappable subdivision of a designated stratigraphic unit, distinguished from the adjacent 

subdivisions on the basis of the character of its organic constituents, without regard to 

the inorganic aspects of the sediments". In other word, an organic facies is a 

sedimentary entity with lateral and vertical extent characterized by its organic 

composition and subsequent potential generating capacity (Jones, 1987). Because of 

this definition, the concept of "organic facies" must be distinguished from other terms 

that refer to either geochemical characteristics, such as "kerogen facies", or 

petrographic characteristics, such as “petrographic facies” or "palynofacies"(Jones, 

1987). On field, an organic facies can be made up of organic debris of both marine and 

terrestrial origin and it can yield both oil and gas (Jones, 1987).  

Organic facies studies are still the object of a lot of publications and are 

increasingly used in various fields. Jones (1987) defines and discusses organic facies that 

he associates with well-known field examples, according the H/C ratio, Hydrogen Index 
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value, organic debris type, organic matter distribution and environment of deposition. 

Huc (1988) points out the influence of transport mechanisms, such as 

hemipelagic/pelagic deposition or gravity transport, on the lateral distribution of 

organic facies. Horsfield (1997) establishes a relationship between organofacies, 

petroleum types and pyrolysate chain-length distribution. Several authors have shown 

that the isotopic composition varies with the source facies (Grantham et al., 1980; Huc 

et al., 1985; Schoell, 1984; Burwood et al., 1988; Bailey et al., 1989) and that isotopes 

are more sensitive to organic facies variation than biomarkers (Bailey et al., 1989). 

Many case studies are successful in demonstrating the control on hydrocarbon 

generation of organic facies variation. Burwood et al. (1990) show that petroleum type 

variations in the Angolan Lower Congo coastal basin are due to the evolution from 

lacustrine to marine depositional environment. Kuo (1994) demonstrates that the 

variability of both organic facies and thermal maturity in lacustrine Kissenda shale of the 

Interior Basin and N’Komi Rift in Gabon result in diverse petroleum type and timing of 

generation. Tyson (1996) points out the relationship between stratigraphic deposition 

cycles and organic facies distribution and subsequent potential in the Kimmeridge Clay 

Formation. Mann and Stein (1997) link source rock potential to transgressive/regressive 

system track and lowstand/highstand deposits of the Quebrada Ocal black shales. 

Peters et al. (2000) determine in the Mahakam Delta and Makassar slope of Indonesia 

the relationship between depositional environment, system tract and petroleum type.  

According the definition given by Jones and Demaison (1982), there is no doubt 

that the depositional environment is one of the two major factors controlling the 

properties of an organic facies, the other one being the burial history. This control is due 

to the nature itself of this organic assemblage and to the geological processes that are 

involved in petroleum formation. It has been firmly established that petroleum 

generation results from the transformation of the sedimentary organic matter by 

thermal- (Henderson et al., 1968, Tissot and Welte, 1984) and microbial-induced 

degradations (Rhead et al., 1971; Leythaeuser, 1973; Clayton and Swetland, 1978; 

Kvenvolden, 1988; Littke and Sachsenhofer, 1994; Gall et al., 1994). The generation 

proceeds through the progressive thermal cracking of the kerogen, which is a solid, 

organic macromolecule insoluble in organic solvents, into smaller, gaseous and liquid 

petroleum-like molecules that are extractable from the sediments (Tissot and Welte, 

1984; Radke et al., 1989). An organic facies is made up of an assemblage of various 

kinds of kerogen (Jones, 1987) which are composed of organic debris, such as marine or 

lacustrine algae, spores, pollen and diverse vegetal tissues (Stach et al., 1982; Tissot and 

Welte, 1984). Each of these constituent is microscopically and geochemically 

identifiable and produces a specific type of petroleum (see: Hedberg, 1968; Stach et al., 

1982; Tissot and Welte, 1984; Collinson et al., 1994; Stankiewicz et al., 1998) at a 

specific level of maturity (Khorasani and Murchison, 1988). As the total petroleum 

generated is the sum of these numerous contributions (Mackenzie et al., 1983), there 

will be as many kind of petroleum as existing kerogen mixtures (Jones, 1987) and hence 

as existing organic facies. Subsequently, since both the quality and quantity of organic 

matter are inherited from the time of deposition (Demaison and Moore, 1980; Huc, 

1988), the petroleum potential of an organic facies does depend strongly on the 

depositional environment. Furthermore, oil and gas can also be trapped by lateral facies 

change (e.g. Berg, 1979).  



 

11   

 

The kind of detritic input is not the unique controlling factor on organic facies 

petroleum potential as the organic matter undergoes biological and chemical 

alterations during the transit from the original habitat of the precursors to the final site 

of deposition (Correia, 1967; Huc et al., 1990). Oxidative or reductive processes may 

modify the initial properties of the organic matter. While reduction conditions permit a 

good preservation of the organic matter, oxidation of organic particles inhibits 

petroleum expulsion (Tissot and Weltes, 1984; Waples, 1985; Saxsby, 1986) or at least 

reduces considerably the thermal stabilities of the particles (Khorasani and Michelsen, 

1991). Indeed, oxidation provokes a dehydrogenation (loss of aliphatic compounds) and 

a concomitant oxygenation (Fredericks et al., 1983; Rhoads et al., 1983; Lo and Cardott, 

1995) in other word a decrease of the Hydrogen Index and an increase of the Oxygen 

Index, which are two parameters among others characterizing geochemically the 

kerogen (Bustin et al., 1985; Copard et al., 2002; Copard et al., 2004). Such 

transformation may lead to misinterpretation of geochemical data as the oxidation path 

is similar to the maturation pathway on a diagram OI vs. HI and as this evolution is 

accompanied by an increase of the Tmax (Copard et al., 2004). However, high 

sedimentation rate and rapid burial can thwart oxidative processes (Müller and Suess, 

1979; Demaison and Moore, 1980). A tenfold increase of the sedimentation rate can 

double the quantity of organic matter preserved (Müller and Suess, 1979). As well, the 

preservation of the organic matter in anoxic bottom water depends on the rate of 

sedimentation (Demaison and Moore, 1980; Jones, 1983; Gautier, 1985). Nevertheless, 

too much sedimentary input may lead by dilution effect to a decrease of the organic 

content or a modification of the quality of the petroleum (e.g. Bustin, 1988). For 

instance, assuming a constant oil-prone liptinite sediment supply, the increase of the 

gas-prone vitrinite input through time leads to the increase of the gaseous potential 

through the sedimentary column, whereas the increase of clastic input leads to the 

decrease of the total organic content. 

Transport of organic debris plays also a significant role in organic facies variation 

as it governs deposition or non-deposition of the sediments (Gadel and Ragot, 1973) 

that can be related to the aerodynamic (Clark, 1988) and hydrodynamic properties of 

the organic particles (Clark, 1988; Huc, 1988). According their size, the particles may be 

transported by water or both wind and water (Clark, 1988) leading to a variability of 

distribution patterns. In high energy environment, selective transport of sediments by 

water currents can sort out particles creating geochemical or petrographic trends in the 

direction of transport (e.g. Bustin, 1988) and then organic facies variation. Furthermore, 

the ratio oxidised/non-oxidised particles increases with increasing transport distance 

(Littke et al., 1997). In anoxic basins, the organic matter is generally distributed in a 

concentric pattern with a centripetal increase of organic content towards the 

depocentre (Huc, 1988). After deposition in an anoxic environment, the organic matter 

can be reworked by gravity transport which accounts for lateral heterogeneity of the 

organic facies in the bottom sediments (Huc, 1988). 

Thus, organic facies properties are strongly affected by the parameters defining 

the depositional environment which in turn is dependent of global changes such as 

eustatic level changes, global or regional tectonic events and climate. However, 

considering an organic facies strictly according the definition of Jones and Demaison 

(1982), i.d. “without regard to the inorganic aspect of the sediment”, may be simplistic 

when considering generation and migration phenomena as the mineral matrix interacts 
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with the kerogen during these phases. Indeed, thermal transformation of the organic 

matter can be catalysed by minerals, especially clays, and hydrocarbons can be 

adsorbed on the mineral matrix (Espitalié et al., 1980; Horsfield and Douglas, 1980; 

Davis and Stanley, 1982; Dembicki et al., 1983; Ivanov and Scherban, 1983; Tarafa et al., 

1983; Espitalié et al., 1984; Larter, 1984). Mineral matrix effect induced by clays or low 

organic carbon content may reduce the pyrolysis yield (Espitalié et al., 1980; Orr, 1983) 

and may modify both Oxygen Index and Hydrogen Index (Espitalié et al., 1980; Katz, 

1983; Orr, 1983). Furthermore, the concentrations of volatiles produced by pyrolysis are 

also affected with, for example among others, changes in the ratio α-methylaromatic 

over β-methylaromatic or irreversible absorption of these compounds in the matrix (e.g. 

Burkow et al., 1990). Of course, like the organic fraction, the composition of the 

inorganic fraction of a sedimentary rock is also tributary of the environment in which it 

was deposited. 

Under the light of this scientific knowledge, it is clear that the temporal and 

spatial variability of the parameters which characterize a depositional environment 

results in the variability of the distribution of the organic facies through time and space 

within a given petroleum province. Hence estimation of petroleum potential on a 

regional scale does require a multidisciplinary approach and may require a variety of 

analytical tools, techniques and documentations to be successful, suitable and 

convincing. In that way, a sample can be geochemically characterized in laboratory and 

then put into its depositional context, so that specific episodes of the geological history 

of the region can be in turn characterized by specific petroleum type and production. 

From this perspective, the Mackenzie Delta represents an excellent candidate as its 

geology is well constrained thanks to numerous studies carried out by the Geological 

Survey of Canada and as the area has been investigated since the 70’s by petroleum 

exploration industries (e.g. ExxonMobil Canada, Devon Canada, Texaco Canada, Imperial 

Oil Resources, Conoco Canada, Shell Canada). The Canadian Mackenzie Delta is well 

known as one of the major exploration province for both oil and gas. Gas hydrate is 

predicted to occur in the near subsurface of the delta up to depths of 1400 ±200 m over 

an area of 50,000 km2 (Judge and Majorowicz, 1992). The origin of these free gas and 

clathrates is still a matter of debate. They may originate whether from deep, 

overmature, “marine”, Upper Cretaceous sediments (Lorenson et al., 1999), which are 

also identified as major source rocks for the generation of oil (Powell and Snowdon, 

1975; Snowdon and Powell, 1979; Brooks, 1986), or from shallow, immature, 

“terrestrial”, Tertiary sediments (Dixon et al., 1992). Early publications about the 

relationship between organo-chemical properties and depositional environments have 

shown that the organic matter preserved within the Tertiary sequences are relatively 

homogeneous indicating a constant organic composition of the sediment supply (Young, 

1975; Young et al., 1976; Snowdon, 1978). It was concluded that the controlling factor 

of the organic chemistry of the whole late Cretaceous-Tertiary sediments is the nature 

of the source of sediment and that geological processes are only responsible for the 

sorting and the altering of the sediment input. This homogeneity is however not true 

when it comes to petroleum generation properties since through the entire Delta the 

Upper Cretaceous and Tertiary sequences have experienced extreme facies variations, 

depending on the depositional conditions (Dixon et al., 1992; Dixon, 1996). In this 

context, it has been shown that the Eocene Taglu sequence is not only prone for the 

generation of gas but, at least on regional scale has the potential to form significant 
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volumes of oil (Snowdon et al., 2004). Investigations on other deltas, such as the 

Mahakam delta (Combaz et Matharel, 1978) or the Niger Delta (Bustin, 1980), support 

these observations and illustrate that significant variations in organic matter with 

depositional environments occur. These findings prove that the evaluation of the 

petroleum formation potential and behaviour of source rocks in the Mackenzie Delta is 

certainly much more complex than opposing Cretaceous sources to Tertiary sources. 

This holds especially true for prediction of petroleum formation timing and 

composition, since these characteristics are controlled by organic facies. Overall kinetic 

models for the different potential source rock sequences as previously published by 

Issler and Snowdon (1990) or Tegelaar and Noble (1994) can be seen to be by far too 

simplistic for the overall Mackenzie Delta and may be valid at best on very restricted 

local scale. 

1.2 OBJECTIVES 

This thesis aims to investigating the identifying possible organic facies variations 

within the Upper Cretaceous and Tertiary sequences in the Mackenzie Delta, and to 

highlighting the consequences for petroleum formation predictions. While previous 

studies contrasted Cretaceous sources with Tertiary sources and characterized one 

sequence as a whole homogeneous entity, I propose here to divide each sequence into 

smaller sedimentary body related to depositional environment, to identify organic 

facies by performing a complete analysis of the geochemical, petrographic, and 

petroleum formation properties of the sequence, and to link these results to the 

depositional history of the delta. This approach permits me not only to point up the 

strong influence of depositional environment on hydrocarbon formation predictions but 

also to identify the possible source of gas for gas hydrates layers. The last step of the 

study is to select good candidates for artificial maturation experiments in order to 

determine the origin and timing of generation of gas that may be responsible for the 

formation of free gas and gas hydrates accumulation in the near subsurface of the 

Mackenzie Delta. 
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2. The Mackenzie Delta: Geological Background 

2.1 THE BEAUFORT-MACKENZIE BASIN 

The Beaufort-Mackenzie Basin is an Arctic, rifted, passive continental margin 

within which prograded a river delta. It extends, from North to South, from the 

southern permanent ice pack limit in Beaufort Sea (71°N) to the head of the present 

Mackenzie Delta (68°N) and, from the West to the East, from the frontier between 

Alaska and Yukon (141°W) to the Amundsen Gulf (127°W) straddling the frontier 

between the Northwest Territories and the Yukon. The Mackenzie delta itself is 210 km 

in length and is 13,500km2 in area. 

2.1.1 Structural Setting 

The tectonic architecture of the Beaufort-Mackenzie Basin is well understood 

thanks to numerous surveys carried out by the Geological Survey of Canada and field 

investigations of industries involved in petroleum exploration (Lane, 2002). Four 

structural domains are distinguished in the region (Fig.2-1): 

• the Stable Craton 

• the Southeast Margin of Canada Basin 

• the Cordilleran Fold Belt  

• the Canada Basin  

 

Figure 2-1: The Beaufort-Mackenzie Basin (modified from Dixon, 1996) 
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The Stable Craton is overlain conformably by thick Proterozoic succession (Norris, 

1997), westward thickening and progressively deformed Paleozoic stratal wedge and 

folded Mesozoic strata. The Southeast Margin of Canada Basin bounds the Stable 

Craton with northeastward, large, growth faults inherited from the Mesozoic rifting 

associated to the Canada basin opening (Lane, 1998). Covering the western part of the 

basin, the highly deformed Cordilleran Fold Belt results from the collision of tectonic 

terranes coming from the southwest against the continental margin of western North 

America. The Canada Basin is composed of faulted and folded strata underlain by 

oceanic and transitional crust (Lane, 1998; Dixon, 1996). 

The tectonic evolution of the Beaufort-Mackenzie Basin can be divided into two 

main phases (Dixon et al, 1985; Lane, 2002) 

  • the Mesozoic extensional phase 

  • the Late Cretaceous-Tertiary Orogenic phase 

The extensional stage occurred from the Late Jurassic to the Early Cretaceous 

reaching a climax in Albian time with the formation of the western Arctic Ocean basin 

(Embry and Dixon, 1990; Stephenson et al., 1994; Lane and Dietrich, 1995). It produced 

half-grabens and troughs (e.g. Kugmallit Trough Fig.2-1) as well as large bounding faults 

(e.g. Eskimo Lakes Fault Zone Fig. 2-1) along the Stable Craton (Lane, 2002). To this 

active tectonic phase followed a stage dominated by thermally controlled subsidence 

and sedimentation during the Late Cretaceous. The end of the rifting is marked by a 

break-up unconformity at the base of the Upper Cretaceous.  

The Tertiary orogenic phase began in Maastrichtian time and occurred by episodic 

deformation (Lane and Dietrich, 1995) culminating in Paleocene to early Eocene. From 

the Paleocene to middle Eocene, the interaction between the opening of the Atlantic 

Ocean to the east and to the Cordilleran tectonics to the west has resulted in the 

formation of large scale, arcuate structures. During the Late Miocene, only the 

Cordilleran tectonics were responsible for the production of long linear folds in the 

distal part of the basin and secondary faulting (e.g. Tarsiut-Amauligak Fault Zone; Fig.2-

1) as well as reactivation of Jurassic-Cretaceous rifting faults and early Tertiary 

structures (Lane and Dietrich, 1995). Minor deformations have occurred until the 

Holocene (Lane and Dietrich, 1995). In the basin, Proterozoic and Paleozoic structural 

trends are responsible for the northeast-southwest trending style of the extensional 

structures acquired during the Mesozoic (Cook et al., 1987; Stephenson et al., 1994) 

while east-west trending structures are inherited from late Cretaceous and Tertiary 

tectonics (Lane, 1998). Hydrocarbon formation occurred mainly during a major burial 

event from Eocene to Oligocene in the eastern part of the Beaufort-Mackenzie Basin 

(Tang and Lerche, 1991). In the western part of the basin, it occurred from the Late 

Oligocene to Early Miocene and in the central basin during the Late Miocene. 

2.1.2 Stratigraphy 

The Beaufort-Mackenzie Basin is divided into four regional stratigraphic 

supersequences separated by regional unconformities (Dixon, 1996).  

These are: 

  • Proterozoic Inuvikian sequence 

  • Cambrian to Devonian Franklinian sequence 

  • Mississippian to Upper Hauterivian Ellesmerian sequence 

  • Upper Hauterivian to Present Brookian sequence 
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The Proterozoic Inuvikian sequence is a 15 km thick, thrust faulted succession 

composed of low-grade metamorphic rocks (Dixon and Dietrich, 1990). The Cambrian to 

Devonian Franklinian sequence records the Paleozoic crustal extension, adjacent the 

Paleo-Pacific passive margin, prior to the Late Paleozoic Ellesmerian Orogeny (Norris, 

1997; Morrow, 1999) by a succession of Cambrian to Middle Devonian platform 

carbonates and shales underlain and overlain by cratonic-derived clastics. The 

Mississippian to upper Hauterivian Ellesmerian sequence records successively the 

Ellesmerian Orogeny in Carboniferous strata (Lane, 1998) and the interval between this 

latter event and the formation of the Canada ocean basin in Permian to Jurassic strata 

(Norris, 1997). The Upper Hauterivian to Present Brookian sequence is crossed by a 

major unconformity between the Upper Cretaceous and the older successions (Young, 

1973; Yorath and Norris, 1975; Hawkings and Hatlelid, 1975). The Upper Cretaceous-

Tertiary sediments of the Mackenzie Delta form a series of offlapping, sigmoidal 

wedges, resulting in an overall regressive megasequence spoon (sensu from Dailly, 

1975) which consists of up to 14-16 km of siliclastic strata (Enachescu, 1990) within ten 

organic-rich sequences (Fig. 2-2).  

These sequences are:  

• Boundary Creek: Cenomanian –Turonian (Upper Cretaceous) 

• Smoking Hills: Santonian – Campanian (Upper Cretaceous) 

• Fish River: late Maastrichtian-Paleocene 

• Aklak: late Paleocene - Early Eocene 

• Taglu: Early Eocene - Middle Eocene 

• Richards: Middle Eocene - Late Eocene 

• Kugmallit: Oligocene 

• Mackenzie Bay: Oligocene - Miocene 

• Akpak: Miocene 

• Iperk: Pliocene-Pleistocene 

Boundary Creek and Smoking Hills Upper Cretaceous sequences consist of 

organic-rich shales interbedded with thin bentonite beds and ironstone concretions that 

occur in western Beaufort Sea and in the central and eastern part of the basin, 

respectively. The nature of these sediments indicates that they were deposited in a low-

energy, anoxic, outer-shelf to slope environment submitted to frequent volcanic activity 

(Dixon and Dietrich, 1990). Both sequences are up to 1,100 m thick.  

By contrast, Tertiary delta sequences were deposited in a more oxic and energic 

environment. The Tertiary sedimentation pattern displays a northeasterly spatial shift of 

the basin depocentre with time (Fig.2-3; Dixon et al., 1985) in response to the 

northeastward progradation of the Brooks Range deformation and uplift across 

northeastern Alaska and northern Yukon (Lane and Dietrich, 1995). Therefore, the Aklak 

Delta was located in the vicinity of northeastern Yukon-offshore Mackenzie Bay while 

the Taglu delta was centred in the modern Mackenzie Delta and the Richards and 

Kugmallit deltas were centred in the south-central Beaufort shelf area (Dixon, 1996). 

Mackenzie Bay, Akpak, Iperk sequences and Late Pleistocene-Holocene Shallow Bay 

sequence were deposited in the central Beaufort Sea. The thickness of the Tertiary 

sequences vary from 400 m (e.g. Shallow Bay) up to 4000 m and more (e.g. Aklak and 

Iperk).  
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Figure 2-2: Stratigraphic chart of the Upper Cretaceous to Holocene sedimentary column of the 

Beaufort-Mackenzie Basin. The source rocks studied are shown in blue. 

 
 

 

Figure 2-3: Maximum Progadation of the Tertiary delta complexes in the Mackenzie Delta 

(modified from Dixon and Dietrich, 1990; Dixon, 1996) 
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The depositional regime was formerly dominated by sediment derived from 

Cordilleran highlands and shifted lately during the Tertiary to a dominance of Mackenzie 

river (Morrel and Schmidt, 1988). However, regarding the homogeneity of the genetic 

potential displayed by the organic matter of the different sequences, the composition of 

the sediment supply is considered unvarying (Young, 1975; Young et al., 1976; 

Snowdon, 1978). 

The story of each sequence is punctuated by terrestrial and marine episodes due 

to changes in sea-level and in water mass characteristics relative to transgressive-

regressive events (see Parson and Norris, 2003). More details are given in paragraph 

3.2. about the stratigraphy of the sequences considered in the present study: Smoking 

Hills, Aklak, Taglu, Richards and Kugmallit. 

2.1.3 Petroleum Systems 

The Mackenzie Delta is a major petroleum exploration province and is well known 

for the occurrence of large accumulation of gas hydrates. Tertiary and Cretaceous 

sediments are proposed to be the source of hydrocarbons in that area (Creaney, 1985; 

Powell and Snowdon, 1980; Snowdon and Powell, 1982; Snowdon, 2002). Five 

sequences are considered as potential source rocks: 

• The Upper Cretaceous Smoking Hills sequence 

• The Late Paleocene-Early Eocene Aklak sequence 

• The Early Eocene-Middle Eocene Taglu sequence 

• The Middle Eocene-Late Eocene Richards sequence 

• The Oligocene Kugmallit sequence 

The Smoking Hills sequence is organic-rich with a strong marine influence (Bruce 

and Parker, 1975; Creaney, 1980; Snowdon, 1980) while the Tertiary sequences are all 

composed of terrestrial, deltaic deposits. Mainly black oils are recovered from the 

Smoking Hills although this sequence has also potential to form gas. Because of their 

terrestrial character, Tertiary sequences are conventionally presented as gas-prone 

source rocks (Dixon et al., 1992) even if oils are also recovered (Dixon, 1996; Snowdon 

et al., 2002; Snowdon et al., 2004). The Upper Cretaceous-Tertiary sequences are 

reported to be immature to marginal mature in drilled exploration wells (0.3-0.8%Ro) 

and are assumed to be dominated by type III kerogen (Snowdon, 1978; Snowdon, 1984; 

Snowdon et al., 2004). In the offshore delta, sediments immaturiy is attributed to the 

rapid Plio-pleistocene burial, which was characterized by a deposition rate of 500 

m/My, pushing the heating rate from 5°C to 15°C/My (Issler and Snowdon, 1990). Due 

to the low maturity gradient of sediments drilled in the Mackenzie Delta, different 

hypotheses are proposed to explain the occurrence of hydrocarbons. Bruce and Parker 

(1975) support that oils trapped in Tertiary strata are derived from the bituminous zone. 

Hawking and Hatlelid (1975) and Staplin (1977) suggest that these oils are derived from 

deep-buried woody-herbaceous organic matter. Snowdon (1978) thinks that resinite 

may play a significant role in oil generation. Recent studies, however, contradict these 

early hypotheses. Indeed, the character of the oils derived from the delta complex is 

different from those derived from the bituminous zone. Furthermore, hydrocarbons are 

formed in-situ at shallow depths in terrestrial sediments (Snowdon, 2002) that can be 

predicted using enhanced numerical models (Dieckmann, 2005). The oils trapped in 

Cretaceous-Tertiary strata has been classified according different parameters such as 

Rock-Eval data, composition, isotopic data, biomarkers, API gravity, viscosity and extent 
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of biodegradation (Burns et al., 1975; Snowdon and Powell, 1979; Brooks, 1986) 

demonstrating in all cases that the source of oil can be either Cretaceous or Tertiary. 

The Richards sequence was long considered as the probable source for most of the 

Tertiary oils and condensates (Brooks, 1986) because of the exclusive occurrence of 

17α(H) and 17β(H) 23,28 bisnorlurpane in its lower part (Snowdon, 1987; Snowdon, 

1988; Issler and Snowdon, 1990). However, the recent identification of these 

biomarkers within the Taglu sequence invalidates this oil-source rock correlation 

(Snowdon et al., 2004). Furthermore, the paucity of organic matter in the Richards 

sequence cannot explain the large amount of oil and gas recovered in Tertiary strata 

even if this sequence is said to be under its maximum hydrocarbon generation 

conditions (Issler and Snowdon, 1990). As a consequence, the Taglu sequence is now 

proposed as a major source rock for oils trapped in Tertiary strata (Snowdon et al., 

2004). 

Free gas and clathrates are widespread in the near subsurface of the delta in 

Tertiary strata (Fig.2-4), up to depths of 1400 m (Judge and Majorowicz, 1992). These 

gases are mainly formed by thermal cracking of sedimentary organic matter, but their 

exact source is still a matter of debate.  They may originate whether from deep, over-

mature, marine, Upper Cretaceous sediments (Lorenson et al., 1999), or from shallow, 

immature, terrestrial, Tertiary sediments (Dixon et al., 1992).  

 

Figure 2-4: Gas hydrate bearing zone (Wiersberg et al., 2003) 
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The controlling factor of the properties of the organic matter contained in the 

Upper Cretaceous-Tertiary sequences is the nature of the source of the sediment 

supply, relegating geological processes to sediments sorting and altering (Young, 1975; 

Snowdon, 1978). However, this homogeneity cannot be true when it comes to 

petroleum generation properties because of the extreme variations of sedimentary 

facies which affect the whole delta. This is notably illustrated by the potential of the 

Taglu sequence which is not only prone for the generation of gas but has significant 

potential for oil generation on a regional scale (Snowdon et al., 2004). Until now, kinetic 

models for the different potential source rock sequences as previously published by 

Issler and Snowdon (1990) and Tegelaar and Noble (1991; 1994) do not take into 

account these facies variations. 

2.2 GEOLOGY OF THE STUDIED SOURCE ROCKS 

2.2.1 The Smoking Hills sequence (Upper Cretaceous) 

The Upper Cretaceous Smoking Hills sequence is a bituminous shale (Dietrich et 

al., 1985) composed of several hundred meters of dark grey to black organic-rich shale 

interbedded with thin bentonite layers (Dixon et al., 1992). The sequence is present 

mostly under the Tuktoyaktuk Peninsula (Fig. 2-5), and is quite thin in the vicinity of 

Cache Creek High and Eskimo Lakes areas. It thickens up to 500 m in the Kugmallit 

Trough (Young, 1978) and to 400 m within an isolated sedimentary body near the well 

Kugpik O-13 in the center of the present-day delta (Dixon, 1996).  

 

Figure 2-5: Map of depositional environment of the Smoking Hills sequence (after Dixon, 1996) 

 
 

The paucity of arenaceous material, and current-formed structures, and the 

thinness of the formation in relation to the time-interval represented, indicate that the 

sediment input and bottom currents were very slow (Young, 1978). Microscopic 

observation might point to the presence of marine organic matter or marine debris 
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(Creaney, 1980). Deposition likely occurred in a deep, euxinic basin which is a 

favourable environment for the formation of pyrite and the preservation of organic 

debris (Young, 1978). The total organic carbon content (TOC) ranges from 4 to 12 per 

cent which is consistent, together with the occurrence of concretions and the lack of 

coarse-clastics, with the hypothesis of deposition in a low energy anoxic marine 

environment (Dixon et al., 1985). The whole sequence is probably composed of outer 

shelf to slope deposits (Dixon et al., 1985; Dixon, 1996). It has experienced deltaic 

pulses alternating with transgressive marine shales (Lerand, 1973) and molassoid, 

terrigenous clastics representing alluvial, deltaic, littoral and fluvial environments 

(Young, 1975). The Smoking Hills sequence is considered as a good source of oil 

especially in the Tuktayoktuk Peninsula.  

2.2.2 The Aklak sequence (Late Paleocene – Early Eocene) 

The Aklak sequence was part of the Reindeer supersequence (Dixon et al., 1985) 

before being recognised as a single Late Palaeocene-Early Eocene unit (Dietrich et al., 

1989). It is widespread especially in the western part of the basin (Fig.2-6) where 

thicknesses are up to 5000 m (Dixon, 1996).  

 

Figure 2-6: Map of depositional environment of the Aklak sequence (after Dixon, 1996) 

 
 

The strata are composed of interbedded sandstone and shale of delta plain and 

delta front origin (Young, 1975; Dixon et al., 1992). The lower Aklak sequence contains 

predominantly terrestrial palynomorphs with occasional algal cysts and dinoflagellates 

intervals, whereas the upper Aklak presents an increase in fungal diversity and no 

marine communities that signify a rapid progradation of the Aklak delta and 

establishment of coastal environments (Parsons and Norris, 2003). The coastal flora was 

poorly diversified and dominated by conifers and angiosperms (Parsons et al., 2003). Oil 

and gas have been recovered from Aklak sandstones (e.g. Adlartok P-09) and, because 
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of the extent of these strata to the west, a considerable potential is expected from the 

west Beaufort Sea where there has been for instance little exploration (Dixon, 1996). 

2.2.3 The Taglu sequence (Early to Middle Eocene) 

The lower to middle Eocene Taglu sequence represented the upper part of the 

Reindeer supersequence (Dixon et al., 1985) before being recognized as a single unit 

(Dietrich et al., 1989). It was named “Taglu”, which means Caribou in Inuktitut, by 

Shawa (1978) in reference to the former Reindeer sequence. The Taglu sequence 

represents a single regressive depositional event formed by a prograding delta, with 

upwards gradation from marine to lower delta plain depositional pattern (Dixon, 1981). 

Although this sequence has been extensively eroded, thicknesses may attain 3000 m or 

more (Dixon, 1996) which can be explained by both high sedimentation rate and high 

subsidence rate (Dixon, 1981). Taglu deposits are located in the central Beaufort-

Mackenzie Basin (Fig.2-7). They consist of interbedded sandstone and shale successions 

dominated by delta plain and delta front deposits under the modern Mackenzie delta 

(Dixon, 1981) and prodelta basinward (Dixon et al., 1992). The Taglu sandstones derive 

from chert-rich, igneous and metamorphic terranes (Dixon, 1981).  

 

Figure 2-7: Map of depositional environment of the Taglu sequence (after Dixon, 1996) 

 
 

The depositional history of the Taglu sequence is punctuated by marine episodes, 

with increasing dinoflagellates diversity, and by terrestrial episodes, with coastal 

vegetation supporting high diversity fungal assemblages (Parsons and Norris, 2003). It 

starts with an early transgressive phase characterized by intermittent marine conditions 

that is interpreted as representing coastlines shifting and progradation of individual 

lobes (Parsons et al., 2003). The increase of dinoflagellates diversity carried by 

successive marine incursions indicates the deepening of the basin during the Taglu 

transgression (Parsons and Norris, 2003). Following this phase of marine pulses the 

environment becomes more hyposaline, possibly lagoonal, as shown by the recurrent 
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associations of freshwater algae with marine or terrestrial populations (Parsons et al., 

2003). The end of Taglu deposition was marked by estuarine conditions, representing 

the last marine pulse. The lobate shape of the delta indicates that the Taglu was a river-

dominated delta system and the laterally extensive delta front deposits suggest wave 

modification (Dixon, 1981).  

Oil and gas have been recovered from the Taglu sequence, especially from the 

prodelta shales. The most important discoveries are the Taglu gas field (Bowerman and 

Coffman, 1975), which contains at least 87.8x109m3 of recoverable gas, and the 

Niglintgak field, which may contain at least 28.3x109m3 (National Energy Board, 1988). 

2.2.4 The Richards sequence (Middle to Late Eocene) 

The middle to upper Eocene Richards sequence (Dixon et al., 1992) is named after 

the Richards Formation (Young and McNeil, 1982), which forms the bulk of the 

sequence. This sequence consists of shales and sandstones (Dixon et al., 1992), which is 

up to 2000 m thick in the vicinity of Ellice O-14 (Dietrich et al., 1985). The Richards 

sequence has been extensively eroded so that only strata from delta front, prodelta and 

delta slope still exist in the central part of the basin (Fig.2-8). The occurrence of diatoms 

steinkerns (McNeil, 1990) in the lower part of the Richards sequence indicates low-

oxygen condition at the time of deposition. 

 

Figure 2-8:  Map of depositional environment of the Richards sequence (after Dixon, 1996) 

 
 

The Richards sequence was long considered to be the probable source for most of 

the Tertiary oils and condensates as the biomarker 24-28-bisnolurpane was identified in 

Tertiary oils found in the Richards sequence (Brooks, 1986), especially in its lower part 

(Snowdon, 1987; Snowdon, 1988; Issler and Snowdon, 1990). However, Snowdon et al. 

(2004) have identified these biomarkers within the lower Taglu sequence invalidating 

the previous oil-source rock correlation. Moreover, these authors considered the 
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Richards sequence as an unimportant source rock that was actually already mentioned 

by Snowdon (1984).  

The reservoir target is the delta front sandstones in which oil (Ivik J-26 & K-54) and 

gas (Hansen G-07) were tested and some of the higher reservoirs were found in the 

overlying Kugmallit sequence (Dixon et al., 1992). Production potential is limited as the 

occurrence of these sandstones is reduced due to extensive erosion prior to Kugmallit 

deposition (Dixon et al., 1992). 

2.2.5 The Kugmallit sequence (Oligocene) 

The Oligocene Kugmallit sequence, which composed the deltaic part of the 

Kugmallit Formation (Young and McNeil, 1982), is up to 4000 m thick at its depocentre 

which is located in the vicinity of Issungnak O-61 in the inner shelf area just north of the 

delta (Dixon, 1996), and gets thinner northward and westward (Dietrich et al., 1985). 

Parasequences at the top of Kugmallit thin to the north, indicating that progradation 

occurred in that direction (James and Baxter, 1988). This sequence represents delta 

plain to basin plain deposits (Fig.2-9; Dixon et al., 1985).  

 

Figure 2-9:  Map of depositional environment of the Kugmallit sequence (after Dixon, 1996) 

 
 

The deposition of the Kugmallit sequence was dominated by sediment influx from 

the ancestral Mackenzie river (Morrel and Schmidt, 1988) and occurred in two phases. 

The first phase corresponds to a major drop in relative sea level during the Late Eocene 

that exposed the shelf, resulting in the formation in the slope and in the shelf of 

submarine canyons (Osadetz et al., 2003). During this period, much of the Kugmallit 

sequence was carried through the canyons into deep water and accumulated into thick 

submarine fan deposits. The second phase corresponds to sea level rise and basinward 

progradation of deltaic deposits (Dixon, 1996). North of the delta are mud-dominant, 

slope sediments and submarine fan deposits characterized by local sand-rich horizons 

(Dixon and Dietrich, 1990). Both eastern and western parts of the Kugmallit delta are 
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mud-dominated, prodelta/shelf sediments (Dixon and Dietrich, 1990). Delta plain and 

delta front deposits, located under the modern Mackenzie Delta, are composed of 

sandstones and conglomerates (Dixon, 1996). These sands are mineralogically and 

texturally immature and originate from sedimentary, igneous and metamorphic 

terranes (James and Baxter, 1988).  

On the basis of log character, seismic data and lithology, Morrel and Schmidt 

(1988) proposed a division of the delta front of the Kugmallit sequence into proximal 

and distal delta front. Within the proximal delta front, they distinguish three 

subsequences (Fig.2-10), each bounded at the top and the bottom by shale tongues that 

are recognized in the entire delta by seismic reflectors. These shale tongues represent 

the early deposit of basin filling after punctuation of the stratigraphic record by a major 

transgression. Their origin is interpreted as reflecting sea level change (transgression) 

rather than tectonic or delta lobe switching influence. The unit "C" exhibits more 

aggradational strata and less progradational units, which are more abbreviated in this 

unit, than in the younger units "A" and "B", which means that the progradation of the 

delta became stronger from unit "C" to unit "A". The authors suggest that during 

lowstand, the Kugmallit delta prograded seaward encountering high energy waves in 

deeper water. During the highstand of sea level, as the Kugmallit delta retreated up the 

Mackenzie Valley, tide amplitude increased while wave energies declined leading to the 

transformation of the delta geomorphology into a tidal estuary. Morrel and Schmidt 

(1988) concluded that during the early stages of progadation the Kugmallit delta was a 

river dominated delta and that the general form of this delta is wave dominated. 

 

Figure 2-10: Subsequences identified in the proximal deltafront  of the Kugmallit sequence 

 (after Morrel and Schmidt, 1988) 

 

 



 

26   

 

In terms of petroleum production, the Kugmallit sequence can be divided into two 

distinct parts. One part is located to the north of the Tarsiut-Amauligak fault zone (Fig.2-

1) which reservoir targets are principally deep-water sandstones on stratigraphic traps 

in anticlines of the Beaufort fold belt and the other part is located to the south of this 

fault zone with delta front sandstones as reservoir target (Dixon et al., 1992). The 

Amauligak oil and gas field, which is the most important discovery in Kugmallit 

sandstones, is located within the Tarsiut-Amauligak fault belt. Gulf Canada estimates 

recoverable oils reserves of about 55.7x106m3 (National Energy Board, 1988). 
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3. Sampling and Methodology 

3.1 SAMPLING 

77 samples were provided by the Geological Survey of Canada. The sample set is 

composed of cores, and cuttings, and hand picked coals stemming from 28 wells located 

offshore and onshore of the Mackenzie Delta (Fig.3-1).  

The sequence assignment of each sample was based on stratigraphic information 

published in Hitchon et al. (1990) and Dixon (1996) and it results in the folllowing 

distribution (Table 3-1): 

• Smoking Hills sequence: 11 samples,  

• Aklak sequence: 8 samples, 

• Taglu sequence: 9 samples, 

• Richards sequence: 9 samples,  

• Kugmallit sequence: 40 samples 

The widespread lateral (Fig.3-1) and vertical (from 550 to 4359 m; Fig.3-2) 

distribution of the sample set within the delta offers a diversity in delta facies and then 

in kind of organic matter mixture.   

 

Figure 3-1 : Distribution of the wells involved in the study 
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Table 3-1: List of samples 
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Figure 3-2: Samples distribution within the wells - Wells stratigraphy from Dixon (1996) and 

Hitchon et al. (1990)  
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Figure 3-2: to be continued 
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3.2 INITIAL FACIES ASSIGNMENT 

The wide diversity of depositional environments, which punctuates the geological 

evolution of a sedimentary basin and from which specific organic facies are expected to 

be derived, imposes the question of the way that a mappable zonation of these 

paleoenvironments can be defined and identified within the studied area. Not only the 

environmental conditions have varied through space at the time of deposition, which is 

preserved in most cases within the present spatial distribution of the sedimentary rocks, 

but they have also varied through time, that is recorded along the sedimentary column.  

Introducing the zonation of depositional environments forces therefore to employ 

a higher resolution that involves more and smaller sedimentary bodies. By contrast with 

the conventional method which considers the source rock as a whole homogeneous 

entity to which an average petroleum potential is attributed, what I propose here is not 

only to study the petroleum potential of the Mackenzie Delta at a smaller scale than it 

has been done before, but to highlight the occurrence of lateral and vertical variations 

of the petroleum potential within a given source rock. 

 To select depositional environments, the judicious choice is to select zones that 

can be easily located or that are already extensively documented, and whose derived 

organic facies can be characterized by routine geochemical methods and be 

subsequently integrated into petroleum models. The best approach is to begin with well 

known stratigraphic zonation in the basin such as deltafacies (Pelet, 1974), or tectonic 

derived features such as subbasin demarcation. Here, I used maps of depositional 

environment published by Dixon (1996) in “Geological Atlas of the Beaufort-Mackenzie 

area” that were build on the basis of a compilation of geochemical data, seismic data 

and log characters. The terms used by Dixon are simplified in this study in order to fit 

with the quantity of samples available and to allow easy classification. Thus, the sample 

set covers four depositional environments: delta plain, delta front, prodelta and delta-

slope (Table 3-2). 

The depositional history and the consequent vertical facies variations can be 

followed using the basic principle of superposition used in sequential stratigraphy (Vail 

et al., 1977) which is illustrated by the very schematic cartoon of Fig.3-3. The concept is 

such as a sample A (blue line on Fig.3-3) deposited earlier than a sample B (red line on 

Fig.3-3) does not present the same organic composition as this latter because they 

belong to different episodes of the depositional history. For example, the deposition of 

sample A may occur under anoxic condition while a regional transgression at the time of 

deposition of sample B may oxygenate the water column or carry marine organic matter 

in continental environment resulting in different petroleum potential between both 

samples.  

This concept can be applied considering the framework of system tracts 

assemblages (e.g. Robinson et al., 1996). Each delta-sequence studied here can be 

assigned to a system tract according to the information cited in paragraph 2-2: both 

Aklak and Taglu sequences are considered as lowstand system tract; Richards sequence 

is by nature a transgressive system tract while Kugmallit sequence is a highstand system 

tract. However, this diagram of sequential stratigraphy will be used only as an 

illustration because no seismic profiles were available to constrain sufficiently the study 

in that way. 
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Table 3-2: Assignment of depositional environment 

 
 

 

Figure 3-3: Concept used in the study and sequential stratigraphy scheme 
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Following the concept, an organic facies corresponding to a given couple source 

rock/depositional environment will be characterised by (Fig.3-4):  

• its petrography, which allows the nature of the petroleum precursors and the 

depositional environment to be identified, 

• its genetic and petroleum potential, which allows petroleum quantity, and 

quality, and type to be assigned  

• its thermal stability, which indicates the timing of hydrocarbon generation.  

Once the organic facies identified and associated to a given depositional 

environment, this database is extrapolated to the known depositional history of each 

delta in order to build a regional scheme of hydrocarbon generation. Within this 

scheme, organic facies, which seem to be likely a source of gas, will be selected for 

further analysis. 

3.3 METHODOLOGY 

To carry out the analytical program of the study, classical methods were 

employed (Fig.3-4). Organic petrography has allowed the depositional environment and 

the petroleum precursors to be identified. The genetic and petroleum potential were 

assessed by Rock-Eval pyrolysis, and by open-system Pyrolysis-Gas-Chromatography 

(Py-GC) and Thermovaporisation-Gas-Chromatography (Tvap-GC), respectively. The 

thermal stability of the organic matter was investigated by Bulk Kinetic analysis. Once 

the different organic facies identified and built up into a regional scheme, relevant 

samples were selected, and then artificially matured and their generating potential at 

different stages of maturation was investigated (see paragraph 5). 

Figure 3-4: Investigation program 
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3.3.1 Microscopy 

Microscopic investigation allows the petroleum precursors to be identified as well 

as the maturity stage to be determined. Macerals quantification and facies 

characterization do give valuable information on the initial depositional environment. 

The reflectance of light vitrinite is the most frequently used method to assess kerogen 

maturity because these macerals are relatively ubiquitous in sedimentary rocks. 

However, here the kerogen was too immature to allow vitrinite reflectance to be 

measured. This was not problematic since vitrinite reflectance data were available from 

the database of the Geological Survey of Canada (GSC). Regarding the high density of 

data published by the GSC and the tight range of vitrinite reflectance data, between 0.3 

and 0.61%Ro, exhibited by the sample set here studied, two assumptions were made, 

First, a value of vitrinite reflectance proposed by the GSC for a given well at a given 

depth both corresponding to the location of a sample is assumed to be a correct value 

of maturity for this sample. Second, maturity effect on the properties of organic facies is 

considered as negligible in comparison to the effect induced by variation in organic 

matter composition due to depositional environment since all samples are immature. 

The organic composition of 18 core samples was investigated by microscopy. 

Pieces of cores were embedded in epoxy resin. The resultant blocks, orientated 

perpendicular to the bedding, were ground flat and polished. Qualitative observations 

were performed in reflected light and fluorescence (excitation at 365 nm) using a Zeiss 

Axiophot microscope and oil immersion objectives with 20 and 50 times magnifying 

power. These investigations have been carried out according to the definition and 

description of macerals given by Taylor et al. (1998). The three maceral groups were 

identified (Stach et al., 1982; Taylor et al., 1998). The vitrinite group is mainly composed 

of gelified huminite or tellinite. The inertinite group is composed of inertodetrinite with 

some funginite and semifusinite. The liptinite group contains cutinite, sporinite, 

exsudatinite, fluorinite, resinite, bituminite, suberinite and liptodetrinite. Maceral 

quantification was done on the basis of a 200 points counting. Minerals, such as pyrite, 

were not counted. 

3.3.2 Rock-Eval Pyrolysis 

Rock-Eval pyrolysis is a technique which provides information about the bulk 

properties of the kerogen. This experiment and TOC determination were carried out on 

59 samples using an R-E6I/TOC instrument (Espitalié et al., 1985; Lafargue et al., 1997). 

For each sample, around 100 mg of finely ground rock was used. Initially, the aliquot is 

submitted to thermovaporisation at 300°C. Then, during a first stage, it is heated up 

from 300°C to 650°C at heating rate of 25C/min under an inert atmosphere (N2). As 

cracking occurs during this programmed heating, the hydrocarbons and related 

compounds generated are quantified on line by a Flame Ionization Detector (FID) and 

the production of CO and CO2 is quantified by two infra-red cells. During a second stage, 

the residue of pyrolysis is once again submitted to the same heating cycle but this time 

under air that permits oxidation of the residue. CO and CO2 released during this 

oxidation are quantified by the infra-red cells.  

This analysis results in the screening of the bulk geochemical properties of the 

sample that will be described in this study by the following eight parameters: 

- S1: free or volatile hydrocarbon content at 300°C (mg HC/g rock) 

- S2: generated hydrocarbons during pyrolysis (mg HC/g rock) 
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- S3: CO2 released during pyrolysis (mg HC/g rock) 

- Tmax: temperature at which the maximum hydrocarbon generation rate 

occurs (°C). Tmax is used as maturity parameter 

- TOC: Total Organic Carbon as percent by weight of rock (%) 

- HI: Hydrogen Index, which is the quantity of hydrocarbon released during 

pyrolysis per g of TOC calculated as follow: S2 x 100/TOC (mg HC/g TOC) 

- OI: Oxygen Index, which is the quantity of CO2 released during pyrolysis per g 

of TOC calculated as follow: S3 x 100/TOC (mg CO2/g TOC). 

- PI: Production Index calculated as follow: S1 / (S1 + S2) (mg /g). 

3.3.3 Pyrolysis-Gas-Chromatography (Py-GC) and Pyrolysis-Gas-Chromatography-Mass-

Spectrometry (Py-GC-MS) 

Py-GC reveals the chemical structure of the kerogen by investigating the 

composition of its pyrolysate. This method was performed on 44 samples using a 

quantum MSSV-2 Thermal Analysis System interfaced to an Agilent GC 6890A 

chromatograph equipped with a FID. The helium flow was set at 30 ml/min using a flow 

controller. The weight of sample used, between 5 and 20 mg of finely ground rock, was 

determined according the TOC value in order to avoid any saturation of the FID. N-

butane was used as an external standard.  

Experimental conditions were as follow: the powdered sample was loaded into an 

open glass micropipette (20 µl) and held in place with quartz wool. This tube was placed 

into the pyrolysis furnace and was submitted to non isothermal heating at 300°C for 4 

minutes in order to vaporise and remove any volatiles present in the sample. The 

sample was then heated up to 600°C at rate of 60 C/min. The pyrolysis products were 

cryogenically trapped, except methane which passed through and was analysed on line 

by the gas-chromatographer. Products retained in the trap were released by heating 

and analysed by the gas-chromatographer.  

Compounds were identified by comparison of retention time from in-house 

reference chromatograms and analyses of mass fragment in the course of Py-GC-MS 

measurements. Peak quantification was done relative to the external standard and on 

the basis of integrated peak areas using Agilent Chemstation software. Py-GC-MS was 

performed on 4 samples and the results were interpreted with the Thermo-Finnigan X-

Calibur software.  

3.3.4 Thermovaporisation-Gas-Chromatography (Tvap-GC) 

The thermally releasable hydrocarbons (<300°C) of 25 samples were analysed by 

Thermovaporisation-Gas-Chromatography with the same apparatus and the same 

configuration used as for Py-GC analysis.  

Between 15 and 35 mg of powdered samples were loaded in glass micropipette 

(50µl). In contrast to Py-GC, the tube was sealed and placed into the pyrolysis furnace 

(300°C). After 5 minutes, each tube was cracked open by the piston action of the 

quantum. The volatiles are then collected in the liquid-nitrogen-cooled trap and 

analysed on line by gas-chromatography.  
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3.3.5 Bulk Kinetics 

Parameters of petroleum generation were calculated for 10 samples. The data 

were gathered from 100 mg finely ground sample using open-system-Py-FID 

experiment. The helium carrier flow was regulated at 50 ml/min. Analytical data 

processing was done with Kinetics 2000 and KMOD softwares (Burnham et al., 1987; 

Braun and Burnham, 1998). The curves of gross hydrocarbon generation were first 

smoothed by appropriate spline functions before further calculations based on the 

mathematical model described by Schaefer et al. (1990). This model  analyses formation 

rate (dM/dT) versus temperature (T) curves, measured at three heating rates, assuming 

25 first-order parallel reaction with activation energies (Ea) regularly spaced between 

46 and 70 kcal/mol and a single pre-exponential factor (A, /s). As fast heating rates are 

responsible for heat transfer disturbances during the experiment resulting in incorrect 

temperature measurements (Schenk and Dieckmann, 2004), the heating rates 

employed were low: 0.1, and 0.7, and 5.0 C/min. Most of the samples show a perfect fit 

of both input and computed curves, nevertheless some differences can be observed 

which is explained by the fact that the kinetic model used here is too simple for 

immature, heterogeneous organic matter (Schaefer et al., 1990). Output data consisted 

of a distribution of activation energies and a single, variable frequency factor. 
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4. Organic Facies Variations versus Petroleum Potential 

4.1 OVERVIEW OF THE POTENTIAL OF THE SAMPLE SET 

The first screening of source rock quality is commonly inferred by Rock-Eval 

pyrolysis from which information on kerogen quantity, and maturity, and type are 

deduced (Espitalié et al., 1977). Absolute values of S2 and TOC determine the genetic 

potential and Tmax assesses kerogen maturity. The kerogen type is determined by a 

cross plot of the Hydrogen Index (HI) and the Oxygen Index (OI) plotted the same way 

than their historical counterparts H/C and O/C atomic ratios (van Krevelen, 1961). 

Expulsion efficiencies (expelled = generated minus retained hydrocarbon; Cornford et 

al., 1998) are deduced from the diagram HI vs PI which contrasts hydrocarbon 

generation against hydrocarbon retention behaviour in the source rock.  

However, when considering results derived from this unique geochemical tool, 

observing readily discernable trends within a sample set, especially when laborious and 

not obvious, might lead hasty readers or casual observers to the false conclusion about 

the homogeneity of the genetic properties of the kerogen samples investigated. A 

second screening based on pyrolysis-gas-chromatography is therefore needed to 

confirm or to invalidate this apparent homogeneity with insights from the pyrolysate 

composition, such as kerogen type (Eglinton et al., 1990; Larter and Douglas, 1980), or 

petroleum type (Horsfield,1997), or depositional environment (Horsfield, 1997).  

Here, the Rock-Eval parameters characterising the studied samples are an explicit 

and instructive evidence which points out the danger to trust single screening, 

especially Rock-Eval pyrolysis. No trends can indeed be readily discerned among the 

data (Tables 4-1 & 4-2) even when plotted in conventional diagrams (Fig. 4-1, 4-2 & 4-3). 

No range of Rock-Eval parameters values is specific of a depositional facies or sequence. 

Total hydrocarbon generation potential (S1+S2) versus TOC values plots indicates that 

80% of the samples are good to excellent types of source rocks (Fig. 4-1). Source rock 

generative potential described by the plot S2 versus TOC (Fig. 4-1) is mostly good to very 

good (TOC>2%, S2>5 mg/g; Peters, 1986). No readily discernable maturation trend with 

depth can be identified even at depth greater than 4000 m since for a given depth or for 

a given depositional facies or even within the same sequence, Tmax values vary widely, 

ranging from 358 to 443°C (Fig. 4-2). This can be attributed to variations in type of 

organic matter, especially because the samples are immature (Peters, 1986). For 

example, immature rocks dominated by recycled organic matter may generate an 

anomalously high Tmax whereas the presence of a significant amount of indigeneous or 

migrated resinite (a fosssil tree resin) in the rock may severely reduce Tmax. 
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Table 4-1: Rock-Eval parameters – S1 (mg/g), S2 (mg/g), S3 (mg/g), Tmax (°C), PP (S1+S2), PI (S1/ 

S1+S2), HI (mg HC/g TOC), OI (mg CO2/g TOC) - and TOC (%). Depositional environment after Dixon 

(1996) 
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Table 4-2: Rock-Eval parameters and TOC: maximum, and minimum, and average values. – S1 

(mg/g), S2 (mg/g), S3 (mg/g), Tmax (°C), PP (S1+S2), PI (S1/ S1+S2), HI (mg HC/g TOC), OI (mg CO2/g 

TOC) - and TOC (%). 
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Figure 4-1: First screening: S1+S2 vs. TOC (framework after Christiansen, 1989) and S2 vs. TOC. 

 
 

Figure 4-2: First screening: Tmax vs. depth and HI vs. PI. 
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Figure 4-3: First screening: Tmax vs. HI and OI vs. HI. 

 
 

Basically, Tmax is dependent on the bulk kerogen and hence vary according 

genetic-induced and maturity-induced changes in the chemical structure of the organic 

macromolecule. Tmax is low when the lability of the kerogen is high.  

The thermal maturation does not become better assessed when considering PI 

values since these latter are often below 0.1 (Table 4-1) that is characteristic of low 

maturity when associated to Tmax values below 435°C (Peters, 1986). Some samples, 

however, present PI values above 0.1 (until 0.56; Fig.4-2) but always associated to low 

Tmax.  

No trends are likewise revealed by the pseudo-van Krevelen diagram depicting HI 

vs. Tmax and OI vs. HI (Fig. 4-3). The range of both HI and OI are wide, from 21 to 474 

mg HC/g TOC and from 3 to 656 mg CO2/g TOC respectively, leading to the occurrence 

of a variety of kerogen types: type II, type II/III and type III kerogen. With the exception 

of some end members of the Smoking Hills and the Taglu sequences which fall along the 

type II pathway, no trends or grouping are distinguished within the plot Tmax vs. HI. The 

same goes for the plot OI vs. HI. Note here that the Kugmallit sequence extends along 

the OI axis to high values up to 656 mg CO2/g TOC. According to the pseudo-van 

Krevelen diagrams (Fig.4-3), the sample set is composed of immature source rocks of 

type II to type III kerogen mostly prone for gas, and condensates with some potential 

for waxy oils. 

Altogether, these data appear to be relatively homogeneous, as a given sequence 

cannot be firmly characterised. Nevertheless, when regarding the wide variety of 

maceral assemblages recognised (Fig.4-4), it appears clearly that strong depositional 

facies variations occur. 
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Figure 4-4: Triangular plot showing the maceral composition. Visual estimates of area % of 

kerogen particles from Cornford et al. (1998). 

 
 

Figure 4-5: Triangular plot of pyrolysate composition related to petroleum types and source 

depositional environment (Horsfield, 1997). 
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This is supported by the second screening performed by Py-GC and especially by 

the classification of Horsfield (1997) which interprets the pyrolysate composition in 

term of petroleum types based on the distribution of n-alkyl chains (Fig. 4-5). 

Contrary to the interpretation given by the Rock-Eval parameters which predicts 

that the sample set is mostly gas-prone (Fig.4-2), the second screening reveals that 

three kind of petroleum can be generated: gas and condensates, and low- and high-wax 

PNA oil. Thus, if no regard is afforded to the structural composition of the organic 

matter, the real petroleum potential can be missed. Furthermore, a source rock must be 

considered not as a homogeneous sedimentary body but as an entity which is 

constantly in evolution. Because both petrographic and structural compositions of the 

samples bring out that a given Dixon’s depositional facies is not characterised by a 

unique petroleum type or maceral composition, an additional factor, namely the 

depositional history of each delta sequence, is therefore required to explain the 

differences between samples from the same group “facies-sequence” (e.g. the delta 

front of the Kugmallit sequence). 

In the following paragraphs, the variations of petroleum potential within source 

rock samples taken from the Mackenzie Delta will be explained according to their 

depositional history.  

4.2 THE SMOKING HILLS SEQUENCE (UPPER CRETACEOUS) 

The samples from the Smoking Hills sequence originate exclusively from the delta 

slope environment. The depositional history of the Smoking Hills sequence was 

punctuated by terrestrial pulses and marine transgression (Young, 1978) and was 

characterized by low sedimentation rate, and euxinix conditions, and slow bottom 

currents (Young, 1978).  

Figure 4-6: Location of samples from the Smoking Hills sequence. SH1, SH2, SH3 and SH4 are 

samples of specific interest (see text) 
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Samples investigation will be therefore focussed in this section on the 

characterization of organic facies associated with changes of environmental conditions, 

especially current speed and redox conditions, within a single depositional facies 

altogether in a context of low sedimentation rate. Slow bottom currents and euxinic 

conditions may indeed bring about selective transport of light oil-prone particles and 

excellent preservation of the organic matter during transport and deposition (e.g. 

Bustin, 1988). By contrast, episodic marine and/or fresh-water incursions may flush out 

these light particles leading to the development of gas-prone facies.The sample set 

represents strata underlying the Tuktayoktuk peninsula and Richards Island (Fig.4-6). 

They were sampled between 1998 m and 2537 m. Investigations will be focussed on 

four samples labelled SH1, SH2, SH3 and SH4. SH1 and SH2 were sampled in the well 

Kugpik O-13 at 1988 m and 2125 m, respectively. SH3 was sampled in the well Tununuk 

K-10 at 2537 m. SH4 was sampled in the well Kimik D-29 at 2327 m depth. 

4.2.1 Genetic Potential 

The genetic potential of the Smoking Hills sequence vary widely from one sample 

to another one (Table 4-1; Fig. 4-7 & 4-8).  

 

Table 4-3: Rock-Eval data and TOC of the Smoking Hills sequence (units in table 4-1) 

 
 

Figure 4-7: Rock-Eval pyrolysis, Tmax vs. depth and HI vs. PI, Smoking Hills sequence 
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TOC values range from 0.89 to 5.41% (average 2.58%, n=11) which is relatively low 

in comparison with published data (4-12%; Dixon et al., 1985). The associated S2 ranges 

from 0.44 to 25.64 mg/g and the free hydrocarbon S1 is low, from 0.1 to 2.28 mg/g. The 

best values of TOC and S2 are reached by samples SH1 (25.64 mg/g), SH2 (14.76 mg/g) 

and SH3 (2.44 mg/g) that were sampled in strata underlying the Richards Island (Kugpik 

O-13 and Tununuk K-10). By contrast, the samples originating from the Tuktayoktuk 

peninsula (e.g. Kimik D-29, Tuk M-09) have very low potential (S2= 0.44-1.76 mg/g). 

Therefore, the Smoking Hills sequence can have an excellent potential but not 

ubiquitously.  

Figure 4-8: Rock-Eval pyrolysis, TOC vs. S1+S2  (framework after Christiansen, 1989) and TOC vs. 

S2, Smoking Hills sequence 

 
 

The Tmax ranges from 424 to 443°C which characterizes early mature to middle 

mature kerogen (Barnard and Cooper, 1981). SH1 and SH2 are early mature with Tmax 

of 429 and 443°C, respectively, which is associated with vitrinite reflectance of 0.60%Ro 

(1944 m, Kugpik O-13; Snowdon, 1978). SH3 is slightly more mature (Tmax= 443°C). The 

thermal maturity reported by the Tmax value of the samples taken from the wells Kimik 

D-29, Tuk F-18 and Tuk M-09 is not consistent with the vitrinite reflectance measured in 

these wells which are respectively 0.5-0.57%Ro, 0.39%Ro and 0.39%Ro (GSC Calgary, 

open file Data). A such wide variation of Tmax (19°C; Fig.4-7) recorded within a depth 

range of around 500 m can not be attributed to maturity effect solely, especially 

because all samples belong to the same tectonic zone, i.e. the Kugmallit trough, and 

then they have experienced the same thermal history. Hence, Tmax values may have 

changed because of variation of the composition of organic matter associated with 

depositional facies changes. This is supported by the wide range of HI, from 39 to 474 

HC mg/ g TOC (Fig.4-7 & 4-9).  

The best generative potential is expected from the sample SH1 (Fig.4-8 & 4-9; 

Tissot and Welte, 1984). With one exception, the OI extends from 3 to 58 mg CO2/g TOC 

(Fig. 4-9) and then is in accordance with the euxinic conditions which prevailed at the 

time of deposition (Young, 1978).   



 

46   

 

According to the pseudo-van Krevelen diagram, the sample from this sequence 

can be characterised as type II to mixed type II/III kerogen, with one sample (SH4) falling 

into the zone of type III kerogen. The relatively low HI and high OI of SH4 can be 

attributed to oxidation since it brings about a removal of aliphatics and a gain in oxygen 

(Tissot and Welte, 1984) leading to the decrease of HI and the concomitant increase of 

OI together with an increase of Tmax (Copard et al., 2004). This is supported by the 

Tmax of this sample which is a bit too high when compared to the vitrinite reflectance 

reported in literature (0.5%Ro). 

 

Figure 4-9: Rock-Eval pyrolysis, Tmax vs. HI and OI vs HI, Smoking Hills sequence 

 
 

 

According to the genetic data provided by Rock-Eval pyrolysis, the Smoking Hills 

sequence is a mixture of hydrogen-rich and hydrogen-poor organic matter whose 

generative potential is not ubiquitously excellent: 

• SH1 and SH2 originate from the Richards Island 

- SH1 is a type II kerogen presenting the best generative potential 

- SH2 is a type II/III kerogen presenting an excellent generative potential 

• SH3 and SH4 originate from the Tuktoyaktuk peninsula 

- SH3 is a type II/III kerogen with a low generative potential 

- SH4 is a type III or formerly type II/III kerogen which was likely oxidised, 

and which present a low generative potential. 

4.2.2 Petrography 

By considering the physical appearance and optical properties of phytoclasts, the 

precursors of petroleum and the depositional facies can be identified that complement 

the chemical information given by Rock-Eval pyrolysis which, by contrast, provides 
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compositional information on the organic matter as a whole. Strong variations of 

petrographic facies are observed between SH1, SH2 and SH3 auguring the occurrence of 

different depositional environment (Fig. 4-10). Because provided crushed, SH4 was not 

used for this experiment. The maceral assemblages of the three samples differ in the 

proportion of both liptinites and mineral matrix.  

SH1 is liptinite-rich (88%) and contains some huminites (11%) and few 

inertodetrinites (10%). A mineral matrix is present but does not predominate. It is 

mainly composed of abundant, small-rounded, disseminated or grouped framboidal 

pyrites (Fig. 4-11 photo A). The presence of pyrites is a striking feature of prevailing 

redox conditions in euxinic or anoxic depositional environment (Scheihing et al., 1978; 

Wigmal and Newton, 1998) whatever the continental or marine context (Bajpai et al., 

2001). Note that the abundance of pyrite reflects the mobilization of free sulphur and 

could explain the low level of sulphur in oil recovered in the Smoking Hills sequence, 

between 0.08 and 0.912% (Bruce and Parker, 1975; Curiale, 1991). Mature, orange-

fluorescing, undulate cutinites (50%; Fig. 4-11 photo A & B) and immature, yellow-

fluorescing liptodetrinites (46%) are the major components of the liptinitic fraction in 

the sample analysed here (Fig. 4-11 photo A & B).  

 

Figure 4-10: Triangular plot showing the maceral composition of the Smoking Hills sequence. 

Visual estimates of area % of kerogen particles from organic petrography come from Cornford et al. 

(1998). 
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Figure 4-11:  Photomicrographs of  SH1 (A, B, C & D) and SH3 (E & F), Smoking Hills sequence – A: 

mature cutinite (C) presenting an orange fluorescence, small black spheres are pyrites (blue light) – B: 

cutinite (C) (blue light) – C: Resinite (R) and cutinite (C) (blue light) – D: huminites (H) and sporinites (S) 

(blue light) – E: Vitrinites (V) in a predominant mineral matrix (white light) – F: Marcasites (white light). 

 
  

The occurrence of undulate cutinites indicates the presence of angiosperms in the 

vegetation (Pocock et al., 1988; Tyson, 1995) and their predominance suggests fluvio-

deltaic or estuarine-mangrove environment (Tyson, 1987, 1995). By definition, the 

identification of liptodetrinites is not possible, but following Creaney (1980) they may be 

composed of remains of algae even if no flagrant traces of alginites were found neither 

in the present sample analysed nor in the samples studied by Creaney. Some flashy 

green-yellow sporinites (2%), which are the remains of the outer cell walls of spores and 
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pollens (Hemsley et al., 1992 and reference therein) and typical rounded-shape resinites 

(2%), which derive from the fluid of higher land plant such as resins and waxes (Stach et 

al., 1982), are also found (Fig. 4-11 photo C & D) indicating some fresh-water input and 

the relative immaturity of the sample (Stach et al., 1982; Tissot and Welte, 1984). 

In contrast with the immaturity shown by these macerals, in the exception of cutinites, 

the mineral matrix exhibits a dark yellow to brown fluorescence which is called “matrix 

bituminite” by Creaney (1980) and which may be attributed to adsorption of bituminite 

in the matrix (Teichmüller and Ottenjann, 1977) that is usually related to the presence 

of oil and that is consistent with the brown fluorescence of the huminites present in 

SH1. Contamination by drilling mud is unlikely because the use of oil-based drilling mud 

is prohibited in the Mackenzie Delta for environmental reasons (Piteau Engineering Ltd, 

1988). The authorised drilling mud is a typically brine-based mud composed of 

potassium chloride, bentonite, cellulose polymers, lignosulphonates and sodium 

hydroxide. Furthermore, the GC-trace of the volatiles compounds of SH1 confirms the 

presence of oil. 

The petrographic facies of SH2 resembles to the one of SH1 but, by contrast with this 

latter, the predominance of  inertodetrinites (51%), which is frequent in fresh-water/oxic 

swamp or oxic marine basin where tidal zone are influenced by currents and waves 

(Masran and Pocock, 1981; Pocock et al., 1988), indicates an oxidative event that can be 

attributed to drowning of the peat by marine incursion or river fresh water because of 

the fair proportion of inorganic material, and the presence of pyrites, and the 

predominance of sporinites (68%) in the liptinitic fraction (28%). Since the 

liptodetrinites, which were assumed to be the remains of algae in the analysis of SH1, 

are absent in SH2, and since the inertodetrinites in SH2 are similar in shape and size to 

these liptodetrinites, the inertodetrinites are likely oxidised liptodetrinites. 

The maceral assemblage of SH3 is similar to the composition of SH2 but, because 

the phytoclasts are lost in an overpredominating mineral matrix (Fig. 4-11 photo E), the 

results of maceral counting is corrupted. This may be related to either an increase of the 

inorganic sediment input or by the lack of organic matter input. A clue is given in the 

mineral matrix itself by the occurrence of a kind of star-shaped pyrites (Fig. 4-11photo 

F). In fact, considering that these microscopic observations are made from a polished 

section, these pyrites may be platy pyrites that were severed in their middle resulting in 

this kind of star-shaped sections. If it is so, these minerals are not pyrites but marcasites. 

The occurrence of marcasites have been reported to coincide with a dramatic change in 

the sedimentary conditions of the Bungawalbin Swamp (Holocene, New South Wales, 

Australia) that consisted in the rapid shifting from a mangrove under marine influence to 

a fresh-brackish influence (Bush et al., 2004). 

Regarding the petrographic facies described here, the maceral assemblage 

characterizing the Smoking Hills sequence originates from an estuarine/mangrove 

environment under marine influence. The organic content depends on the equilibrium 

between fresh-water input and sea-water incursion: 

• SH1, because it was deposited in a stagnant, euxinic environment, is organic-rich 

with a predominance of cutinites and remains of alginites. 

• SH2 presents an oxidised facies because the swamp was drowned likely by fresh-

water just after deposition. 

• SH3 is organic-lean because phytoclasts were likely swept away during a rapid 

shifting from marine-influenced to river-influenced mangrove. 
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4.2.3 Petroleum Potential 

The variety of petrographic facies, that makes up the sample set of the Smoking 

Hills sequence, results in different pyrogram fingerprints and hence different petroleum 

types are generated.  

The maceral composition of SH1 is clearly illustrated on its gas-chromatogram 

(Fig. 4-12 & 4-13). The alkane-alkene doublets extend from nC6 to nC30 and experience a 

harmonic decrease in concentration with increasing carbon number which is 

characteristic of marine algal source (Larter and Douglas, 1980; Collinson et al., 1994; 

Brown et al., 2000) and can be attributed to the liptodetrinites. Cutinites contribute also 

to this fingerprint with alkylbenzenes, and phenols, and alkylnapthalenes (Greenwood 

et al., 2001) and all chain lengths of n-alkenes/alkanes (Collinson et al., 1994). The lack 

of phenol, despite the abundance of cutinites, can be explained by the redox conditions 

(Curry and Simpler, 1988). It is unlikely that the matrix bituminite of Creaney (1980) 

contribute to the pyrolysate since the gas-chromatogram of a bituminic groundmass is 

dominated by long-chain aliphatics (>C19) and relatively significant amounts of 

aromatics and phenolic compounds (Han and Kruge, 1999). 1,2,3- & 1,2,4-

trimethylbenzene (pseudocumene & hemimelitene), whose occurrence is a common 

features of all sequences here studied, are pyrolysis products of aromatised β-carotene 

(Hartgers et al., 1994). Because of the oxidation of the liptodetrinites and the relative 

low abundance of cutinites, few alkane chains are detected in the pyrolysate of SH2. 

The aromatic compounds and the C8 to C14 alkanes are mainly generated by sporinites 

(Collinson et al., 1994). By contrast, n-alkanes/alkenes doublets are well represented in 

SH3 as well as aromatic compounds, especially alkylbenzenes and phenols, originating 

from the thermal degradation of vitrinites.  

The gas-chromatogram fingerprint of SH4 resembles closely to the one of SH1 that 

points the common origin of both samples in term of depositional conditions. It must be 

however stated that thiophenic species are unusually abundant in SH4 (Fig. 4-13). For 

example, the concentration of thiophene in SH4 is around 5 mg/g whereas in SH1 this 

concentration is around 0.34 mg/g and, generally speaking, the concentration of 

thiophene in other samples, even from other sequences, is less than 0.1 mg/g TOC. 

Consequently, SH4 falls in the type IIS kerogen in the classification of Eglinton et al. 

(1990)  which uses the distribution of nC9-ene, 2,3-dimethylthiophene and o-xylene to 

discriminate type IIS kerogen from other types (Fig. 4-14). This is surprising because 

type IIS is not exactly common in the Mackenzie Delta and the other samples plot in 

type II (SH1) and type III kerogen (SH2 & SH3). The presence of thiophenic species has a 

strong impact on hydrocarbon generation (Tegelaar and Noble, 1994) as they reduce 

the thermal stability of the organic matter (Orr, 1986). In fact, the occurrences of 

thiophenic species in the pyrolysate of SH4 and generally speaking in all pyrolysates 

examined during the present study are likely an artefact of pyrolysis triggered by the 

presence of pyrites. Indeed, in the one hand, during pyrolysis pyrites decompose into 

sulphur and sulphide sulphur (Hu et al., 2004). The elemental sulphur such formed is 

very reactive and may react with organic matter to form C-S bonds in ring systems that 

remain in the char. This reactivity depends on both the sulphur content and the capacity 

of the organic matter to form these C-S bonds. For example, inertinites are less reactive 

than vitrinites. In the other hand, alkylthiophenes are formed as evaporation/pyrolysis 

products from the matrix and/or as artefacts from the pyrolysis of triglycerides or 

unsaturated fatty acids in the presence of elemental sulphur  
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Figure 4-12: Open-system  Pyrolysis: Gas-chromatograms (full run), Smoking Hills sequence – 1= 

methane, 2-5= wet gas, 6 to 30= n-alkenes/alkanes doublets, a= benzene, b= toluene, c= ethylbenzene, 

d= m- & p-xylene, e= styrene and/or 2,3-dimethylthiophene (see Fig. 4-13 for discrimination), f= o-

xylene, g= phenol, h= m- & p-cresol, i= o-cresol, j= naphthalene, k= 2- and 1-methylnaphthalene (see 

Fig. 4-13 for details), l= prist-1-ene 
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Figure 4-13:  Open-system Pyrolysis: Gas-chromatograms (C2 to C13), Smoking Hills sequence – 2-

5= wet gas, 6 to 13= n-alkenes/alkanes doublets, a= benzene, b= toluene, c= ethylbenzene, d= m- & p-

xylene, e= styrene, f= o-xylene, g= phenol, x= benzofuran, y= pseudocumene (1,2,4-trimethylbenzene), 

z= hemimelitene (1,2,4-trimethylbenzene), h= m- & p-cresol, i= o-cresol, j= naphthalene, k2= 2-

methylnaphthalene, k1= 1-methylnaphthalene, Ta= thiophene, Tb1= 2-methylthiophene, Tb2= 3-

methylthiophene, green circle= ethylthiophene and 2,5-dimethylthiophene (left and right shoulders, 

respectively), Td1= 2,4-dimethylthiophene, Td2= 2,3-dimethylthiophene. 
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(Saiz-Jimenez, 1994). They coelute with n-alkylbenzenes. Therefore, regarding the fair 

aromatic content and also the abundance of pyrites found in the samples from the 

Smoking Hills sequence, it becomes clear that the unusual high abundance of thiophenic 

species in SH4 is an artefact of pyrolysis due to both high pyrite content and high 

organic matter reactivity. This conclusion is also valid for other pyrolysates where 

thiophenic species appear.  

The maceral composition of SH4 is certainly the same than the one of SH1 but 

with by far more pyrites in the mineral matrix. However, with the exception of SH4, it 

must be stated that the proportion of thiophenic compounds formed during pyrolysis 

never exceeds 20% as Eglinton's parameter, even in other sequences. 

The Gas/Oil ratio (GOR) of the sample set, which ranges between 0.59 and 1.75, 

depends on the TOC so that to the higher TOC corresponds to the higher oil proportion. 

It must be however stated that the GOR determined by open-Py-GC might be used as a 

rough indicator of petroleum GOR because a hump is recorded within the C6+ fraction 

resulting in the overestimation of the oil potential (Horsfield et al., 1990). The 

petroleum GOR is better assessed by MSSV-pyrolysis. 

 

Figure 4-14:  Discrimination of type IIS kerogen from the other types of kerogen on the basis of 

the balance of 2,3-dimethylthiophene, o-xylene and n-C9 (Eglinton et al., 1990), Smoking Hills. 
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Table 4-4: Gas/oil ratio derived from open Py-GC, Smoking Hills sequence. Gas and Oil in mg/g 

rock, Depositional Environment after Dixon (1996). 

 
 

The variation of environmental conditions is supported by the balance of phenol, 

m- and p-xylene and n-C8 (Fig. 4-15; Larter and Douglas, 1980). It is mainly pointed out 

by the relative evolution of m- and p-xylene and n-C8 proportions while the proportion 

of phenol, with the exception of SH4, stays below 10%. The relative high percentage of 

phenol exhibited by SH4 in this ternary plot may result from a decrease of the 

concentration of m- and p-xylene due to the formation of the corresponding 

alkylthiophenes. SH1 is the most enriched in n-C8 and consequently plots in type II 

kerogen. SH2 and SH3 are more enriched in m- and p-xylene and fall in type III kerogen. 

SH4 falls in type IV kerogen which corresponds in the classification of Larter (1984) to 

inertinite (fusinite) or material whose carbon skeleton is highly aromatized. 

 

Figure 4-15:  Determination of kerogen type from the balance of phenol, m- and p-xylene, and n-

C8 (Larter and Douglas, 1980), Smoking Hills.  
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The differences in pyrolysates composition result in the generation of two kinds of 

petroleum according to the classification of Horsfield (1989, 1997) based on the 

distribution of n-alkylchains (Fig.4-16). SH1 is prone for low-wax PNA oil while SH2, and 

SH3, and SH4 are gas-prone. The gas-proneness of SH4 is explained by the interaction of 

pyrites with the organic matter during pyrolysis. Indeed, the elemental sulphur coming 

from the decomposition of pyrites during pyrolysis can react with organic matter to 

create C-S bond but also it can capture hydrogen from the organic matter to form H2S 

(Hu et al., 2004). This gas formation occurs notably in coal in which inertinites are 

predominant (Hu et al., 2004). As SH4 presents an OI of 192 mg CO2/g TOC, this sample 

may contain a certain amount of inertinites as well as reactive organic matter. Hence, 

the high gaseous content of SH4 can be explained by an enhanced formation of H2S that 

is counted in the gas fraction (Fig.4-16). Unfortunately, this hypothesis cannot be 

confirmed by GC-MS because the molecular weight of H2S is not in the range of the 

molecular weights tested by the apparatus. 

 

Figure 4-16: Petroleum type and source facies determined from the pyrolysate composition 

(Horsfield, 1989, 1997), Smoking Hills.  

 
 

 

When relating these organic facies to the conditions of preservation in the slope 

of the Smoking Hills, it comes that: 

• SH1, deposited in a stagnant, euxinic environment, is prone for the generation 

of low-wax PNA oil. 

• SH2 and SH3, whose organic matter was degraded or flushed by fresh-water 

flooding, are gas-prone. 
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4.2.4 Generation Predictions 

Bulk kinetics experiment on the Smoking Hills sequence were focussed on SH1 

because of its good TOC and oil-proneness (Fig. 4-17) 

The variability of chemical bonds involved in the transformation of the organic 

matter composing SH1 is restricted to three dominating activation energies (54-56 

kcal/mol) and two subsidiary activation energies (57-58 kcal/mol). The average 

activation energy Ea’ is 54.68 kcal/mol. Such narrow distribution has been found for 

lacustrine organic facies rich in remains of fresh water algae (Pepper and Corvi, 1995) or 

type II kerogen (Tissot et al., 1987). The frequency factor, which is an average of all 

frequency factors involved in hydrocarbon generation, is of the same order than the 

frequency factor commonly found for type II kerogen, A=1.6x1014/sec (Tissot et al., 

1987), with a value of A=9.847x1014/sec. 

 

Figure 4-17:  Kinetic parameters, derived from open-system Py-FID experiment, of the oil-prone 

sample (SH1) of the Smoking Hills sequence. 

 
 

Hydrocarbon generation follows a sigmoidal curve which begins at 140°C and 

comes to an end at around 160°C for a geological heating rate of 3.3°C per million years. 

Petroleum generation may therefore start around 6000 m depth that is consistent with 

the prediction of Lorenson et al. (1999). 

4.2.5 Synthesis and Conclusion 

The occurrence within the Smoking Hills sequence of strong organic facies 

variations may be explained by the control of current speed and redox conditions on 

both sedimentation and preservation in a context of low sedimentation rate (Fig. 4-18): 

● Oil-prone organic facies were deposited in an environment where prevailed 

euxinic conditions and slow bottom currents allowing deposition and preservation of 

light organic particles such as cutinites or remains of algae.  

● Gas-prone organic facies are composed of few vitrinites or inertinites. The 

paucity of liptinites may be explained by the high oxygenation of the water column or 

by the strength of river currents or waves, which have swept or contributed to the 

degradation of light particles and have allowed solely the deposition of little dense gas-

prone organic particles such as vitrinites. 
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Thompson et al. (1985) suggested that erosion of peat concentrates liptinites 

resulting in an increase in HI from the delta plain to the slope of the delta. However, in 

the Niger Delta, a decrease in HI is observed in the same direction and is attributed to 

oxidation and selective transport of the organic matter (Bustin, 1988). Combining both 

hypotheses the high liptinite content of SH1 may be explained by the sorting by 

selective transport of organic particles in the low energy environment that 

characterized the Smoking Hills delta at the time of deposition (Young, 1978). Clark 

(1988) established that all size particles are transported by water, and only particles 

until 150 µm are transported by wind. Liptinites such as cutinites, sporinites or 

liptodetrinites are light particles which can be easily transported by both wind and 

currents. Vitrinites, which are denser than liptinites, may sink and may be deposited 

more rapidly than liptinites. As a consequence, since the sediment influx and bottom 

currents were very slow in the Smoking Hills delta (Young, 1978), vitrinites were 

deposited closer to the source than the liptinites while these latter were transported to 

the slope. The euxinic conditions that prevailed at the time of deposition and that 

persisted afterwards allowed the organic matter to be preserved resulting in an oil-

prone organic facies.  In the case of SH2 and SH3, the composition of the sediments 

input was likely the same than the one of SH1 but the relative proportions and organic 

richness differ. This may be explained by a massive input of fresh-water from the river 

leading to the degradation and/or dispersal of the organic particles together with an 

increase of inorganic material influx. Such event may create strong water-movement in 

the mangrove leading to the oxygenation of the water and accelerating the circulation 

of water. Consequently, the organic particles are oxidised and/or destroyed and, in 

addition to this, because of the slow sedimentation rate of the Smoking Hills sequence, 

their deposition are limited. Moreover, the increase of the inorganic input may lead to a 

decrease of the organic content of the sediments by dilution effect. A similar feature 

observed by Bustin (1988) in the Niger delta was attributed to the erosion of the organic 

matter accumulated in continental environment and dilution by mineral matter 

accompanying transport and deposition. 

 

Figure 4-18: Synthesis of results- Smoking Hills sequence.  

All samples originate from the delta slope. 
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4.3 THE AKLAK SEQUENCE (LATE PALEOCENE –EARLY EOCENE) 

The samples studied originate from delta plain sediments of the Aklak sequence. 

Indication from the literature about a rapid progradation of the Aklak Delta 

documented by the growing scarcity of marine communities shallowards (Parsons and 

Norris, 2003) suggest that the properties of the organic facies may change with 

decreasing depth. Although petrographic characterisation of the depositional facies was 

not possible because the samples were provided crushed, other tools used in the 

present study, as it was shown for the Smoking Hills sequence, allow the recognition of 

depositional facies variations since these latter have a strong impact on organic 

geochemical properties. 

The aim of this section is therefore to highlight eventual organic facies variations 

with depth using 8 samples labelled from A1 to A8 in order of increasing depth (Fig. 4-

19). 

Figure 4-19: Location of samples from the Aklak sequence. Samples of specific interest are 

labelled from A1 to A8 (see text) 

 
 

A1 and A2 were sampled in the well Ikattok J-17 at 1280 m and 1307 m depth, 

respectively. A3, A4, A5, and A6 were taken from the well Adlartok P-09 at 1670, 1740, 

1760 and 1800 m depth, respectively. A7 and A8 were sampled from the well Natsek E-

56, taken at 2133 m and 2225 m depth, respectively. 

4.3.1 Genetic Potential 

The geochemical properties of the samples, as revealed by Rock-Eval pyrolysis are 

relatively homogeneous (Table 4-5). TOC values are mostly between 20 and 43% with 

some outliers below 7% (A4, A5 & A6), which is consistent with the succession of 

sandstone and coaly shales characterizing the lithology of Aklak  (Young, 1975; Dixon et 

al., 1992).  
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Table 4-5: Rock-Eval data and TOC of the Aklak sequence (units in table 4-1).  

 
 
 

Total hydrocarbon generation potential (S1+S2) and generative potential (S2) 

which, regarding the increase of both parameters with TOC, are closely linked to the 

organic-richness of the sediments, are such that the Aklak sequence can be considered 

as a good to excellent source rock (Fig. 4-20).  

Figure 4-20 : Rock-Eval pyrolysis, TOC vs. S1+S2  (framework after Christiansen, 1989) and TOC vs. 

S2, Aklak sequence Rock-Eval pyrolysis, Tmax vs. depth and HI vs. PI, Aklak sequence  

 
 

The immaturity of the organic matter preserved in the sediments, highlighted by 

the low Tmax values which range from 418 to 431°C (Table 4-5; Fig. 4-21), is 

corroborated by vitrinite reflectance measurements reported in literature that 

commonly range between 0.38 and 0.55% (Adlartok P-09; Stasiuk et al., 2004).  The 

scattering of the Rock-Eval parameters with depth (Table 4-5; Fig. 4-21), especially 

Tmax, HI, OI and PI is certainly due to the variation of the composition of the kerogen. 

Both HI and OI present a broad range; from 54 to 218 mg HC/ g TOC and from 34 to 546 

mg CO2/g TOC, respectively (Fig. 4-22).  

The anomalous high OI value of A4 may be an analytical error brought about by 

the effects of the overwhelming amount of mineral matrix of this organically lean 

sample (Hetènyi, 1998).  

According to the pseudo-van Krevelen diagram, the Aklak sequence is composed 

of type III kerogen. The Rock-Eval data are clustered within a narrow range of values so 

that no trends are readily discernable especially the expected shifting from marine to 

coastal plain environment. 
 



 

60   

 

Figure 4-21: Rock-Eval pyrolysis, Tmax vs. depth and HI vs. PI, Aklak sequence 

 
 
 

 

 

Figure 4-22: Rock-Eval pyrolysis, Tmax vs. HI and OI vs. HI, Aklak sequence 
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4.3.2 Petroleum Potential 

Pyrolysis gas-chromatograms of the Aklak sequence (Fig. 4-23 & 4-24) yield 

hydrocarbon characteristics which are very different to those formed from the samples 

of the Smoking Hills sequence. Aromatic compounds dominate the fingerprint with 

toluene being the most abundant. In addition, the presence of prist-1-ene and of well-

developed peaks of phenols indicates the immaturity of the organic matter as well as 

the mild reducing conditions that prevailed at the time of deposition (Larter, 1984; 

Senflte et al., 1986; Curry and Simpler, 1988). The n-alkenes/alkanes doublets, when 

they are present, are dominantly long-chain alkanes like most of coal-derived samples 

(Thomas, 1982) highlighting that the organic matter is mainly derived from higher land 

plants (de Leeuw et al., 1991; Blokker et al., 1998). 

In each well, pyrolysate fingerprints become more and more dominated by 

aromatic moieties and less and less enriched in n-alkenes/alkanes doublets with 

shallowing. Consequently, in each well the GOR increases with younging (Table 4-6). The 

GOR of A4 does not match with this trend, certainly because of its low TOC and its high 

OI relatively to the other organic-rich samples. 

 

Table 4-6:  Gas/oil ratio derived from open Py-GC, Aklak sequence. Gas and Oil in mg/g rock, 

Depositional Environment after Dixon (1996). 

 
 

The increasing predominance of aromatics in pyrolysates belonging to the same 

well is clearly shown by the wide variation of the relative proportion of o-xylene and n-

C9 while the relative proportion of 2,3-dimethylthiophene stays in a narrow range (Fig. 

4-25). It goes the same for the relative proportion of m- & p-xylene which increases with 

younging, whereas the evolution of the proportion of both phenol and n-C8 is not so 

simplistic (Fig. 4-26). In wells Natsek E-56 (A7 & A8) and Ikattok J-17 (A1 & A2), both 

proportions decrease with decreasing depth. On the contrary, in well Adlartok P-09, n-

C8 decreases with decreasing depth while phenol increases from A6 to A4 and then 

drops dramatically for A3. These observed variations of geochemical properties with 

shallowing may be due to either changes in the nature of the organic input (liptinites vs 

vitrinite) or changes in environmental conditions during the shifting from marine 

influenced delta to deltaic coastal plain environment. According to the classification of 

Horsfield (1997), the Aklak sequence is prone for both oil and gas (Fig. 4-27). The deep-

buried samples A5, A6, A7 and A8 are prone for low-wax paraffinic-naphthenic-aromatic 

crude oils while the shallower-buried samples A1, A2, A3 and A4 are gas-prone.  
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Figure 4-23: Open-system  Pyrolysis: Gas-chromatograms (full run), Aklak sequence – 1= 

methane, 2-5= wet gas, 6 to 30= n-alkenes/alkanes doublets, a= benzene, b= toluene, c= ethylbenzene, 

d= m- & p-xylene, e= styrene and/or 2,3-dimethylthiophene (see Fig. 4-24 for discrimination), f= o-

xylene, g= phenol, h= m- & p-cresol, i= o-cresol, j= naphthalene, k= 2- and 1-methylnaphthalene (see 

Fig. 4-24 for details), l= prist-1-ene 
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Figure 4-23: to be continued 
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Figure 4-24: Open-system Pyrolysis: Gas-chromatograms (C2 to C13), Aklak sequence – 2-5= wet 

gas, 6 to 13= n-alkenes/alkanes doublets, a= benzene, b= toluene, c= ethylbenzene, d= m- & p-xylene, 

e= styrene, f= o-xylene, g= phenol, x= benzofuran, y= pseudocumene (1,2,4-trimethylbenzene), z= 

hemimelitene (1,2,4-trimethylbenzene), h= m- & p-cresol, i= o-cresol, j= naphthalene, k2= 2-

methylnaphthalene, k1= 1-methylnaphthalene, Ta= thiophene, Tb1= 2-methylthiophene, Tb2= 3-

methylthiophene, green circle= ethylthiophene and 2,5-dimethylthiophene (left and right shoulders, 

respectively), Td1= 2,4-dimethylthiophene, Td2= 2,3-dimethylthiophene. 
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Figure 4-24: to be continued 
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Figure 4-25: Discrimination of type IIS kerogen from the other types of kerogen on the basis of 

the balance of 2,3-dimethylthiophene, o-xylene and n-C9 (Eglinton et al., 1990), Aklak. 

 

 

Figure 4-26: Determination of kerogen type from the balance of phenol, m- and p-xylene, and n-

C8 (Larter and Douglas, 1980), Aklak. 

 

 

 



 

67   

 

Figure 4-27: Petroleum type and source facies determined from the pyrolysate composition 

(Horsfield, 1997), Aklak sequence. 

 
 

Following the empirical relationship between petroleum types and source 

depositional environment established by Horsfield (1997), this trend of increasing gas 

potential starting from a low-wax oil potential correspond to the transition from a quite 

oxic, marine environment to a more anoxic, delta/terrestrial environment. This 

observation is consistent with the increasing continental character of Aklak’s strata with 

shallowing reported by Parsons and Norris (2003). 

4.3.3 Generation Predictions 

It is clear that the shallower and deeper samples from the Aklak sequence exhibit 

different geochemical properties. The question now is how far these differences 

influence the kinetic parameters. As the evolution of organic facies is relatively linear 

from deep-buried, oil-prone samples to shallow-buried, gas-prone samples, 

hydrocarbon generation predictions of the shallowest sample A1 and the deepest 

sample A8 are here opposed (Fig. 4-28). While the shape of the activation energy (Ea) 

distributions seems to be similar, it can be seen that the organic matter of A1 is less 

stable than the one of A8. The distribution of Ea of A8 is described by 15 Ea displayed 

between 53 and 69 kcal/mol while it is described for A1 by 13 Ea between 49 and 62 

kcal/mol. Mean activation energies for A8 is measured to be at 60 kcal/mol, while A1 is 

defined through a mean value at 56 kcal/mol. This difference is associated with a 

decrease of the frequency factor from A=3.1908x1016/sec for A8 to A=2.618x1015/sec 

for A1.  

The structural composition of the kerogen, which is inherited from the biological 

precursors, is responsible for the shifting of kinetic parameters from A8 to A1 (Horsfield, 

1989) and this in turn has a strong impact on the petroleum formation predictions. 
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Figure 4-28: Kinetic parameters, derived from open-system Py-FID experiment, of the shallower, 

gas-prone sample A1 and the deeper, oil-prone sample A8 of the Aklak sequence. 

 

 

Petroleum generation starts at 130°C for A8 and 110°C for A1. This finding 

highlights the importance of regional organic facies assessment because, here, this 

temperature difference of 20°C in an area such as the Mackenzie Delta represents 6 

million years of sedimentation, thereby shifting the top of the window of petroleum 

generation by around 1000m depth. 

4.3.4 Synthesis and Conclusion 

Although presenting relatively homogeneous genetic properties, the Aklak 

sequence can yield different petroleum types. The organic facies shift with younging 

from a marine-influenced, deltaic, oil-prone facies to a strong and exclusive gas-prone, 

terrestrial facies (Fig. 4-29). This evolution of organic properties has been related to the 

depositional history of the delta which is characterized by a rapid progradation leading 

to the shifting from a marine-influenced deltaic environment to a coastal plain 

environment.  

More than describing changes in petroleum types generated, the distinction 

between organic facies related to delta depositional history stays crucial in petroleum 

potential assessment since the oil-window is shifted of 1000m depth between the 

marine-influenced source rock and the continental source rock.  
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Figure 4-29: Synthesis - Aklak sequence. All samples originate from the delta plain. 

 
  



 

70   

 

4.4 THE TAGLU SEQUENCE (EARLY TO MIDDLE EOCENE) 

Taglu is a regressive sequence formed by a prograding, river-dominated delta 

(Dixon, 1981). The depositional history of Taglu is rich in events. It started with an early 

transgressive phase characterized by intermittent marine conditions (Parsons et al., 

2003). This was followed by a continental phase which was, in a first time, punctuated 

by marine pulses and, in a second time, by river-pulses. The end of Taglu deposition was 

marked by estuarine conditions. Even if this sequence has been extensively eroded, 

most of the different episodes of the depositional history of Taglu are still recorded 

along the sedimentary column in different organic facies. Therefore, the position of the 

sample within this stratigraphic column allows its depositional source to be speculated. 

To contrast with the study of the Aklak sequence which has shown that a group of 

samples sharing common genetic properties can be composed of different organic 

facies, the study of the Taglu sequence is focussed on three samples presenting very 

different geochemical properties and originating from different Dixon’s delta facies (Fig. 

4-30). 

Figure 4-30:  Location of samples from the Taglu sequence.  T1, T2 and T3 are samples of specific 

interest (see text) 

 
 

T1 which is a delta plain sample taken from the well Ellice O-14 at 550 m depth, is 

expected to originate from the late estuarine phase since it was sampled at the top of 

the Taglu sequence in this well (see Fig. 3-2). T2 from Taglu delta front was sampled in 

the well Niglintgak B-19 while T3 from the prodelta was sampled in well Immiugak A-06 

at 3320 m. Because they were sampled in the bottom section of the Taglu sequence in 

their respective wells (see Fig.3-2 & 3-3), T2 and T3 may belong to the continental 

phase. These three samples are plotted on the schematic cartoon representing the 

Taglu delta (Fig.4-30). 
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4.4.1 Genetic Potential 

The Taglu sequence is composed of some organic-rich and some relatively 

organic-poor samples, with TOC ranging from 0.65 to 27.49% (Table 4-7). Both 

generative potential (S2) and total hydrocarbon generation potential (S1+S2) increase 

with TOC (Fig.4-31). T1, T2 and T3 are excellent source rock (Peters, 1986).  

 

Table 4-7: Rock-Eval data and TOC of the Taglu Hills sequence (units in table 4-1). 

 
 

Figure 4-31: Rock-Eval pyrolysis, TOC vs. S1+S2  (framework after Christiansen, 1989) and TOC vs. 

S2, Taglu sequence 

 

All samples are immature since the measured Tmax never exceed 425°C. This 

immaturity revealed by Rock-Eval pyrolysis is supported by published data of vitrinite 

reflectance which lies between 0.28 and 0.61%Ro (well Immiugak A-06, 0.53 to 0.61%, 

Snowdon et al., 2004; Ellice O-14 & Sarpik B-35, 0.28 to 0.45%Ro, GSC Calgary data). 

Tmax values of T1, T2 and T3 are 405, 413 and 424°C, respectively. 

Regarding the wide variation of HI, which ranges from 22 to 383 mg HC/g TOC, the 

increase of Tmax from delta plain to prodelta cannot be attributed to maturity but to 

differences in the composition of the kerogen (Fig. 4-32). The expulsion efficiency is not 

affected by this compositional change (Fig. 4-32) while it results in different kerogen 

types according to the pseudo-van Krevelen diagram (Fig. 4-33). 
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Interestingly, the assumed depositional sources do not correspond to the kerogen 

type inferred from Rock-Eval parameters. T1, which is supposed to be deposited under 

estuarine conditions, plots next to the type III kerogen pathway, whereas the assumed 

continental samples, T2 and T3, are type II and type II/III, respectively. 

Figure 4-32 : Rock-Eval pyrolysis, Tmax vs. depth and HI vs. PI, Taglu sequence 

 

 

 

Figure 4-33: Rock-Eval pyrolysis, Tmax vs. HI and OI vs. HI, Taglu sequence 
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4.4.2 Petrography 

The bulk geochemical properties assessed by Rock-Eval pyrolysis are contradicted 

by the maceral composition. Like the Rock-Eval parameters, the organic petrography 

reveals strong facies variations, whereas, by contrast to the Rock-Eval parameters, it 

matches with the initial depositional source assignments. 

T1 is composed of 55% of vitrinites, 41% of liptinites and 4% of inertinites (Fig. 4-34). 

The constituents of the liptinite group are bright-yellow liptodetrinites (68%), light 

orange, undulate cutinites (22%), which are characteristic of angiosperm tissues (Pocock 

et al., 1988; Tyson, 1995), and green to yellow sporinites (10%). This assemblage of 

liptinite is very close to the one found for the slope of the Smoking Hills sequence that 

allows liptodetrinites present in T1 to be identified as the remains of alginites. The 

abundance of liptodetrinites and cutinites indicate that the site of deposition was likely 

a fluvio-deltaic or estuarine-mangrove environment (Tyson, 1987; 1995). River-water 

input is evidenced by the occurrence of sporinites (Hart, 1986) and the abundant 

mineral matrix (Ercegovac and Kostić, 2006), while the presence of framboidal pyrites 

points to the occurrence of marine incursion (Tissot and Welte, 1984; Diessel, 1992) and 

mild reducing conditions (Bajpai et al., 2001). The low level of maturity revealed by the 

Tmax value of T1 (405°C) is contradicted by not only the optical maturity of both 

cutinites and vitrinites but also by the occurrence of exsudatinite in cracked vitrinite 

(Fig. 4-35 photo A & B). Vitrinites fracturation and subsequent exsudatinite leaking in 

the cracks such formed are typical of early phase of oil generation (Jimenez et al., 1999). 

This is supported by the background fluorescence of the mineral matrix. 

 

Figure 4-34: Triangular plot showing the maceral composition of the Taglu sequence. Visual 

estimates of area % of kerogen particles from organic petrography come from Cornford et al. (1998). 
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The delta front facies show wide variation of maceral assemblages that can be 

related to the successive continental or marine pulses experienced by the Taglu delta 

(Fig. 4-34). High inertinite concentrations may be found in delta front, prodelta, fresh-

water swamp or oxic swamp and oxic, marine basins where the tidal zone is influenced 

by currents and waves (Masran and Pocock, 1981; Pocock et al., 1988). Inertinites 

appear as large grey masses, which were likely initially large particles of vitrinites. 

Funginites, which are recurrent features of Taglu and upper Aklak continental episodes 

(Parsons and Norris, 2003) and fusinites (Fig. 4-35 photo C), which are charcoalified 

materials that have endured forest fire (Cope, 1980).  

The group of liptinites identified in sample T2 is mainly composed of relatively 

abundant light-orange, “twisted”-cutinites, and yellow to orange sporinites and some 

resinite infilling the mycelia of fungi (Fig. 4-35 photo D). Small framboidal pyrites are 

scarce and are always replacive in organic particles. This association shows that the 

intensity of sulphate reduction was strong enough to titrate in situ H2S by dissolved Fe 

(Dellwig et al., 2001) and hence despite the lack of sulphate input due to the absence of 

marine incursion, the activity of bacteria was locally strong enough to form pyrite. 

Regarding its maceral composition, especially the lack of alginites or related 

liptodetrinites, the high HI of T2 (383 mg HC/g TOC) is not justified. 

 

Figure 4-35: Photomicrographs of  T1 (A & B) and T2 (C) and T3 (D), Taglu sequence – A: cracked 

vitrinite (V) infilled by exsudatinite (E) (white light) – B: photo A  under blue light – C: Fusinite (white 

light) – D: Funginites (F) (white light). 
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The prodelta T3 is composed of 60% of vitrinites, 22% of liptinites and 18% of 

inertinites (Fig. 4-35). The mineral matrix predominates and is fluorescent. Liptinites are 

bituminites (30%), resinites (25%), sporinites (21%), liptodetrinites (15%) and cutinites 

(9%). The liptodetrinites are likely degraded alginites, for the same reason than 

assumed for T1. The immaturity of T3 (Tmax= 424°C) is in accordance with the yellow 

fluorescence exhibited by all liptinites, while the fluorescing matrix and the occurrence 

of bituminites is an evidence of petroleum generation. Bituminites, because of their 

filament shape, resemble peculiarly to cutinites that would have been thermally 

degraded. The influence of marine incursion is evidenced by the occurrence of big, 

framboidal, replacive pyrites. This petrographic analysis of T3 matches with the study 

published by Snowdon et al. (2004) about samples taken at the same depth (3320 m) in 

the same well, Immiugak A-06. They supposed that, regarding this maceral assemblage 

and the variety of pyrites, the peat deposited under the influence of a high water table 

and marine-influenced coastal deposition. 

The study of the maceral composition of the Taglu sequence has revealed: 

- T1 originates from an estuarine-mangrove environment and is in an early stage 

of oil generation.  

- T2 presents an oxidised facies dominated by fusinites and funginites originating 

from a continental episode. 

- T3 was deposited in a coastal plain environment submitted to frequent marine-

incursions. 

4.4.3 Petroleum Potential 

As the initial depositional sources are now ensured thanks to petrographic 

analyses, the geochemical structure of each sample can be attributed to the 

corresponding depositional environment. 

Pyrolysates fingerprints of the samples T1, T2 and T3 can be better differentiated 

according the distribution of n-alkenes/alkanes doublets than with the distribution of 

aromatic compound. Note that all pyrograms were cut at the top of the peak of toluene 

so that only 50% of the C2-C5 peaks height is shown (Fig. 4-36 & 4-37).  

The pyrogram fingerprint of T1 presents a bimodal distribution of n-alkyl doublets, 

characterized by a decrease from nC6 to nC10 followed by an increase until reaching a 

maximum at nC15 and then finished by a dramatic fall of peaks concentration until nC30. 

This fingerprint is representative of a mixture of algae, because of the decreasing 

concentration with increasing carbon number (Larter and Douglas, 1980; Collinson et 

al., 1994; Brown et al., 2000), with terrestrial organic matter, because of the richness in 

aromatic compounds and the occurrence of chain lengths of n-alkanes/alkenes. 

By contrast with T2 and T3 samples, T1 presents a low concentration of phenol 

species that can be attributed, because of its immaturity, to a lack of precursors (Larter, 

1984) due to the moderate terrestrial character of this sample, which is highlighted by 

the low concentration of prist-1-ene (Curry and Simpler, 1988). 

The pyrolysate fingerprint of T2 exhibits a strong terrestrial character with well-

developed peaks of phenolic compounds and prist-1-ene. The distribution of alkyl-

chains extends to nC30, which may be a contribution of both cutinites and sporinites, 

and presents a maximum at nC23. The origin of the two high peaks which coelute with 

nC15 and nC16 is not documented and unfortunately this sample was not examined with 

GC-MS.  
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Figure 4-36: Open-system  Pyrolysis: Gas-chromatograms (full run), Taglu sequence – 1= 

methane, 2-5= wet gas, 6 to 30= n-alkenes/alkanes doublets, a= benzene, b= toluene, c= ethylbenzene, 

d= m- & p-xylene, e= styrene and/or 2,3-dimethylthiophene (see Fig. 4-37 for discrimination), f= o-

xylene, g= phenol, h= m- & p-cresol, i= o-cresol, j= naphthalene, k= 2- and 1-methylnaphthalene (see 

Fig. 4-38 for details), l= prist-1-ene 
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Figure 4-37: Open-system Pyrolysis: Gas-chromatograms (C2 to C13), Taglu sequence – 2-5= wet 

gas, 6 to 13= n-alkenes/alkanes doublets, a= benzene, b= toluene, c= ethylbenzene, d= m- & p-xylene, 

e= styrene, f= o-xylene, g= phenol, x= benzofuran, y= pseudocumene (1,2,4-trimethylbenzene), z= 

hemimelitene (1,2,4-trimethylbenzene), h= m- & p-cresol, i= o-cresol, j= naphthalene, k2= 2-

methylnaphthalene, k1= 1-methylnaphthalene, Ta= thiophene, Tb1= 2-methylthiophene, Tb2= 3-

methylthiophene, green circle= ethylthiophene and 2,5-dimethylthiophene (left and right shoulders, 

respectively), Td1= 2,4-dimethylthiophene, Td2= 2,3-dimethylthiophene. 
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The prodelta T3 presents a poor aliphatic fraction relative to the aromatic 

fraction. The n-alkenes/alkanes doublets extend from nC6 to nC30 and exhibit a bimodal 

distribution with a maximum at nC20 and a slight odd over even predominance in the 

paraffinic fraction. Snowdon et al. (2004) have associated this predominance to the 

marginal thermal maturity of the terrestrial organic matter. The abundance of benzene, 

phenols and their alkyl homologues together with the enrichment in paraffins are 

evidence of the continental character of T3. 

Considering the GOR (Table 4-8), continental episodes, as exemplified by T2 and 

delta front G001632, present GOR over 1 while marine-influenced episodes are 

characterized by GOR below 1. 

 

Table 4-8: Gas/oil ratio derived from open Py-GC, Smoking Hills sequence. Gas and Oil in mg/g 

rock, Depositional Environment after Dixon (1996). 

 

 

By contrast to the van Krevelen diagram on which the samples studied from the 

Taglu sequence plotted either in type II or III kerogen type, all samples plot in type III 

organic matter in both the classification of Eglinton et al. (1990; Fig. 4-38) and the one 

of Larter and Douglas (1980; Fig. 4-39).  

T2 exhibits the strongest terrestrial character since it shows the highest relative 

proportion of both phenol and o-xylene. The lack of phenol in T1 discriminates clearly 

this sample from the others. 

All these differences of structural properties have a strong impact on the 

petroleum type generated (Fig. 4-40). The mixing of waxy phytoclasts with the remains 

of alginites results in the generation of oil that can be either waxy or not, according the 

proportions of these continental or marine constituents in the kerogen.  

Here, T1 presents the ideal proportions for falling just on the limit between low-

wax and high-wax PNA oil. The suspense will be kept until paragraph 4.7 where further 

explanations about the relationship between the petrographic composition and the 

depositional environment and the resulting organic facies will be given. T2 and T3 are 

gas-prone. 
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Figure 4-38: Discrimination of type IIS kerogen from the other types of kerogen on the basis of 

the balance of 2,3-dimethylthiophene, o-xylene and n-C9 (Eglinton et al., 1990), Taglu. 

 

 

Figure 4-39: Determination of kerogen type from the balance of phenol, m- and p-xylene, and n-

C8 (Larter and Douglas, 1980), Taglu. 
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Figure 4-40: Petroleum type and source facies determined from the pyrolysate composition 

(Horsfield, 1989, 1997), Taglu. 

 

4.4.4 Generation Predictions 

The kinetic behaviour of the three delta facies studied of the Taglu sequence are 

extremely different (Fig. 4-41).  

The delta plain sample T1 presents a narrow distribution of activation energy (Ea) 

displayed within 6 Ea between 50 and 55 kcal/mol with a single dominating mean value 

at 55 kcal/mol, associated with a frequency factor        A = 2.1512x1015 /sec. This narrow 

range of chemical bonds involves the cracking of n-alkylchains (Schenk et al., 1997) and 

has been reported for homogeneous organic matter types of lacustrine or marine origin 

(Pepper and Corvi, 1995; Schenk et al., 1997). This finding corroborates the 

identification of the liptodetrinites as being the remains of alginites and the relative 

homogeneity of the organic matter. 

The distribution of Ea of the delta front T2 is broad since described by 15 Ea 

between 53 and 68 kcal/mol with a mean value at 59 kcal/mol. The frequency factor is 

A= 4.1230x 1016/sec. This broad distribution is in relation with the heterogeneity of the 

organic matter of terrestrial origin. 

The prodelta T3 presents a tight distribution of Ea, narrower than T2 but broader 

than T1, described by 8 Ea between 61 and 69 kcal/mol with a mean value at 61 

kcal/mol. The associated frequency factor is A= 2.8140x 1017/sec. 

The shifting of the distribution of Ea towards higher values and the concomitant 

increase of the frequency factor, which are usually associated with an increase of 

maturity (Schenk et al., 1997), is here due to the changes in the composition of the 

organic matter. 

The application of these parameters to geological heating rate (Fig. 4-41) indicate 

that the onset temperature is around 100°C for the delta plain sample T1, 130°C for the 

delta front sample T2, and 150°C for the prodelta sample T3. These predictions highlight 
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a significant shift of 2500 m depth (15 My) of the petroleum formation window 

between T1 and T3. 

 

Figure 4-41: Kinetic parameters, derived from open-system Py-FID experiment, of the oil-prone  

delta plain sample T1, and gas-prone delta front sample T2, gas-prone prodelta sample T3 of the Taglu 

sequence. 
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4.4.5 Synthesis and Conclusion 

The alternation of marine and continental episodes marking the depositional 

history of the Taglu delta results in the occurrence of different organic facies (Fig. 4-42).   

 

Figure 4-42: Synthesis of results -Taglu sequence. 

 
 

Three organic facies were here identified:   

● a last marine pulse on the Taglu delta leads to the establishment of an estuarine 

environment. The resulting source rock presents not only some potential for the 

generation of oil but is mature enough to generate petroleum. 

● Continental episodes, such as the much oxidised delta front facies or the 

prodelta developed in association with a coastal plain environment, are organic-rich and 

generate only gas and condensates. 

Hydrocarbon generation predictions for these different organic facies have shown 

that the onset of petroleum formation happens 2500 m deeper in the “continental” 

source rock than in the “estuarine” source rock. Interestingly, the genetic potential of 

the samples revealed by Rock-Eval data does not correspond to their real petroleum 

potential. The sample from the delta plain (T1) is depicted as a type III kerogen whereas 

both maceral composition and pyrolysate fingerprint indicate a mixture of type II and 

type III organic matter.  
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4.5 THE RICHARDS SEQUENCE (MIDDLE TO LATE EOCENE) 

Samples from the Richards sequence originate from the delta front and the 

prodelta facies (Dixon, 1996). Because of the low quality of the 9 samples examined, 

which is demonstrated later in the section “Genetic potential”, the study is focussed on 

three samples which presented the best potential. They were labelled R1, R2 and R3. 

One sample from the prodelta, labelled R4, was also examined. 

R1, R2 and R3 come from the Richards delta front and were sampled in the same 

well, Mallik A-06, at 2638 m, 2642 m and 2827m, respectively. R4 was sampled in well 

Kumak J-06 at 974 m depth. These samples are located on Fig.4-43. 

 

Figure 4-43: Location of samples from the Richards sequence. R1, R2 and R3 are samples of 

specific interest (see text) 

 

4.5.1 Genetic Potential 

With the exception of R1 and R2, the Richards sequence is relatively an organically 

lean sequence, as most of the TOC values lies below 1.21%,. Moreover no real 

hydrocarbon potential may be expected, since S1 and S2 yields are often below 1 mg/g 

(Table 4-9).  

Table 4-9: Rock-Eval data and TOC of the Richards sequence (units in table 4-1). 
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As a consequence, most of the samples, especially from the prodelta facies, were 

not suitable for petrographic investigations, pyrolysis and bulk kinetics evaluation. 

Furthermore, only R1 and R2 can be considered as excellent source rocks, whereas the 

others samples are good but mainly poor source rocks (Peters, 1986; Fig. 4-44). 

Figure 4-44: Rock-Eval pyrolysis, TOC vs S1+S2  (framework after Christiansen, 1989) and TOC vs 

S2, Richards sequence 

 

Figure 4-45: Rock-Eval pyrolysis, Tmax vs. depth and HI vs. PI, Richards sequence 
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Figure 4-46: Rock-Eval pyrolysis, Tmax vs. HI and OI vs. HI, Richards sequence 

 

Because of the low TOC, Tmax values should be interpreted with care (Fig. 4-45). 

Regarding the Tmax values of R1, R2 and R3, and because the Richards sequence is 

underlain by the immature Taglu sequence, the whole sequence is probably immature. 

This is supported by the vitrinite reflectance measured which range from 0.29-0.5%Ro 

(Kumak J-06; GSC Calgary data). In some samples from the prodelta, the retention 

capacity seems to be higher than in samples from the delta front (Fig. 4-45).  

The narrow range of HI, from 21 to 137 mg HC/ g TOC, may augur little variation 

of the kerogen composition (Fig. 4-46). By contrast, the range of OI is broad, varying 

from 13 to 633 mg CO2/g TOC, that can be related to the effect of an over predominant 

mineral matrix (Hetènyi, 1998), as evidenced by the low TOC. 

Both cross plots HI vs. Tmax and HI vs. OI shows that the Richards sequence is 

type III kerogen. The poor genetic potential of the Richards sequence shown here has 

been already reported by Snowdon (1984) and Snowdon et al. (2002). 

4.5.2 Petrography 

Despite the low genetic potential of this sequence, two samples, R2 and R4, were 

placed under the microscope. R1 and R3 were not usable for this study because 

crushed. R4 was chosen to determine the origin of the high OI. Even if the choice of 

samples is restricted, it is rich in information since R2 and R4 present radically different 

maceral assemblages (Fig. 4-47).  

The delta front R2 is composed of large vitrinites (83%) with some liptinites (15%) 

and rare inertinites (2%) (Fig.4-47). Mineral matter is present but does not 

predominate. Abundant small, framboidal pyrites are found within particles of vitrinites 

(Fig.4-48 photo A). The liptinite fraction is dominated by bituminites (80%), which are 
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brown fluorescing wispy matrix composed of degraded remains of algae and/or bacteria 

(Largeau et al., 1990; Boussafir et al., 1995; Stankiewicz et al., 1998, Kruge et al., 1997). 

Scarce sporinites were observed. The predominance of vitrinites points to the strong 

continental character of the sample R2 and their large size together with the scarcity of 

inertinites are evidence of good conditions of preservations, certainly mild euxinic 

condition according to the presence of replacive pyrites. The high proportion of 

bituminite among liptinites is an evidence of crude and expelled hydrocarbon 

(Teichmüller, 1974; Mukhopadhyay, 1977; Teichmüller and Durand, 1983) that is not 

consistent with the Tmax of the sample but may be supported by the optical maturity of 

vitrinites.  By contrast, the prodelta facies R4 contains less than 1% of vitrinite and rare 

big, framboidal pyrites in a predominant, fluorescing mineral matrix (Fig. 4-48 and Fig. 

4-49 C&D). The macerals assemblage is mainly composed of bituminite (71%) and 

inertodetrinite (28%).  

The predominance of the mineral matrix and the fair content in inertinites is an 

evidence of drowning of the peat. The shape of the bituminites resemble to ribbon-

shaped cutinites. The lack of pyrite in the prodelta sample is explained by the lack of 

vitrinites as precipitation of pyrite by sulphate-reducing bacteria requires the availability 

of reactive iron and sulphates ions and organic matter of a suitable type, such as 

vitrinite (e.g. Raiswell and Berner, 1985).  

 

 

Figure 4-47: Triangular plot showing the maceral composition of the Richards sequence. Visual 

estimates of area % of kerogen particles from organic petrography come from Cornford et al. (1998). 
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Figure 4-48: Photomicrographs of  R2 (A,& B) and R4 (C & D) , Richards sequence – A: Vitrinites 

(V) and replacive pyrites (P) (R2, white light) – B:  Vitrinite (V) (R2, blue light) – C: Bituminite (B) and 

pyrite (P) (R4, white light) – D: Inertinites (I) (R4, white light). 

 

 

Within the Richards sequence, the main difference between the delta front and 

the prodelta facies is the presence or not of vitrinites and the associated framboidal 

pyrites. This association points out the mild euxinic condition that prevailed in the 

depositional environment and to the terrestrial character of the sediment supply. The 

inertinite-rich facies exhibited by the prodelta reveals the occurrence of an oxidative 

event. Petroleum-like macerals are found in both environments. 

4.5.3 Petroleum Potential 

As R4 is organic-lean and shows a poor maceral composition, it was not tested by 

Py-GC. Only the structural composition of R1, R2 and R3 are here investigated. 

Pyrolysates of the delta front samples of the Richards sequence yield mainly gas 

and some aromatic compounds, that is consistent with their vitrinite-rich character (Fig. 

4-49 & 4-50). The resulting GOR is then high (>1.5), in the exception of R2 for which 

some long n-alkylchains were detected (Table 4-10).  

All thiophene species occurs but their relative proportion remains in the range of 

what has been reported for the other sequences (Fig. 4-51). With decreasing depth, the 

relative proportions of o-xylene (Fig. 4-51) and phenol (Fig. 4-52) fall, highlighting, 

according to the wide ranges observed, the occurrence of strong facies variations.  

The resulting petroleum composition is however not so various since the product 

determined through the distribution of n-alkyl chains is gas for the three samples (Fig. 

4-53). 
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Table 4-10: Gas/oil ratio derived from open Py-GC, Richards sequence. Gas and Oil in mg/g rock, 

Depositional Environment after Dixon (1996). 

 
 

Figure 4-49: Open-system  Pyrolysis: Gas-chromatograms (full run), Richards sequence – 1= methane, 2-

5= wet gas, 6 to 30= n-alkenes/alkanes doublets, a= benzene, b= toluene, c= ethylbenzene, d= m- & p-

xylene, e= styrene and/or 2,3-dimethylthiophene (see Fig. 4-50 for discrimination), f= o-xylene, g= 

phenol, h= m- & p-cresol, i= o-cresol, j= naphthalene, k= 2- and 1-methylnaphthalene (see Fig. 4-50 for 

details), l= prist-1-ene 
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Figure 4-50: Open-system Pyrolysis: Gas-chromatograms (C2 to C13), Richards sequence – 2-5= wet gas, 6 

to 13= n-alkenes/alkanes doublets, a= benzene, b= toluene, c= ethylbenzene, d= m- & p-xylene, e= 

styrene, f= o-xylene, g= phenol, x= benzofuran, y= pseudocumene (1,2,4-trimethylbenzene), z= 

hemimelitene (1,2,4-trimethylbenzene), h= m- & p-cresol, i= o-cresol, j= naphthalene, k2= 2-

methylnaphthalene, k1= 1-methylnaphthalene, Ta= thiophene, Tb1= 2-methylthiophene, Tb2= 3-

methylthiophene, green circle= ethylthiophene and 2,5-dimethylthiophene (left and right shoulders, 

respectively), Td1= 2,4-dimethylthiophene, Td2= 2,3-dimethylthiophene. 
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Figure 4-51: Discrimination of type IIS kerogen from the other types of kerogen on the basis of 

the balance of 2,3-dimethylthiophene, o-xylene and n-C9 (Eglinton et al., 1990), Richards. 

 
 

Figure 4-52: Determination of kerogen type from the balance of phenol, m- and p-xylene, and n-

C8 (Larter and Douglas, 1980), Richards.  
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Figure 4-53: Petroleum type and source facies determined from the pyrolysate composition 

(Horsfield, 1989, 1997), Richards. 

 

4.5.4 Generation Predictions 

The kinetic parameters of sample, R2 were derived from open-system Py-FID (Fig. 

4-54).  

The variability of chemical bonds involved in the transformation of the organic 

matter composing R2 is quite narrow as it is described by six activation energies (Ea) 

composed of three dominating Ea from 55 to 57 kcal/mol and three subsidiary Ea in the 

range of 58 to 61 kcal/mol. The associated frequency factor is A= 3.3803x1015/sec.  

 

Figure 4-54: Kinetic parameters, derived from open-system Py-FID experiment, of the gas-prone 

sample R2 of the Richards sequence. 

 
 

This distribution is much narrower than these found by Issler and Snowdon (1990) 

on the same sequence, through the wells Amerk O-09 and Adlartok P-0 which 

correspond both to prodelta facies. Indeed, the average of activation energies extends 
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from 190kJ/mol (~45kcal/mol) to 290kJ/mol (~69kcal/mol) with a mean value at 

230kJ/mol (~55kcal/mol). Regarding the composition of the prodelta facies that was 

analysed in the present study, it seems unlikely that such kinetic parameters can be 

derived from the prodelta presented.  

Hydrocarbon generation starts at 140°C and coming to an end around 175°C for 

geological heating rate of 3.3°C/my. This high thermal stability pushes the gas 

generation window to depth over 6000 m, depth which is hardly reached by the 

sequence in the basin. 

4.5.5 Synthesis and Conclusion 

The study of the Richards sequence has demonstrated that strong facies 

variations occur, especially between the delta front and the prodelta facies. Within the 

delta front facies, this is mainly indicated by variation of the concentration of phenolic 

species in the pyrolysates. The transgressive nature of the Richards sequence may 

explain the dispersion of vegetal debris and the enrichment of the source rock in 

inorganic particles. The difference between delta front and prodelta facies is also 

related to the level of oxidation prevailing in the environment. The common features of 

both delta facies is the quasi-exclusive occurrence of bituminites in the liptinitic fraction 

that point to the exhausted state of the Richards sequence. 

In conclusion, the present results even do not support the potential role of the 

Richards sequence as an important source rock for the generation of oil in the 

Mackenzie Delta and support the assumption of Snowdon (1984) and Snowdon et al. 

(2002) that this sequence is relatively unimportant. 
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4.6 THE KUGMALLIT SEQUENCE (OLIGOCENE) 

The case of the Kugmallit sequence illustrates patently the crucial role played by 

the analytical approach, here presented, in source rock potential assessment. 

Kugmallit’s petroleum potential is indeed tied to its depositional history. This sequence 

consists actually of a series of prograding deltas subdivided into three subsequences 

based on the presence of widespread shale intercalations that closely correspond to 

seismic horizons (Morrel and Schmidt, 1988). The proximal delta front of the delta is 

thus divided into three units, labelled A, B and C (Morrel and Schmidt, 1988; Fig. 2-10). 

Each unit is characterised by log patterns predominantly aggradational over 

progradational and coarsening-upward strata, thereby indicating sea level rise. General 

statements of comparison between the modern Mackenzie Delta and the Kugmallit 

delta have been made (Morrel and Schmidt, 1988), which may allow analogy. Modern 

delta’s geomorphology is different whether the sea level stand is low or high (Morrel 

and Schmidt, 1988). During sea-level lowstand, which may correspond to unit C 

deposition conditions, the delta is a river dominated delta and the general form of this 

delta is wave dominated. During sea-level highstand, which may correspond to unit A, 

the delta becomes a tidal estuary. Because these units are identified in most of the 

wells, identification of unit specific organic facies improves hydrocarbon potential 

assessment on a regional scale. 

Figure 4-55: Location of samples from the Kugmallit sequence. Samples of specific interest are 

labelled from K1 to K5 (see text) 

 
 

Hence, five representative samples were judiciously selected. They are labelled 

K1, K2, K3, K4 and K5 (Fig. 4-55). K1 and K2 are delta plain samples coming from the well 

Kugmallit H-59 at depth of 1630 and 1725 m, respectively. K3 is a delta front from Unit 

A sampled in Nipterk L-19 at 1500 m depth. K4 is a delta font from Unit C taken from 

the well Amauligak I-65 at 3562 m depth. K5 represents the prodelta facies and was 

sampled in well Tarsiut N44-A at 2254 m depth. The location of these samples and their 

distribution on a schematic cartoon of the Kugmallit delta are shown on Fig. 4-55. 
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4.6.1 Genetic Potential 

The sample set is composed of true coals and organic-rich shales as well as 

organic-lean samples. The TOC ranges from 0.8 to 52.07% (Table 4-11). Total 

hydrocarbon generation potential (S1+S2) and generative potential (S2) increase with 

TOC (Fig. 4-56). The slope facies can be considered as poor to good source rock (Peters, 

1986). Some delta front samples are expected to be good source rock while others 

present an excellent potential. Delta plain and prodelta samples are excellent source 

rocks. Tmax values, which range from 358 to 438°C, show a very broad scattering with 

depth, especially for depth shallower than 2000 m (Fig. 4-56). Regarding the organic 

richness of most of the samples, it is likely that the type of organic matter is responsible 

for perturbation of Tmax measurement. This is supported by the wide range of PI (Fig. 

4-57), which goes from 0.02 to 0.56, and OI (Fig. 4-58). 
 

Table 4-11: Rock-Eval data and TOC of the Kugmallit sequence (units in table 4-1).  

 

 

The highest values of OI (>300 mg CO2/g TOC) are exclusively exhibited by organic-

lean samples originating from the deep-buried slope facies. These samples were likely 

submitted to high oxidation processes consequent  to the late Eocene, major drop in 

relative sea level (Osadetz et al., 2003).  

By contrast, the range of HI is relatively narrow and never exceeds 190 mg HC/g 

TOC. Therefore, according to the pseudo-van Krevelen diagrams (Fig. 4-58), the 

Kugmallit sequence is composed of immature, type III organic matter and seems to be 

prone only for the generation of gas.  
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Note that the main difference between the delta plain samples are the maturity 

for K1 (Tmax= 394°C) and K2 (Tmax= 421°C). The delta front sample from unit A K3 (tidal 

estuary phase) and the delta front sample from unit C K4 (river- and wave-dominated 

delta phase) differ by their PI (0.05 vs. 0.21), their OI (234 vs. 57 mg CO2/g TOC) and in a 

lesser extent their maturity (423 vs. 413°C) and HI (83 vs. 129 mg HC/g TOC).  

 
 
 

Figure 4-56: Rock-Eval pyrolysis, TOC vs. S1+S2  (framework after Christiansen, 1989) and TOC vs. 

S2, Kugmallit sequence  

 

 

Figure 4-57: Rock-Eval pyrolysis, Tmax vs. depth and HI vs. PI, Kugmallit sequence 
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Figure 4-58: Rock-Eval pyrolysis, Tmax vs. HI and OI vs. HI, Kugmalllit sequence 

 
 

4.6.2 Petrography 

Even if the depositional environment of the selected samples are already known 

thanks to the work of Morrel and Schmidt (1988), their petrography must be finely 

studied in order to associate a given maceral composition to the assigned depositional 

environment and, like for the other sequences, to identify the biological precursors 

responsible for the formation of petroleum as well as to check if any petroleum-like 

material have been already generated. 

The Kugmallit sequence is vitrinite-rich (39-90%) with varied content of both 

liptinites (1-56%) and inertinites (0-17%) (Fig. 4-59). The delta plain sample K1 is richer 

in liptinite than the delta plain sample K2. The delta font sample K3 (unit A) is richer in 

liptinite than the delta front sample K4 (unit C). 

In K1, suberinite is the preponderant maceral (Fig. 4-60 photo A). Suberinites are 

liptinites originating from the decay in oxygenated soils of debris of non-woody vascular 

plants such as cortex tissue of stem or root (Ercegovac and Kostić, 2006) in forest 

swamp environment (Ratanasthien et al., 1999). Under blue light, the optical maturity 

of the macerals is in accordance with the immaturity of the sample but the fluorescence 

of the minerals indicates that petroleum impregnates the matrix. Generation of oil from 

this sample is likely since early generation of liquid petroleum from suberinite is 

observed since a maturity level of 0.4%Ro (Wan Hasiah, 1997). Bacterial activity is 

shown by the intimate relationship between pyrite and the organic matter (Fig. 4-60 

photos B & C). Pyrites are not abundant but their occurrence points to marine incursion 

into the realm (Tissot and Welte, 1984; Diessel, 1992). 
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Figure 4-59: Triangular plot showing the maceral composition of the Kugmallit sequence. Visual 

estimates of area % of kerogen particles from organic petrography come from Cornford et al. (1998). 

 

 

K2 is so immature that most of the vitrinites are represented by gelified huminites 

(Fig. 4-60 photo D) and the secondary xylem is still visible in some lignin particles (Fig. 4-

60 photo E). Fluorinites, which derive from plant resins and waxes, rectangular cutinites, 

resinites and sporinites are also identified in K2 (Fig. 4-60 photo E).  The resinites 

present a peculiar squared-shape (Fig. 4-60 photo F). Certainly, this resin was caught in 

a plant constituted of square-shaped cell walls, structures which have now disappeared. 

The mineral matrix does not present any fluorescence and generally speaking the facies 

appears to be immature. The comparison of the organic petrography of K1 and K2 

highlights the strong impact of the type of organic matter on Tmax. Indeed, despite the 

extreme immaturity exhibited by K2 in comparison with K1, the Tmax of this latter is 

clearly lower with a value of 394°C versus 421°C for K2.  

The delta front sample K3, stemming from the unit A of the proximal delta front 

(Morrel and Schmidt, 1988) that is to say from the tidal estuary phase of the Kugmallit 

delta, is composed of mature vitrinites. They occur in bands and are often infilled by 

liptinitic material. The optical maturity, shown by mature, orange-fluorescing cutinite 

and the abundant, strongly fluorescing mineral matrix (Fig. 4-61 photo A), is too high 

regarding the Tmax of 418°C. The expulsion of oil is pointed out by the fluorescence of 

the minerals. The TOC (5.88%) is consistent with the relative dominance of minerals 

upon organic matter. Some fluorinite and sporinite are found. The little amount and the 

small size of the pyrites found in K3 evidence a lack of sulphate or relative oxic 

conditions. Oxic conditions are unlikely regarding the good preservation of the organic 

matter whereas a lack of sulphate is plausible assuming a predominance of fresh-water 

over marine-water. K3 was therefore likely deposited in a salt marsh (= shallow tidal 

estuary). 
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By contrast K4 consists in a non-fluorescing mineral matrix in which the common 

macerals are large particles of huminites invaded by colonial pyrites. The abundance of 

pyrites together with the predominant mineral matrix is an evidence of frequent marine 

incursions on the peat (Tissot and Welte, 1984; Diessel, 1992). Some liptodetrinites and 

bituminites are observed. The high-energy, wave-dominated environment (Morrel and 

Schmidt, 1988) is likely responsible for the non deposition and the subsequent lack of 

structured liptinites, such as cutinites or sporinites. 

 

Figure 4-60: Photomicrographs of K1 (A, B & C) and K2 (D, E & F), Kugmallit sequence – A: 

suberinite (K1, white light) – B: Vitrinite (V) and pyrites (P) (K1, white light) – C: Vitrinite (V) and pyrites 

(P) (K1, blue light) – D: Gelified huminites (K2, white light) – E: Huminite (H), cutinite (C) and fluorinite 

(K2, blue light) – F: Resinite (R) (K2, blue light). 
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Figure 4-61:  Photomicrographs of K3 (A), K4 (B) and K5 (C & D), Kugmallit sequence – A: mature 

cutinite (C), vitrinites (V) and fluorescing mineral matrix (K3, blue light) – B: Huminites (H) and pyrites 

(P) (K4, white light) – C: Vitrinite (V), bituminite (B) and fluorescing mineral matrix (K5, blue light) – D: 

Internal structures visible in bituminites (K5, blue light). 

 
 

The prodelta sample K5 is composed of 59% vitrinites, 24% liptinites and 17% 

inertinites (Fig. 4-59). Vitrinites are large-sized and mature, and occur in bands in a 

strongly fluorescing, relatively abundant mineral matrix (Fig. 4-61 photo C). Liptinites 

are only composed of large bituminites (Fig. 4-61 photo C). Interestingly, these 

bituminites present an internal granular structure (Fig. 4-61 photo D) instead of being 

amorphous. This uncommon structure is interpreted by Stasiuk (1993) as remnants of 

microbial alteration. Bacterial activity is also evidenced by the occurrence of some small 

framboidal pyrites. The petrographic facies presented by K5 resembles to the 

petrographic facies of K3. Because the prodelta is a more oxic and higher-energy 

environment than the delta front, K5 presents more inertinites than K3. Cutinites have 

likely settled down massively in the marshes of the delta front which can explain the 

lack of cutinites in the prodelta K5. Thus, it is likely that the prodelta sample K5 

originates from the tidal estuary phase of the Kugmallit delta.  

4.6.3 Petroleum Potential 

As shown by the diversity of petrographic facies and the variety of biological 

precursors observed in the Kugmallit sequence, the organic facies of the different 

episodes of the depositional history of the delta do show strong variations. In addition 

to the five selected samples, the structural composition of the slope facies was also 

investigated. 
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The strong terrestrial character of the organic matter is demonstrated by the gas 

content and the abundance of aromatic moieties (Fig. 4-62 & 4-63) which are the main 

pyrolysis products derived from lignin and woody materials in general (Larter, 1984; Nip 

et al., 1987). The occurrence of prist-1-ene supports this idea and points to the 

immaturity of the kerogen (Maters et al., 1977; Larter et al., 1979; van der Meent et al., 

1980; Larter, 1984; Curry and Simpler, 1988) and the mild anoxic character of the 

environment (Curry and Simpler, 1988). The composition of the aromatic fraction does 

not vary significantly between the samples, even the thiophenic species, so that the 

pyrograms can be characterized and differentiated only with the distribution of the n-

alkenes/alkanes doublets. 

The pyrogram of K1 presents a bimodal distribution of the n-alkenes/alkanes 

doublets showing a maximum at nC24 and a marked odd over even predominance since 

nC10. The high yield of long-chain n-alkyls can be attributed to the cracking of suberinite 

(Khorasani and Michelsen, 1991). 

 

Figure 4-62: Open-system  Pyrolysis: Gas-chromatograms (full run), Kugmallit sequence – 1= methane, 2-

5= wet gas, 6 to 30= n-alkenes/alkanes doublets, a= benzene, b= toluene, c= ethylbenzene, d= m- & p-

xylene, e= styrene and/or 2,3-dimethylthiophene (see Fig. 4-63 for discrimination), f= o-xylene, g= 

phenol, h= m- & p-cresol, i= o-cresol, j= naphthalene, k= 2- and 1-methylnaphthalene (see Fig. 4-63 for 

details), l= prist-1-ene 
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Figure 4-62: to be continued 
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Table 4-12: Gas/oil ratio derived from open Py-GC, Kugmallit sequence. Gas and Oil in mg/g rock, 

Depositional Environment after Dixon (1996). 

 
 

 

K2 presents the same bimodal distribution and enrichment in long-chain n-

alkenes/alkanes but no odd predominance. This fingerprint can be explained by the 

maceral mixture which is composed of cutinites and fluorinite (waxy resins).  

The distribution of the n-alkyls doublets of the sample K3 (tidal estuary) is also 

characterized by a bimodal distribution presenting, by contrast to K1 and K2, a 

maximum at nC15. This fingerprint cannot be attributed solely to the occurrence of 

mature cutinites since the pyrolysate of this maceral yields preferentially long-chain 

hydrocarbon (>nC19). The liptinitic materials which impregnate most of the vitrinite 

particles are therefore likely responsible for the generation of nC12 to nC18 n-

alkenes/alkanes.  

The pyrogram of sample K4 (wave-dominated delta) presents a very different 

fingerprint than K1, K2 and especially K3 (tidal estuary). It shows indeed an unimodal 

distribution of  n-alkenes/alkanes doublets extending until nC30. Although petroleum 

potential revealed by Py-GC is broadly related to maceral composition, here the n-alkyls 

distribution cannot be attributed solely to the occurrence of some liptodetrinites and 

bituminites. However, the abundance of pyrites in this sample shows that the peat was 

highly degraded by marine incursion and bacteria after deposition and the original 

organic matter might have been richer in long n-alkyl chains (Taylor et al., 1998). 

The pyrolysate of the prodelta sample K5 is made up mainly of gas and aromatic 

compounds. Little n-alkenes/alkanes occur, from nC6 to nC14, likely from the thermal 

degradation of bituminites. 

Pyrolysis products of the slope facies is dominated by gas and aromatic 

compounds. Doublets of n-alkenes/alkanes extend until nC22. 

The occurrence of high concentrations of long-chain hydrocarbons reduce 

considerably the GOR calculated from these pyrolysates. GORs indeed vary from 0.46 to 

1.09 (Table 4-12).  
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The relative proportion of thiophene species (Fig. 4-64) is not affected by the 

variation of facies since it stays in the range of values of what has been observed for the 

other sequences, which is below 20%. 

The main variations affect the concentrations of both o-xylene and nC9. The 

shifting from a wave dominated delta to a tidal estuary (samples sequence: K4, K5, K3, 

K2, K1) coincides indeed with a decrease in the relative proportion of o-xylene and the 

concomitant increase in the relative proportion of nC9.  

This trend is less clear for m- and p-xylene and nC8 (Fig.4-65) because these two 

compounds are balanced with phenol which presents a less linear evolution since it is 

sensitive not only to the occurrence of its precursors but also to redox conditions 

(Larter, 1984). 

 

 

Figure 4-63: Open-system Pyrolysis: Gas-chromatograms (C2 to C13), Kugmallit sequence – 2-5= 

wet gas, 6 to 13= n-alkenes/alkanes doublets, a= benzene, b= toluene, c= ethylbenzene, d= m- & p-

xylene, e= styrene, f= o-xylene, g= phenol, x= benzofuran, y= pseudocumene (1,2,4-trimethylbenzene), 

z= hemimelitene (1,2,4-trimethylbenzene), h= m- & p-cresol, i= o-cresol, j= naphthalene, k2= 2-

methylnaphthalene, k1= 1-methylnaphthalene, Ta= thiophene, Tb1= 2-methylthiophene, Tb2= 3-

methylthiophene, green circle= ethylthiophene and 2,5-dimethylthiophene (left and right shoulders, 

respectively), Td1= 2,4-dimethylthiophene, Td2= 2,3-dimethylthiophene. 
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Figure 4-63: to be continued 

 

 

 

 

 
 

 



 

105   

 

Figure 4-64: Discrimination of type IIS kerogen from the other types of kerogen on the basis of 

the balance of 2,3-dimethylthiophene, o-xylene and n-C9 (Eglinton et al., 1990), Kugmallit. 

 
 

 

Figure 4-65: Determination of kerogen type from the balance of phenol, m- and p-xylene, and n-

C8 (Larter and Douglas, 1980), Kugmallit.  
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However, this complex relationship between biological precursors and 

depositional environment results in the study of the Kugmallit sequence in the 

recognition of five organic facies leading to the formation of 3 types of petroleum (Fig. 

4-65). The delta plain samples K1 and K2, which originate from forest swamp and 

estuarine-mangrove environments respectively, are prone for the generation of high-

wax Paraffinic-Naphthenic-Aromatic (PNA) oils. The delta front sample K3, which 

originates from the shallow tidal estuary (marsh), is also prone for high-wax PNA oils. By 

contrast with K3, the delta front sample K4, which was deposited in a wave-dominated 

delta, is prone for the generation of low-wax PNA oils. The prodelta sample K5, which 

belongs likely to the tidal estuary phase of the Kugmallit delta but was, unlike K3, 

deposited in a high-energy environment, is gas prone. The slope facies samples are gas-

prone and may be expected to generate some low-wax oils when being more organic-

rich. 

 

Figure 4-66: Petroleum type and source facies determined from the pyrolysate composition 

(Horsfield, 1989, 1997), Kugmallit sequence. 

 

4.6.4 Generation Predictions 

Regarding the variation of organic facies in the Kugmallit sequence, it would not 

be so surprising that the derived kinetic parameters point to the occurrence of different 

petroleum generation behaviour. Alas, bulk kinetics experiment on both prodelta and 

slope facies samples were not successful. The low TOC (1.2%), and the low HI (86 mg 

HC/ g TOC) and S2 (1.17 mg/g) of the slope facies were likely responsible of this failure. 

However, in the case of the sample from the prodelta, despite good Rock-Eval 

parameters, this experiment also failed. Thus, kinetic parameters were derived for the 

samples K1, K3 and K4. These results and the extrapolation of these measurements to 

geological conditions are presented in Fig. 4-67. 
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The delta plain K1 presents a broad distribution of the activation energy, displayed 

within 21 Ea from 46 to 68 kcal/mol with a mean value at 58 kcal/mol and a frequency 

factor of A=4.3402x1015 /sec.  

The delta front K3 presents as well a broad distribution of activation energy, 

displayed within 13 Ea between 48 and 66 kcal/mol with a mean value at 58 kcal/mol 

and frequency factor of A=2.9396x1015/sec.  

Figure 4-67: Kinetic parameters, derived from open-system Py-FID experiment, of three samples 

of the Kugmallit sequence. 

 

 

By contrast, the delta front K4 displays a narrower distribution of activation 

energy shifted clearly towards higher activation energy, displayed within 7 Ea between 

58 and 66 kcal/mol with a mean value at 63 kcal/mol and a frequency factor of 

A=1.8257x1017/sec. 

Increasing activation energy values are associated systematically with increasing 

frequency factor. 
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The variation of organic facies has a strong impact on hydrocarbon generation 

predictions. Indeed, young samples originating from the tidal estuary phase of the 

Kugmallit delta (K1 & K3) are less thermally stable than older samples which were 

deposited in a wave-dominated Kugmallit delta (K4). The difference between the two 

geomorphologies becomes meaningful when considering the gap between the curves of 

hydrocarbon generation extrapolated from the kinetics parameters of the two delta 

front samples K3 and K4. This represents a shift of the top of the oil window of 10 My or 

in depth of burial 1500 m. 

4.6.5 Synthesis and Conclusion 

Not only change in geomorphology of the Kugmallit delta during its depositional 

history together with the variation of environmental conditions inherent to delta 

depositional environment framework result in the occurrence of different organic 

facies, but it leads also to different timing of petroleum generation, as it is exemplified 

by the deepening of the oil window of 1500 m between the delta front samples 

examined K3 and K4: 

● Sediments deposited during the tidal estuary phase of the delta have formed 

source rocks prone for high-wax PNA oil 

● The river- and wave- dominated delta is characterized by a potential for low-wax 

PNA oil 

● for both geomorphology, the occurrence of oxic events and/or the seawards 

increase energy increase in the environment lead to the formation of gas-prone source 

rock. 

 

Figure 4-68: Synthesis of results - Kugmallit sequence.  
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4.7 GENERAL SYNTHESIS  

Variations of environmental conditions inherent to the depositional history of the 

Mackenzie Delta are responsible for variations in the composition of the organic matter 

preserved in the source rock by destroying (marine incursions), and by sorting (selective 

transport), and by altering (oxidation, reworking), and by selecting organisms (change in 

ecological habitats). This results in varied organic facies that is to say in different 

petroleum type generated and in different petroleum generation timing.  

The reliability of Rock-Eval parameters when used as a unique tool for assessing 

petroleum potential can be questioned. They are, however, still useful for selecting 

samples for further investigations. It was observed that: 

 • a low HI is not antinomic with oil potential (Horsfield et al., 1989). HI was, 

indeed, a poor indicator of liquid petroleum potential for the Tertiary sequences, as 

exemplified by oil-prone samples from the Kugmallit (K3, HI= 83), Taglu (T1, HI=102) and 

Aklak (A6, HI=111) sequences, while it could have been a source of error for the 

Smoking Hills sequence since samples from this sequence presenting a similar value of 

HI than the Tertiary oil-prone samples are gas prone (SH3, HI = 151). 

 • the maturity parameter Tmax is strongly dependant on organic matter 

composition (Espitalié et al., 1977, 1985; Katz, 1983; Peters, 1986; Banerjee et al., 1997) 

at least when considering immature samples. 

The study of the Kugmallit sequence illustrates clearly that Rock-Eval parameters 

must be handled with care and that no definitive inference can be built from these data. 

For example, delta plain samples K1 and K2 present similar HI and OI values and 

petroleum type generated, however the maceral composition and Tmax are different. 

By contrast, delta front samples K3 and K4 present a similar Tmax and the same maceral 

composition, however HI and OI values differ as well as the type of petroleum 

generated. 

When it comes to petrographic and pyrolysis investigations, certain types of 

petroleum generated is systematically linked to certain environmental parameters: 

 • high-wax oils are preferentially generated from source rock composed 

exclusively of terrestrial organic matter which was deposited in a deltaic/ fluvial 

environment under marine influence. Marine incursions may have little or not 

contributed directly to the maceral composition (here no algal deposits) but they may 

have rather played an indirect role in the organic input in the sediment by destroying 

episodically vegetal habitats. Oil-prone terrestrial liptinites, such as cutinites or 

Suberinites, were deposited in the proximal delta (delta plain or delta front). Because 

these particles are less easily oxidised or degraded by bacteria (Tissot and Welte, 1984), 

their accumulation lead to the formation of oil-prone source rocks. This is exemplified 

by the tidal estuary phase of the Kugmallit sequence (samples K1, K2, K3). 

• low-wax oils are preferentially generated from source rock composed of 

predominantly terrestrial liptinites and marine organic debris. Corresponding 

depositional environments are still deltaic/fluvial but more aquatic than those in which 

are deposited high-wax oil source rocks that explains the presence of algae and the fair 

proportion of mineral matrix. The estuarine/lagoonal phase of the Taglu sequence 

(sample T1) or the organic-rich samples from the slope of the Smoking  Hills sequence 

are good examples (sample SH1). Regarding the study of the Smoking Hills sequence, 

anoxia is a prerequisite for oil potential.  
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• Gas and condensates are formed from source rocks which are whether organic-

rich but do not contain any liptinites or organic-lean. The corresponding depositional 

environments are relatively oxic consequently to whether strong water movements, 

which can also sweep macerals away, or episodic outcropping. 

When plotting all hydrocarbon formation curves on the same diagram (Fig.4-69), 

the depositional history of the delta, through the composition of the organic matter, 

appears unequivocally the major controlling factor on petroleum generation timing.  

 

Figure 4-69: Prediction of petroleum formation, all samples studied.    

 blue = delta plain; red = delta front; green = prodelta; black = slope. Tmax values are indicated. 

 
 

 

Two phenomenons can indeed modify the petroleum potential: the composition 

and the maturity of the OM. The maturity effect results in an irreversible increase in the 

Rock-Eval parameter Tmax and in a shifting of the petroleum window towards higher 

temperatures. Here, Tmax indicates not only that all samples are immature but when 

comparing  Tmax with predicted hydrocarbon formation curves, it comes out clearly 

that there is no relationship between increasing Tmax and shifting of the HC formation 

curves towards higher temperatures. Let's consider sample K1 and sample T3, whose 

petroleum formation curves compose a kind of envelope of the set of curves shown in 

the diagram. The Tmax of K1 is 394°C, the Tmax of T3 is 424°C and the curves between 

present lower Tmax values such as K0 and higher Tmax values such as SH1.  

Interestingly, considering these organic facies variations brings us to the 

incongruous situation for which, within the Aklak sequence, gas can be generated from 

the upper section of the delta plain at lower maturity than oil which is generated from 

the lower section. 

Even if not all depositional environments and related organic facies of the Mackenzie 

Delta were here studied, the established relationship between environmental 

conditions and organic facies can be extrapolated to uninvestigated area. In the study of 
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the Smoking Hills sequence, it has been demonstrated that the petroleum potential of 

the source rock, assuming that the source of sediments remains unchanged, is strongly 

dependent on the level of anoxia in the environment. The source rock deposited under 

euxinic conditions was oil-prone while sediments deposited in an oxic environment 

resulted in gas-prone source rock. In the case of the Taglu sequence, a source rock 

deposited in the prodelta of coastal environment may have presented some potential 

for the generation of oil if the sediments have been less oxidised, especially because of 

its richness in oil-prone, terrestrial liptinites and the eventual presence of alginites prior 

to oxidation. Some speculation can be also made about an eventual oil-proneness of the 

delta plain and the delta front of this coastal plain environment as they are by nature 

less oxic environments. Because the last marine pulse on the continental delta plain 

results in the deposition of an oil-prone source rock, it seems obvious that transgressive 

events occurring after each continental episode may have been also responsible for the 

deposition of oil-prone source rock. However, in the case of the much oxidised, 

continental, delta front facies, no potential for oil can be expected because of the 

maceral composition which evidences fire and aerial exposition of the peat. As the 

marine phase of the Aklak sequence was characterized by a potential for low-wax oil, 

the marine phase of the Taglu sequence presents probably also a potential for low-wax 

oil. However, since the strong progradation of the Aklak sequence is responsible for the 

deposition of source rocks more and more gas-prone, it seems obvious that the 

sediments deposited within the prograding lobes of the marine phase of the Taglu 

sequence are gas-prone. Hence comes out the following regional findings (Fig.4-70)  

• for the Smoking Hills sequence, oil potential comes from source rock deposited 

in a stagnant, euxinic environment, otherwise the source rock is gas-prone. 

• for the Aklak sequence, because the vegetation  was poorly diversified (Parsons 

and Norris, 2003), the shifting from a marine to a coastal plain environment is beyond 

doubt the main controlling factor on petroleum potential. As it was said before, the 

lower Aklak is oil-prone whereas the upper Aklak is gas-prone. 

• the organic facies corresponding to the diverse phases of the complex 

depositional history of the Taglu Delta may be for the proximal delta: 

1- marine phase with coastline shifting and progradation of lobes: the 

prograded area become more and more gas-prone while the area in regression 

becomes prone for (low-wax?) oil 

2- Deepening of basin with marine incursions: the proximal delta might be 

prone for high-wax oil because the Taglu delta is a prograding, river-dominated 

delta. However, because the Taglu is submitted to wave modifications, there is 

more chance for recovering low-wax oil. 

3- Hyposaline, lagoonal (with fresh water algae): regarding the exchanges 

between the lagoon and the sea, the source rock may be prone for low- to high-

wax oil. Assuming theses contacts were restricted to marine incursion in the 

lagoon, the “inland” vegetation was then episodically destroyed by the strength of 

the waves or by the input of brines in the hyposaline water of the lagoon, leading 

to the in situ deposition of the organic debris. The source rock such deposited may 

be prone for high-wax oil. A potential for low-wax oil can be explained by the 

fresh-water algae present in the lagoon or by input of marine algae if the lagoon 

was more open to the sea. The mixture of both terrestrial liptinites and algae may 
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explain the high/low-wax oil potential of the  delta plain sample T1 (transition 

lagoon/estuary). 

4- Estuarine phase (last marine pulse): the Taglu estuary differs from the 

Kugmallit tidal estuary in the fact that Taglu is a regressive sequence that implies 

the source rock deposited is prone for low-wax oil, like the marine phase of the 

Aklak sequence or the river-dominated phase of the Kugmallit sequence. 

● the Richards sequence is a good reservoir which best target is the delta front 

sandstones. However, this sequence cannot be considered as a source rock. 

 ● the Kugmallit sequence is divided in two phases : 

1- Seal level drop and deposition of  gas-prone submarine fans. 

  2- Sea level rise and strong progradation of the delta: 

- Source rocks taken from the river dominated delta submitted to 

wave modifications (like Taglu) are prone for low-wax oil 

- Source rocks taken from the tidal estuary phase of the delta is 

prone for high-wax oil. 

 

From there, the next step would be to implement these data into a 3D-model (i.e. 

Petromod) in order to simulate petroleum generation on a regional scale. This model 

must be, obviously, structurally representative of the concept used for the study of 

organic facies that is to say each organic facies must be represented in the model by 

one single sedimentary entity. Consequently, the model will be built with as many 

individual sedimentary bodies as organic facies defined. Although the delta was not 

sampled and studied every ten meters in length and width and depth, well-well 

stratigraphic correlation would allow a reasonably representative model of the present 

delta o be built. Collecting information to construct the structural model is not so 

insurmountable than one may think especially since seismic lines and well data logs, 

such as spontaneous potential, gamma ray, calliper, sonic, density, resistivity and 

porosity, are routinely and systematically produced by Oil Companies (however, not 

systematically shared). The aim of this well to well correlation is to recognize, through 

the entire delta, timelines of deposition which will allow the different delta facies of a 

given episode of the depositional history of the delta to be correlated. Once this 

construction finished, appropriate kinetic parameters and porosity will be applied to 

each organic facies. In the end, the burial history of the basin deduced from vitrinite 

reflectance data is integrated into the model. 

To conclude, this study allows the definition of organic facies to be refined as 

follow: "an organic facies is a mappable subdivision of the source rock characterized by 

its petrographic facies and subsequent generative capacity, petroleum potential and 

thermal stability". 
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Figure 4-70: Regional Findings 
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5. Gas System 

5.1 APPROACH 

Petroleum is naturally formed from burial-induced thermal transformation of the 

organic matter contained in the source rock (Philippi, 1965; Welte, 1966; Tissot and 

Welte, 1984). Maturation proceeds along a path of stepwise degradation and 

simultaneous formation of specific hydrocarbon classes (Tissot and Welte, 1984; Radke 

et al., 1989) resulting from irreversible thermal cracking reactions (Tissot, 1969) which 

break weak bonds before stronger one (Radke et al., 1989). Since the early stages of 

maturation, the kerogen undergoes primary cracking leading to the formation of gas, oil 

and bitumen (Robinson, 1966; Speers and Whitehead, 1969; Espitalie et al., 1988; Behar 

et al., 1992). If interactions are possible between the primary products and the residual 

kerogen in the source rock, gas is formed by secondary cracking of the oil and bitumen 

issued from primary cracking (Barton, 1937; Landes, 1967; Pepper and Dodd, 1995) 

and/or these primary liquids may be recombined by aromatisation/condensation 

reactions into a gas-prone residue (e.g. Behar et al., 1995; Schenk and Horsfield, 1998; 

Erdmann, 1999; Dieckmann et al., 2000; Erdmann and Horsfield, 2006). The cracking at 

high maturity of this recombined material extends gas generation beyond the 

conventional secondary cracking window and provides significant quantity of gas (e.g. 

Dieckmann et al., 2000; Erdmann and Horsfield, 2006). Two different gas types are 

therefore distinguished, namely primary gas and secondary gas.  

Early gas generation is actually expected from the initial phase of hydrocarbon 

generation and may be accompanied by the formation of bitumen-like material or oil 

(e.g. Schaefer et al., 1999; Muscio et al., 1994). Its origin is still a matter of controversy. 

Contrasting with the conventional organic matter cracking hypothesis, a catalytic origin 

has been proposed (Mango, 1994). Early thermal cracking has been observed for 

maturity below 0.6%Ro (Stahl, 1977; Connan and Cassou, 1980) using head-space 

analysis-type methods (Huc and Hunt, 1980; Monnier et al., 1983) or MSSV-pyrolysis 

(Muscio et al., 1994) or microscopy (e.g. Khorasani, 1987; Zhao et al., 1990; Wan Hasiah 

et al., 1995). Even if oil generation is conventionally said to be effective around 0.5% 

vitrinite reflectance (e.g. Tissot and Welte, 1984), an early phase of hydrocarbon 

generation has been often observed from what would generally be regarded as 

thermally immature source rocks (e.g. Khorasani, 1987; Zhao et al., 1990; Wan Hasiah et 

al., 1995). This phenomenon starts by the expulsion of exsudatinite, petroleum-like 

maceral, through “sweating” from biological precursors (e.g. 0.4%Ro from suberinite, 

Wan Hasiah, 1997). The liquid petroleum such formed may impregnate other macerals 

and/or may be trapped in the mineral matrix leading to modifications of the optical 

properties of these two components. Because these features have been found in the 

sample set examined here, early hydrocarbon generation  may likely occur in the 

Mackenzie Delta.  

For the present study, additional compositional characteristics indicating the 

possibility of early hydrocarbon generation permit to reduce the field of samples to be 

investigated. First, the sulphur content, even if reported small, may reduce the thermal 

stability of the organic matter (Orr, 1986). In fact, the yield of gas generated by sulphur-

rich oils is relatively low (Baskin and Peters, 1992) while primary gas generation may be 
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enhanced by a relatively small sulphur-content (Orr, 1986). In the Mackenzie Delta, oils 

recovered from the Smoking Hills sequence present a low level of sulphur between 0.08 

and 0.912% (Bruce and Parker, 1975; Curiale, 1991) which can be explained by the 

mobilization of free sulphur evidenced by the abundance of pyrites. Next, Michelsen 

and Khorasani (1995) have shown that a significant difference in thermal stability exists 

between the different kinds of liptinites. Suberinite is said to be the least thermally 

stable, followed by cutinite and sporinite, and finally alginite. Furthermore, large 

amounts of hydrocarbons are generated from suberinite in immature source rocks 

(Khorasani and Michelsen, 1991). In the study of the Kugmallit sequence, the delta plain 

sample K1, which was found to be rich in suberinite, was predicted to generate 

petroleum earlier than all other samples (75°C).  

In the end, with all these considerations in mind, two samples were selected for 

petroleum formation behaviour investigations: SH1 (G001635, slope, Smoking Hills) and 

K1 (G000204, delta plain, Kugmallit).  

5.2 METHODS 

Simulating natural processes in the laboratory involves two approaches: 

  • High-temperature open-system pyrolysis (Espitalié et al., 1977) gives the 

composition of the products generated by primary cracking of the residual kerogen at a 

given stage of maturation and then the potential left for higher maturity level.  

  • Closed-system programmed-temperature microscale sealed vessel 

(MSSV) pyrolysis (Horsfield et al., 1989) simulates hydrocarbon generation when 

secondary cracking takes place.  

The analytical program of the artificial maturation is shown on Fig.5-1. 

Whole rocks samples were preferred to kerogen concentration for heating 

experiments despite the possible analytical effect of the mineral matrix at high 

temperatures (Horsfield and Douglas, 1980; Monthioux and Landais, 1988; Lillack, 1992; 

Dembicki, 1992). 

Each sample was first finely grounded and extracted two times by a solution of 

dichloromethane with 1% of methanol.  

 To perform the multi-step maturation open-system pyrolysis, one-end, glass- 

micropipettes (100µL) were filled with quartz powder over 1 cm and then plugged with 

quartz wool. 40 or 60 mg of sample material, for G000204 and G001635 respectively, 

were placed in the tube and held in place by a cork of quartz wool. The remaining 

empty space was filled with quartz powder and the tube was sealed with a hydrogen-

oxygen flame. Pyrolysis was performed off-line with perfect temperature control in a 

programmable-oven consisted of a metal-cored-ring holder in which glass tubes 

containing the aliquots were placed. Starting the temperature program at 200°C at 

heating rate of 0.7 C/min, ten maturity steps from 300 to 480°C were performed. 

Because of limited amount of sample, the experiment for G000204 was restricted to 

eight steps. Once cooled, the tubes were opened and the residues collected and 

extracted two times by a solution of dichloromethane with 1% of methanol.  

For each level of maturity, pyrolysate composition and carbon isotopes 

composition and TOC of the residue were investigated. Furthermore, kinetics 

parameters were derived from open-system-pyrolysis-FID experiment using the method 

of Schaefer et al. (1990). Pyrolysis was performed on 100 mg finely grounded sample at 

linear heating rates of 0.1, 0.7 and 5.0 C/min for the sample G001635, and 15 C/min for 
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G000204. Analytical data processing was done with the software Kinetic 2000 (Braun 

and Burnham, 1998). The derived kinetics parameters are expressed in term of 

distribution of activation energy and a single frequency factor. The potential of the 

residue was investigated by gas-chromatography using the same method than for 

performing open-system pyrolysis on whole rock. 

 

Figure 5-1: Flowchart showing the analytical program of the artificial maturation experiment. 

 
 

Closed-system programmed-temperature MSSV pyrolysis was performed 

following the method of Horsfield and Düppenbecker (1991). 120°-prebent one-end-

micropipettes (50µL) filled with quartz powder until the half distance to the knee of the 

tube and then plugged by quartz wool. A 3 to 15 mg quantity of extracted sample was 

added into the knee, and plugged with quartz wool. Decreasing quantities of sample 

were used with increasing temperature in order to avoid explosion of the tubes at high 

temperatures due to huge gas release. A new cork of quartz wool is placed over the 
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sample material and the remaining empty space was topped-up with quartz powder 

and the tube was sealed with a hydrogen-oxygen flame. Pyrolysis was performed off-

line with perfect temperature control using the same device than for the multi-step 

experiment. The high confinement of the tubes and the small quantity of samples used 

and the temperature control by digital display ensure the homogeneity of the pyrolysis 

and the accuracy of the data. Starting the temperature program at 200°C, twenty-four 

steps from 300°C to 600°C were performed on three different heating rates: 0.2, 0.7 and 

5.0 C/min. Once the pyrolysis done, each tube was placed in the MSSV injector of a Gas-

Chromatogram-Pyrolysis apparatus and subsequently the pyrolysate was liberated by 

scratching the tube (description of the analytical system in Horsfield et al. 1989; 

description of the closed-system MSSV-pyrolysis in Horsfield and Düppenbecker, 1991). 

Total pyrolysis yield was integrated to column blank) and resolved compounds were 

quantified. 

5.3 POTENTIAL OF THE RESIDUAL KEROGEN 

The aim of the multi-step open-system pyrolysis was to investigate the potential 

of the residual kerogen by following the evolution of primary cracking, especially 

primary gas generation, and the accompanying changes in bulk kinetic parameters. 

The notable difference of maturity effect on both kerogens can be attributed to 

the difference of the initial compositional pattern in alkyl-chain length. This pattern, 

which is inherited from the biological precursors and the depositional environment, can 

be whether preserved up to high levels of maturity or not (Horsfield, 1989).  

Even though the timing of changes in composition of pyrolysates is similar 

between both samples, the evolution with maturation of their bulk composition is 

different. The Smoking Hills sample, which was initially rich in C6-C14 alkyl-chains, can be 

considered as a homogeneous kerogen, following the definition given by Horsfield 

(1989) because it yields a constant chain length distribution with maturation (Fig.5-2). 

By contrast, the Kugmallit sample, which was initially rich in C15+ alkyl-chains, is an 

heterogeneous kerogen since the compositional changes in response to the thermal 

stress occurs in two phases with first the release of the C15+ alkyl-chains and next the 

release of shorter alkyl-moieties (Fig.5-3).  

Despite this major difference in compositional evolution with maturation, curves 

of GOR are similar between both samples, values aside (Fig.5-4). It increases steadily 

within a narrow range until 400°C before doubling at higher temperature. The increase 

in GOR during the first stage of maturation is associated to enhanced formation of gas 

which involves both the resolved n-alkyl-compounds and the unresolved C6+ fraction, as 

both curves of the minimum GOR based on total C6+ fraction and the maximum GOR 

based on resolved C6+ fraction behave similarly (Fig.5-4). 

In the same way, variation of both gas and oil, yields aside, is composed of two 

stages for both samples (Fig.5-5). It consists first in some variation of both yields until 

around 400°C. This first phase is characterized for the Smoking Hills sequence by an 

increase in both oil and gas yields while for the Kugmallit sequence it is characterized by 

an increase in gas and a decrease in oil with maturity. Next, both oil and gas decrease 

rapidly consequently to the decrease in residual kerogen potential at high maturity.  

Both residual kerogens generate the same quantity of gas but the Smoking Hills 

sequence generates four times more oil during the open-system experiment than the 



 

118   

 

Kugmallit sequence does. This is not surprising since the Smoking Hills sequence is 

known as being an excellent source of black oils (Dixon, 1996).  

 
 

Figure 5-2: Smoking Hills sequence - Evolution of the composition of the pyrolysate of the 

residual kerogen with maturation shown by the balance of the total gas fraction (C1-C5) and the sum of 

n-alkyl chains (C6-C14 and C15-C30). The yellow star represents the pyrolysate of the immature sample.  

 
 

Figure 5-3: Kugmallit sequence - Evolution of the composition of the pyrolysate of the residual 

kerogen with maturation shown by the balance of the total gas fraction (C1-C5) and the sum of n-alkyl 

chains (C6-C14 and C15-C30). The yellow circle represents the pyrolysate of the immature sample. 
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Figure 5-4: Residual kerogen - Evolution of GOR with maturation. 

 
 
 

 

Figure 5-5: Residual kerogen – Gas yield vs. Oil  yield (bulk fractions), TR are indicated. 
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Furthermore, the residual kerogen of the Smoking Hills sequence generates three 

times more oil than gas, while the residual kerogen of the Kugmallit sequence produces 

roughly the same proportion of oil and gas in the course of maturation. 

When considering instantaneous yields, the potential of the residual kerogen 

increases for both samples between 300 and 340°C while it should logically decrease 

with increasing thermal stress (Fig.5-6). This unconventional increase in residual 

potential coincides with the generation of oil, which includes bitumen formation, 

leading to an increase in gas at higher maturity level.  

  

Figure 5-6:  Residual kerogen – C1+ total (HI), Gas and oil bulk fractions vs. TR. 

 
 

When looking farther in details within the bulk fraction, this increase in potential 

around 320°C is related to an increase in the C15+ bulk fraction for the Smoking Hills 

sequence and subsequently at 340°C the C6-C14 bulk fraction and gas, mainly wet gas, 

increase (Fig.5-7). By contrast, for the Kugmallit sequence the increase of total potential 

at 340°C coincides with an increase of both C6-C14 and C15+ bulk fractions and leads to a 

rise of methane a step of maturity forward (Fig.5-8). This phenomenon cannot be 

ascribed to decarboxylation (Durand and Paratte, 1983), or retention of carbon in the 

macromolecular matrix or to a loss of carbon because of the steadiness of both TOC and 

δ13C values (Fig.5-9). It is more likely due to solide-state aromatisation reaction  prior to 

oil expulsion (Sykes and Snowdon, 2002). 
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Figure 5-7: Residual kerogen – Smoking Hills sequence - Bulk fractions vs. temperature. 

 
 

Figure 5-8: Residual kerogen –  Kugmallit sequence - Bulk fractions vs. temperature. 
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Figure 5-9 : Residual kerogen – TOC and δδδδ13
C vs. Temperature. 

 
 

According to Schenk and Horsfield (1998), solid state aromatization reaction 

involves the residual bitumen which is a “mobile”, weakly bonded fraction (Levine, 

1993) entrapped within the macromolecular matrix. The bitumen undergoes 

aromatization, cyclization and condensation reactions during maturation resulting in the 

formation of gas and of a hydrogen-deficient insoluble pseudo-kerogen. This material is 

not release from the matrix like petroleum does, but it can be liberated consequently to 

the thermal degradation of the macromolecular matrix. In term of kinetic 

measurements and predictions, the authors have shown that this phenomenon results 

in a specific pattern of distribution of bulk generation rate curves versus temperature. 

While generation rates curves for maturation transformations involving only cracking 

reactions remain within the curve of the least mature sample, generation curves, for 

which solid state aromatization occurs, extend beyond the immature curve.  
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Figure 5-10: Kinetic parameters (measurements) – Generation rate curves vs. Temperature. 
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Although Schenk and Horsfield (1998) have observed this shifting only for natural 

series and did not manage to reproduce it with artificially matured samples, this pattern 

is here observable for both samples studied (Fig.5-10). Not only measured curves 

corresponding to the unconventional increase in residual potential are largely bigger 

than the curve of the least mature sample, but almost all curves extend beyond the 

envelope described by the most immature sample. Furthermore, predicted curves for 

the Smoking Hills sample present the same pattern (Fig.5-11). Note that the increase of 

potential is also recorded for both samples by this experiment. 

When considering the predictions for the Smoking Hills sequence in term of 

fraction reacted (Fig.5-12), it appears clearly that, by 360°C, yields are decreasing 

notably and reactions are taking place at higher temperature. Unfortunately it was not 

possible to derive kinetic parameters and to make any predictions for the sample of the 

Kugmallit sequence because of the lack of material which did not permit to perform 

more than one heating rate (15 C/min). 

 

Figure 5-11: Geological predictions (3.3°C/My) – Hydrocarbon evolution rate vs. Temperature. 

 
 

For the Smoking Hills sequence the high-temperature shift of generation rate 

curves (360, 400 and 420°C – Fig.5-12) is accompanied by a high-energy shifting of the 

mean activation energy  (Fig.5-13) pointing out that the disappearance of the 

hydrocarbon potential available at low activation energies coincides with the 

repolymerisation of the mobile fraction, which is consistent with the fact that solid state 

aromatization result in the creation of new, higher energy bonds (Schenk and Horsfield, 

1998).  
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Figure 5-12: Geological predictions (3.3°C/My) – Cumulative hydrocarbon yield  vs. Temperature. 

 
 

Until 380°C, the distribution of activation energy is narrow and extends mainly 

from 56 to 60 kcal/mol which proves that the organic matter remains homogeneous. In 

contrast, the more mature stages present a broader distribution of activation energy, 

which extends mainly from 56 to 69 kcal/mol. The shifting of the mean activation 

energy from 58 kcal/mol, for the least mature sample, to 68 kcal/mol, for the more 

mature sample, is associated to a shifting of the frequency factor from power 15 to 

power 17, respectively. This description of kinetic parameters is very closed from the 

one obtained for the type II Monterey shale by Behar et al. (1997) and their evolution 

with maturation is similar to the Toarcian shale (Schenk and Horsfield, 1998) or the 

Duvernay formation (Dieckmann et al., 2004). 

It must be stated that for the two stages presenting an unusual increase of 

residual potential, namely 320 and 340°C, the mean activation energy falls to 57 

kcal/mol which support the link established between low activation energy and solid-

state aromatisation of the bitumen. In the case of natural series, the energy distribution 

tends to be narrower for maturation stages for which bulk formation rate curves are 

shifted out of the enveloppe defined by the least mature sample because of 

aromatization/condensation, as examplified by the Toarcian shale (Schenk and 

Horsfield, 1998). In contrast, for the Duvernay formation, for which hydrocarbon 

generation is due to thermal cracking of the organic matter rather than 

aromatization/condensation (Dieckmann et al., 2004), the high-energy shifted curves 

are not associated systematically to narrow distribution of activation energy. 

Unfortunately, no such studies of natural series taken from the Mackenzie Delta have 

been published yet 
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Figure 5-13: :  Kinetic parameters – Distribution of the activation energy and frequency factor (A) 

for the Smoking Hills sequence. 

 
 

. 
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Figure 5-14: Residual kerogen – Pyrolysate composition vs. temperature. Resolved aromatic moieties 

represent the sum of Benzene, Toluene, Ethylbenzene, m/p/o-xylene, styrene, phenol, m/p/o-cresol, 

naphthalene, 2- and 1-methylnaphthalene. Resolved thiophenic moieties represents the sum of 

thiophene, 2- and 3-methylthiophene, ethylthiophene, 2,5- and 2,4- and 2,3-dimethylthiophene. 

 
 

Nevertheless, note that the increase of potential of the residual kerogen is 

accompanied for the sample of the Smoking Hills sequence by a decrease in n-alkanes 

and an increase in alk-1-enes and resolved aromatic compounds (Fig.5-14). In addition 

to this, the concentration of prist-2-ene is two times higher than the concentration of 

prist-1-ene (Fig.5-15). By contrast, for the Kugmallit sequence, this phenomenon is 

associated to a decrease in alkyl-moieties concentration (Fig.5-14) and a drop of prist-1-

ene without any dominance of prist-2-ene (Fig.5-15).  
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Figure 5-15: Residual kerogen - Prist-1-ene and Prist-2-ene Yields vs. temperature. 

 
 

This can be explained by the sensitivity of the generative potential to the nature 

of the soluble material which affects the process of hydrogen donation and/or shuttling 

(Curry et al., 1995) and the generative potential can be also modified by mineral matrix 

effect (Espitalié, et al., 1977, 1980; Katz, 1983). Boreham et al. (1999) explain the 

predominance of n-alkanes over n-alkenes by the fact that either (a) the kerogen is 

depleted in n-alkyl structures and then n-alkanes originate from free hydrocarbons still 

trapped in the matrix or (b) hydrogen donors are more abundant at the site of 

homolytic cleavage. Following the hypothesis (a), the structure of the bitumen may be 

richer in n-alkanes than the macromolecular matrix. The hypothesis (b) implies variation 

in the amount of protons donors depending on the evolution of the mineral matrix 

under thermal stress which is in fact highlighted by the variation of concentration of 

prist-1-ene and prist-2-ene. Indeed, prist-2-ene is formed by clay-catalyzed double-bond 

isomerization of prist-1-ene (Regtop et al., 1986; Höld et al., 2001), which is the 

principal acyclic isoprenoid  found in immature kerogen (Larter, 1984). This catalyzation 

depends on the availability of protons in the environment (Regtop et al., 1986; Höld et 

al., 2001). The best catalysor for this isomerisation is illite and in a less extent pyrite, 

calcite, bentonite and quartz (Lao et al., 1989).  

Generally speaking, prist-1-ene is more abundant than prist-2-ene leading to a 

ratio of 1.5 to 2.5 and even more. The ratio prist-1-ene over prist-2-ene decreases 

under clay catalytic activity. Through increasing thermal stress, this ratio decreases as 

well because of the progressive destruction of prist-1-ene and the increasing 

predominance of the mineral matrix. For the Smoking Hills sequence, concentrations of 

prist-1-ene and prist-2-ene are similar across the whole range of artificial maturity, in 

the exception of step 340°C. This can be related to a constant matrix-catalyzed 
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isomerisation, especially when prist-2-ene is more abundant than prist-1-ene (by 

380°C). 

Here, XRD analyses would have helped to decipher on the organic or inorganic 

(maybe both?) origin of the variation of yields observed. For instance, only qualitative 

analyses were carried out on both samples and it reveals that illite-smectite 

compounds are present in the Smoking Hills sequence (Rudolf Naumann personal 

communication). Thus, modifications in alk-1-enes/n-alkanes ratio and prist-1-

ene/prist-2-ene ratio may be due to either the polymerisation of the bitumen or/and 

mineral matrix effect. 

Altogether, these results point to the occurrence of both solid state 

aromatisation reactions and thermal cracking of chemical bonds during maturation of 

the samples studied. The dominance of one reaction over the other one may depend 

on the homogeneity or heterogeneity of the organic matter. For both sequences, the 

formation rate curves of artificially matured samples are not within the immature 

envelope confirming the heterogeneity of the organic matter and the occurrence of 

aromatization/condensation reactions. Furthermore, this confirms that the kinetic 

model here used is a bit too simple to describe bulk hydrocarbon generation from 

heterogeneous source rock. The mean process leading to hydrocarbon formation from 

the sample of the Smoking Hills sequence, which is composed of relatively 

homogeneous organic matter type, is bond cleavage-product reactions in laboratory 

conditions, although aromatisation also occurs and is responsible for the increase in 

the residual potential at low level of maturity. For the Kugmallit sequence, 

aromatisation reactions predominates clearly as it is shown by the bulk formation rate 

curve measured.  

5.4 PRIMARY AND SECONDARY GAS GENERATION 

Secondary processes, that is to say thermal cracking of product generated by 

primary cracking of the kerogen, were studied by MSSV-pyrolysis. It has been shown in 

the previous sub-chapter that the bitumen plays an important role in the quantity and 

timing of hydrocarbon generated by open-system device. In closed-system, for type III 

or heterogeneous organic matter, bitumen can react with primary products since the 

early stages of maturation to form a gas-prone intermediate structure (Behar et al., 

1995, 1997). Thermal cracking of this newly formed structure extend gas generation 

beyond the conventional window of secondary cracking (Behar et al., 1995, 1997). This 

phenomenon has been reported for the Morwell coal and the Mahakam coal by Behar 

et al. (1995, 1997), for the Heather formation by Erdmann and Horsfield (2006) and in 

the Mackenzie Delta for the Taglu sequence by Dieckmann et al. (2006). In the case of 

the Taglu sequence, it has been shown that at high maturities gas is formed, in closed-

system conditions, from a new-formed material likely issued from the recombination by 

aromatisation/polycondensation reactions of the residual kerogen with hydrocarbons 

previously generated. The thermal cracking of this neoformed structure results in an 

apparent non-ending increase of gas generation at high maturity (600°C) shifting the 

end of the gas window by more than 90°C higher than the one deciphered by open-

system artificial maturation (75-325°C). However, here the approach aims not only to 

highlight possible late gas generation but also early gas formation possibly concomitant 

to the formation of the neoformed residue. 
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First of all, primary and secondary gas generation were calculated following the 

approach of Dieckmann et al. (1998). The authors used the hydrogen balance (equation 

1) in the simplified case where oil is degraded into gas and coke (Sweeney et al., 1987; 

Braun and Burnham, 1990) to calculate the amount of secondary gas generated at a 

given temperature T (equation 2) assuming that secondary cracking starts when the C6+ 

boiling fraction reaches its maximum (Sweeney et al., 1987; Schaefer et al., 1990; 

Horsfield et al., 1992).  

 

CH2.2 → k CH3.2 + (1-K) CH0.2 k~0.67   (1) 

 

where:  

CH2.2  is the assumed average composition of C6+ 

CH3.2 is the assumed average composition of secondary gas C1-C5  

CH0.2 is the assumed average composition of coke (Behar et al., 1991) 

 k≈0.67 is the hypothetical conversion factor 

 

 

Secondary Gas (T) = [C6+(To)] – [C6+(T)] x 0.67   (2) 

 

where: 

Secondary Gas (T) is the amount of secondary gas at temperature T 

[C6+(To)] is the maximal of C6+ which happens at temperature To 

[C6+(T)] is the amount of C6+ measured at temperature T (T>To) 

    

Consequently, the amount of primary gas is given by (T>To): 

 

 Primary Gas (T) = Total Gas (T) - Secondary Gas (T)  (3) 

 

The result of these calculations and the measured boiling ranges are shown in 

Fig.5-16. 

The sample of the Kugmallit sequence generates more hydrocarbon than the 

Smoking Hills sequence in closed system-conditions (90 vs. 13 mg/g). For the Smoking 

Hills sequence, the overall C1+ products and C6+ products reach a maximum at 450°C 

and 420°C, respectively. For the Kugmallit sequence, the overall C1+ products and C6+ 

products reach a maximum at 470°C and 430°C, respectively. The subsequent decrease 

of total products is due to the formation of coke. For the Smoking Hills sequence, 

secondary gas generation is really effective by 450°C and implies the thermal cracking of 

the whole oil fraction while for the Kugmallit sequence secondary gas generation starts 

at 430°C and seems to involve first the boiling range of C15+ and, by 470°C, the boiling 

range fraction C6-C14. In the case of the Kugmallit sequence, gas generation do not reach 

an end or a plateau within the interval of temperature studied. 

The evolution with maturation of the bulk composition of the kerogen is very 

interesting (Fig.5-17). Like for the open-system experiment, the maturation pathway of 

the Kugmallit sample is made of two phases, with first the formation of nC15-C30 alkyl 

moieties followed by the cracking of nC6-C30 into gas, while for the Smoking Hills 

sample, it occurs in one stage. This evolution is directly linked to the initial composition 

of the kerogen, namely paraffinic/ waxy for the Kugmallit sequence and alkane-rich but 
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low-waxy for the Smoking Hills sequence. This kind of maturation pathways have been 

already observed for the Posidonia Shale and the Arang Coal (Fig.5-18). The maturation 

pathway of the Kugmallit sequence, which describes a loop towards the nC15-C30 

fraction, is very similar to the one of the Arang Coal. By contrast, the maturation 

pathway of the Smoking Hills does not describe any loop and rather shows a direct 

cracking of the compounds into gas.  

 

Figure 5-16: MSSV-Pyrolysis – Boiling ranges measured (C1+, total gas, oils) and calculated 

(primary gas and secondary gas). vs. temperature heating rate: 0.7C/min 
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Figure 5-17: MSSV-Pyrolysis – Evolution of bulk fractions with maturation. Heating steps are 

shown in blue. Heating rate : 0.7C/min 
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Figure 5-18: MSSV-Pyrolysis – Evolution of bulk fractions with maturation of the Posidonia shale 

and Arang coal (data provided by Brian Horsfield, unpublished). Heating steps are shown in blue. 

Heating rate: 0.7C/min. 
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Both samples behave also very differently when considering the gas vs. oil 

pathway (Fig.5-19 and Fig.5-20). Indeed, for the Smoking Hills sequence the higher the 

heating rate is, the more oil and gas are generated. In contrast, for the Kugmallit 

sequence the heating rate has no real influence on the quantity of gas and oil 

generated. The heating rate dependency shown by the Smoking Hills sequence concerns 

actually the generation phase which becomes more and more complex with faster 

heating rate (Fig.5-21). This phenomenon exists in a lesser extent for the Kugmallit 

sequence and does not result, however, in difference of yields with increasing heating 

rate. The thermal stability acquired by the Kugmallit sample via aromatization and 

polycondensation of its soluble organic matter is likely responsible for this difference of 

behaviour. The shifting to higher temperatures of the gas and oil boiling range with in 

creasing heating rates is in accordance with kinetic theory (Jüntgen and Van Heek, 1970; 

Jüntgen and Klein, 1975). 

 

Figure 5-19: MSSV-Pyrolysis – Gas vs. Oil. Heating rate: 0.2, 0.7 and 5.0 C/min.  

Smoking Hills sequence 
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Figure 5-20: MSSV-Pyrolysis – Gas vs. Oil. Heating rate: 0.2, 0.7 and 5.0 C/min. 

Kugmallit sequence 

 

 

Anyway, the Kugmallit sequence generates more oil and gas than the Smoking 

Hills sequence in closed-system (Fig.5-19 and Fig.5-20) and notable is the apparent non-

ending formation of methane (Fig.5-22). This latter fact is actually related to the 

cracking at high maturity of the intermediate structure stemming from the 

aromatization and condensation of primary products with the kerogen (e.g. Behar et al., 

1995; Schenk and Horsfield, 1998; Erdmann and Horsfield, 2006). In the case of the 

Smoking Hills sequence, methane and gas generation starts at 385°C and 300°C 

respectively, while gas generation from the Kugmallit sequence is effective by 

temperature lower than the temperature interval used for the MSSV experiment (below 

300°C). This is supported by the GC traces of products derived from thermovaporisation 

of samples from the Kugmallit tidal estuary, which are gas-rich with some oil 

contribution.   
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Figure 5-21: MSSV-Pyrolysis – Gas vs. Oil focussed on the generation phase. 

 

 

 

 
 



 

137   

 

Figure 5-22: MSSV-Pyrolysis –Dry gas and wet gas generation vs. temperature. h.r.: 0.7C/Min 

 

 

 

Despite the fact that the samples were extracted before performing the MSSV-Py 

experiment, the sample from the Kugmallit sequence still have a high gas generative 

capacity. It is noteworthy that the boundary between thermovaporisation and pyrolysis 

is somewhat nebulous. Unfortunately, the examination by thermovaporisation at lower 

temperature (e.g. 200°C) was not possible. As a consequence, it is not obvious to 

decipher whether gas is released or generated. However, as each sample was initially 

extracted, it can be assumed that the yield of gas observed here is generated. 

Wet gas is more abundant than dry gas until the end of primary cracking, i.e. 

around 470°C (Fig.5-22). In contrast with the Smoking Hills sequence, the early 

maturation stages of the Kugmallit sequence are characterized by the concomitant 

generation of oil and gas and by the increase in the ratio dry over wet gas (Fig.5-23). 

To conclude, it patently appears that aromatization/condensation reactions 

undergone by the organic matter of the Kugmallit sequence is responsible for enhancing 

its gas generative capacity during the early stages of maturation with primary wet gas 

generation as well as at high maturity with secondary methane formation. It is not the 

case for the Smoking Hills sequence. 
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Figure 5-23: MSSV-Pyrolysis – Dry gas/wet gas ratio vs. temperature and vs. GOR. Heating rate: 

0.7C/min 
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5.5 ORIGIN OF GAS 

The explanation for the formation of large accumulations of gas hydrates in the 

Mackenzie Delta still remains nebulous. Lorenson et al. (1999) propose that gas 

hydrates layers are fed by Cretaceous sediments at depth greater than 6000m while 

Dixon et al. (1992) emphasizes the capacity of Tertiary organic-rich shale and coal layers 

to generate gas. Recently, great progress has been made thanks to the results from the 

Mallik 2002 gas hydrate production research well program (Dallimore and Collett, 

2005). Through the analyses of the composition of kerogen and bitumen (Haberer et al., 

2005), and the distribution of normal alkanes (Zhu et al., 2005), and the I/Br ratio 

(Tomaru et al., 2007), it has been demonstrated that methane hydrates are of 

terrestrial origin. Geochemical analyses of gas and organic materials indicate that most 

of the gas is of thermogenic origin (Lorenson et al., 2005; Waseda and Uchida, 2005; 

Zhu et al., 2005). A study comparing I/Br ratios in pore waters and sediments suggests 

that the source fluids (I and associated CH4) do not originate from the host formations 

of gas hydrates, namely the Mackenzie Bay sequence and the top of the Kugmallit 

sequence (Tomaru et al., 2007). Moreover, from the same study, a limited set of I129/I 

ratios determined in pore waters ascribes a minimum age of 29 Ma to the source 

material, which corresponds to the lower section of the Oligocene (36.6-23.7 Ma) 

Kugmallit sequence, i.e. out of the gas hydrates bearing zone. 

Although the exact source of gas hydrates in the Mackenzie delta remains unclear, 

it is well established that gas travels in aqueous solution through sandy layers towards 

the permafrost, which acts as a cap preventing upwards pore water diffusions (Tomaru 

et al., 2007). Knowing these gas hydrates play element, which sequence could be the 

best gas source candidate? Certainly not the Richards sequence which presents 

insufficient potential (Snowdon, 1984; Snowdon et al., 2002; this study). It goes the 

same for the Smoking Hills sequence because of its low gas generative capacity (this 

study) and because of its marginal, small sedimentary volume. The Aklak sequence may 

be a good source rock candidate. It is an organic-rich sequence which can generate 

primary gas from its upper part and oil from its lower part, which can be a source of 

secondary gas formation. However, since the depocentre of the Aklak sequence is 

located in the western Beaufort-Mackenzie Basin, there is low chance for gas migration 

towards the central part. The Taglu sequence, especially the delta front and prodelta 

facies deposited during the continental episodes, may be a good source of gas. Indeed, 

artificial maturation studies using closed- and open-system pyrolysis together with 

kinetics and carbon isotopes measurements carried out on the Taglu sequence 

demonstrates that petroleum generation occurs, under geological conditions, within a 

window ranging from 75°C to more than 325°C° because of the cracking of a neoformed 

residue, like for the Kugmallit sequence (this study), which leads to unusual high 

concentrations of gas (>35mg/g cumulative value) and to the apparent non-ending 

increase of gas generation at high maturity (Dieckmann et al., 2006). However, Taglu 

generates 25% gas less than the Kugmallit sequence does (>50mg/g by 600°C) in closed-

system (this study). Moreover, low chance is given to the gas originating from Taglu to 

cross the thick shales and silts of the Richards sequence, which actually form excellent 

seals (e.g. Taglu field).  

In the end, the best candidate appears to be the Kugmallit sequence. First, it is an 

organic-rich sequence which presents organic facies prone for the generation of early, 

primary and late, secondary gas. Second, the sequence is directly connected to the gas 
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hydrates bearing zone. Third, the sequence is thick and widespread. The rapid Late 

Miocene to Pleistocene subsidence and the subsequent deposition of the Mackenzie 

Bay, Akpak and Iperk sequences (Tang and Lerche, 1991) may have triggered 

hydrocarbon formation in the Kugmallit sequence, especially in the delta front and 

prodelta and basinwards deposits as the depocenter of the three sequences moved 

towards the northwest (Tang and Lerche, 1991). As the age of the source fluids is at 

least 29 Ma (Tomaru et al., 2007), the source units may be the base of the delta front 

from unit A and delta front from unit B and C together with the corresponding prodelta. 

Slope and submarine facies sediments may not play a role in this gas system as they 

form an isolated gas pool which is separated from the gas hydrates region by the 

Tarsiut-Amauligak Fault zone.   

 

6. Conclusions  

Organic facies considerations demonstrate the depositional history of petroleum-

prone sediments does have a strong impact on the quantity and the quality of 

petroleum generated and on the generation timing, thereby casting a doubt on any 

studies or models which assume organically homogeneous a 20,000 km2 spread, 3000m 

thick, sedimentary body.  

This statement is patently crucial in petroleum exploration where geologic models 

are increasingly demanded. Indeed, even if, by (human) nature, scientists tend to 

prioritize convenient approximations and “push-button” science, the scientific input 

spoon-fed to the computer must resemble a minimum to the reality of geology at the 

risk of inflating the petroleum potential. 

The implementation of organic facies in a 3D-model and the comparison of the 

results obtained in term of petroleum generation and migration with a model built with 

conventional method and with the field reality will be certainly very instructive. In this 

perspective, the Mackenzie delta could be an excellent lab. 
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7. Catalogue of abbreviations 

HI: Hydrogen Index, which is the quantity of hydrocarbon released during pyrolysis per g 

of TOC calculated as follow: S2 x 100/TOC (mg HC/g TOC) 

MSSV-PY-GC: MicroScale Sealed Vessel Pyrolysis Gas Chromatography 

OI: Oxygen Index OI: Oxygen Index, which is the quantity of CO2 released during 

pyrolysis per g of TOC calculated as follow: S3 x 100/TOC (mg CO2/g TOC). 

PI: Production Index calculated as follow: S1 / (S1 + S2) (mg /g). 

PY-GC: Pyrolysis Gas Chromatography 

PY-GC-MS: Pyrolysis Gas Chromatography Mass Spectrometry 

S1: free or volatile hydrocarbon content at 300°C (mg HC/g rock) 

S2: generated hydrocarbons during pyrolysis (mg HC/g rock) 

S3: CO2 released during pyrolysis (mg HC/g rock) 

Tmax: temperature at which the maximum hydrocarbon generation rate occurs (°C). 

Tmax is used as maturity parameter 

TOC: Total Organic Carbon as percent by weight of rock (%) 

Tvap-GC: Thermovaporisation-Gas-Chromatography 
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