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Résumé 

Au cours de la dernière décennie, l‘augmentation de l‘intérêt de l‘industrie gazière et 

pétrolière pour les ressources non-conventionnelles en Amérique du Nord a mis les ressources de 

roches mères sur le devant de la scène. Dans ces nouvelles cibles, la présence d‘hydrocarbures est 

fortement liée au contenu organique primaire et à sa maturité thermique alors que leur production 

dépend de la réponse de la roche à la fracturation et de ses propriétés pétrophysiques, elles-mêmes 

contrôlées par la minéralogie de la roche et par sa structuration (e.g. factures, laminations…). Il est 

donc primordial de comprendre la distribution des hétérogénéités de concentration de la matière 

organique et de la minéralogie dans ces roches mères afin de diminuer les risques lors de l‘exploration 

et du développement de ces ressources non-conventionnelles 

On sait que la formation de roches riches en matière organique est contrôlée par la complexe 

interaction entre la production de la matière organique, sa dilution et sa préservation. Sur cette base, de 

nombreuses études ont proposé des modèles conceptuels de formation des roches riches en matière 

organique cependant aucune n‘intègre les variations temporelles et spatiales de la productivité 

primaire, de l‘anoxie et des taux de sédimentation. L‘objectif de cette thèse est d‘étudier, à l‘échelle 

d‘un bassin, la distribution de la matière organique dans un cadre stratigraphique séquentiel afin de 

discuter des contrôles régionaux et locaux sur la formation des roches mères. 

Cette étude se centre sur les Formations de Montney et Doig du bassin ouest canadien. 

Principalement composées de grès fins et de siltites, ces formations se sont déposées sur la marge 

ouest du continent nord-américain au cours du Trias inférieur et moyen. Depuis les années 50, cet 

intervalle produit des hydrocarbures conventionnels mais, de récentes études mettent en avant son 

potentiel spectaculaire en hydrocarbures de roche mère. Grâce à l‘importante quantité de données 

accumulées au cours de 50 ans d‘exploration pétrolière et suite au regain d‘intérêt pour les parties 

distales de ce système sédimentaires, les Formations de Montney et Doig sont un cas d‘étude idéal 

pour étudier la distribution de la matière organique dans un bassin sédimentaire. 

Ce travail se fonde principalement sur une base de données issue de 2000 forages. Plusieurs 

campagnes de terrain ont permis de décrire et d‘échantillonner des affleurements, des carottes et des 

cuttings. La méthode développée pour cette étude se décompose en quatre points : (1) la corrélation 

des forages, basée sur les principes de la stratigraphie séquentielle, qui permet de restaurer 

l‘architecture stratigraphique 3D du bassin, (2) l‘analyse des échantillons avec un Rock-Eval VI, un 

ICP-MS et un ICP-AES qui permet de quantifier la concentration de la matière organique et des 

éléments traces, (3) l‘intégration des résultats des analyses géochimiques et pétrographiques dans le 

cadre stratigraphique qui permet de faire ressortir la distribution des hétérogénéités de concentration 

de la matière organique et les variations des facteurs de contrôles de l‘accumulation et de la 
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préservation de la matière organiques, (4) la modélisation de l‘architecture stratigraphique des 

Formations de Montney et Doig avec DIONISOS qui permet de quantifier les facteurs de contrôle de 

l‘accumulation et de la préservation de la matière organique ainsi que de restaurer la distribution de la 

matière organique à l‘échelle d‘un bassin. 

De ces études, il ressort que les Formations de Montney et Doig se sont déposées sur un talus 

continental et non pas dans un bassin profond. Les corrélations font ressortir quatre séquences qui sont 

regroupées en deux cycles de deuxième ordre (séquence A et B). L‘étude de l‘architecture montre que 

ces deux séquences sont séparées par un hiatus de 2 Ma qui enregistre une réorganisation majeure du 

bassin : la séquence A (Trias inférieur) présente des apports sédimentaires depuis l‘Est, alors que la 

séquence B présente des apports sédimentaires depuis l‘Est et l‘Ouest. L‘intégration des résultats des 

analyses minéralogiques dans le cadre stratigraphique montre que le changement de sources et aussi 

souligné par un changement de minéralogie. Dans ce travail, l‘étude de l‘architecture stratigraphique 

montre que les formations du Trias inférieur et moyen se sont déposées dans un bassin actif (bassin 

d‘avant-arc, ou d‘avant-pays) et non pas sur une marge passive. L‘intégration des résultats des 

analyses géochimiques dans le cadre stratigraphique montre que les accumulations de matière 

organique ont principalement lieu dans deux intervalles : le cortège de chute du niveau marin de la 

séquence A (upper Montney unit) et dans le cortège transgressif de la séquence B (phosphates zone). 

Dans la Formation de Montney, l‘accumulation et la préservation de la matière organique est liée à la 

restriction du bassin et au développement de niveaux anoxiques, alors que dans la Formation de Doig, 

elle est liée à une augmentation de la productivité primaire. Enfin, l‘utilisation du logiciel DIONISOS 

met en avant une chute majeure des flux de sédiments et d‘eau dans le bassin induite par une 

diminution importante des aires de drainage entre le Trias inférieur et moyen. Ici, ces modifications 

sont imputées à l‘évolution précoce de la cordillère canadienne. La modélisation permet aussi 

d‘estimer que la productivité primaire dans la Formation de Montney était proche de 250 gC/m²/a et 

que dans la phosphates zone elle était proche de 400 gC/m²/a. En conclusion, cette étude met en avant 

le contrôle primaire de l‘évolution paléogéographique et géodynamique régionale sur la formation de 

niveaux roches mères. 

L‘approche innovante « de l‘échantillon aux modèles » mise en place dans cette thèse permet 

pour la première fois de caractériser et modéliser des scénarios géologiques conduisant à formation de 

roches mères. Ces travaux invitent à appliquer cette approche à d‘autres cas d‘étude et à poursuivre les 

travaux en modélisation stratigraphique des roches mères pour pouvoir utiliser cet outils de façon 

déterministe et générer des cartes de propriétés roches mères pour la modélisation de bassin. 
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Abstract 

During the last decade, the shift of the oil and gas industry towards unconventional resources 

in North America has brought the focus on self-sourced reservoirs. In these new plays, the occurrence 

of hydrocarbons is strongly associated with in situ organic content and maturation, while the effective 

extraction of this resource depends on the brittleness and the petrophysical properties of the reservoir, 

mainly controlled by the mineralogy of the matrix and by rock fabric (e.g. natural fractures, 

bedding…). It is therefore paramount to understand the distribution of organic heterogeneities and 

their associated mineralogy to reduce the risk in exploration and development of unconventional 

resources. 

Organic-rich rocks formation is controlled by the complex interaction of three factors: the 

production of organic matter, its dilution and its preservation. Numerous studies proposed models for 

the deposition of organic-rich rocks but none of them integrates basin scale temporal and spatial 

variation of primary productivity, sedimentation rates and anoxia. The aim of the present work is to 

investigate the basin scale distribution of organic matter in a 3D stratigraphic framework, in order to 

better understand the regional and local control on organic-rich rocks development. 

This study focuses on the Montney and Doig Formations from the Western Canada 

Sedimentary Basin. Mainly composed of fine-grained sandstone and siltstone, these formations were 

deposited on the Western edges of North America during the Lower and the Middle Triassic. Since the 

50‘s, this interval has been producing hydrocarbons from conventional reservoirs, but recent studies 

emphasize the tremendous shale gas and shale oil potential of this interval. Thanks to the tremendous 

amount of data left by fifty years of oil and gas exploration and the renewal of interest for the fine-

grained part of this sedimentary system, the Montney and Doig Formations are a perfect case study to 

better understand the distribution sedimentary organic matter heterogeneities in a basin. 

The present study is mainly based on an extensive database that contains more than 2000 

wells. Several field trips allowed for describing and sampling cores, cuttings and outcrops. The 

workflow developed for this study comprises 4 steps: (1) well correlations, based on sequence 

stratigraphy, providing an understanding of the 3D stratigraphic architecture of the basin, (2) sample 

analysis with a Rock-Eval VI, an ICP-MS and an ICP-AES, providing organic matter and trace 

elements concentrations (3) integration of the geochemical and petrographic analyses results in the 3D 

stratigraphic framework providing the basin-scale variation of the factors controlling organic 

heterogeneities and (4) a process-based forward modeling of the stratigraphic evolution of the basin 

with DIONISOS providing a quantification of the controlling factors as well as 3-D distribution of 

sedimentary heterogeneities at basin scale. 
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The sedimentological description of core and outcrop and the well log correlations show that 

the Montney and Doig Formation were deposited on a shelf rather than in a deep basin. The well log 

correlation highlights four sequences gathered in two second order cycles (sequence A and sequence 

B). The study of the stratigraphic architecture emphasizes a 2 My time gap between these two 

sequences that records a major reorganization of the basin: the sequence A (Lower Triassic) only 

present sedimentary sources from the East whereas the sequence B (Middle Triassic) present 

sedimentary sources from the East and from the West. Here, the stratigraphic evolution shows that the 

Lower and Middle Triassic strata were deposited on an active margin (forearc or foreland) rather than 

on a passive margin. The integration of the geochemical and petrographic analysis in the stratigraphic 

framework shows that organic accumulation took place in two intervals: the falling stage of the 

sequence A (upper Montney unit) and the transgressive system tract of sequence B (phosphates zone). 

In the Montney Formation, the organic accumulation is linked to basin restriction and anoxia 

development whereas in the Doig Formation it is linked to an increased primary productivity. Lastly 

the use DIONISOS highlights a major drop of the water discharge in the basin and therefore a 

significant diminution of the drainage area of the basin between the Lower and Middle Triassic, which 

is interpreted to be linked to the early evolution of the Canadian Cordillera. It also allows for 

estimating the rates of primary productivity: 250 gC/m²/yr in the Montney and 400 gC/m²/yr in the 

phosphates zone. Lastly, this study emphasizes the impact of regional paleogeographic and 

geodynamic evolution on source rocks development. 
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Introduction 

Contexte global 
Au cours de la deuxième moitié du XXème siècle, l‘augmentation de la demande mondiale en 

combustible fossile a incité l‘industrie pétrolière à explorer de nouveaux domaines pour trouver 

toujours plus de ressources. Récemment les compagnies pétrolières ont vu augmenter leur intérêt pour 

les d‘hydrocarbures de roches mères. Cette révolution conduit l‘industrie des hydrocarbures à faire 

évoluer sa vision du système pétrolier : les roches mères deviennent alors un réservoir où les 

hydrocarbures sont piégés in situ. Ces roches à granulométrie très fine sont devenues une cible à 

atteindre pour produire de l‘huile et du gaz. Ce changement de cible soulève des nouvelles questions 

relativement connues dans les cas conventionnels mais qui restent en suspens dans des cas «non 

conventionnels» : où sont générés/piégés les hydrocarbures? Quelles sont les zones les plus propices 

pour produire ces hydrocarbures ? 

Longtemps considérées comme une boite noire générant des hydrocarbures, les roches mères 

se révèlent bien plus hétérogènes que les réservoirs conventionnels. De nouveaux verrous scientifiques 

apparaissent : Comment approcher l‘architecture stratigraphique de ces formations à granulométrie 

fine ? Quelle est la répartition de la matière organique dans ces formations ? Où se situent les 

hétérogénéités de concentration de la matière organique ? A quels processus sont-elles liées ? 

Comment se répartissent les hétérogénéités minéralogiques dans les formations à granulométrie fine et 

riche en matière organique ? Quels facteurs contrôlent la distribution de ces hétérogénéités ? 

Cet intérêt des industriels a permis d‘avoir accès à beaucoup d‘informations dont on ne 

disposait pas préalablement. La compréhension des roches mères (e.g. dépôt, maturation, expulsion) a 

ainsi été largement améliorée. De nombreuses carottes, logs diagraphiques, analyses géochimiques et 

minéralogiques sont désormais disponibles sur ces intervalles. Situées généralement dans les dépôt-

centres des bassins sédimentaires, ces données sont également de formidables archives du climat et de 

la dynamique des bassins. 

Un projet de recherche développé à IFP Energies nouvelles s‘intéresse aux ressources non 

conventionnelles. Ce sujet de thèse « Petrofacies, sédimentologie et architecture stratigraphique des 

roches riches en matière organique. Etude multi-approches des Formations Montney et Doig (Trias 

inferieur et moyen, Alberta - Colombie Britannique, Canada) » s‘inscrit dans cet axe de recherche. 

Défis scientifiques et cas d’étude 
Depuis la fin des années 70, plusieurs modèles conceptuels ont été proposés pour expliquer la 

formation des roches mères ou black shales (e.g. Heckel, 1977 ; Calvert, 1987 ; Wignall, 1991 ; 

Arthur et Sageman, 1994 ; Wiganll et Newton, 2001). Ces études montrent que la formation 
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d‘hétérogénéités de concentration de la matière organique est contrôlée par trois facteurs : (1) la 

production organique, ou quantité de matière organique générée par des micro- et macro-organismes, 

(2) la dilution de cette fraction organique par des éléments non organiques et (3) la préservation de la 

fraction organique. L‘importance relative de ces différents facteurs reste au centre de nombreux 

travaux (Pedersen et Calvert, 1990 ; Hedges et Keil, 1995 ; Calvert et al., 1996 ; Tyson, 2001 ; Tyson, 

2005 ; Katz, 2005 ; Bohacs et al., 2005) qui soulignent que la compréhension des interactions entre 

ces trois facteurs permettra de prédire la localisation des hétérogénéités sédimentaires dans les roches 

mères. Par ailleurs, de récents développements en modélisation numérique des roches mères ont été 

réalisés avec pour but de pouvoir quantifier ces interactions et restaurer la distribution des 

hétérogénéités sédimentaires dans les roches mères (Mann et Zweigel, 2008 ; Tommeras et Mann, 

2008 ; Chauveau et al., in prep.) afin d‘optimiser la prospection d‘hydrocarbures non conventionnels. 

Concepts et outils sont donc à disposition pour améliorer notre compréhension des facteurs qui 

contrôlent les hétérogénéités dans les roches mères, et de nombreux cas d‘études peuvent être 

analysés. 

Depuis les années 50, les Formations Montney et Doig (Trias inférieur et moyen de l‘ouest 

canadien) sont connues de l‘industrie pétrolière pour leur potentiel pétrolier « conventionnel » 

(Armitage, 1962). Depuis dix ans, ces formations font l‘objet de nombreuses études qui mettent en 

avant un potentiel pétrolier « non conventionnel » (e.g. Rokosh et al., 2012). La quantité importante de 

données disponibles sur les Formations Montney et Doig permet d‘avoir une vision 3D sans pareil de 

l‘architecture du bassin et des formations triasiques. De plus, leur potentiel en ressource « non 

conventionnelle » en fait un cas d‘étude idéal pour mener des recherches visant à proposer des 

éléments de réponse aux nouveaux verrous scientifiques soulevés par l‘exploitation des roches mères. 

Suite à la description de la distribution des hétérogénéités de concentration de la matière 

organique dans un cas d‘étude bien documenté, cette thèse a pour objectif de quantifier les variations 

temporel et spatial de production, préservation et dilution de la matière organique. Elle permettra ainsi 

de mettre en avant des éléments de contrôles sur ces facteurs et d‘observer leurs impacts sur la 

distribution de la matière organique dans les roches mères. 

Approches et méthodes 
La méthodologie mise en place pour cette étude se base sur des données de puits et de terrain, 

elle est divisée en quatre points : 

 (1) Définir un cadre sédimentologique et stratigraphique le long d‘un profil 2D et étendre 

ces interprétations à l‘ensemble du bassin en 3D. Ce premier point vise à proposer une 

méthodologie de description et de corrélation diagraphique pour pouvoir approcher 
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l‘architecture stratigraphique des formations à granulométrie fine et ainsi obtenir des 

surfaces temporelles à l‘échelle du bassin. 

 (2) Suite à une phase de collecte d‘échantillons, réaliser différentes analyses géochimiques 

et pétrographiques (Rock-Eval, palynofaciès, ICP-MS/AES, QEMSCAN). 

 (3) Intégrer leurs résultats dans le découpage stratigraphique afin d‘étudier la distribution 

du contenu organique et minérale et observer les variations paléoenvironnementales au 

cours du dépôt des formations étudiées. Ce troisième point permettra de caractériser les 

processus (sédimentaires et physico-chimiques) responsables de la préservation et de la 

concentration de la matière organique et de dégager plusieurs modèles géologiques pour la 

formation des hétérogénéités sédimentaires dans les roches mères. 

 (4) Modéliser l‘architecture stratigraphique et les conditions de préservation de la matière 

organique au sein des Formations Montney et Doig avec DIONISOS, outil de 

modélisation stratigraphique développé à l‘IFPEN, afin de tester différents cas de 

productivité primaire, dilution et d‘anoxie à l‘échelle d‘un bassin sédimentaire. La 

modélisation numérique permet ainsi de quantifier l‘interaction entre les facteurs de 

formations des roches mères à l‘échelle d‘un bassin sédimentaire et de discuter de leurs 

contrôles régionaux. 

La mise en place d‘une étude intégrée « stratigraphie – géochimie – modélisation » à l‘échelle 

d‘un bassin en vue de caractériser la distribution des hétérogénéités sédimentaire dans les roches 

mères est inédite. Elle permettra d‘observer et caractériser les contrôles à grande et petite échelle de la 

formation de ces hétérogénéités. 

Structure du mémoire 
Ce manuscrit est organisé en sept chapitres, les deux premiers sont un état des connaissances 

sur les roches mères et sur le cas d‘étude : les Formations Montney et Doig  du bassin ouest canadien 

(Alberta, Colombie Britannique). Le troisième chapitre détail les données et matériels à dispositions et 

la méthode mise en place pour répondre aux problématiques. Les quatre derniers chapitres sont 

présentés sous la forme d‘articles qui sont ou seront soumis à des journaux scientifiques. Ils détaillent 

(1) la méthodologie de corrélation de puits, le modèle de faciès et les critères d‘identification des 

principales surfaces stratigraphiques dans le bassin (2) l‘architecture stratigraphique des formations du 

Trias inférieur et moyen du bassin ouest canadien, (3) la distribution des hétérogénéités organiques 

dans ces formations ainsi que les combinaisons « production-dilution-préservation » qui contrôlent 

cette distribution et (4) l‘étude des contrôles régionaux sur ces facteurs de concentration de la matière 
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organique grâce à DIONISOS. Une conclusion et des perspectives à ce travail sont présentées à l‘issue 

de ces trois années de recherche doctorale. 
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Introduction (English version) 

General context 
In the past fifty years, the increase of the world demand of fossil energy forced the oil and gas 

industry to explore new domains to find more resources. Recently, oil and gas companies 

demonstrated a great interest for shale oil and shale gas. This change compelled this industry to evolve 

its conception of the petroleum system: source rocks are now reservoirs where hydrocarbons are 

trapped. These fine-grained rocks have become the target to produce oil and gas. This shift highlights 

new questions that are well addressed in conventional exploration but that remain open in 

unconventional exploration: Where are the hydrocarbons generated? Where are they trapped? Which 

area presents the best characteristic to produce those hydrocarbons? 

Considered for a long time as ―black box‖ generating hydrocarbons, source rocks turn out to 

present more heterogeneities than conventional reservoirs. New challenges appear: How to approach 

the stratigraphic architecture of those fine grained rocks? How is the primary organic matter 

distributed within these formations? Where are located organic-rich heterogeneities? What processes 

are involved in their genesis? What is the associated mineralogy of these heterogeneities? 

The development of shale gas and shale oil generates a wealth of data which were not 

available previously. Source rock understanding (e.g. deposition, maturation and expulsion) has thus 

been greatly improved. Numerous cores, well logs, geochemical and petrographical analysis on this 

interval are now available. Generally located in the center of sedimentary basins, these data are 

tremendous record of paleoclimate and basin dynamic. 

A research project at IFP Energies nouvelles focuses on unconventional resources. This PhD 

thesis: ―Petrofacies, sedimentology and stratigraphic architecture of organic rich rocks. Insights from a 

multi- disciplinary study of the Montney and Doig Formations (Lower and Middle Triassic, Alberta – 

British Columbia, Canada)‖ is part of this research. 

Scientific challenges and case study 
Since the 70‘s, several conceptual models have been proposed to explain the genesis of source 

rock or black shale (e.g. Heckel, 1977 ; Calvert, 1987 ; Wignall, 1991 ; Arthur and Sageman, 1994 ; 

Wiganll and Newton, 2001). These studies show that organic accumulation is controlled by three 

major factors: (1) organic productivity, (2) dilution of the organic matter by non-organic particles and 

(3) the preservation of the organic fraction. The relative influence of these factors remain the heart of 

numerous works (Pedersen and Calvert, 1990 ; Hedges and Keil, 1995 ; Calvert et al., 1996 ; Tyson, 

2001 ; Tyson, 2005 ; Katz, 2005 ; Bohacs et al., 2005) which emphasize that understanding the 

interactions between these three factors will enable predicting the location of sedimentary 
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heterogeneities in source rocks. Furthermore, recent developments in numerical modeling of source 

rocks were carried out with the aim to quantify these interactions and restore the distribution of 

heterogeneities in sedimentary rocks (Mann and Zweigel, 2008 ; Tommeras and Mann, 2008 ; 

Chauveau et al., in prep.) to minimize risk in unconventional exploration. Concepts and tools are 

available to improve our understanding of the factors that control the heterogeneities in source rocks; 

moreover with the development of shale plays numerous case studies can be analyzed. 

Since the 50‘s, the Montney and Doig Formations (Lower and Middle Triassic from Western 

Canada) are known from the oil and gas industry for their ―conventional‖ resources (Armitage, 1962). 

For 10 years, these formations are the heart of studies that highlight the important ―unconventional‖ 

potential of the Montney and Doig Formations (e.g. Rokosh et al., 2012). The large quantity of data 

available on this interval provides an opportunity to study the 3D stratigraphic architecture of these 

formations. Furthermore, their ―unconventional‖ potential make the Montney and Doig Formations an 

ideal case study to conduct research to address the new scientific challenges raised by the exploitation 

of source rocks. 

Following the description of the organic heterogeneities distribution in a well-documented 

case study, this PhD thesis aims to quantify the temporal and spatial variations in production, 

preservation and dilution of the organic matter. It will highlight the main control of these factors and 

analyze their impacts on the organic matter distribution in source rocks. 

Workflow and methods 
The workflow developed for this study is based on well and outcrop data, it unfolds as follow: 

  (1) Define a sedimentological and stratigraphic framework along a 2D profile and extend 

these interpretations to the whole basin. This first step aims to establish a workflow to 

correlate well logs in order to describe the stratigraphic architecture of fine-grained 

formations and define time lines at basin scale. 

  (2) Based on core, cuttings and outcrop samples, perform various geochemical and 

petrographic analysis (Rock-Eval, palynofacies, ICP-MS/AES, QEMSCAN). 

 (3) Integrate the analysis results in the stratigraphic framework to study the distribution of 

the organic and mineralogical content and highlight paleoenvironmental variations during 

the deposition of the studied interval. This third step aims at characterizing the processes 

(sedimentary and physicochemical) responsible for the preservation and the concentration 

of the organic matter in order to suggest several geological models for the formation of 

sedimentary heterogeneities in source rocks. 
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  (4) Simulate the stratigraphic architecture of the Montney and Doig Formations with 

DIONISOS, a stratigraphic forward modeling software developed by IFPEN, in order to 

test different scenarios of primary productivity, dilution and anoxia at basin scale. The 

numerical modeling therefore makes it possible to quantify the complex interaction 

between the factors controlling the organic accumulation at basin scale and discuss their 

regional controls. 

The development of an integrated « stratigraphy – geochemistry – modeling » study at basin 

scale aiming to characterize the distribution of organic rich sediments in source rock is unprecedented. 

It will help better understanding and characterize the controlling factor at local and regional scale on 

organic accumulation. 

Thesis architecture 
This thesis is organized in seven chapters; the two first chapters present a state of the art on 

the understanding of source rocks and on the case study: the Montney and Doig Formations from the 

Western Canada Sedimentary Basin. (Alberta – British Columbia). The third chapter details the 

materials and method and the developed workflow. The four remaining chapters are or will be 

submitted to scientific journals. They respectively focus on: (1) the facies analysis and facies model, 

the well correlation workflow and the criteria to identify key stratigraphic surfaces in the basin; (2) the 

3D stratigraphic architecture of the Lower and Middle Triassic formations in the Western Canada 

Sedimentary Basin; (3) the distribution of organic heterogeneities within this interval together with the 

―production – dilution – preservation‖ combination that control this distribution and (4) the study of 

the regional controls on organic accumulation using DIONISOS. Lastly, a conclusion and perspectives 

to this work at the end of these three years of PhD are presented. 
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Chapitre I : Les roches mères marines  

I. Introduction 
Les roches mères pétrolières sont des roches qui suite à leur enfouissement et à l‘augmentation 

des températures produiront des hydrocarbures. Elles sont de ce fait des éléments essentiels du 

système pétrolier (Magoon et Dow, 1994). La quantité et la qualité des hydrocarbures produits 

dépendent de nombreux paramètres intrinsèques à ces niveaux riches en matière organique. Parmi les 

roches mères, celles marines représentent plus de la moitié des roches riches en matière organique 

(Huc et al., 2005). 

Depuis plusieurs décennies, l‘industrie pétrolière exploite des hydrocarbures qui ont migré à 

partir de roches mères, généralement à faible perméabilité, jusqu'à des roches dites « réservoirs » à 

forte porosité et perméabilité. Au cours des derniers années, l‘augmentation de la demande et la baisse 

des réserves en hydrocarbures conventionnelles (issus de roches réservoirs à forte porosité et 

perméabilité et productibles à faibles couts) a conduit l‘industrie pétrolière à se tourner vers les 

hydrocarbures de roches mères : les oil shales ou gas shales. L‘augmentation de l‘intérêt pour ces 

ressources a conduit à mieux caractériser l‘architecture et la distribution des hétérogénéités présentes 

dans ces formations à granulométrie fine, longtemps considérées comme des ensembles lithologiques 

homogènes. 

Ce chapitre fait une synthèse des processus (géologiques, physico-chimiques et biologiques) 

associés à la formation des roches mères marines et à leur évolution. Il s‘articule autour de quatre 

points : dans un premier, la présentation du cycle du carbone, des roches mères et de leurs produits 

hydrocarbonés, puis dans un deuxième une présentation des outils de description et de caractérisation 

des roches mères. Dans un troisième point, une présentation des facteurs qui contrôlent le 

développement de roches riches en matière organique à grande et petite échelle sera faite et enfin dans 

un quatrième seront présentés les développements en cours sur la modélisation stratigraphique des 

roches mères. 

II. Les roches mères pétrolières 
1. Les roches mères au cours des temps géologiques 

L‘accumulation des roches riches en matière organique n‘est pas un processus constant au 

cours des temps géologiques, plusieurs périodes sont connues pour présenter le plus forts taux 

d‘accumulations de carbone organique (Ulmishek et Klemme, 1990) : le Silurien, le début du 

Carbonifère, la limite Jurassique-Crétacé et la fin du Crétacé (Figure I - 1). Au cours des temps 

géologiques, trois facteurs de premier ordre semblent influencer la déposition de roches riches en 
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matière organique : (1) le développement des végétaux terrestres, (2) la concentration en CO2 de 

l‘atmosphère, (3) le contexte tectonique global (Huc et al., 2005). 

Premièrement, à partir de la fin de l‘Ordovicien, l‘augmentation et le développement des 

végétaux supérieurs accélère l‘altération chimiques des roches et la formations de sols. L‘altération 

des roches et la formation des sols augmentent, par ruissèlement, les apports en nutriment aux zones 

aquatiques qui entrainent une augmentation de la productivité primaire aquatique (Algeo et al., 2001) 

Deuxièmement, l‘augmentation de la concentration en CO2 de l‘atmosphère induite par 

l‘intensification de l‘activité volcanique provoque une augmentation du développement du couvert 

végétal qui comme décrit précédemment impactera positivement la productivité primaire aquatique 

(Berner, 1997 ; Westbroek, 1992). 

Dernièrement, le contexte tectonique contrôlera (1) l‘activité volcanique et donc le dégazage 

de CO2 dans l‘atmosphère, (2) les régimes de subsidences qui seront propices ou non à l‘accumulation 

des sédiments riches en matière organique (Huc et al., 2005). 

 

Figure I - 1 : Principaux niveaux de Oil Shale/Gas Shale au cours des temps géologiques 
replacés par rapport aux périodes de Green House / Ice House (modifié d’après Scotese et al., 1999) 

et par rapport aux taux d’accumulation du kérogène dans les roches mères 
(modifié d’après Huc et al., 2005). 

Une partie importante des roches mères (e.g. Marcellus Shale, Montney Formation, Utica 

Shale, Schistes cartons…) ne s‘est pas déposée au cours des grandes périodes favorables à la 

formation de roches riches en matière organique (Figure I - 1). Les Montney-Doig Fms qui sont 

l‘objet principal de ce travail de thèse présente ainsi la particularité de s‘être déposées pendant une 

période de Green House, au Trias, une période où les autres exemples de roches mères sont très rares 

(Figure I - 1). 

Au premier ordre, la formation des roches mères est donc contrôlée par des mécanismes 

globaux. Les hétérogénéités dans ces roches mères marines reposent dans un second temps sur 

d‘autres facteurs s‘exprimant à plus petit ordre. 
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2. Types, potentiel pétrolier et évolution des roches mères au cours de 
l’enfouissement 

Les roches riches en matière organique se déposent dans des environnements variés : marin, 

deltaïque, continentale, lacustre… Le type et la quantité des particules organiques présentes dans une 

roche mère influencent significativement son potentiel pétrolier. Ainsi, les roches mères sont classées 

en trois types (I, II et III) qui permettent de les regrouper en fonction de leur composition et de leur 

potentiel pétrolier (Tissot et al., 1974 ; Espitalié et al., 1977). 

a. Types de roches mères et potentiel pétroligène 

Initialement, ces trois types ont été définis grâce à des analyses élémentaires des kérogène sur 

la base de l‘analyse élémentaire en carbone, hydrogène et oxygène et aux rapports H/C et O/C (Tissot 

et al., 1974, Figure I - 2A.). Dans cette classification, le type I présente le plus fort rapport H/C et le 

type III le plus fort rapport O/C. Le type I, dérivant principalement de composés algaires et bactériens, 

est associé à des dépôts lacustres (e.g. Green River Shale Fm). Le type II, qui est lui principalement 

issu d‘organismes planctoniques, se retrouve généralement dans les environnements marins (e.g. le 

Toarcien inférieur du bassin de Paris). Le type III, majoritairement composé par des débris ligno-

celulosiques dérivant de végétaux supérieurs, est fréquemment associé aux dépôts continentaux et aux 

charbons mais peut aussi être retrouvé dans des sédiments marins déposés à proximité des 

embouchures de grands fleuves (e.g. le fleuve Congo). 

 

Figure I - 2 : Diagrammes de caractérisation et de qualification des roches mères. 
A. Diagramme de Van Krevelen présentant les types de roches mères (Tissot et al. 1974, Durand 

1980), B. Potentiel pétroligène d’une roche mère (d’après Dembicki, 2009) 

Le potentiel pétroligène d‘une roche est, aujourd‘hui, principalement mesuré grâce à la 

pyrolyse Rock-Eval (Behar et al., 2001). Ce potentiel est fonction de deux paramètres : la quantité de 

carbone organique dans la roche (le carbone organique total (COT) exprimé en % massique) et la 
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quantité d‘hydrocarbure qui sera produite par cette masse de carbone : le S2 (exprimé en 

mgHC/groche, Figure I - 2B). Ainsi le potentiel pétrolier est fonction de la quantité de matière 

organique présente mais aussi de sa qualité. Par exemple, un charbon, peut être composé de 70% de 

carbone organique mais de peu d‘hydrogène produira très peu d‘hydrocarbures (Bordenave, 1993). 

Les roches mères de type I, majoritairement composée d‘une matière organique algaire 

possèdent les meilleurs caractéristique roches mères. Cependant leur extension reste limitée. Les 

roches mères de type II possèdent un potentiel pétrolier inférieur à celle des roches mères de type I 

mais généralement leur extension est plus importante. Enfin, les roches mères de type III présentent 

caractéristiques pétroligènes les plus faibles (Tissot et Espitalié, 1975). 

b. Evolution thermique et génération d’hydrocarbures 

Au cours de leur enfouissement, les roches riches en matière organique subissent trois étapes 

de transformations : la diagenèse, la catagenèse et la métagenèse (Figure I - 3). Au cours de cet 

enfouissement, la matière organique présente dans la roche va se transformer jusqu'à produire des 

hydrocarbures. 

 

Figure I - 3 : Evolution des formes de la matière organique en fonction de la profondeur  
(modifié de Tissot et Welte, 1984). 

Au cours de la diagenèse, la matière organique se transforme en kérogène et en produits 

lourds. Au cours de la catagenèse l‘essentiel du kérogène va produire des produits lourds qui 

produiront à leurs tours des hydrocarbures légers (Behar et al., 2008). Enfin, au cours de la 
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métagenèse, le reste du kérogène et les hydrocarbures préalablement formés se transforment en gaz. A 

chacun des deux stades de générations d‘hydrocarbures (métagenèse et catagenèse), des résidus 

carbonés inertes sont générés (Tissot et Welte, 1984). 

La vitesse de génération d‘hydrocarbures et les températures requises pour déclencher cette 

réaction dépendent du type de matière organique présent dans la roche (Espitalié et al., 1986). De 

manière très simplifié, les roches mères de type I génèrent précocement une huile légère alors que les 

roches mères de type III génèrent tardivement du gaz (Tissot et Espitalié, 1975). 

III. Description et caractérisation des roches mères 
Dans les roches mères, seule une partie de la fraction massique est organique (généralement < 

20 % ; Combaz, 1980). Le kérogène, partie insoluble dans les solvants de cette fraction, est 

majoritairement composé d‘algues, de végétaux ou particules animales (Figure I - 4). C‘est la 

proportion relative des constituants de ce kérogène ainsi que la proportion de kérogène dans la roche 

brute qui contrôlent le potentiel pétroligène des roches mères. 

 

Figure I - 4 : Principaux éléments constituants une roche mère  
(d’après Combaz, 1980 ; Durand 1987). 

Au cours des 60 dernières années de nombreuses techniques ont été mises au point pour 

décrire les roches riches en matière organique. Ces techniques, généralement basées sur des 

observations au microscope (e.g. palynofaciès, études des macéraux…) ou sur des analyses 

géochimiques (e.g. ratio O/C et H/C, Rock-Eval, chromatographie, isotopie du carbone) ont permis de 

caractériser les roches riches en matières organiques et de leur attribuer un potentiel de génération 

d‘hydrocarbures (Baudin et al., 2007). 
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1. Analyses pétrographiques 

a. Analyses des macéraux 

L‘analyse des macéraux est l‘une des premières méthodes d‘étude mise au point pour étudier 

la matière organique sédimentaire (Spackman, 1958). Par définition, les macéraux sont des éléments 

microscopiques qui constituent les charbons. Réalisée sur des lames minces (Figure I - 5A. et B.), 

cette technique permet, sur la base des propriétés optiques des éléments organiques, de classer ces 

derniers en trois catégories : vitrinite, exinite et inertinite. 

 

Figure I - 5 : Exemples de macéraux (A et B) et de palynomorphes de roches sédimentaires. 
A. Graptolites (Gr) dans les Furongian Alum Shale (Petersen et al., 2013) ; B. Alginite dans les New 

Albany Shale (Mastalerz et al., 2012) ; C. Palynofaciés d’une formation Jurassique du bassin 
d’Arruda (Portugal), Ph : Phytoclaste, Di : Dinoflagellé (Gonçalves et al., 2015). 

Cette analyse pouvant s‘effectuer sur une lame mince, elle permet de décrire la distribution de 

la matière organique dans la roche et dans certains cas de décrire les relations qui existent entre la 

matière organique et la matrice minérale, dans d‘autre cas, elle est réalisée après dissolution de la 

matrice minérales pour concentrer composés organiques. 

 Le pouvoir réflecteur de la vitrinite 

Initialement développé par l‘industrie minière qui cherchait à quantifier l‘état de maturité des 

charbons, cette analyse est couramment utilisée pour décrire l‘histoire thermique d‘une roche riche en 

matière organique. Au cours de leur enfouissement, les particules organiques d‘une roche sédimentaire 

sont soumises à une augmentation de la température qui déclenche la formation d‘hydrocarbures ainsi 

que la réorganisation en plans d‘unités pré-graphitiques. Cette dernière induit une évolution de la 

réflectance des particules de vitrinite en fonction du degré de maturité thermique de la roche. Les 

particules de vitrinite étant d‘origine continentale sont peu présentes dans les roches marines, des 

équivalences ont donc été établies entre le pouvoir réflecteur de la vitrinite et celui des bitumes, 

exinite et inertinite. 
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b. Analyses palynofaciès 

Contrairement à l‘analyse des macéraux, l‘étude des palynofaciès nécessite la dissolution de la 

matrice minérale (Combaz, 1964). Après dissolution, le matériel organique insoluble est placé sur 

lame et peut être analysée en lumière transmise (Figure I - 5C.). Trois grands groupes de constituants 

sont reconnaissables dans les préparations : les phytoclastes, les palynomorphes et les matières 

organiques amorphes. L‘analyse des palynofaciès donne des informations sur les environnements de 

dépôt, cependant la concentration du matériel organique lors de la préparation des échantillons ne 

permet plus d‘étudier la relation entre les composés organiques et inorganiques. En revanche les 

palynofaciès permettent de décrire plus facilement les associations d‘éléments organiques et 

d‘effectuer une quantification relative des particules présentes. 

2. Analyses géochimiques 

a. Analyses élémentaires 

L‘étude de la concentration en élément majeur et trace sur une matière organique ou une roche 

sédimentaire permet de classer la matière organique en différents types et de décrire les conditions 

paléoenvironnementales au moment de la formation de la roche (e.g. Brumsack, 2006 ; Tribovillard et 

al., 2006). Dans un premier temps, la quantification des éléments majoritairement présents dans la 

matière organique (C, H, O et N) et l‘utilisation des rapports H/C, O/C dans un diagramme de Van 

Krevelen permet de typer la matière organique présente (Tissot et al., 1974). De façon similaire, 

l‘utilisation du rapport C/N permet de mettre en exergue la présente de végétaux supérieurs (C/N > 20) 

ou de débris algaires (C/N < 10) dans le sédiment (Baudin et al., 2007). Dans un second temps, l‘étude 

de l‘enrichissement en éléments traces, en particulier U, Mo, V, P, Ba, Ni Cu permette de mettre en 

avant des variations dans les conditions paléoenvironnementales (e.g. forte productivité primaire, 

anoxie … Tribovillard et al., 2006). 

b. Analyses isotopiques 

Les analyses isotopiques réalisées pour caractériser les composés organiques d‘une roche 

portent principalement sur les isotopes stables du carbone et de l‘azote. 

 

Figure I - 6 : Valeurs de δ13C et du δ15N dans la matière organique marine et terrestre. 
A. Variation du δ13C dans les producteurs primaires ; B. Variations  des valeurs de δ13C et δ15N dans 

les végétaux marins et terrestres (d’après Meyers, 1997) 
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Les variations du rapport 12C/13C, du δ13C et du δ15N permettent de qualifier plus précisément 

la provenance des particules organiques dans les roches sédimentaires (Figure I - 6). Les variations de 

concentrations isotopiques du carbone sont intimement liées aux sources du carbone et aux processus 

physiologiques d‘absorption de ces éléments par les producteurs primaires alors que les variations du 

δ15N sont majoritairement liées à la source du carbone (Baudin et al., 2007). 

c. Analyses Rock-Eval 

La pyrolyse Rock-Eval a été mise au point dans les années 70 par les équipes de l‘institut 

français du pétrole (Espitalié et al., 1977 ; Espitalié et al., 1986). De multiples développements ont, 

par la suite, permis d‘optimiser le fonctionnement de l‘appareil. La version VI (Behar et al., 2001), se 

compose de deux fours (Figure I - 7) : un four à pyrolyse, qui permet de mesurer la quantité 

d‘hydrocarbures libres dans la roche (pic S1) et le potentiel pétrolier de la roche (pic S2, Figure I - 7) 

ainsi que la quantité de CO et CO2 relâchée. Un deuxième four, a oxydation, qui permet de mesurer la 

quantité de CO et CO2 relâché par l‘oxydation du kérogène et ainsi, de calculer Carbone Organique 

Total (COT). 

 Maturité thermique et Tmax 

En complément de la quantification du potentiel pétroligène, la pyrolyse Rock-Eval permet, 

grâce au paramètre Tmax (température au moment du maximum du pic S2, Figure I - 7) d‘estimer la 

maturité thermique de la roche. Ce paramètre reste cependant qualitatif, plus que quantitatif lors 

d‘analyses sur roche brute. En effet, de nombreux facteurs influent sur la valeur de ce paramètre : 

matrice minérale, type de matière organique, niveau de maturité, quantité de matière organique. Le 

Tmax est donc majoritairement utiliser en complément d‘analyse du pouvoir réflecteur de la Vitrine. 

 

Figure I - 7 : Paramètres mesurés avec un Rock-Eval VI (d’après Behar et al., 2001). 
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d. Analyses moléculaires 

L‘analyse moléculaire de la fraction soluble de la matière organique permet de déterminer et 

de quantifier les composés organiques (de n-alcanes, stérols/stéranes et biomarqueurs) présents afin de 

discuter des sources de la matière organique et des conditions paléoenvironnementales au cours de la 

formation des roches (Peters et al., 2005)  : 

- Pour les n-alcanes, la présence de longues chaines carbonées (Cn>27) renseignent sur la 

contribution de végétaux supérieurs alors que la présence de chaines carbonées plus 

courtes (Cn<18) indiquent la présence de composés phytoplanctoniques (Peters et al., 2005). 

- Pour les stéranes, la caractérisation des biomasses sources est possible avec l‘utilisation 

d‘un diagramme ternaire entre les pôles C27-C28-C29 (Huang et Meinchein, 1979). 

- Pour les biomarqueurs : la quantification de certains biomarqueurs permet de discuter des 

facteurs paléoenvironnementaux (e.g. paléooxygénation et paléotempérature, Peters et al., 

2005). 

3. Proxies élémentaires pour l’étude des roches mères 
En complément des analyses sur la partie organique d‘une roche. L‘étude de certains variables 

ou proxies élémentaires permet de mettre en avant les variations de conditions oxiques/anoxiques dans 

un bassin, mais aussi de décrire les variations de productivité primaire. 

a. Normalisation et calcul de facteurs d’enrichissement 
Avant d‘observer d‘éventuelle variation paléoenvironnementale mise en avant par des 

concentrations élémentaires authigéniques, il est important de retirer l‘influence des variations du flux 

détritiques. 

- La normalisation à l‘aluminium. Majoritairement associé au détritisme et peu impacté par 

les processus diagenétiques, l‘aluminium est un élément majeur facilement quantifiable 

(Tribovilard et al., 1994 ; Böning et al., 2004). La normalisation de la concentration d‘un 

élément [e] par la concentration d‘aluminium [Al] permet dans la majorité des cas 

d‘étudier les enrichissements authigéniques de l‘élément [e]. D‘autres éléments peuvent 

être utilisés pour cette normalisation (e.g. Cr, Th, Ti…) à condition que leurs 

concentrations soient liées aux apports détritiques. 

- Le calcul d‘un facteur d‘enrichissement (FE). Contrairement à la normalisation à 

l‘aluminium, le calcul d‘un FE nécessite l‘utilisation d‘un standard (e.g. P.A.A.S. - Post 

Archean Australian Shale, Taylor et McLennan, 1985, N.A.S.C. - North American Shale 

Composite, Haskin et al., 1971 et U.C.C. - Upper Continental Crust, McLennan, 2001). 

Le facteur d‘enrichissement d‘un élément est présenté dans au sein de l‘Equation I - 1. Il 
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permet de discuter de l‘enrichissement d‘un élément de l‘échantillon à un standard 

international. 

                        ⁄  

Avec :     : facteur d’enrichissement de l’élément e 
[e]  : concentration de l’élément e (%) 
[Al]  : concentration en aluminium (%) 

 
Equation I - 1 : Facteur d’enrichissement d’un élément dans un échantillon (Brumsack, 2006). 

L‘interprétation des résultats de normalisation à l‘aluminium et de facteur d‘enrichissement 

peuvent présenter certaines limites. Si l‘aluminium, ou l‘élément utilisé, pour la normalisation possède 

une concentration inférieur à 1, alors le résultat sera anormalement élevé et non significatif. De même, 

dans le cas du calcul d‘un FE d‘un élément très faiblement concentré dans le standard, l‘EF obtenu 

sera anormalement élevé et non significatif (Brumsack, 2006). 

b. Les marqueurs d’environnement anoxiques 

Il existe plusieurs éléments dont les variations de concentration sont communément utilisées 

comme marqueur de la quantité d‘oxygène présente dans l‘eau pendant le dépôt (Tribovillard et al., 

2006). 

 Le rapport uranium/thorium (U/Th) 

Contrairement au thorium qui est majoritairement lié aux apports détritiques, l‘uranium est 

très sensible aux variations de condition redox (Jones et Manning, 1984). Dans les domaines marins et 

océaniques, l‘uranium est présent sous deux formes : l‘U(VI), soluble, et l‘U(IV) insoluble. En milieu 

réducteur (anoxique), l‘U(VI) est réduit en U(IV) et précipite, ce qui explique les enrichissements en 

uranium dans les dépôts anoxiques et donc une augmentation du rapport U/Th (Jones et Manning, 

1984). En environnements euxiniques (présence de H2S) ce phénomène de précipitation/concentration 

sera amplifié (Algeo et Maynard, 2004). Il est important de noter que des phénomènes tardifs (e.g. 

diagenèse, circulation de fluides…) peuvent jouer sur la mobilité de l‘uranium dans la roche 

(McManus et al., 2005), il faut donc rester prudent lors de l‘utilisation de ce rapport. 

 Le rapport vanadium/chrome (V/Cr) 

De la même façon que pour l‘uranium, le vanadium à tendance à se retrouver concentré dans 

les sédiments anoxiques (Tribovilard et al., 2006). Dans des conditions oxiques le vanadium est 

majoritairement présent sous la forme V(V), en environnements anoxiques il sera réduit en V(IV), ou 

V(III) dans les environnements euxiniques. Ces formes réduites précipitent ou sont transportées par 
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des complexes organométaliques (Emerson et Huested, 1991) et témoigne donc d‘environnements 

appauvris en oxygène. 

 Le rapport molybdène/aluminium (Mo/Al) 

Le molybdène est majoritairement présent dans les océans sous la forme Mo(VI). Le piégeage 

de ses formes réduites augmente dans les environnements anoxiques (Emerson et Huested, 1991) et est 

accentué par la présence d‘H2S dans l‘eau (Tribovillard et al., 2004). La concentration du molybdène 

n‘est pas uniquement liée au contexte réducteur mais aussi à la physiographie du bassin. L‘utilisation 

du rapport Mo/Al doit donc être couplée à d‘autres proxies pour confirmer le caractère anoxique d‘un 

bassin (Algeo et Lyons, 2006). 

c. Les marqueurs de productivité 

De même que pour la paléo-oxygénation, les variations de paléoproductivité primaire peuvent 

être étudiées au travers de la concentration de certains éléments : le phosphore P et le baryum Ba qui 

sont des composants des micro-organismes marins ainsi que le cuivre Cu et le nickel Ni qui sont des 

micronutriments assimilés par ces micro-organismes (Tribovillard et al., 2006). 

 Le phosphore P 

Le phosphore est un élément essentiel dans toute forme de vie. Il est principalement apporté 

aux sédiments marins sous la forme PO4
3- par la dégradation de la nécromasse planctonique 

(Tribovillard et al., 2006). Cependant, des environnements stablement euxiniques ne permettent pas la 

séquestration et l‘accumulation de phosphore authigénique dans les sédiments (Benitez-Nelson, 2000) 

ce qui est un biais à l‘utilisation de ce proxy pour étudier les variations à court terme de la 

paléoproductivité. 

 Le baryum Ba 

En domaine marin, le baryum se trouve principalement dans la barytine (BaSO4) produite par 

les micro-organismes. De même que pour le phosphore, dans des environnements fortement 

euxiniques, ce minéral sera dissout et le baryum sera transporter jusqu'à re-précipiter dans des 

environnements moins réducteurs (McManus et al., 1998 ; Jacot des Combes et al., 1999). Le baryum 

est donc un bon élément pour étudier les variations de productivité primaire à condition que le milieu 

ne soit pas trop réducteur (Tribovillard et al., 2006). 

 Le cuivre Cu et nickel Ni 

Le cuivre et le nickel sont deux micronutriments assimilés par les micro-organismes (Calvert 

et Pedersen, 1993). Généralement associée à la matière organique sous la forme de complexes 

organométaliques ils accélèrent la sédimentation de cette dernière. Contrairement au phosphore et au 





 

IFP Energies nouvelles – 1 et 4 avenue de Bois-Préau – 92852 Rueil-Malmaison Cedex – France 

ISTeP, UPMC – 4 pace Jussieu – 75005 Paris 

– 21 – 

Une formation riche en matière organique n‘est pas uniquement le résultat d‘une production 

organique élevée, mais d‘un bon rapport entre les trois facteurs (Bohacs et al., 2005). 

L‘enrichissement en matière organique est ainsi caractérisé par l‘Equation I - 2. 

Enrichissement en matière organique = Production – (Destruction + Dilution) 

Equation I - 2 : relation décrivant l’enrichissement d’un roche en matière organique (Bohacs et al., 
2005). 

1. Production de la matière organique marine 
Dans les bassins sédimentaires, la production organique est intimement liée aux apports de 

nutriments et à la présence de lumière. En effet, c‘est la présence de nutriments, principalement le 

phosphore et l‘azote (Elser et al., 2007), dans la zone photique qui dirige la productivité organique en 

milieu marin. Cette dépendance à la présence des nutriments localise la quasi-totalité de la production 

organique marine le long des côtes à proximité des zones d‘apports fluviatiles (Figure I - 9). 

Localement, les mécanismes d‘upwellings peuvent également contribuer à l‘apport de nutriments aux 

organismes producteurs. 

 

Figure I - 9 : Productivité primaire de l’océan (d’après, Baudin et al., 2007). 

Les cellules d‘upwellings sont liées à la présence de courants aériens le long des côtes. En 

réponse à la dérive d‘Ekman, ces courants aériens induisent un déplacement des masses d‘eau : la 

tranche d‘eau superficielle se déplace vers le large et provoque une remonté des eaux froides et riche 

en nutriments le long des côtes (Bertrand, 1998). De tels phénomènes sont actuellement observables 
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au large de la Namibie ou encore au large du Pérou. Contrairement aux upwellings, qui apportent des 

nutriments marins, les fleuves peuvent apporteer, suite au ruissellement et a l‘altération des sols par la 

végétation une quantité importante de nutriments aux zones de productions (Berner, 1997 ; Huc et al., 

2005). 

2. Processus sédimentaires associés aux roches mères marines 
Dans un bassin sédimentaire, la sédimentation, l‘accumulation et la préservation de la matière 

organiques se développent de manière plus favorable dans les parties profondes (Arthur et Sageman, 

1994). A ces endroits, les processus sédimentaires sont généralement ceux qui sont associés à la 

sédimentation sous la limite d‘action des vagues de tempête. Trois grandes familles de processus 

sédimentaires sont associées à la formation de roches mères marines (Stow et al., 2001) : les processus 

liés à des courants unidirectionnels (e.g. courants contouritiques), les processus liés à des processus 

gravitaires (e.g. courants turbiditiques, décantation). La plupart de ces processus sédimentaires sont 

décrits dans la synthèse de Stow et al. (2001). Ces processus sont regroupés sur la Figure I - 10 et 

sont décrits ci-dessous. 

- La décantation pélagique : processus lié à la gravité des particules en suspension dans la 

tranche d‘eau, il peut être accéléré par la floculation ou la pelletisation organique dans les 

zones de forte production primaire. Communément les taux d‘accumulation sont très lents 

(2.5 à 20 g/cm²/ka ; Stow et al., 2001). 

- La décantation hémipélagique : ce processus implique la décantation verticale ainsi que 

l‘advection latérale. Les taux d‘accumulation sont supérieurs à ceux du processus 

précédent et dépendent des apports terrigènes (5 à 50 g/cm²/ka). 

- La sédimentation hémiturbiditique : il s‘agit d‘un mélange entre les deux processus décrits 

ci-dessus et de la partie terminale d‘un courant de turbidité. Pour ce processus les taux 

d‘accumulation moyens ne sont pas quantifiés avec précision. 

- La sédimentation contouritique : processus lié aux courants de fond formés par des 

différences de températures ou de salinités. Les taux d‘accumulations connus se situent 

entre 25 et 50 g/cm²/ka (Stow et al., 2001). 

- Les courants hyperpycnaux : ce processus implique la décharge de sédiments issus d‘un 

plume à l‘exutoire d‘une rivière. De même que pour la sédimentation hémiturbiditique les 

taux d‘accumulation moyens ne sont pas quantifiés avec précision. 

- Les courants turbiditiques : processus lié à un courant turbulent. Il déplace des sédiments 

de zones peu profondes à des zones plus profondes. Les courants turbiditiques sont des 
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évènements discrets et leurs taux d‘accumulation varient entre 25 et plus de 250 g/cm²/ka ; 

(Stow et al., 2001). 

- Les coulées de débris : processus lié à un déplacement d‘un mélange de sédiments et 

d‘eau. 

- Les glissements de terrain : ce processus induit un transport de masse, il peut déplacer des 

quantités énormes de sédiments en un seul évènement sur plusieurs dizaines de kilomètres 

(Garziglia et al., 2008). 

La dilution peut être due à des éléments non organiques (e.g. sables, argiles…) ou à des 

éléments organiques (e.g. tests, coquilles….). Due au large éventail des taux d‘accumulations possible 

(jusqu'à 2000mg/cm²/ka), la dilution de la matière organique est un facteur majeur du contrôle de la 

richesse en matière organique d‘une roche mère (Bohacs et al., 2005). La dilution augmente 

rapidement si le taux d‘accumulation des particules non organiques est élevé. Généralement les 

dilutions les plus faibles sont associées aux parties distales des systèmes sédimentaires, où les taux 

d‘accumulations sédimentaires sont les plus faibles (Stow et al., 2001). 

 

Figure I - 10 : Processus sédimentaires associés à la formation des roches mères marines  
(Stow et al., 2001). 

Une faible dilution n‘est pas non plus le meilleur moyen pour obtenir un intervalle enrichi en 

matière organique. En effet, Tyson (2001) montre que les faibles taux de sédimentation ne suffisent 

pas à expliquer une forte accumulation de matière organique : un faible taux de sédimentation 

engendrera un faible burial efficiency et aura pour conséquence de laisser la matière organique en 
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surface, où sont actifs des organismes microbiens et des processus chimiques qui peuvent détruire la 

matière organique. Ainsi, il existe une gamme de valeurs où la dilution peut être qualifiée d‘optimale 

(Tyson, 2001), permettant d‘enfouir suffisamment vite la matière organique sans trop la diluer. 

3. Dynamique de l’anoxie dans les bassins sédimentaires 
Afin de conduire à des accumulations significatives de matière organique, la quantité de 

matière organique exportée doit être au maximum préservée. La destruction peut avoir lieu en 

différents endroits : au niveau des zones de production, dans la colonne d‘eau, sur le fond du bassin ou 

dans les sédiments superficiels (Demaison et Moore, 1980). La destruction de la matière organique est 

issue de processus chimiques (oxydation) ou biologiques (biodégradation). La concentration en 

oxygène dans l‘eau joue donc un rôle important dans le contrôle de la destruction de la matière 

organique. En conditions oxiques, la destruction de la matière organique peut atteindre des taux 

compris entre 16 et 249 mg/cm²/a (Bohacs et al., 2005). En conditions anoxiques, les taux sont 

environs de 0.6 à 21 mg/cm²/a (Bohacs et al., 2005). 

Il existe aujourd‘hui deux grands types de modèles pour expliquer la baisse des concentrations 

en oxygène de l‘eau : une anoxie induite par la productivité primaire et une anoxie induite par une 

diminution de la circulation des masses d‘eau (Figure I - 11 ; Brumsack, 2006). 

 

Figure I - 11 : Types et extension de bassins anoxiques (d’après Brumsack, 2006). 
A. Anoxies induite par une forte productivité ; B. Anoxies induites par une diminution de la 

circulation des masses d’eaux  

Dans le premier cas (Figure I - 11 A.), la productivité primaire induite par de nutriments 

apportés grâce aux upwellings et aux fleuves exporte une importante quantité de matière organique 

dans la colonne d‘eau. Suite à des processus d‘oxydation, l‘oxygène contenu dans l‘eau diminue. Dans 

le cas d‘une forte productivité, la quantité importante de matière organique exportée provoque 

l‘apparition d‘un niveau appelé zone d‘oxygène minimum (OMZ, Paulmier et Ruiz-Pino, 2009). Sur 

une plateforme, les surfaces où le fond du bassin est en contact avec une OMZ sont des endroits 
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propices à la préservation de matière organique. En revanche, comme les parties profondes du bassin 

restent oxygénées elles seront moins propices à l‘accumulation de la matière organique. 

Contrairement aux cas décrits ci-dessus, les bassins qui présentent une restriction dans la 

circulation des masses d‘eaux peuvent présenter une stratification de la colonne d‘eau (Didyk et al., 

1978 ; Figure I - 11B.). Dans ce type de bassin, les eaux superficielles restent oxygénées alors que les 

eaux profondes sont fortement appauvries en oxygène. Cette déplétion en oxygène permet une très 

bonne préservation de la matière organique dans le bassin due à sa faible oxydation mais aussi à la 

faible présence ou l‘absence de vie sur le fond du bassin. 

V. Stratigraphie séquentielle et modélisation stratigraphique des 
roches mères marines 

La partie précédente s‘est intéressée aux processus de formation des roches mères marines. 

Aujourd‘hui, les outils de modélisation stratigraphique permettent de reproduire ces processus afin 

d‘obtenir leur quantification et l‘extension des zones riches en matière organique (JIP DORS, 

Chauveau et al., in prep.). 

1. Stratigraphie séquentielle 
La modélisation stratigraphique repose sur une interprétation séquentielle réalisée au 

préalable. Cette interprétation repose elle-même sur une étude sédimentologique (Posamentier et 

Walker (eds), 2006). La stratigraphie séquentielle (Mitchum et al., 1977) s‘intéresse à l‘étude de 

l‘enchainement vertical des dépôts et leur développement spatial. Elle permet, à l‘échelle des bassins 

sédimentaires comme à très haute résolution pour les études dites « réservoirs », de définir des lignes 

temps et d‘étudier l‘évolution de la répartition des dépôts et faciès sédimentaires. Les concepts de la 

stratigraphie séquentielle ont été définis dans les années 70 (Payton (ed), 1977) et ont fortement 

évoluées à partir des années 90 (Figure I - 12). 

Les différents modèles de stratigraphie séquentielles se basent tous sur les déplacements, 

horizontaux et verticaux, de la ligne du rivage induites par les variations du niveau de base et des flux 

sédimentaires (source détritique et production in situ). En stratigraphie le niveau de base est défini 

comme « une ligne imaginaire le long de laquelle il n’y a ni érosion, ni dépôts et qui ondule de part et 

d’autre du substratum » (Merzeraud, 2009). Cependant, du fait du grand nombre de facteurs qui 

influent sur ce niveau (e.g. subsidence/surrection, eustatisme) et sur les flux sédimentaires (e.g. 

climats, physiographie du bassin, types de sédiments) le modèle le mieux adapté peut changer en 

fonction du cas d‘étude à traiter (Catuneanu et al., 2009). De plus, suivant le type de données utilisées, 

certains modèles sont plus faciles à mettre en œuvre que d‘autres (e.g. sismique versus affleurements, 

Catuneanu et al., 2009). 
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Figure I - 12 : Limites et dénomination des cortèges stratigraphiques (Catuneanu et al., 2009). 
HST :cortège de haut niveau, FSST : cortège de chute du niveau de base, LST : cortège de bas niveau, 
TST : cortège transgressif, RST : cortège régressif, NB : niveau de base, CC : conformité (modèle II : 
Haq et al., 1987 ; Posamentier et al., 1988 ; modèle III : Van Wagoner et al., 1988 ; Christie-Blick, 

1991 ; modèle IV : Hunt and Tucker, 1992 ; Helland-Hansen and Gjelberg, 1994 ; génétique : 
Frazier, 1974 ; Galloway, 1989 ; T-R : Johnson and Murphy, 1984 ; Embry and Johannessen, 1993). 

 

Figure I - 13 : cortèges et surface en stratigraphie séquentielle (d’après, Haq et al., 1987). 
TS : surface de transgression ; MFS : surface d’inondation maximum, BSFR : surface de chute du 
niveau de base ; SB : limite de séquence, HST : cortège de haut niveau, FSST : cortège de chute du 

niveau de base, LST : cortège de bas niveau, TST : cortège transgressif, RST : cortège régressif, NB : 
niveau de base. 

Dans un bassin l‘accommodation peut être définie comme « l’espace disponible pour 

l’accumulation potentielle des sédiments dans un bassin » (Merzeraud, 2009). Au cours d‘une 

séquence, les variations du niveau de base font varier la localisation des zones d‘accommodation 

(Jervey, 1988). Dans le modèle IV (Figure I - 12), appliqué dans cette étude, une séquence est 

délimitée dans sa partie proximale par une surface d‘érosion et dans sa partie distale par une surface 

conforme (Hunt et Tucker, 1992; Helland-Hansen et Gjelberg, 1994). Il découpe les séquences en 
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quatre cortèges: un cortège de bas niveau, un cortège transgressif, un cortège de un haut niveau, un 

cortège de une chute du niveau marin (Figure I - 13). 

En supposant un flux sédimentaire contant pendant le dépôt de la séquence : 

- Au cours d‘une transgression, les sédiments sont piégés sur la marge et sur le domaine 

continental. C‘est au cours de ces périodes que sont préservés la majorité des dépôts 

fluviatiles, tidaux et continentaux. 

- Au cours des périodes de bas et de hauts niveaux, suite à la montée lente du niveau de 

base (Figure I - 13), les sédiments s‘accumuleront pour partie en arrière du rivage et 

majoritairement dans le bassin. Dans ces cortèges, les environnements tidaux et 

environnement de shoreface seront bien préservés de même que d‘éventuelles dépôts 

turbiditiques, et deltaïques. 

- Enfin, au cours des chutes du niveau de base, les parties continentales et les sédiments 

déposés précédent dans les zones proximales seront soumis à une intense érosion. Le 

produit de cette érosion sera transporté dans le cœur du bassin ou l‘espace 

d‘accommodation est le maximal. C‘est au cours de cette période que les dépôts 

turbiditiques sont principalement déposés et préservés (Hunt et tucker, 1992). 

La caractérisation de l‘architecture stratigraphique d‘un bassin sédimentaire repose donc sur 

une étude sédimentologique, une étude des éléments structuraux du bassin et une analyse basée sur la 

stratigraphie séquentielle. Ce travail permet au final de construire des cartes de faciès, de bathymétrie, 

d‘épaisseur pour chacun des intervalles de temps. Toutes ces interprétations sont les données d‘entrées 

de modélisation stratigraphique telle que les modélisations stratigraphiques type « DIONISOS ». 

2. Distribution de la matière organique dans un cadre stratigraphiques 
La Figure I - 14 présente un exemple de distribution de niveaux riches en matière organique 

sur une marge dominée par des apports clastiques et sur une marge construite. Sur une marge dominée 

par les apports clastiques (Figure I - 14A), le maximum d‘accumulation de matière organique est 

localisé autours des surface d‘inondation maximum alors que sur une marge construite (Figure I - 

14B), le maximum d‘accumulation à lieu à la base des cortèges transgressif (Passey et al., 2010). 
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chenal, ou la distribution des faciès liés à un évènement turbiditique. On s‘intéressa plus à la ceinture 

des chenaux, ou aux domaines des lobes d‘un système turbiditique  ⃗⃗                       ⃗⃗   

Avec :  ⃗   : flux du sédiment i (m²/s)    : teneur en sédiment i   : flux d’eau    : coefficient de diffusion du sédiment i (m²/s)  ⃗   : gradient d’élévation des sols (m) 
 

Equation I - 3 : Définition du flux sédimentaire dans DIONISOS  
Granjeon, 1996 ; Granjeon et Joseph, 1999).  ⃗⃗                      ⃗  

Avec :  ⃗   : flux du sédiment i (m²/s)        : coefficient de diffusion du sédiment i  : énergies des vagues   : vitesse de propagation de l’énergie   : angle d’approche des vagues    : Vecteur unitaire normal au gradient de l’altitude 
 

Equation I - 4 : Définition de la dérive littorale dans DIONISOS (Granjeon, 1996). 

Dans la pratique, les principaux paramètres et données d‘entrées du modèle sont : (1) La taille 

du modèle et le pas de temps, (2) les classes de sédiments et leurs coefficients de diffusion, (3) la 

bathymétrie initiale et la subsidence au cours de la modélisation, (4) les variations eustatiques 

(Granjeon, 1996 ; Granjeon et Joseph, 1999). 

4. Modélisation des roches riches en matière organique marines 
La modélisation de la production-exportation-transport-préservation de la matière organique 

dans un modèle stratigraphique a récemment été développée et a été intégrée dans DIONISOS 

(Chauveau et al., in prep.). Le lien entre modélisation stratigraphique et production de la matière 

organique avait déjà été abordée dans les travaux de Tranier (2006). Il s‘agissait alors de réaliser dans 

un premier temps les modélisations DIONISOS, puis dans un second temps d‘utiliser les résultats du 

modèle DIONISOS comme données d‘entrée pour le modèle OFFMOD. Dans le modèle utilisée pour 

le travail de thèse présenté ici, la modélisation de la production-transport-préservation de la MO est 

directement intégrée dans le code DIONISOS (Chauveau et al., in prep.). 

La modélisation des roches riches en matière organique avec DIONISOS est basée sur un 

modèle géologique classique dans lequel un sédiment « matière organique » est ajouté. Ce sédiment 

possède des paramètres supplémentaires visant à reproduire la production de la matière organique, son 

transit dans la colonne d‘eau, son transport et sa préservation. 
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a. Production de la matière organique 

La production de la matière organique dans DIONISOS peut être paramétrée de 

différentes façons : en fonction de la bathymétrie, en fonction de la distance à la côte ou grâce à des 

cartes. Suivant le cas d‘étude, les données disponibles et l‘objectif du projet, le choix d‘une de ces 

approches peut s‘avérer plus, ou moins pertinent. Dans cette étude, peu de données sont disponibles 

sur la bathymétrie et aucuns travaux existants ou réalisés dans cette étude ne permettent la création de 

carte de production primaire. 

b. Exportation de la matière organique 

Le terme exportation de la matière organique correspond au processus qui va permettre de 

transférer depuis sa zone de production la matière organique jusqu‘à l‘interface eau-sédiment. Dans 

DIONISOS, la dégradation de la matière organique produite dans la zone photique est calculée grâce à 

la loi de Martin (Martin et al., 1987) qui est complétée, pour les bathymétries inférieures à 100m, par 

Chauveau et al., (in prep., Equation I - 5).                 Si z≥100              ⁄                 Si z<100 

Avec :         : flux organique en fonction de la bathymétrie (gC/m²/a)    : valeur de la productivité primaire (gC/m²/a) 
z : bathymétrie (m) 

 
Equation I - 5 : Equation définissant la valeur du flux organique dans DIONISOS. 

(d’après Martin et al., 1987, modifié par Chauveau et al., in prep.) 

Le flux organique calculé par le code numérique est donc fonction de la productivité primaire 

et de la bathymétrie. Pour des profondeurs supérieures à 100m, le flux sera décroissant. 

c. Transport de la matière organique 

La quantité de matière organique ainsi exportée est par la suite transportée comme un 

sédiment à l‘image des autres lithologies utilisées dans DIONISOS. Elle est caractérisée par des 

coefficients de transport par l‘eau, la gravité et les vagues. Le choix des valeurs utilisées pour ces 

paramètres est actuellement débattu, cependant il semblerait que les particules de matière organiques 

compoteraient comme des sables fins ou des silts et non pas comme des argiles (Chauveau et al., in 

prep.). 

d. Préservation de la matière organique 

Dans DIONISOS, deux paramètres principaux influent sur la préservation de la matière 

organique : le taux de sédimentation et la quantité d‘oxygène présente. Bohacs et al. (2005) montrent 

qu‘il existe un intervalle de taux de sédimentation qui optimise la préservation de la matière 

organique. En effet, si ce taux est trop faible, la matière organique sera exposée plus longtemps à la 
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dégradation, en particulier si les concentrations en oxygène sont élevées, alors que si le taux de 

sédimentation est trop élevé, la matière organique sera faiblement dégradée mais trop diluée. 

Dans le modèle, la quantité d‗oxygène est calculé comme la différence entre la quantité 

d‘oxygène consommée et celle renouvelée (Equation I - 6). Ainsi dans le cas de bassins restreints 

type Mer Noire), le faible renouvellement des eaux provoquera une diminution de l‘oxygène 

disponible alors que dans un bassin ouvert avec une forte productivité primaire (type marge 

péruvienne), le flux organique élevé provoquera une consommation totale de l‘oxygène disponible.                           

Avec : M(z) : coefficient de mélange en fonction de la bathymétrie     : oxygène disponible      : consommation de l’oxygène, fonction de        : bathymétrie (m) 
 

Equation I - 6 : Equation définissant la quantité d’oxygène dans DIONISOS  
(Chauveau et al., in prep.). 

Par la suite, le burial efficiency fait le lien entre les vitesses de sédimentation et la quantité 

d‘oxygène présent et la préservation des sédiments (Figure I - 15). La valeur de la concentration en 

matière organique est par la suite calculée (Equation I - 7) à partir du burial efficiency (qui représente 

l‘effet de la préservation) et du taux de sédimentation (qui représente l‘effet de la dilution). 

 

Figure I - 15 : Définition de la valeur de burial efficiency dans DIONISOS (d’après Burdige, 2007). 
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            ⁄  

Avec    : concentration en matière organique (%)      : flux organique (gC/m²/a)    : burial efficiency (%)    : Taux de sédimentation (m/a) 
 

Equation I - 7 : Calcule de la concentration en matière organique dans DIONISOS  
(Chauveau et al., in prep.). 

En conclusion, DIONISOS permet une représentation simplifiée des processus liés à la 

formation des roches mères marines. Il permet de valider l‘interprétation stratigraphique et de tester 

plusieurs scénarios de productivité et/ou d‘anoxie pour reproduire un modèle géologique issue de 

l‘intégration de données géochimiques dans une architecture stratigraphique. Ce modèle est encore en 

cours de développement et de test. Le cas d‘étude traité dans le cadre de cette thèse a, et va continuer 

de contribuer à l‘amélioration de ce nouveau module. 

VI. Conclusions 
La caractérisation des hétérogénéités de concentration de la matière organique à l‘échelle d‘un 

bassin et une thématique nouvelle car liée à l‘essor des ressources non-conventionnelles. Avec 

l‘augmentation de la production d‘hydrocarbures de roche mère, de nouvelles données (forages, 

carottes) concernant les parties distales des systèmes sédimentaires sont disponibles pour réaliser ce 

type d‘étude. 

Cette synthèse montre que de nombreux outils de caractérisation des roches mère existent 

déjà : Rock-Eval, analyses élémentaires, analyses isotopiques... De même, les concepts de la 

stratigraphie séquentielle sont bien définis, mais les études de caractérisation des roches mères 

présentent généralement des approches décolérées. 

La nouveauté de l‘étude présentée dans ce manuscrit réside dans l‘intégration de données 

géochimiques et pétrographiques dans un cadre stratigraphique à l‘échelle d‘un bassin et de 

l‘utilisation d‘un code numérique en cours de développement pour restaurer l‘architecture 

stratigraphique et la distribution de la matière organique à l‘échelle d‘un bassin. 
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Chapitre II : Introduction à la géologie du bassin 
ouest canadien 

I. Introduction 
Le Bassin Ouest Canadien (BOC) se situe dans les provinces de la Colombie britannique, de 

l'Alberta et du Saskatchewan. Du Nord au Sud, ce bassin s'étend depuis la province des territoires du 

Nord-Ouest (N.T.) jusqu'aux États-Unis (Figure II - 1). Plus précisément le BOC peut être divisé en 

deux grandes régions : le bassin de l‘Alberta, partagé entre les provinces de la Colombie britannique, 

de l'Alberta et du Saskatchewan (B.C., Ab. et Sa. sur la Figure II - 1) et le bassin de Williston à 

cheval sur la frontière entre les États-Unis et le Canada. 

 

Figure II - 1 : Carte et coupe structurale de l’ouest canadien. 
A. Domaines structuraux de l'ouest canadien et altitude du socle du bassin B. Coupe lithosphérique de 

l’ouest canadien (d’après Edwards et al., 1994 ; Price, 1994 ; Wright et al., 1994 ; Clowes, 2009) 

Le BOC est limité à l'Ouest par le prisme d‘avant-pays de la cordillère canadienne et à l'Est 

par les roches métamorphiques du bouclier canadien. Le BOC contient des formations sédimentaires 

paléozoïques à quaternaires et enregistre un évènement majeur au cours du Jurassique moyen : 

l'orogène de la cordillère canadienne. Le BOC passe alors d'un régime de « marge passive » à un 

régime d'avant-pays (Price, 1994). 
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Ce chapitre d'introduction présente les grands domaines structuraux, le remplissage 

sédimentaire de l'ouest canadien ainsi que le contexte géodynamique du continent nord-américain. Par 

la suite, il se recentrera sur le bassin de l‘Alberta et sur le sous-bassin de Peace River où sont 

préservées les formations du Trias inférieur et moyen : Montney, Doig et Halfway (Figure II - 1). 

II. L'ouest canadien 
1. Structures et domaines géologiques 

La partie au Sud-Ouest du Canada, le long de la frontière américaine peut se décomposer en 

deux grands ensembles : la cordillère canadienne à l'Ouest et le BOC, son bassin d'avant-pays, à l'Est 

(Figure II - 1). La cordillère canadienne est limitée à l'Ouest par la jonction entre les plaques 

tectoniques nord-américaine et pacifique. A l'Est, la limite entre le BOC et la cordillère canadienne se 

place au niveau du front de chevauchement de la cordillère canadienne sur ce dernier (Price, 1994). Le 

BOC est quant à lui, limité à l'Est par le bouclier canadien composé de roches cristallines et 

métamorphiques précambriennes (Burwash et al., 1994 ; Reed et al., 2005). 

a. La cordillère canadienne 

La cordillère canadienne est le résultat de l'accrétion de différents terranes à une marge active 

qui se trouvait le long la façade ouest de la Pangée (Davis et Coney, 1979 ; Monger et Price, 2002). 

Les travaux des années 1980 (Monger et Price, 1979 ; Coney et al., 1980 ; Price, 1981) décrivent la 

cordillère canadienne et la découpent en cinq domaines (Figure II - 1). D'Ouest en Est : la ceinture 

insulaire, la ceinture côtière, la ceinture de l‘Intermontane, la ceinture d‘Omineca et la ceinture 

d‘avant-pays. Les quatre premiers domaines peuvent être considérés comme entièrement cristallins et 

métamorphiques (White, 1959 ; Monger et al., 1982 ; Reed et al., 2005) alors que la ceinture d‘avant-

pays est majoritairement composée de formations sédimentaires déformées et restructurées au cours de 

l'orogène de la cordillère canadienne (Hardebol, 2007 ; Price, 1994). 

En 1982, Monger et al. proposent pour la première fois une évolution géodynamique 

conduisant à la formation de la cordillère canadienne, cependant leur étude n'intègre pas de potentiels 

mouvements décrochants des terranes. Puis dans les années 90 et le début des années 2000 des études 

portants sur la géodynamique de la marge ouest du continent nord-américain (Wilson et al., 1991 ; 

Monger, 1993 ; Monger et Price, 2002) se sont accordés pour dire que le début de l'accrétion des 

ensembles au sein de la cordillère canadienne c‘est accentué au Jurassique moyen. La mise en place de 

la ceinture d‘avant-pays, plus tardive, est datée de l'Éocène par ces même auteurs. Aujourd'hui la 

sismicité de l'Est du Canada conduit à penser que l'accrétion continue au niveau de la façade pacifique 

et de la limite entre les deux plaques, mais que du côté du bassin d'avant-pays, la cordillère canadienne 

est inactive. 
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b. Le bassin d'avant-pays 

Le deuxième grand domaine de l'ouest canadien est le bassin d'avant-pays de la cordillère 

(BOC). La Figure II - 1 qui présente la profondeur du socle, permet d‘identifier deux bassins : celui 

de l‘Alberta le long de la cordillère et le bassin de Williston dans le Saskatchewan et le Manitoba . 

Deux éléments structuraux importants sont à noter sur la Figure II - 1: l‘arche de Sweetgrass, qui 

sépare le bassin de l‘Alberta et le bassin de Williston et l‘arche de Peace River dans le bassin de 

l‘Alberta. La Figure II - 1et la Figure II - 2 mettent en avant une structure simple : un épaississement 

de la pile sédimentaire en direction de la cordillère, jusqu'à un maximum compris entre 4000m et 

5000m. Ces deux figures ne mettent pas en avant d'accidents structuraux majeurs au sein du BOC qui 

semble avoir la forme d'un prisme. 

 

Figure II - 2 : Coupe structurale du bassin d'avant-pays de la cordillère canadienne  
(d’après Ducros et al., soumis). 

Les plus anciennes formations sédimentaires préservées dans le bassin sont datés du 

Précambrien et les plus jeunes du Quaternaire (Wright et al., 1994). L'histoire du bassin est en étroite 

relation avec la géodynamique de l'Ouest Canadien et est découpée en trois périodes (Monger et Price, 

2002 ; Eaton et al., 1999) : 
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- Avant le Dévonien supérieur (355Ma) : le BOC est considéré comme étant localisé sur la 

marge passive de la bordure Ouest de la Pangée, face à l'océan Panthalassique. 

- Dévonien supérieur – Jurassique inférieur (355Ma - 185Ma) : à partir du Dévonien 

terminal, le mouvement de grands domaines le long de l'Ouest de la Pangée amène le 

BOC à être dans une configuration de bassin d'arrière-arc. 

- Jurassique moyen – Actuel (175Ma - 0Ma) : le Jurassique moyen est considéré comme le 

début de l'orogène de la cordillère canadienne, le BOC passe alors dans une configuration 

de bassin d'avant-pays. 

Le passage du deuxième au troisième stade est marqué par une discordance angulaire entre les 

formations du Jurassique et celles du Crétacé inférieur à moyen (Figure II - 2). 

c. Cadre stratigraphique 

Établir une charte stratigraphique pour la globalité du BOC est un travail complexe du fait de 

sa grande extension géographique. La charte stratigraphique de référence pour le bassin correspond 

aux travaux de Ziegler (1969) et Price et al. (1972) (Figure II - 3). 

 

Figure II - 3 : Cadre stratigraphique du bassin ouest canadien (d'après Price et al., 1972). 
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Il ressort de ces travaux deux grands ensembles stratigraphiques : 

- Avant le Jurassique : au cours des stades de marge passive et de bassin d‘arrière-arc, les 

formations sont majoritairement carbonatées. Elles correspondent à des environnements de 

plateforme peu profonde à sédimentation mixte (clastique et carbonatée, Miall et Blakey, 

2008). 

- Après le Jurassique : au cours du remplissage du bassin d‘avant-pays, des formations 

majoritairement clastiques issues de l‘érosion de la chaine de montagne avoisinante. 

2. Évolution géodynamique de l'ouest canadien au cours du Phanérozoïque 
L'évolution paléogéographique du continent nord-américain au cours du Phanérozoïque est 

décrite par Golonka et al., (1994). Deux autres travaux (Ziegler et al., 1983 ; Engebretson et al., 1985) 

précisent son évolution au cours du Mésozoïque et du Cénozoïque. Tous présentent la même évolution 

géographique du continent : proche de l'équateur au Paléozoïque et remontant vers sa latitude actuelle 

au cours du Mésozoïque et du Cénozoïque. 

L'histoire géodynamique du continent nord-américain peut être divisée en trois grandes étapes 

(Miall et Blakey, 2008) : 

- Formation de la Pangée (Précambrien – Trias. 400Ma – 245Ma sur la Figure II - 4) : la 

marge ouest du continent nord-américain est considérée comme une marge passive ou une 

zone arrière-arc (Phase 1 et 2 de Monger et Price, 2002). 

- Formation des Ancestral Rockies (Pennsylvanien – Permien. AR, 290Ma – 245Ma sur la 

Figure II - 4) : la marge au Sud-Ouest du continent nord-américain est affectée par de 

grands décrochements et on observe la formation des Ancestral Rockies dans ce qui est 

aujourd'hui le Colorado et le Nouveau Mexique. 

- Séparation de la Pangée (depuis le Trias. 245Ma – 60Ma sur la Figure II - 4) : le 

continent nord-américain dérive vers l'Ouest suite à l'ouverture de l'océan Atlantique (AT 

sur la Figure II - 4). La subduction de la plaque Pacifique (PA sur la Figure II - 4) 

commence et conduit à l'orogénèse de la cordillère américaine et canadienne (Phase 3 de 

Monger et Price, 2002). 

L‘orogène de la cordillère nord-américaine est l‘évènement majeur du Phanérozoïque dans 

l‘Ouest du continent américain. Les travaux de Miall et Blakey (2008) présentent une synthèse sur 

l'évolution géodynamique du continent nord-américain. Les auteurs présentent un diachronisme entre 

l'âge de l'orogène des rocheuses américaines et l'âge de l'orogène de la cordillère canadienne. Au 

niveau de la côte ouest des États-Unis l'orogène commence au cours du Trias, alors qu'au Canada 

l'orogène ne commence qu'au cours du Jurassique moyen ce qui implique un changement dans le type 
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de bassin le long de l‘Ouest du continent (Monger et Price, 2002). Il est important de noté que les 

reconstructions locales de la paléogéographie de l‘Ouest canadien au cours du Trias inférieur et moyen 

peuvent être très différentes selon les auteurs ? 

 

Figure II - 4 : Évolution paléogéographique du continent nord-américain. 
Le cadre rouge correspond aux limites de l’Alberta, AR : Ancestral Rockies, AT : Atlantique, PA : 

Pacifique (http://cpgeosystems.com, 2013). 

Au Canada, l‘étude par tomographie sismiques des plaques subduites (Sigloch et al., 2008), 

montre la présence de deux slabs dans le manteau. Ces deux morceaux de plaques proviendraient de la 

subduction à la limite entre les plaques nord-américaine et pacifique. La présence de ces deux slabs 

induis une subduction en deux temps le long de la marge ouest de la Pangée : une subduction vers 

l‘Ouest, puis une subduction vers l‘Est (Sigloch et al., 2008). Dans cette étude aucun âge n‘est donné 

pour ce changement de même il n‘est pas observable sur la Figure II - 4. 
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Globalement, la marge ouest du continent américain peut être considérée comme une marge 

passive jusqu'à l'orogène de la cordillère. L'évolution géodynamique de l'Ouest canadien est très 

complexe du fait du grand nombre de petits arcs insulaires (290Ma – 195Ma sur la Figure II - 4) 

présents sur la marge ouest de la Pangée au cours du Phanérozoïque (Monger et al., 1982 ; Wilson et 

al., 1991 ; Monger et Price, 2002) et du fait du changement de vergeance de la subduction (Sigloch et 

al., 2008). Au niveau du BOC, la paléogéographie de l'intervalle Trias-Jurassique reste incertaine, 

mais au regard d‘une présence d‘un arc insulaire au niveau d‘une subduction, la zone peut être 

considérée comme un bassin d'arrière-arc, ou un bassin d‘avant-arc (Ziegler et al., 1983 ; Golonka et 

al., 1994 ; Miall et Blakey, 2008). 

III. Le Trias inférieur et moyen de la région de Peace River 
Cette partie décrit les formations triasiques du sous-bassin de Peace River  : le cadre structural 

du sous-bassin, la stratigraphie des formations triasiques et pour conclure l'évolution géodynamique, 

paléogéographique et paléoclimatique du BOC au cours du Trias inférieur et moyen. Le Trias est 

présent à deux endroits dans le bassin : dans le bassin de l‘Alberta et dans celui de Williston (Figure 

II - 1). Au sein du bassin de Williston, le Trias s'exprime sous la forme de formations continentales ou 

red beds (Edwards et al., 1994). Les formations marines triasiques du domaine ouest canadien se 

concentrent dans le bassin de l‘Alberta, au niveau du sous-bassin de Peace River (Figure II - 5). 

3. Le sous-bassin de Peace River 
Le cadre structural actuel du bassin est lié à trois évènements majeurs : La Hay River Shear 

Zone (HRSZ), l’histoire de l‘arche de Peace River et l‘orogène de la cordillère canadienne. La HRSZ 

est une faille décrochante avec une activité prédominante au cours du Protérozoïque (Ross, 1990). Son 

activité au cours du Paléozoïque et du Cénozoïque n‘est pas significative (Wright et al., 1994) et il ne 

semble pas qu‘elle ait une quelconque influence sur les dépôts des formations triasiques. 

L‘évolution de l‘arche Peace River est au cœur de l‘histoire du bassin de Peace River. La 

formation récifale de Leduc (Figure II - 5), qui se dépose autour de l‘arche montre l‘emplacement de 

ce paléorelief (Figure II - 5). Cette zone se soulève au cours du Précambrien (Cant, 1988 ; O'Connell 

et al., 1990) et s‘effondre au cours du début du Carbonifère (Barclay et al., 1990). L‘effondrement de 

l‘arche créé le complexe de grabens de Fort St. John (Figure II - 5) où se développe le Peace River 

Embayment à la fin du Paléozoïque. La fin de la période de subsidence du complexe de Fort St. John 

n‘est pas précisément datée. Cependant il semblerait que certaine des structures liées à l‘effondrement 

de l‘arche guident le dépôt des premiers sédiments triasiques (Barclay et al., 1990). Si les auteurs 

s‘accordent sur l‘âge de la surrection et de l‘effondrement de l‘arche, les causes et les mécanismes de 

ces variations portent encore à débat : entre rifting avorté (Cant, 1988), zone de décrochement (Ross, 
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1990), les hypothèses sont nombreuses mais aucune ne semble s‘affirmer plus que les autres (Eaton et 

al., 1999). 

Le dernier évènement qui joue sur la structure du bassin est l‘orogène de la cordillère. Même 

si celui-ci n‘influence pas la structure interne du bassin il est à l‘origine de sa limite Occidentale 

(Wright et al., 1994 ; Berger et al., 2008). 

 

Figure II - 5 : Localisation du bassin de Peace River et de ces principaux éléments structuraux 
(d'après Switzer et al., 1994 ; Davies, 1997 ; Berger et al., 2008). 

4. Les formations du Trias inférieur et Moyen du bassin de Peace River 
Les formations du Trias ne sont pas présentes dans la totalité du BOC (Edwards et al., 1994), 

mais uniquement dans le bassin d‘avant-pays et la ceinture d‘avant-pays. Cette étude se focalisera sur 

les formations triasiques inférieures et moyennes de la subsurface du bassin de Peace River; les 

formations du bassin de Williston étant uniquement continentales (Figure II - 1, Edwards et al., 

1994). 
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Le Trias du BOC est au centre de nombreuses études stratigraphiques (Armitage, 1962 ; 

Gibson, 1974 ; Gibson, 1975 ; Gibson et Barclay, 1989 ; Davies et al., 1997). Gibson et Barclay 

(1989) proposent de découper le Trias du BOC en trois grands cycles Transgression-Régression 

(Figure II - 6). Les études portant sur le Trias du BOC utilisent une terminologie complexe pour les 

formations de la zone d'étude (Figure II - 6). 

 

Figure II - 6: Nomenclature lithostratigraphique des formations triasiques du bassin ouest canadien 
(d'après Orchard et Zonneveld, 2009). 

Le nom des formations varie en fonction de la localisation dans le bassin : 

- La succession Montney – Doig – Halfway est typique de la subsurface de l'Alberta et de la 

Colombie britannique. 

- Au niveau du prisme d'avant-pays de la cordillère canadienne la succession est différente : 

Grayling – Toad – Liard ou encore : Phroso/Vega Silt Member – Whistler Member – 

Llama Member. 

Le découpage de la série sédimentaire est lithostratigraphique plutôt que séquentiel. Les 

travaux les plus récents (Dixon, 2000) n'apportent pas de découpage stratigraphique uniforme 

utilisable à l'échelle du bassin. Les formations de cette d'étude se situant majoritairement dans la 

subsurface de la Colombie britannique et de l'Alberta le découpage de la Figure II - 6 (Alberta et B.C. 

subsurface) est utilisée comme référence. 
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a. Sédimentologie et stratigraphie des formations du Trias inférieur et moyen 

 Les formations du Trias inférieur et moyen du bassin ouest canadien 

C'est en 1962 qu'Armitage définit, au sein du forage 6-26-87-21W6, la succession Montney-

Doig dont les noms proviennent du village de Montney (12 miles au SE du forage) et de la rivière 

Doig (28 miles à l‘Est). 

 

Figure II - 7 : Log type de la succession Montney – Doig – Halfway (d’après Armitage, 1962). 

La base de la Formation Montney correspond à la discordance permienne (1981m sur la 

Figure II - 7). La limite entre les formations Montney et Doig est placée sous une zone à phosphates 

marquée par une forte augmentation du Gamma Ray (GR, 1713m sur la Figure II - 7). La Formation 

Doig est surmontée par les sables de la Formation Halfway, définie par Hunt et Ratcliffe (1959) 
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(1632m sur la Figure II - 7). Dans ce forage, la Formation Montney est décrite comme 

majoritairement silteuse et argileuse (au sens granulométrique), rarement sableuse et de couleur gris 

foncé. La Formation Doig présente une lithologie similaire mais contient des pellets de phosphate en 

sa base. En résumé la base de l‘ensemble Montney Doig est marquée par une augmentation brutale du 

GR, la base de la Doig présente un intervalle à fort GR et le tout est surmonté par les sables de la 

Formation Halfway, à faible GR. 

 Ages des intervalles étudiés et biostratigraphie 

L‘âge des formations étudiées a été établi pour la première fois, grâce aux études 

biostratigraphique de Williams et Bocock (1932) et Warren (1945). Des études biostratigraphiques 

plus récentes (basée sur l‘étude des conodontes et ammonites (Orchard et Tozer, 1997 ; Orchard et 

Zonneveld, 2009, Golding et al., 2015a) déterminent les âges des formations triasiques du BOC. Ces 

études permettent de relier les formations de la subsurface à celles présentes dans la ceinture d‘avant-

pays. 

La Formation Montney est l'équivalent chronostratigraphique des Vega-Phroso Members au 

niveau des affleurements de la région de Kakwa, de la Formation Grayling et de la base de la 

Formation Toad au niveau des affleurements de la région de Williston Lake (Figure II - 5). L‘étude 

biostratigraphique la plus récente (Orchard et Zonneveld, 2009) place ces formations dans le Trias 

inférieur, cependant Henderson (1997), en se basant aussi sur des conodontes, avance que la base de la 

Formation Montney se situerait dans le Permien terminal. 

La Formation Doig est l'équivalent chronostratigraphique des Whistler-Llama Members au 

niveau des affleurements de la région de Kakwa, de la partie supérieure de la Formation Grayling et de 

la base de la Formation Liard au niveau des affleurements de la région de Williston Lake (Figure II - 

5). Les études biostratigraphiques datent ces formations de l‘Anisien (Orchard et Zonneveld, 2009, 

Golding et al., 2015a). 

La Formation Halfway est l'équivalent du Llama Members au niveau des affleurements de la 

région de Kakwa et de la partie supérieure de la Formation Liard au niveau des affleurements de de la 

région de Williston Lake (Figure II - 5). Ces formations sont datées de l'Anisien terminal et du 

Ladinien (Orchard et Zonneveld, 2009). 

 La Formation Montney (Induen et Olénekien) 

La géométrie globale présentée par la Formation Montney est celle d‘un prisme qui s'épaissit à 

l'Ouest (vers la cordillère) et se biseaute, à l'Est, entre les formations jurassiques et les formations 

paléozoïques (Edwards et al., 1994). Dans tout le bassin la Formation Montney repose sur la 

Formation Belloy datant du Permien. La limite supérieure de la Formation Montney est placée à l'Est, 
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sous la discordance jurassique et à l'Ouest, sous la zone à phosphates de la Formation Doig (Davies et 

al., 1997 ; Edwards et al., 1994). Les faciès de la Formation Montney sont décrits par plusieurs 

auteurs (Gibson et Barclay, 1989 ; Davies et al., 1997 ; Markhasin 1997 ; Kendall, 1999 ; Panek, 

2000 ; Zonneveld et al., 2010), qui tous mettent en avant un grand nombre d'environnements de dépôts 

allant d'environnements offshores profonds à faciès argileux et silteux, à des zones proximales de 

shoreface à faciès sableux et d‘estuaires. 

En 1995, Embry et Gibson proposent un découpage stratigraphique pour la Formation 

Montney en 3 séquences (T-R) d'ordre III, incluses dans une séquence T-R d'ordre II (Figure II - 8). 

Davies et al. (1997) présentent un découpage séquentiel similaire au découpage en séquence T-R 

d'Embry et Gibson (1995). Les travaux de Master de trois étudiants (Kendall, 1999 ; Markhasin, 

1997 ; Panek, 2000) présentent les mêmes résultats que Davies et al. (1997) : trois séquences d'ordre 

III, au sein d'une séquence d'ordre II (Figure II - 8).  

 

Figure II - 8 : Découpage stratigraphique de la formation Montney (d’après Davies et al., 
1997 ;Embry et Gibson, 1995 ; Kendall, 1999 ; Markhasin, 1997 ; Orchard et Zonneveld, 2009 ; 

Panek, 2000). 

En détail, Davies et al. (1997) présentent des séquences progradantes au sein de cortèges de 

hauts niveaux (HST) sur des cortèges transgressifs (TST) peu épais ou non préservés. Au cours des 

trois séquences d'ordre III, seul un cortège de bas niveaux (LST) est préservé. Il s‘exprime sous la 

forme de lobes turbiditiques sableux dans le bassin ou d'un faciès dolomitique appelé Coquina middle 
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member sur la marge Est. Les travaux de Master de Pannek (2000), Kendall (1999) et Markhasin 

(1997) présentent aussi des séquences progradantes (HST) sur des TST. Il ressort de leurs travaux une 

difficulté à délimiter le LST de la limite Dienerien-Smithien du TST suivant en particulier dans la 

partie proximale du bassin. L‘étude bibliographique sur la stratigraphie de la Formation Montney met 

en évidence plusieurs éléments communs entre les études : une séquence d'ordre II contenant 3 

séquences d'ordre III et de multiples séquences progradantes d'ordre supérieur, des sables turbiditiques 

semblant correspondre à une période de LST entre le Dienerien et le Smithien et un faciès dolomitique 

appelé « Coquina ». Cependant le découpage séquentiel d‘ordre IV varie selon les auteurs. 

 La Formation Doig (Anisien) 

Tout comme la Formation Montney, la Formation Doig est composée d'un ensemble de faciès 

variés traduisant de nombreux environnements depuis l'offshore à faciès silteux et argileux, à 

phosphates et  rares sables fins, jusqu'au shoreface à faciès de sable fins à très fins à figures de 

courants oscillatoires (Evoy, 1997 ; Evoy, 1995 ; Evoy et Moslow, 1995 ; Zonneveld, 1999). 

La Formation Doig se dépose au sein d'un TST et HST d'ordre II (Embry et Gibson, 1995). 

Des études séquentielles, plus approfondies sur cette formation (Evoy, 1997 ; Evoy, 1995 ; Evoy et 

Moslow, 1995) montrent la présence de deux séquences d'ordre III au sein de la séquence d'ordre II 

(Figure II - 9). Les études d'Evoy (1997), montrent la présence d'un LST d‘ordre III au début de la 

deuxième séquence de la Doig. Ce LST se traduit par la présence d'un niveau sableux remarquable, 

appelé Doig Sand (Figure II - 9). 

 

Figure II - 9 : Découpage stratigraphique des Formations Doig et Halfway (d'après Evoy, 1997 ; 
Orchard et Zonneveld, 2009). 



 

IFP Energies nouvelles – 1 et 4 avenue de Bois-Préau – 92852 Rueil-Malmaison Cedex – France 

ISTeP, UPMC – 4 pace Jussieu – 75005 Paris 

– 46 – 

 La Formation Halfway (Ladinien) 

La Formation Halfway est stratigraphiquement au-dessus de la Doig au sein du deuxième 

cycle T-R de Gibson et Barclay (1989). Dans la zone d'étude, la Formation Halfway est suivie par la 

Formation Charlie Lake (Gibson et Barclay, 1989 ; Davies et al., 1997). La Formation Halfway est la 

formation la plus sableuse de l'intervalle étudié (Edwards et al., 1994 ; Gibson et Barclay, 1989). 

Zonneveld (1999), Evoy et Moslow (1995) et Evoy (1997) présentent la Formation Halfway comme 

un membre sableux fin à grossier, et à calcaire à dolomitique. Stratigraphiquement elle correspond au 

HST de la dernière séquence de la Doig. 

 

Figure II - 10 : Découpage stratigraphique du Trias inférieur et moyen du bassin ouest canadien 
(d’après Gibson et Barclay, 1989 ; Embry et Gibson, 1995 ; Davies et al., 1997 ; Evoy , 1997). 

Les interprétations de la stratigraphie des formations du Trias inférieur et moyen (Montney, 

Doig et Halfway) peuvent-être synthétisées dans la Figure II - 10. Aujourd'hui aucune étude n‘a établi 

de corrélations à l‘échelle du bassin sur les principes de la stratigraphie séquentielle (sensu Catuneanu 

et al., 2009). En dépit du grand nombre d‘études biostratigraphiques sur ces formations il n‘existe pas 
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de lignes temps à l‘échelle du bassin. La description de l‘architecture stratigraphique des formations 

du Trias inférieur et moyen sera donc le premier objectif de cette thèse. 

b. Contenu organique et minéralogie des formations du Trias inférieur et Moyen 

 Contenu organique des Formations de Montney et Doig 

Le potentiel pétrolier du Trias du BOC est connu depuis le milieu du XXème siècle 

(Armitage, 1962). Les études d'Ibrahimbas et Riediger (2004) présentent deux formations avec un 

contenu riche en matière organique : la Montney et une partie de la base de la Doig contenant des 

phosphates. 

Tableau II - 1 : Résultats d’analyses Rock-Eval sur les Formations Montney et Doig 
(Ibrahimbas et Riediger, 2004). 

Formation Tmax (°C) 
TOC ( x) 

(%m) 

 I ( x) 
(mg HC/g TOC) 

OI ( x) 
(mg HC/g 

TOC) 

Montney Fm 380-490 0.5-4.2 (1.8) 2-450 (208) 4-51 (16.2) 

Zone à phosphates 433-447 1.8-11(6.1) 189-489 (276) 2-4.6 (11.0) 

 

La Montney n'est pas la formation présentant le plus fort taux de carbone organique total 

(TOC) du BOC (Riediger, 1997 ; Riediger et al., 1990 ; Ibrahimbas et Riediger, 2004). En moyenne 

( x) la Montney présente un TOC de 1.8  et un indice d‘hydrogène (HI) de 208mg, ce qui suffit pour 

la considérer comme une roche mère (Tableau II - 1). Contrairement à la Montney, La zone à 

phosphate de la Doig présente un fort TOC : 6.1% et un HI supérieur : 276mg en moyenne (Tableau 

II - 1). Cette zone s‘avère être une bien meilleure roche mère que la Montney mais son extension est 

limitée. 

Une récente étude sur la maturité thermique des formations du Trias inférieur et moyen met en 

avant un gradient de maturité au sein de ces formations (Rokosh et al., 2012). Selon cette étude, la 

maturité thermique de la Formation de Montney serait faible au NE du bassin (%Ro<0.75) et 

augmenterait progressivement le long d‘un gradient en direction du SW jusqu'à atteindre des valeurs 

de réflectance de vitrine supérieure à 2%Ro. Cette grande diversité de maturités thermiques est bien 

illustrée par les valeurs de Tmax présentées dans l‘étude d‘Ibrahimbas et Riediger (2004) (Tableau II 

- 1). 

Les travaux les plus récents sur le contenu organique de la Formation de Montney (Sanei et 

al., 2015 ; Wood et al., 2015) concluent que la majorité de la matière organique présente dans cette 

formation provient du craquage secondaire d‘hydrocarbures migrés. A ce jour, aucun travail ne fait, à 
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l‘échelle du bassin, l‘étude de proportion relative de pyrobitumes par rapport à la teneur en matière 

organique primaire dans les formations du Trias inférieur et moyen. 

 Minéralogie des formations du Trias inférieur et moyen 

La seule étude publiée qui s‘intéresse à la distribution minéralogique des formations du Trias 

inférieur et moyen correspond aux travaux de Chalmers et Bustin(2012). 

 

Figure II - 11 : Minéralogie des Formations de Montney, Doig et Halfway (données de Euzen, 2011 ; 
Chalmers et Bustin, 2012). 

La Figure II - 11 présente les variations minéralogiques entres les Formations de Montney, 

Doig et Halfway. Elle montre clairement que les formations du Trias inférieur et moyen du bassin 

ouest canadien possèdent une faible teneur en argile et ce, contrairement à d‘autres formations roche 

mère (e.g. la formation de Barnett au Texas ou encore la formation de Marcellus en Pennsylvanie, 

Euzen, 2011) 

c. Paléogéographie, paléoclimats et évolution géodynamique au cours du Trias 

L‘évolution géodynamique de l‘Ouest du continent nord-américain a été présentée dans sa 

globalité précédemment, cependant, son évolution au cours du début du Mésozoïque n‘est pas décrite 

avec précision. Monger et Price (2002) datent la formation d‘un bassin d‘avant-pays lié à l‘orogène de 

la cordillère canadienne au cours du Jurassique moyen. 

Au cours du Trias inférieur et moyen, Gibson et Barclay (1989), considèrent le BOC comme 

une marge passive, alors que Monger et Price (2002), présentent le BOC comme un bassin d‘arrière 

arc, à l‘Est d‘une zone de subduction. La deuxième possibilité induit la présence de hauts structuraux 

et/ou d‘un archipel volcanique au large du continent qui pourraient « isoler » le basin. Au vue de cette 

physiographie des apports sédimentaires clastiques depuis le continent et depuis un arc insulaire sont 
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probables, même si aucune étude ne montre clairement cette double vergence des apports (Ross, 

1990 ; Davies et al., 1997 ; Golding et al., 2015b). 

 

Figure II - 12 : Evolution de la paléogéographie du bassin ouest canadien du Permien au Trias 
moyen (Beranek et Mortensen., 2011). 

Les plus récentes études sur la géodynamique de l‘ouest canadien (Figure II - 12, Beranek et 

Mortensen, 2011) montrent que le déplacement des terranes au cours du Trias inférieur et moyen 

conduirait le bassin à être dans régime d‘avant arc, cependant la paléogéographie de cet intervalle de 

temps reste inconnu. 

 

Figure II - 13 : Paléoclimats de l’Ouest de la Pangée au cours du Trias moyen  
(d’après Golonka et al., 1994). 

En termes de paléoclimats, au cours du Trias le BOC se trouvait à des latitudes proches de 

30°N (Davies, 1997 ; Davies et al., 1997). Les modélisations climatiques de Golonka et al. (1994) 

(Figure II - 13) et Sellwood et Valdes (2006) montrent que pour cette position le climat est chaud et 

sec. Il faut cependant noté la présence de zone humide équatoriale au Sud de la zone d‘étude. Au cours 
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des saisons arides, Davies (1997) propose une forte influence de la sédimentation éolienne avec des 

apports provenant du NW du continent nord-américain. D‘autres auteurs (Zonneveld et al., 2010) 

avancent la présence de deltas éphémères sur la côte au cours des saisons des pluies, avec un fort 

apport sédimentaire provenant du continent. 

IV. Conclusions 
Ce chapitre a permis de replacer les formations étudiées (Montney-Doig-Halfway) dans un 

contexte sédimentaire, séquentiel, structural et géodynamique de grande échelle. 

Ce chapitre a présenté l‘évolution géodynamique (de l‘Amérique du Nord, de l‘ouest canadien 

et de l‘intervalle triasique du sous-bassin de Peace River) ainsi que le cadre climatique de l‘ouest 

canadien au cours du Trias. La géodynamique à l‘échelle du continent nord-américain est relativement 

bien décrite (e.g. Miall et Blakey, 2008), cependant à petite echelle et sur une courte période (15Ma), 

la paléogéographie du bassin ainsi que son évolution ne sont pas clairement définis. Pour cette étude, 

le type de bassin est un paramètre important car il contrôle la circulation et la provenance des apports 

sédimentaires. 

Les faciès décrits par les études anciennes (Armitage, 1962 ; Gibson 1974, …) et les modèles 

de faciès définis par les études récentes (Zonneveld et al., 2010) semblent être des observations et 

résultats fiables sur lesquelles se baser. Ces études présentent toutes des faciès à granulométries fines 

(argiles – silts- sables fin) et caractéristiques de côtes dominées par l‘action des vagues. 

Les études sur le contenu organique de ces formations indiquent une roche mère de type II- 

type II-III (Riediger et al, 1990). Ces études donnent un aperçu global du contenu organique des 

formations : TOC moyen de 1.8% (Montney) et 6.1% (zone à phosphates), mais ne définissent et ne 

quantifient pas les facteurs de concentration de la matière organique dans les Formations Montney et 

Doig. Des analyses géochimiques supplémentaires devront être réalisées pour pouvoir caractériser 

précisément les hétérogénéités sédimentaires et discuter de leurs facteurs de contrôles. 

A l‘échelle du bassin, les découpages stratigraphiques dans les formations étudiées se basent 

sur la lithostratigraphie (Dixon, 2001, Davies, 1997), même si certaines études (e.g. Kendall, 1999) 

définissent des découpages séquentiels à haute résolution, ils restent locaux. Il n‘existe pas à l‘heure 

actuelle de lignes temps établies à travers toutes les formations du Trias inférieur et moyen. Afin de 

pouvoir étudier et discuter la répartition des hétérogénéités dans le bassin, il faudra premièrement 

définir des lignes temps (e.g. Catuneanu et al., 2009). Ces lignes temps pourront alors etre 

temporellement calées en utilisant les datations proposées par Orchard et Zonneveld (2009) et Golding 

et al., (2015a). Il faut cependant noter que l‘âge de la limite Montney-Doig reste problématiques 

(Golding et al., 2015a).  
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Chapitre III : Matériel et méthodes  

I. Matériel et données à disposition pour l’étude 
Les formations du Trias inférieur et moyen du bassin ouest canadien peuvent être étudiées à la 

fois au travers des données de subsurface en Alberta et Colombie Britannique et grâce aux 

affleurements le long de la ceinture d‘avant-pays de la cordillère canadienne. 

1. Données de forages 
L‘Alberta et la Colombie Britannique possèdent une riche histoire pétrolière et une politique 

de gestion de données associées qui permet d‘avoir accès à un grand nombre de forages recoupant les 

formations Montney et Doig. La sélection des forages s‘est faite suivant deux critères : (1) Récupérer 

pour les revisiter les données utilisées dans des travaux précédents, (2) Couvrir l‘ensemble du bassin à 

l‘aide de sections régionales 2D. 

a. Diagraphies 

Au total, plus de 2200 forages répartis sur l‘ensemble du bassin sont disponibles pour l‘étude 

(Figure III - 1). L‘ensemble des données diagraphiques à disposition ont été regroupées dans un 

projet dans le logiciel PETREL. Ce logiciel, a initialement été développé par Schlumberger pour 

permettre de créer des geomodèles à partir de donnée sismique et diagraphique. Dans la présente 

étude, il nous permet de rassembler en une même base de données logs diagraphique, logs 

géochimiques et données de terrain. Il permet par la suite de réaliser des sections en sélectionnant 

forages et affleurements pour réaliser des corrélations. Ce logiciel permet aussi de générer des cartes 

de profondeurs, d‘épaisseurs ou encore de variations d‘une propriété (e.g. TOC, Gamma Ray…). 

La quantité et la qualité des données diagraphiques pour chaque forage sont très variables 

mais la majorité des puits possède au moins un log de Gamma Ray (e.g. GR, GRS…), un Sonic (e.g.  

Dt, AC…), une résistivité (e.g. AT90, LLD, LLM…) et un log de densité (e.g. RHOB, DEN…). La 

diversité, la qualité et la variabilité des outils disponibles est un problème pour l‘interprétation et le 

traitement statistique. Par exemple, il existe plusieurs outils qui mesurent la radioactivité, ces outils 

mesurent le même paramètre avec des méthodes « similaires ». Au final les logs obtenus montrent les 

mêmes variations relatives, mais auront des amplitudes et des offsets différents, qui resteront quand 

même compris dans les mêmes ordres de grandeurs. 

b. Carottes et cuttings 

Au cours des 50 dernières années, plusieurs centaines de carottes ainsi que des cuttings de 

forages ont étés prélevés dans les Formations de Montney et Doig. Ces carottes et cuttings sont 

accessibles via des organismes gouvernementaux (e.g. AER, BC oil and gas…). 
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Pour ce travail, 496 échantillons provenant de cuttings ont été sélectionnés et mis à notre 

disposition par les organismes des provinces d‘Alberta et de Colombie Britannique (Figure III - 1). 

Au cours de deux missions, 17 (liste en Annexe - 1) carottes ont été décrites et 365 échantillons ont 

été prélevés (Figure III - 1). Au total, 861 échantillons provenant de la subsurface (carottes et 

cuttings) de la Colombie Britannique et de l‘Alberta sont utilisés pour cette étude. 

 

Figure III - 1 : Localisation des données disponibles pour l’étude 
(carte géologique d’après Reed et al., 2005, Limite du Trias de Edwards et al., 1994; limite du bassin 

de Wright et al., 1994). 
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2. Données de terrain 
Pour compléter les informations obtenues avec les données de subsurface deux campagnes de 

terrain ont été menées dans la ceinture d‘avant-pays pour étudier les formations triasiques à 

l‘affleurement (liste en Annexe - 1). 

Au cours de cette campagne 4 affleurements répartis dans deux régions ont été décrits : Mont 

Norquay et Three Sisters spillway, dans la région de Banff et Brown Hill et Ursula Creek dans la 

région de Williston Lake (Figure III - 1). Pour mieux intégrer les données issues d‘affleurements aux 

données de la subsurface, des mesures au Gamma Ray portatif ont été réalisées. Cet appareil permet de 

mesurer les concentrations en Uranium, Thorium et Potassium le long des affleurements et par la suite 

d‘obtenir un profil GRS. Pour compléter l‘échantillonnage effectué sur les puits, 176 échantillons ont 

été prélevées le long des coupes de terrain. 

3. Données bibliographiques et données publiées 

L‘intégration de résultats d‘analyses et de corrélations déjà publiés permet de compléter ceux 

réalisés au cours de cette étude. La base de données qui soutient cette thèse intègre donc de nombreux 

rapports publiés par des organismes nationaux (Geological Survey of Canada, USGS..), ou régionaux 

(Geological survey of Alberta, B.C. Oil and Gas Commission). 

II. Méthodologies 
L‘objectif de cette thèse étant de caractériser, quantifier et localiser les hétérogénéités 

sédimentaires dans les roches mères, une approche multi-échelles est indispensable (Figure III - 2) 

pour intègrer des données issues de carottes (mm-cm) et celles issues des affleurements et de 

diagraphies (dm-m) et des corrélations stratigraphiques à l‘échelle d‘un bassin sédimentaire (km). 

Notre approche est aussi pluridisciplinaire et combine l‘utilisation de la géologie et de la géochimie 

(organique et minérale). 

La méthodologie mise en place pour cette étude est divisée en quatre étapes (Figure III - 2) : 

 i : Acquisition 

- Descriptions de carottes et d‘affleurements. 

- Rassemblement de données diagraphiques dans une base de données. 

 I et II : Caractérisation 

- L‘étude des faciès, du modèle de dépôt sédimentaire et de l‘architecture stratigraphique. 

- L‘étude du contenue organique, des variations paléoenvironnementales et minéralogiques. 
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 III : Intégration 

- L‘intégration des analyses géochimiques dans l‘architecture stratigraphique afin de 

proposer un ou plusieurs modèle(s) de formation des hétérogénéités de concentration de la 

matière organique primaire. 

 IV : Modélisation 

- La modélisation des scénarios géologiques avec DIONISOS afin de les tester et quantifier 

les phénomènes responsables de formation des hétérogénéités sédimentaires. 

- Retour d‘expérience – lien données-interprétation-modèle 

- Il s‘agit ici de faire un aller-retour entre données, interprétation et modélisation pour tenter 

d‘appréhender et de proposer des modèles transférables sur d‘autres cas d‘étude. 

 

Figure III - 2 : Méthodologie mise en place pour l’étude. 
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1. Descriptions sédimentologiques et architecture stratigraphique 
L‘étude de l‘architecture stratigraphique des formations du Trias inférieur et moyen repose sur 

les descriptions sédimentologiques de carottes et d‘affleurements des formations étudiées et sur la 

création d‘un modèle de faciès pour dégager différents environnements de dépôt. Par la suite, ces 

environnements seront associés à des faciès diagraphiques, ce qui permettra d‘interpréter et de corréler 

les forages entre eux sur les principes de la stratigraphie séquentielle. 

a. Descriptions de carottes et levé de coupes métrés 

Dans le cadre de cette étude, les descriptions (carottes et affleurements) sont réalisées au 

cinquantième ou au centième (affleurements d‘Ursula Creek et Brown Hill), plusieurs éléments sont 

observés : granulométries, couleurs, figures sédimentaires, bioturbations… (feuille de description en 

Annexe - 2) 

Un échantillonnage est effectué lors des descriptions afin de réaliser des analyses 

géochimiques et des études pétrographiques. Les résultats des analyses géochimiques et 

pétrographiques permettront de mieux caractériser les faciès des formations Montney et Doig. Sur les 

affleurements de Williston lake l‘échantillonnage est réalisé de façon régulière afin de pouvoir créer 

des « logs géochimiques » en revanche, dans la région de Banff et sur les carottes l‘échantillonnage 

n‘est pas réalisé de façon aléatoire, mais de façon à illustrer un faciès ou à apporter des éléments de 

réponses sur la stratigraphie et la géochimie d‘un intervalle précis.  

Au cours des descriptions d‘affleurements, des mesures de Gamma Ray sont réalisées à l‘aide 

d‘un appareil portatif (RS-230 BGO Super-Spec). Ces mesures sont réalisées avec un pas 

d‘échantillonnage de 30 à 50cm, dépendant de l‘accessibilité et de la qualité de l‘affleurement. 

b. Réalisation d’un modèle de faciès et d’associations de faciès 

La réalisation d‘un modèle de faciès est la deuxième étape de l‘étude sédimentologique. Il 

s‘agit de synthétiser tous les faciès sédimentaires décrits sur les carottes et les affleurements pour 

pouvoir les regrouper en associations de faciès et retrouver les environnements de dépôts associés 

(Posamentier et Walker (eds), 1992). Afin de procéder à la réalisation d‘un modèle de faciès le plus 

complet possible, les observations de précédentes études ont été intégrées dans notre travail (e.g. 

Markhasin, 1997; Kendall, 1999; Panek, 2000) 

Un modèle de faciès permet de passer d‘interprétations de l‘ordre du centimètre, à des 

ensembles de faciès de l‘ordre du mètre ou du décamètre. Ce changement d‘échelle permet de définir 

les faciès diagraphiques correspondant aux environnements décrits (Van Wagoner et al., 1990). Le 

faciès diagraphique est la correspondance entre une réponse log (formes et intensités) et un 

environnement. Cette correspondance peut être réalisée automatiquement avec plusieurs logs 
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diagraphiques (via un module du logiciel EASYTRACE), ou elle peut être définie manuellement en se 

basant sur un seul log (e.g. Gamma Ray). Pour cette étude, le log de Gamma Ray est le plus adapté, 

mesurant la radioactivité des roches par l‘intermédiaire de la radioactivité de 3 éléments (U, Th et K) 

il permet d‘estimer la proportion d‘argile et de sable les roches. Couplé à des descriptions de 

description de carottes et d‘affleurements il permet de prédire les environnements sédimentaires 

présents le long des forages en fonction des motifs qu‘il dessine. 

c. Corrélation des puits grâce à la stratigraphie séquentielle 

Un intervalle temporel n‘est pas défini par un environnement de dépôt mais par un ensemble 

de ces derniers. Contrairement à la lithostratigraphie, la stratigraphie séquentielle ne se base pas sur la 

corrélation de faciès mais sur la définition de « lignes temps ». Grâce aux faciès diagraphiques mis en 

évidence grâce au correspondance entre les facies sédimentaires décrit sur les carottes et leur 

correspondance sur les logs diagraphiques, il est possible d‘observer les trajectoires de la ligne de côte 

au cours du dépôt des roches (Helland-Hansen et Martinsen, 1996 ; Helland-Hansen et Hampson, 

2009). Au cours des 30 dernière années plusieurs modèles de définition de surfaces temporels ont été 

proposée (e.g. Frazier, 1974, Mitchum et al., 1977; Johnson et Murphy, 1984; Haq et al., 1987; 

Posamentier et al., 1988; Van Wagoner et al., 1988; Galloway, 1989; Christie-Blick, 1991; Embry et 

Johannessen, 1992; Hunt et Tucker, 1992 ; Helland-Hansen et Gjelberg, 1994), dans la présente étude, 

nous avons choisi de nous référer au modèle proposé dans les année 90 par Hunt et Tucker (1992) et 

Helland-Hansen et Gjelberg (1994). L‘étude des variations du trait de côte permet de faire ressortir 

quatre surfaces temporelles majeures, les limites de séquences (SB), les surfaces de transgressions 

(TS), les surfaces d‘inondations maximales (MFS) et le début de chute du niveau de base (BSFR, 

Catuneanu 2006, Catuneanu et al., 2009). La corrélation de ces surfaces, permet en 2D (une section) 

puis en 3D (un bassin) de comprendre l‘évolution et de dessiner l‘architecture stratigraphique du 

bassin (liste des marqueurs stratigraphiques en Annexe - 3). 

2. Analyses pétrographiques et géochimiques 
La caractérisation du contenu organique et minéral dans les formations étudiées s‘effectue en 

quatre étape : (1) une analyse de la pétrographique par analyse en microscopie photonique, (2) une 

caractérisation du contenu organique via des analyses Rock-Eval, (3) l‘étude des variations 

paléoenvironnementales par l‘analyse de la concentration de certains éléments trace obtenues par 

analyse ICP, (4) la caractérisation de la minéralogie via des analyses QEMSCAN (liste des forages et 

affleurements analysés en Annexe - 4). 
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a. Analyses pétrographiques 

 Lames minces 

L‘étude des lames minces permettent d‘apporter des éléments de réponses sur la minéralogie 

et la répartition de la matière organique associé à la matrice minérale en réalisant des comptages 

statistiques. 

 Palynofaciès 

Contrairement au Rock-Eval (voir ci-dessous), les palynofaciès sont longs à réaliser : environ 

une semaine pour préparer 12 échantillons et plusieurs heures pour observer, identifier et compter les 

éléments. Aussi, cette méthode ne peut pas être effectuée en routine comme pour le Rock-Eval, mais 

doit être réalisée sur des échantillons ciblés. Au total 24 préparations ont été réalisées. 

b. Rock-Eval 

L‘un des objectifs principaux de cette thèse est de décrire la distribution des hétérogénéités de 

concentration de la matière organique dans un bassin sédimentaire. Pour ce faire des analyses avec un 

Rock-Eval VI (Behar et al., 2001) ont été réalisées pour quantifier le carbone organique présent dans 

les échantillons . Cette analyse est facile et rapide à réaliser (100 à 150éch/semaine) sur tous types 

d‘échantillons. Elle est réalisée en routine sur chaque échantillon collecté pour la thèse (1000 

échantillons environ). En revanche, cette analyse ne permet pas de faire la différence entre des 

hydrocarbures libres générés in situ et ceux issus de migrations. 

Le résultat de l‘analyse permet, grâce à des bilans de masses (e.g. Jarvie, 2012) d‘estimer le 

carbone organique « sédimentaire ». Ce calcul nécessite l‘estimation d‘un HI initial qui peut être 

estimé avec l‘analyse des palynofaciès. Il permet de retrouver le TOC de l‘échantillon avant 

maturation et/ou éventuelles contamination par des hydrocarbures migrés. Il existe cependant une 

limite à cette méthode : dans le cas d‘un craquage secondaire d‘huile migrée dans l‘échantillon, les 

résidus carbonés solides produits (pyrobitumes) ne sont pas « soustraits » et le TOC initial est 

surestimé. 

c. ICP-MS/ICP-AES 

Dans cette thèse, les variations environnementales sont étudiées grâce aux variations de 

concentration en certains éléments traces (Tribovillard et al., 2006 et références incluses). La 

quantification des éléments s‘est faite le long de trois forages, et de deux sections de terrain. 

244 échantillons, regroupant les deux sections et les cuttings prélevés pour analyser deux 

forages ont été analysés avec une ICP-MS et une ICP-AES dans les laboratoires de Paris VI. Les 

échantillons avaient été préalablement mis en solution par ajouts d‘acides (HF et H3BO3) et d‘eau 

oxygénée (H2O2). 
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En complément, 138 échantillons prélevés sur une carotte de 300m de long du forage 16-17-

83-25W6 ont été analysés au Canada. 

d. QEMSCAN 

Afin d‘étudier la minéralogie des formations du trias inférieur et moyen du bassin ouest 

canadien, des analyses QEMSCAN ont été réalisées par SGS Canada Inc. (Matthew Power), sur des 

échantillons de carottes, pour décrire la minéralogie de faciès précis, ou sur des échantillons de 

cuttings pour étudier les variations minéralogiques de l‘intervalle au cours du temps. Le QEMSCAN 

est une analyse basée sur de la microscopie par électron automatisée. Cette analyse donne une 

cartographie de la minéralogie de l‘échantillon et une granulométrie (Gottlieb et al., 2000). 

Au cours de la thèse, 283 échantillons ont été analysés avec cette méthode, 67 provenant de 

carottes et 216 provenant de cuttings. 

3. Intégration des données géochimiques dans un cadre séquentiel 
L‘objectif de cette partie est d‘étudier les processus chimiques, biologiques et géologiques qui 

influent sur la concentration de la matière organique dans les Formations Montney et Doig. Dans un 

premier temps, les données obtenues par les analyses géochimiques sont incluses dans la base de 

données PETREL afin d‘être repositionnées dans les espaces aussi bien cartographique que 

séquentielle. Puis dans un deuxième temps, les variations paléoenvironnementales, la distribution de 

matière organique primaire seront intégrées dans un cadre chronostratigraphique afin de dégager un ou 

plusieurs scénario(s) de formation des roches riches en matière organique. Il s‘agit ici de faire le lien 

entre la dynamique sédimentaire des systèmes de dépôt, la dynamique géochimique (condition redox, 

productivité, flux de nutriments), la dynamique du bassin (tectonique, géodynamique) et les forçages 

externes tel que le climat (variation de flux, modification des sources dans les bassins versants, …). 

4. Modélisation stratigraphique 
Cette partie dernière partie vise à tester, avec le code numérique DIONISOS (Granjeon, 1996 ; 

Granjeon et Joseph, 1999, Chauveau et al., in prep.), les modèles de formation des hétérogénéités de 

concentration de la matière organique obtenus lors de travaux de caractérisation. Dans cette thèse, 

l‘utilisation d‘un logiciel de modélisation stratigraphique a plusieurs objectifs : 

- Restaurer l‘architecture du bassin 

- Quantifier les flux sédimentaires et la dynamique structurale du bassin, 

- Quantifier la productivité primaire et la restriction du bassin, 

- Restaurer la distribution de la matière organique là l‘échelle du bassin, 

- Caractériser l‘interaction des processus contrôlant le dépôt de la matière organique. 
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La modélisation stratigraphique via DIONISOS permettra de tester les influences relatives de 

nombreux facteurs qui contrôlent la formation des hétérogénéités sédimentaires dans les roches 

mères : niveau d‘anoxie, productivité primaire, taux de sédimentation. La modélisation stratigraphique 

permettra aussi de quantifier ces facteurs de contrôles, quantification impossible à obtenir par analyses 

géochimiques. A la fin, la modélisation permettra d‘obtenir un modèle de la répartition des 

hétérogénéités sédimentaires riches en matière organique dans les Formations Montney et Doig. 

  



 

IFP Energies nouvelles – 1 et 4 avenue de Bois-Préau – 92852 Rueil-Malmaison Cedex – France 

ISTeP, UPMC – 4 pace Jussieu – 75005 Paris 

– 60 – 

 



 

IFP Energies nouvelles – 1 et 4 avenue de Bois-Préau – 92852 Rueil-Malmaison Cedex – France 

ISTeP, UPMC – 4 pace Jussieu – 75005 Paris 

– 61 – 

Chapitre IV : Facies, well log patterns, geometries 
and sequence stratigraphy of a wave-dominated 
margin: insight from the Montney Formation 
(Alberta, British Columbia, Canada)  

Soumis au : Bulletin of Canadian Petroleum Geology 

Résumé 
Ce chapitre illustre l‘architecture stratigraphique 2D des Formations de Montney et Doig à 

l‘échelle du bassin ouest canadien. Basé sur un jeu de données très complet issue de l‘exploration 

pétrolière, il est possible de tester une méthode de corrélation pour décrire l'architecture d‘une marge 

dominée par l‘action des vagues. Apres une étude sédimentologique et la définition d‘électrofaciès 

basés sur les logs de Gamma Ray une méthode en deux étapes a été mise en place pour décrire les 

géométries de grande échelle : (1) la définition de surfaces et ensembles indépendants de tout modèles, 

(2) la définition de limites de séquences et de cortèges stratigraphiques basées sur un modèle 

séquentiel (Catuneanu et al., 2009). 

Les associations de faciès, ainsi que leurs électrofaciès, caractéristiques d‘une marge dominée 

par l‘action des vagues sont présentées. La distribution de ces environnements sédimentaires dans les 

cortèges de dépôts et autour des principales surfaces stratigraphiques est aussi présentée. Parmi 

d‘autres résultats, cette étude met en avant la différence de faciès et de géométries sédimentaires entre 

deux types de limites de séquence : la géométrie des facies sédimentaires autour de la première limite 

de séquence est similaire au modèle de Haq et al. (1988) alors que la deuxième limite de séquence 

présente des géométries similaires au modèle de Hunt et Tucker (1992). Ce travail montre que durant 

une chute rapide du niveau de base sur une pente forte, des turbidites sont susceptibles de se former, 

alors que pendant une chute moins importante du niveau de base des shorefaces en régression forcée 

se déposeront. 

Abstract 
This paper illustrates a basin scale sequence stratigraphy study based on well logs and 

outcrops from the Early Triassic Montney Formation in the Western Canada Sedimentary Basin. A 

very dense and well-constrained database derived from the petroleum exploration made it possible to 

implement and test common workflows and terminologies used for sequence stratigraphy study along 

a wave-dominated margin. Following the facies definition and recognition of associated well log 

patterns, a two-step approach allows for the reconstruction of large-scale geometries: (1) the model-

independent definition of surfaces and units, and (2) the interpretation of the sequence boundaries and 

systems tracts based on depositional sequences model (Catuneanu et al., 2009). 
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The typical facies association and log pattern of different sedimentary environments including 

tidal, as well as wave-dominated foreshore, shoreface and offshore settings are presented. The spatial 

distribution of characteristic sedimentary environments associated with stratigraphic surfaces and 

system tracts is also detailed at basin scale. Among other results, this study highlights the differences 

in the sedimentary facies geometries across two different types of sequence boundaries: the facies 

geometries of the first sequence boundary are similar to Haq et al. (1988) sequence model, whereas 

the geometries of the second are similar to Hunt and Tucker (1992) sequence model. This work shows 

that during a rapid, high amplitude base level fall on a high gradient slope, turbidites are more likely to 

occur, whereas, during slow, low amplitude base level fall on a low gradient topography, forced 

regressive shoreface will occur. 

I. Introduction 
Sequence stratigraphy is a powerful tool to understand sedimentary records. It provides a 

picture of basin‘s sedimentary architecture and time lines at different scales. The concept of sequence 

was used for the very first time in the late 40‘s (Sloss et al., 1949, Sloss, 1963) and since that time, 6 

models (Catuneanu, 2002) have been developed (Frazier, 1974, Mitchum et al., 1977; Johnson and 

Murphy, 1984; Haq et al., 1987; Posamentier et al., 1988; Van Wagoner et al., 1988; Galloway, 1989; 

Christie-Blick, 1991; Embry and Johannessen, 1992; Hunt and Tucker, 1992 ; Helland-Hansen and 

Gjelberg, 1994). Even if all these models are based on relative sea level and sedimentary flux 

variations, the bounding surfaces, the timing and the nature of systems tracts vary between models 

(Catuneanu et al., 2009). 

Several problems emerge from this model-dependent division: 1) It may be challenging to 

confront the results of studies that use different models (i.e. Kohl et al., 2014, that use depositional 

sequence IV in the Marcellus Formation (USA) and Kietzmann et al., 2014, that use T-R sequence in 

the Vaca Muerta Formation (Argentina)). 2) At basin scale, one model used at one location is not 

always relevant over the entire formation (Posamentier and Allen, 1993). 3) Although stratigraphic 

framework needs to be defined at basin scale, major model developments have been conducted on the 

proximal, coarse-grained part of sedimentary systems. Today, with the development of shale-plays the 

lack of knowledge in distal, fined grained area is becoming apparent. 

Recent debates on sequence stratigraphy are summarized in Catuneanu et al. (2010). They 

suggest the need for a common ground methodology to carry out sequence stratigraphy by 

highlighting the differences between model-independent workflow and the model-dependent choices. 

In the present study, a workflow based on sedimentological description from cores and 

outcrops, and well-log patterns at basin scale is applied in order to define stratigraphic surfaces and 

delineate genetic units (model-independent workflow, sensu Catuneanu et al., 2009). The terminology 
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for the main surfaces is then discussed, as well as their implication for the definition of the main 

systems tracts (model-depend choices). It provides a school-example for universal application of 

sequence stratigraphy along a wave-dominated margin. 

The Lower Triassic Montney Formation of the Western Canada Sedimentary Basin (WCSB, 

Edwards et al., 1994) is a perfect case study to implement this workflow: fifty years of petroleum 

exploration in this area had left a huge quantity of well data available and in addition, the time 

equivalent formations can be studied in outcrop along the fold and thrust belt of the Canadian 

Cordillera (Figure 1). Moreover in the past twenty years, stratigraphic architecture of the Montney 

Formation was studied in local to regional studies (e.g. Davies et al., 1997) which provide a solid 

background for future work on stratigraphy within the Montney Formation. 

 

Figure IV - 1: Location of the studied section and data base for the study. 
On the small map: location of the study area in relation with the Montney Formation subcrop edge 
and the deformation limit. Abbreviations: CC – Canadian cordillera; WCSB – Western Canadian 

sedimentary basin (geological map from Reed et al., 2005, Triassic subcrop edges from Edwards et 
al., 1994; basin limits from Wright et al., 1994). 

II. Case study: the Montney Formation 
1. Regional settings 

The Montney Formation is located in the western part of the Canadian Cordillera foreland 

(Figure IV - 1). This foreland basin accumulates sediment from Early Paleozoic to Cenozoic and 

thickens from East to West with a maximum thickness of 5km near the deformation limit (Wright et 

al., 1994). The evolution of Western Canada is related to the orogeny of the Canadian Cordillera in 

Middle Jurassic. Before the orogeny, the WCSB was located along the western margin of Pangea 

(Monger and Price, 2002). Motion and accumulation of terranes along the margin gradually formed 
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the Canadian Cordillera and transformed the basin margin into a foreland basin (Monger and Price, 

2002). 

The Montney Formation was firstly defined in the subsurface of the Peace River area 

(Armitage, 1962). It was deposited during the Lower Triassic (Figure IV - 2), within the early 

Mesozoic transgression (Davies et al., 1997; Orchard and Zonneveld, 2009). The Triassic 

paleogeography of Western Canada is not clearly defined and doubts remain on the basin type: passive 

margin or a back arc (Monger and Price, 2002). There is still a discussion about the presence of 

emerged area (or bathymetric highs) nearby the western coast of the Pangaea which could have 

provided sedimentary sources from the West (e.g. Golding et al., 2014). 

2. Sedimentology and stratigraphy 

a. Sedimentological settings 

Armitage (1962), described the Montney Formation as deposits of dark gray shale to 

argillaceous siltstone interbedded with shale (Figure 2), resting on a major unconformity upon the 

Permian Belloy Formation and topped by the phosphate-rich member of the Doig Formation. This 

study only described the Montney Formation in one well and did not integrate lateral facies changes. 

More recent studies by Davies et al. (1997) and Zonneveld et al. (2010) described proximal and distal 

facies of the Montney Formation. In Alberta, the Montney Formation present dolomitic bioclastic 

sandstone and gradually changes to fine- to very fine-grained grey sandstone, siltstone and shale 

toward British Columbia (Figure IV - 2). 

According to all the works based on cores and outcrops, published on the Montney Formation, 

its most proximal deposits recorded in Alberta and British Columbia are tidal deposits (Davies et al., 

1997; Zonneveld et al., 2010) and maybe the more proximal part of ephemeral delta (Zonneveld and 

Moslow, 2014). Briefly, the Montney Formation includes wave-, tide-, turbiditic deposits and few 

river- dominated delta deposits (Moslow and Davies, 1997; Zonneveld et al, 2010).  

b. Sequence stratigraphy and biostratigraphy 

The most comprehensive studies on the Montney Formation sequence stratigraphy were 

realized by Davies et al. (1997) and Moslow and Davies (1997). They focus on the proximal part of 

the Montney Formation in Alberta. All these studies show that the Montney Formation was deposited 

during one second-order sequence (approx. 5Myr), subdivided into several third-order sequences with 

multiple parasequences. 

Recent works (Orchard and Zonneveld, 2009; Golding et al., 2014) on the Montney Formation 

biostratigraphy present elements to calibrate the sequence stratigraphic scheme. In Alberta, the 

turbiditic layer (associated to SB2 presented hereafter) seems to occur in the Upper Dienerian, below 

the Induan/Olenekian boundary. In British Columbia, the Montney Formation is divided in three units: 



 

IFP Energies nouvelles – 1 et 4 avenue de Bois-Préau – 92852 Rueil-Malmaison Cedex – France 

ISTeP, UPMC – 4 pace Jussieu – 75005 Paris 

– 65 – 

The Lower, the Middle and the Upper Montney. In the study of Golding et al. (2014) the boundary 

between the Lower and the Middle Montney is located near by the Induan/Olenekian boundary and the 

limit between the Middle and the Upper Montney occurs at the limit between the Smithian and the 

Spatian (Figure IV - 2). The present work focuses on two third order sequences and on the lower part 

of a third one which approximately correspond to a 3Myr duration interval. 

 

Figure IV - 2: Main lithology of the sedimentary deposits, chronostratigraphic and eustatic chart of 
the Lower and Middle Triassic of the Western Canada sedimentary basin. 

(from Embry, 1997; Hardenbol et al., 1998; Orchard and Zonneveld, 2009; Cohen et al., 2014) 

III. Data and method 
Our study is based on the description and analysis of 18 cores, 4 outcrops sections and 400 

wells distributed throughout the Triassic subcrop area (Crombez et al., 2015). A selection of twenty 

nine wells has been used to illustrate the stratigraphic architecture along a 300km SE-NW axis in 

Alberta and British Columbia (Figure IV - 1). 

Facies described on core and outcrops were grouped into facies associations in order to 

identify the depositional settings and to define the sedimentological framework of the Montney 
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Formation. Then, a two-step approach was used to reconstruct the stratigraphic architecture at basin-

scale: (1) A model-independent step (sensu Catuneanu et al., 2009) consisting in propagating on well 

logs the sedimentary environments defined on discrete intervals (cores and outcrops), in order to 

reconstruct the facies geometries along the well section and to highlight base level trends, assuming a 

constant average sedimentary flux (Catuneanu, 2002; Catuneanu, 2006); (2) A model-dependent step 

encompassing the definition of the main stratigraphic surfaces and associated systems tracts based on 

a depositional sequence (Catuneanu et al., 2009). 

IV. Sedimentology 
1. Sedimentary facies and depositional environments 

Twenty three sedimentary facies have been described on cores and outcrops (Table IV - 1, 

Figure IV - 3). These facies range in grain size from siltstones (St1-St9 on Table IV - 1) to 

sandstones (SS1 to SS12 and BSS1-2 on Table IV - 1) and can be grouped into six facies associations 

(Figure IV - 4). 

 

Figure IV - 3: Facies pictures from outcrops (E) and core (A, B, C, D, F and G). 
A. Heterolitic fine-grained sandstone and siltstone with unidirectional current ripples; B. Heterolitic 
sandstone and siltstone. C. and D. Thin section in a bioclastic dolomitic packstone; E. Massive fine-

grained sandstone; F . Fined-grained sandstone with swalley cross-stratification; G. Highly 
bioturbated fine grained sandstone. Legend of sedimentological features on Figure 4. 
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a. Facies association A1: Tidal environment 

The facies association A1 (Figure IV - 4A) comprises facies SS4 to SS6. It is mainly 

composed of light brown to beige heterolitic fine- to medium-grained sandstones and dark grey to 

brown heterolitic siltstones (Figure IV - 3A). Large scale sigmoidal cross-stratifications (up to 30cm 

in height) are present in thick sandstones as well as mud drapes. Unidirectional current ripples (Figure 

IV - 3B) and bidirectional ripples are common in heterolitic siltstones and shales. Wavy ripples, soft 

deformation as well as bioturbations are occasional. Gutters and basal erosional surfaces associated 

with shell fragments layers can be present. 

 

Figure IV - 3 (Cont.): Facies pictures from outcrops (H, K and N) and core (I, J, L, M, O and P). 
H. Fine-grained sandstone and siltstone with hummocky cross stratification; I. Planar laminated fine-
grained sandstone and siltstone; J. Fine-grained sandstone and siltstone with fining upward sequence, 

erosive surfaces and current ripples; K. Massive sandstone with erosive bases in planar laminated 
siltstone; L. Sandstone with erosive base in wavy bedded siltstone and fine-grained sandstone; M. 

Sandstone with climbing ripples; N. Dark grey siltstone; O. Massive dark grey siltstone; P. Massive 
dark grey siltstone with few fine-grained sandstone and phosphate nodules. Legend of 

sedimentological features on Figure 4. 

In this facies association, the sigmoidal cross-stratified sandstones are interpreted as tidal sand 

bar deposits (Longhitano and Nemec, 2005). The heterolitic siltstones with bidirectional current 

ripples and the wavy ripples are interpreted to be deposited in a tidal flat environment. Intervals 

mainly composed of thick sandstones with unidirectional current ripples, erosional truncations and 
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shell fragment lags are interpreted as distributary channels (Dalrymple et al., 2012; Longhitano et al., 

2012). 

a. Facies association A2: Foreshore “Coquina” 

The facies association A2 (Figure IV - 4B) comprises facies BSS1 and BSS2. It is mainly 

composed of light grey to light brown coarse-grained bioclastic sandstones (Figure IV - 3C and D) 

organized in dm- to m-scale packages. The bioclastic sandstones base is often erosive. Bioclasts are 

commonly monospecific imbricated inarticulated lingulid brachiopods and sandstones locally present 

low angle cross-stratification (LCS) and wavy bedding. Thin muddy layers are locally preserved. 

Shell concentration and sedimentary structures suggest a wave-dominated environment. 

Preservation of muddy layers could occur in restricted area protected from waves (Clifton, 2006; 

Komar, 2009; Dashtgard et al., 2012). This facies association is thus interpreted as a foreshore 

environment, possibly laterally equivalent to tidal environments. 

b. Facies association A3 and A3’: Upper and lower shoreface 

Facies association A3 and A3‘ (Figure IV - 4C) comprise facies SS1-3, SS9-10, St3-6 and St8 

(Table IV - 1). They are composed of massive, light to medium grey, fine- to medium-grained 

sandstones (Figure IV - 3E) and wavy bedded, medium to dark grey, heterolitic fine-grained 

sandstones and siltstones (Figure IV - 3F). Sedimentary structures include low angle cross-

stratification (LCS), swalley cross-stratification (SCS), wave-ripples and rare hummocky cross-

stratification (HCS). Some intervals can be highly bioturbated (Figure IV - 3G) and pyritized. 

Sedimentary structures and fossil traces indicate that the depositional environment can be 

interpreted as a shoreface. A distinction can be done between the upper shoreface (A3): massive 

sandstones with LCS, rare SCS and in some place highly bioturbated layers; and the lower shoreface 

(A3‘): mainly composed of wavy bedded heterolitic fine-grained sandstones and siltstones with SCS, 

rare HCS and pyritized intervals (Suter, 2006; Dumas and Arnott, 2006). 

c. Facies association A4: Offshore transition 

The facies association A4 (Figure IV - 4D) comprises the facies St3-6. It is composed of 

wavy to planar bedded, dark grey, heterolitic fine-grained sandstones and siltstones (Figure IV - 3I). 

It commonly presents HCS (Figure IV - 3H), erosional bases, fining upward trend and wavy bedded 

layers (Figure IV - 3J). In some intervals it also presents sub-masvsive dark grey siltstones. 

Bioturbations (e.g. Phycisiphon, Conichnus, Skolithos, Planolites…) are common and rare pyrite 

layers can be observed in these facies (Zonneveld et al., 2010). 

The occurrence of HCS and wavy bedded structures, as well as the fossil traces indicate that 

this facies association is located between the fair-weather (MFWB) and the storm-wave base (MSWB) 
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under the influence of storm wave‘s oscillatory currents (Dott and Bourgeois, 1982; Walker and Plint, 

1992; Reading and Collinson, 2009). It is interpreted as offshore transition. 

 

Figure IV - 4: Synthetic facies association highlighting major sedimentary environments  
with their corresponding gamma ray log. 

The facies column and abbreviations refer to the Table IV - 1, depth in meters. 
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a. Facies association A5: Turbiditic environment 

The facies association A5 (Figure IV - 4E) comprises facies SS7-8, St3 and St7. This 

association is composed of massive light brown, fine-grained sandstones with erosional bases (Figure 

IV - 3K and L); and planar to wavy bedded, dark to medium grey, fine-grained sandstones and 

siltstones with unidirectional current ripples, climbing ripples (Figure IV - 3M), fining upward trend 

and erosional bases. This last facies can present rare pyritized intervals and very few bioturbations. In 

some places a thickening upward trend of massive fine-grained sandstones can be observed. 

Massive sandstones with erosional bases and fining upward trend indicate high energy 

processes such as the lower part of turbidity current. These facies are characteristic of turbiditic 

channels and sandy-lobes. The location where a thickening upward trend can be observed in the fine-

grained sandstones can be interpreted as a sandy lobe progradation. 

Wavy to planar bedded sandstones/siltstones with current ripples, climbing ripples and fining 

upward trend are more linked to the upper part of the turbidity flow and associated with decantation. 

These facies are interpreted as upper part of channel infill, inter channel, levee and lobe fringe 

deposits (Bouma, 1964; Mutti, 1977; Walker, 1992; Moslow and Davies, 1997) 

b. Facies association A6: Offshore 

The facies association A6 (Figure IV - 4F) comprises facies St1, St2 and St7. It is mainly 

composed of massive to planar-laminated dark grey siltstones (Figure IV - 3N and O). Pyritized 

intervals are common. These facies can show phosphates debris (fish bones) or phosphates nodules 

with various size (Figure IV - 3P) as well as organic matter. 

All these facies are interpreted as offshore deposits, mainly linked to deep marine processes 

such as pelagic settling or hemipelagic deposition (Stow and Piper 1984; Stow et al., 2001). In some 

location the occurrence of unidirectional current ripples can be linked to bottom currents. 

2. Depositional settings 
Each depositional environment was defined through the analysis of the facies associations and 

their relationship with specific hydrodynamic processes and range of water depth. All these 

environments can be placed along a proximal-distal profile (Figure IV - 5). The most proximal 

settings of the Montney Formation correspond to the facies association A1 and A2. They are both 

deposited between the coastline at mean high water (MHW) and at mean low water (MLW) (Figure 

IV - 5, Reading and Collinson, 2009). Tidal environments (A1) are located in area where tidal currents 

are the main processes (Dalrymple and Choi, 2007), while foreshore environments are located laterally 

from A1, where areas between MLW and MHL are restricted and the main sedimentary processes are 

linked to wave activity (Boyd et al., 1992).  
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Below the MLW, facies associations A3-A3‘-A4-A6 gradually record a decline in wave 

energy (Dumas and Arnott, 2006): from the upper shoreface with planar laminations to LCS (A3), 

through the lower shoreface (A3‘) characterized by SCS and the offshore transition (A4) with HCS 

and finally, to the offshore (A6) composed of massive dark grey siltstones with very few wave 

indications (Figure IV - 5). 

 

Figure IV - 5: Schematic depositional model of the Montney Formation. 
MFWB – mean fair-weather wave base; MSWF – mean storm-weather wave base; MLM – mean low 

water; MHW – mean high water; A1 – tidal; A2 – foreshore; A3 – upper shoreface; A3’ – lower 
shoreface; A4 – offshore transition; A5 – turbiditic environment; A6 – offshore. 

Turbiditic environment (A5) occurs in one single interval (Moslow and Davies, 1997). It is 

generally associate with A3‘, A4 and A6 (Figure IV - 5). Turbidites that are associated with wave 

induced sedimentary structures were deposited above the MSWB (Dumas and Arnott, 2006). 

Based on these information, the Montney Formation can be considered as a typical wave-

dominated margin, with in some location, tidal influences (Bhattacharya and Walker, 1991; Vakarelov 

et al, 2011). The limited occurrence of deposits uninfluenced by wave‘s energy shows that the 

maximum water depth during the deposition of the Montney Formation was close to the MSWB. 

In all the cores and outcrops studied in Alberta and British Columbia and in previous studies, 

there are no evidences for any abrupt margin development involving deep marine environments. In the 

present study, the described environments show no evidence on the Montney Formation‘s sedimentary 

sources. Davies (1997) presents aeolian sedimentation as a major sediments sources for the Montney 

Formations. Recent work from Zonneveld et al., (2010) illustrates deltaic processes in discrete 

locations along the coastline. These deltas might be the source for sediments that would be 

subsequently reworked by waves. 
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V. Model-independent approach 
1. Facies association & well log patterns 

The model-independent approach consists in describing the geometry of sedimentary bodies in 

the basin (Van Wagoner et al., 1990; Helland-Hansen and Martinsen, 1996; Catuneanu et al., 2009). 

In order to be able to describe the geometries along a 2-D cross-section it is necessary to propagate on 

well logs the information obtained from core and outcrop descriptions. The aim of this process is to 

define the characteristic gamma ray patterns of facies associations, in order to identify the sedimentary 

environments on well logs (Posamentier and Allen, 1999). 

This section is based on gamma ray. This tool measures the natural radioactivity of rocks. It is 

sensitive to clay, K-feldspar, phosphates, organic matter and muscovite content. Sedimentological data 

such as core and outcrop descriptions, available for this study suggest that in the Montney Formation, 

the gamma ray is influenced by clay content and others components. Therefore it is important to rely 

on core to define the most robust stratigraphic architecture. 

The Figure IV - 4 illustrate the relationship between facies association and gamma ray log 

response based on core descriptions: it shows that A2, A3 and A3‘ have similar gamma ray response, 

as well as A4 and A6. On well logs, only 4 distinct patterns are distinguished (Figure IV - 6): the tidal 

environment, the foreshore to shoreface, the offshore transition to the offshore and the turbiditic 

environment. 

 

Figure IV - 6: Well log patterns of the main facies association. 
c.u. – coarsening upward trend; f.u. – fining upward trend. 

a. Gamma ray facies G1: Tidal environment 

Tidal environment (A1) presents sharp variation on gamma ray, from high value to low value 

or vice versa (Figure IV - 4, A). These jumps on gamma ray are linked to facies variations from tidal 

flats or the upper parts of channel fills, which are more clayey, to tidal sand bars or lower part of 

channel fills, which are sandier. 



 

IFP Energies nouvelles – 1 et 4 avenue de Bois-Préau – 92852 Rueil-Malmaison Cedex – France 

ISTeP, UPMC – 4 pace Jussieu – 75005 Paris 

– 74 – 

In this facies, no increasing or decreasing gamma ray trends are clearly apparent (fining 

upward or coarsening upward trend, Van Wagoner et al., 1990; Posamentier and Allen, 1999). 

Generally, tidal facies are represented by a gamma ray with square shape and the global evolution of 

this pattern seems to be vertical (Figure IV - 6A). 

b. Gamma ray facies G2: Foreshore to shoreface 

Foreshore ―Coquina‖ environments (A2) and shoreface environments (A3-A3‘) present low 

gamma ray values (Posamentier et al., 1992) generally the thickness of these intervals does not exceed 

10m (Figure IV - 4B and C). 

In this study, the foreshore and the shoreface are often the most proximal environments in 

prograding sequence, therefore they are often present at the top of an increasing gamma ray trend. 

(Figure IV - 6B). 

c. Gamma ray facies G3: Offshore transition to offshore 

Offshore transition (A4) and offshore (A6) present a high gamma ray with small high 

frequency variations (Figure IV - 4D and F). A4 shows more high frequency variations than A6, they 

are most likely linked to the HCS which generate small scale sandy heterogeneities. 

In proximal settings, G3 often presents coarsening upward trends (Figure IV - 6C) due to the 

progradation of the sedimentary system (Marjanac and Steel, 1997) whereas in distal part G3 will 

present most of the time a constant gamma ray. In some rare area, G3 records the backstep (Mitchum 

and Van Wagoner, 1991) of the sedimentary system which results in an increasing gamma ray trend 

(Van Wagoner et al., 1990; Posamentier et al., 1992) 

d. Gamma ray facies G4: Turbiditic system 

The base of a turbiditic system (A5) often presents an interval of high gamma ray values 

followed by a major drop in gamma ray (Figure IV - 4E). In such case, this drop is then followed by a 

progressive increase in gamma ray values with a pattern similar to a ―Christmas tree‖. Initially, the 

sudden drop in the gamma ray is linked to the deposition of siltstones and sandstones in channels or 

sandy lobes above slightly sandier facies with current ripples of levees and lobe fringe. The overlying 

trend of increasing gamma ray is linked to the deposition of levee or lobe fringe above the previous 

channels and lobes. In some place, where there are no sandy lobes or no channels, A6 will only be 

expressed by a small decrease in gamma ray value in a ―Christmas tree‖ pattern (Figure IV - 6D; 

Walker, 1978). In other cases, no major drop in the gamma ray is present, only a progressive decrease 

of the gamma ray that can be interpreted as a progradation of sandy lobes. 
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Figure IV - 7: Facies association’s geometries, model independent surfaces, stratigraphic surfaces and systems tracts of a typical wave dominated margin. 
A. Facies distribution and their geometries within the Lower, Middle and base of Upper Montney Formation. B. Model independent surfaces based on facies distribution and facies geometries. C. Stratigraphic surfaces and systems tracts 

geometries of the first two T-R cycles based on the depositional sequence IV model. NRU – normal regressive unit; FRU – forced regressive unit; TRU – transgressive unit. 
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2. Facies geometries & base level trends 
The cross-section displayed on Figure 7 shows an interval that goes from the base of the 

Montney Formation to two datums: the Jurassic Nordegg unconformities (NU) in the eastern part and 

the third transgressive surface (TS3) in the western part (Figure IV - 2). On the gamma ray log, the 

base of Montney Formation is characterized by a sudden gamma ray increase. In the western part of 

the section, the TS3 occurs in very distal facies which suggests that it was an horizontal surface. Here, 

it is characterized by a small increase of gamma ray after an interval of medium to low gamma ray 

whereas in the eastern part it is characterized by a strong increase of gamma ray corresponding to the 

Jurassic Nordegg Formation. The southernmost 10 wells of the section trend almost parallel to the 

paleo-shoreline and cross the sedimentary bodies perpendicularly to their direction of progradation. 

This direction will display the shape of sedimentary bodies along-strike. North from the well 14-08-

72-24W5, the cross-section turns westward displaying geometries slightly oblique to a proximal-distal 

profile (Figure IV - 7, Location map). 

This study on the geometries and evolution of sedimentary bodies using well logs build upon 

an abundant literature published since the 90‘s (Van Wagoner et al., 1990; Posamentier et al., 1992; 

Helland-Hansen and Gjelberg,  1994; Helland-Hansen and Martinsen, 1996; Posamentier and Allen, 

1999; Hampson, 2000; Plint and Nummedal, 2000; Prins and Postma, 2000; Catuneanu, 2002; 

Catuneanu, 2006; Zecchin, 2007; Catuneanu et al., 2009; Helland-Hansen and Hampson, 2009; 

Zecchin, 2010). 

The distribution of the gamma ray log patterns and trends (Figure IV - 4 and Figure IV - 6) 

form the basis for the reconstruction of the geometries of the sedimentary bodies and of their vertical 

and lateral evolution. On Figure IV - 7A, a total of 16 parasequences have been highlighted. In this 

paper, a parasequence is defined as a prograding sequence, bounded by flooding surfaces and 

presenting a coarsening upward trend. 

On the southeastern part of the cross-section, just above the Montney-Belloy contact, the first 

three parasequences (P1 to P3) are composed of tidal to offshore deposits (facies G1 to G3; Figure IV 

- 7A). On one core from well 0/04-36-64-19W5, these parasequences are backstepping. The 

retrogradational trend showed by P1, P2 and P3 indicates a transgressive unit (TRU). Above P3 

(Figure IV - 7A), parasequences P4, P5 and P6, also composed of tidal to offshore environments 

(facies G1 to G3), are prograding and aggrading. Globally the environmental evolution presents a 

shallowing upward trend. This depositional trend illustrates a normal regressive unit (NRU). 
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Westward, an interval of turbiditic deposits extends from the distal edge of parasequence P6 to 

the most distal well of the cross-section (Figure IV - 7A). On this section, 3 episodes of turbiditic 

deposits (T1 to T3) can be observed. In the first one (T1), turbiditic lobes are mainly composed of 

massive fine- to medium-grained sandstone deposited in the basin center. During the second and the 

third episode (T2 an T3), turbiditic lobes are mostly composed of non-massive siltstone that prograde 

further to the West. This section also shows that, the channel levee complexes are more developed 

updip on the slope during the second and the third episodes than during the first one. This turbiditic 

interval is thus divided in two periods: during the fall of the base level (forced regressive unit; FRU), 

the deposition of coarse grained sediments in the deep basin associated with by-pass on the slope (T1) 

and during the onset of base level rise (NRU), the fine grained turbiditic lobes keep prograding to the 

West, but are also preserved on the slope because of increasing accommodation (T2 an T3). 

In the proximal settings, foreshore deposits (facies G2) of parasequence P7 seat on a major 

erosional surface on top of P6. In cores, the occurrence of bioclastic debris in the upper part of the 

second turbiditic period suggests that it is time equivalent to parasequence P7 (during a NRU). The 

erosional surface below these deposits is thus, interpreted to represent bypass associated with the first 

turbiditic episode. 

Offshore to offshore transition deposits (facies G3) immediately above P7 shows a 

backstepping of the sedimentary system (Figure IV - 7A), which is consistent with a TRU. The 

subsequent progradation of the parasequences P8 to P10, composed of offshore to offshore transition 

deposits (facies G3), define a NRU. 

Westward, P11, composed of offshore to shoreface deposits (G2 and G3) are disconnected 

from P10 and prograde further into the basin. This downstepping trend illustrates a FRU. On the 

Northwestern part of the section Figure IV - 7A), 5 parasequences (P12 to P16) of shoreface to 

offshore environments (G2 and G3) are present. These parasequence are aggrading and slightly 

prograding. This depositional trend is typical of a NRU. 

3. Model-independent surfaces 
The previous observations highlighted the three main genetic units organized in two T-R 

cycles. These units are bounded by model-independent surfaces (sensu Catuneanu et al., 2009) 

associated with base level variations, and punctuated by four significant events: the onset of base level 

fall (OBLF), the end of base level (EBLF) fall, the end of regression (EoR) and the end of 

transgression (EoT) (Figure IV - 7B). They respectively limit the forced regressive unit (FRU), the 

normal regressive unit) NRU, the transgressive unit (TRU) and another normal regressive unit (NRU) 

(Catuneanu, 2002; Catuneanu, 2006; Catuneanu et al., 2009). 
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On the cross-section, three surfaces related to the EoR are present (Figure IV - 7B). The first 

(EoR1) is the basal surface of the Montney Formation, between the Belloy Formation and three 

backstepping parasequences (P1, P2 and P3). The second surface (EoR2) is located above prograding 

parasequence P7, when the sedimentary system is backstepping and above T3. The last EoR (EoR3) is 

located above P16. 

Two EoT surfaces have been identified on the cross-section (Figure IV - 7B). The first EoT 

(EoT1) is located above the backstepping parasequence P3 and below the progradation of P4. The 

second (EoT2) is placed below the progradation of P8. 

Two surfaces corresponding to the onset of base level fall (OBLF) have been recognized 

(Figure IV - 7B). The first (OBLF1) lays on top of P6, below P7 and goes bellow the turbiditic 

deposits (T1). The second (OBLF2) is located above P10 and bellow the downstepping of P11. 

The first surface corresponding to the EBLF (EBLF1) is located between P6 and P7 in the 

proximal part and between the coarse-grained and the fine-grained turbidites in the distal part (T1 and 

T2). The second EBLF (EBLF2) in placed above P11 and below the aggrading/prograding 

parasequences P12 to P16 (Figure IV - 7B). 

VI. Model-dependent approach 
While the previous section highlighted model-independent surfaces, the present part defines 

sequence boundaries and systems tracts, which are model-dependent. It will allow to compare the 

shape and the well log patterns of the different stratigraphic surfaces in a chosen depositional 

sequence. In the present work we choose to refer to the most recent depositional sequence model 

(depositional sequence IV) presented by Hunt and Tucker (1992). 

1. Stratigraphic surfaces 
The boundary between the Belloy and the Montney Formations is described as a major sub-

aerial erosional surface, it can be interpreted as a subaerial unconformity (SU) (sensu Hunt and 

Tucker, 1992). In the previous section, this surface was interpreted as EoR1, which corresponds to a 

transgressive surface (TS1) sensu depositional sequence IV (Hunt and Tucker, 1992; Helland-Hansen 

and Gjelberg, 1994). On the cross-section, TS1 and SB1 are always stacked (Figure IV - 7C). 

In the frame of the depositional sequence IV model, the surface that corresponds to EoT1, is 

interpreted as a maximum flooding surface (MFS1) and the OBLF1 as the basal surface of forced 

regression (BSFR1, Figure IV - 7C) (Hunt and Tucker, 1992; Helland-Hansen and Gjelberg, 1994). 

During the forced regressive unit, a massive fine-grained sandstone turbiditic layer is 

deposited in the deep basin (T1). The limit between the massive and the non-massive turbiditic lobes 

(Between T1 and T2, i.e. EBLF1) is defined as sequence boundary (SB2). In proximal setting, SB2 is 
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interpreted as a SU, whereas in the basin it is interpreted as a correlative conformity (CC) (sensu Hunt 

and Tucker, 1992). 

Above SB2 a second surface that corresponds to EoR2 is present. In the frame of the 

depositional sequence IV model, this surface is considered as a transgressive surface (TS2, Figure IV 

- 7C). 

After a transgressive unit (Figure IV - 7C), the sedimentary system records EoT2 which 

corresponds to MFS2. Then, OBLF2 is defined as BSFR2 and EoR2 is defined as a sequence 

boundary (SB3, Figure IV - 7C). 

In proximal setting, SB3 lays on top of a parasequence P11 and could correspond to a SU. In 

distal setting, observations of cores from the well 16-17-83-25W6 show that deposits underlying SB3 

are fine-grained bioclastic sandstones that do not represent shoreface deposits. They are interpreted as 

downlapping shell beds (Zecchin, 2007) contemporaneous to the erosion on the eastern part of the 

section (Figure IV - 7C). In the deep basin SB3 is considered as a correlative conformity CC. 

The uppermost stratigraphic surface identified in the studied interval is a transgressive surface 

(TS3), which corresponds to the third EoR. 

2. Systems tracts 
In the frame of the depositional sequence IV model, the TS1 and the MSF1 bound the first 

transgressive system tract (TST1), the MFS1 and the BSFR1 bound the first highstand system tract 

(HST1) and finally, the BSFR1 and the SB2 bound the falling stage system tract (FSST1) (Hunt and 

Tucker, 1992; Helland-Hansen and Gjelberg, 1994) 

In the first sequence, the TST1 and the HST1 are slightly thicker in the proximal part of the 

basin. On Figure IV - 7C. it is apparent that the HTS1 develops seaward, in compensation of the 

TST1. On Figure IV - 7A. both the HST1 and the TST1 are composed of tidal to offshore deposits 

(G1, G2 and G3) in proximal setting and are mainly composed of offshore deposits (G3) in distal 

setting where parasequences are less distinguishable. Above the HST1, the FSST1 is only preserved in 

the distal and central parts of the basin (Figure IV - 7C), where it is mainly composed of massive 

fine-grained sandstone turbiditic deposits (G4). 

In the second sequence, the SB2 and the TS2 bound the lowstand system tract (LST2), the 

TS2 and the MFS2 bound the TST2, the MFS2 and the BSFR2 bound the HST2 and finally the 

BSFR2 and the SB3 bound the FSST2 (Hunt and Tucker, 1992; Helland-Hansen and Gjelberg, 1994). 

The LST2 is only present in the central and western part of the basin, seaward of the HST1. 

Here, it is mainly composed of turbiditic deposits, both channels, levees and lobes (G4) interbedded in 

offshore to offshore transition facies (G3). As in sequence 1, the HST2 and the TST2 are thicker in 
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proximal setting. On the section only the distal parts are preserved where they are composed of 

shoreface to offshore deposits (G2 to G3) and thinner in the distal part of the basin, where they consist 

of offshore deposits (G3). In the western part of the basin the FFST2 is composed, unlike the FSST1, 

of shoreface to offshore environments (G2 and G3). It reaches its maximum thickness in the central 

part of the cross-section. 

The last system tract that can be identified on the cross-section is the LST3, between the SB3 

and the TS3. This LST3 is located in the distal part of the basin and does not present turbiditic 

deposits. It is mainly composed of shoreface and offshore facies (G2 and G3). 

VII. Well log patterns and stratigraphic surfaces 
All the interpretations based on regional facies geometries show that the investigated interval 

is composed of two main sequences. The following section presents the well log patterns across the 

main stratigraphic surfaces in different parts of a sedimentary basin (Figure IV - 8 to 11). 

1. End of regression (EoR, TS equivalent) 

 

Figure IV - 8: Well log pattern of the end of regression (EoR, TS equivalent) 
in four different locations. 

TS – transgressive surface; f.u. – fining upward; c.u. – coarsening upward. 



 

IFP Energies nouvelles – 1 et 4 avenue de Bois-Préau – 92852 Rueil-Malmaison Cedex – France 

ISTeP, UPMC – 4 pace Jussieu – 75005 Paris 

– 82 – 

On the cross-section, a quick base level rise (EoR1) results in the development of 

backstepping parasequences in the Montney Formation. This surface is marked by an significant 

gamma ray increase due to deposition of tidal to offshore sediments on top of a major sub-aerial 

erosional surface (G1, G2 and G3 on Belloy carbonate) (Figure IV - 8A to D). 

In the proximal part of the cross-section, the shape of the EoR2 is similar to the EoR1: a 

sudden gamma ray increase representing the transition from shoreface/foreshore to offshore deposits 

(G3 on G2) (Figure IV - 8G and H). In the distal part of the basin, the EoR2 is placed where gamma 

ray start to increase above offshore and turbiditic deposits (G3 and G4) of the lowstand parasequence 

(Figure IV - 8E and F). 

In the distal part of a basin, the EoR is defined in offshore environment, above a decreasing 

gamma ray and below a gamma ray increase. In the proximal part of a basin, the EoR is located 

between two parasequences: above shoreface and below offshore deposits (above G2 and below G3) 

and is interpreted as a transgressive surface of erosion generally underlined by a lag interval 

(Catuneanu, 2006). 

2. End of transgression (EoT, MFS equivalent) 
The end of transgression indicates the maximum backstep of the shoreline (Posamentier and 

Vail, 1988; Helland-Hansen and Martinsen, 1996). This surface is associated with the deposition of 

the most distal facies and is generally placed on top of a fining upward trend (Zecchin and Catuneanu, 

2013). 

Globally, the EoT1 is located on a gamma ray peak in an interval of high-gamma ray of 

offshore facies (G3, Figure IV - 9A to D). In the western part of the basin, EoT2 is located in offshore 

environment. It is placed on high gamma ray peak after a thin interval of increasing gamma ray 

(Figure IV - 9E to G). 

An end of transgression (EoT) always corresponds to the maximum flooding surface, 

regardless of the depositional sequence model. In the distal parts of a basin, an EoT is defined in 

offshore environment (G3), on a gamma ray peak after a thin interval of gamma ray increase On this 

section it is apparent that the maximum of gamma ray along a well, is not always an MFS. To define 

precisely this surface it is therefore important to have an overview of large scale geometries. In 

proximal setting, where the water depth is lower, an EoT is defined on a gamma ray peak in a thin 

interval of high constant gamma ray, corresponding to offshore-offshore transition environments (G3) 

of the distal parts of parasequences (Figure IV - 9). 



 

IFP Energies nouvelles – 1 et 4 avenue de Bois-Préau – 92852 Rueil-Malmaison Cedex – France 

ISTeP, UPMC – 4 pace Jussieu – 75005 Paris 

– 83 – 

 

Figure IV - 9: Well log pattern of the end of transgression (EoT, MFS equivalent) 
in four different locations. 

MFS – maximum flooding surface; f.u. – fining upward. 

3. Onset of base level fall (OBLF, BSFR equivalent) 
This surface is observed in two different times of the investigated interval. In the distal part of 

the basin, the OBLF1 is placed on a high gamma ray interval. This interval corresponds to the slightly 

sandier deposits of turbiditic deposits basis (G4) (Figure IV - 10A and B). In more proximal setting, 

the OBLF1 is placed on top of shoreface deposits, on a minimum of gamma ray, below turbiditic 

deposits (G4) of the NRU (Figure IV - 10C) or below the NRU foreshore (G2) (Figure IV - 10D). In 

this location there is no forced regressive wedge, as it is interpreted as a bypass area through the 

turbidites (Mutti et al., 2003). On the most proximal area (Figure IV - 10D), the OBLF1 is stacked 

with the EBLF1. It is also located on a low gamma ray between two parasequences and is interpreted 

as an erosive surface. 

On Figure IV - 10E and F, the OBLF2 is placed in offshore environment: below a decrease 

of the gamma ray due to the progradation of the FRU and above a constant high gamma ray linked to 

the deposition of the distal part of NRU parasequences. 
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Figure IV - 10: Well log pattern of the onset of base level fall (OBLF, BSFR equivalent sensu Hunt 
and Tucker, 1992) in four different locations. 

BSFR – basal surface of forced regression; c.u. – coarsening upward. 

The comparison of the well log patterns of the OBLF1 and 2 shows two different shapes. In 

the schematic description of the Hunt and Tucker, (1992), a forced regression may presents 3 

elements: an erosive surface (Figure IV - 9C and D), a forced regressive wedge (Figure IV - 10E 

and F) and turbidites (Figure IV - 10A and B). In the present study, OBLF1 and 2 do not occur in the 

same stratigraphic settings (Figure 2) which suggest a control of base level fall speed and amplitude 

and a control of the slope. 

4. End of base level fall (EBLF, SB equivalent) 
In the distal part of the basin, the first EBLF is placed in-between turbiditic layers (Facies G4) 

on a high  gamma ray interval corresponding to offshore environment (G3) that are interbedded with 

turbiditic episodes (Figure IV - 11A and B). On the proximal part the EBLF1 is stacked with the 

OBLF1. In this area, the surface, interpreted as erosive, is placed on a minimum gamma ray, above 

shoreface and below foreshore deposits of the NRU parasequence (G2 on G2) (Figure IV - 11C and 

D). 
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Figure IV - 11: Well log pattern of the end of base level fall (EBLF, SB equivalent sensu Hunt and 
Tucker, 1992) in four different locations. 

SB – sequence boundary; c.u. – coarsening upward. 

The EBLF2 is only preserved in the western part of the basin. In this location it is placed on an 

abrupt gamma ray increase above shorefaces of FRU parasequences (Figure IV - 11E and F). In the 

most distal part it consist of the transition between two offshore deposits (G3), whereas, in a more 

proximal part it is considered as an erosional surface between shoreface facies (G2) of the FRU and 

offshore deposits (G3) of the next TRU. 

The shape of the EBLF mainly depends of the facies and the geometries of the underlying 

FRU. The pattern of Figure IV - 11A and B can be expected in the distal part of the basin: in-between 

turbidites (G3 and G4). The central part of the basin is characterized by the pattern of the Figure IV - 

11E and F: offshore environment on top of more proximal facies of FRU parasequence (G3 on G3). 

Finally, in proximal setting, the pattern of Figure IV - 11C and D is observed: a subaerial 

unconformity above shoreface and below foreshore deposits (G2 on G2). 
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VIII. Discussion 
Our observations illustrate the sedimentary geometries and well log patterns of various 

stratigraphic units within two sequences along a wave dominated margin. These two sequences 

present similarities and differences: on one side, the TRU and the ―highstand‖ NRU are similar in both 

sequences, on the other side the FRU and the ―lowstand‖ NRU present contrasting geometries and 

facies (Figure IV - 7). In the first sequence (Figure IV - 12), the FRU is composed of turbidites 

overcome by other turbidites from the ―lowstand‖ NRU which is similar to depositional sequence II 

(Haq et al., 1987; Posamentier et al., 1988). In the second sequence, the FRU shows forced regressive 

shorefaces below a ―lowstand‖ NRU‘s sedimentary wedge, which is similar to depositional sequences 

IV model: FSST and LST (Hunt and Tucker, 1992; Helland-Hansen and Gjelberg, 1994). 

 

Figure IV - 12: Amplitude and rate of the base level variations, slope gradient and their link to the 
geometries and facies of two sequence boundary. 

A. Dienerian - Smithian sequence boundary; B. Smithian – Spathian sequence boundary. Grey arrows 
show the trajectory of the shoreline. The light grey areas represent the forced regressive unit (FRU) 

NRU – normal regressive unit; FRU – forced regressive unit; CC – correlative conformity; SU – 
subaerial unconformity; RSL – relative sea level; ERSL – estimated relative sea level; EBLF – end of 

base level fall: OBLF – onset of base level fall; BSFR – basal surface of forced regression. 

The FRU and the ―lowstand‖ NRU are the keystones of the stratigraphic architecture because 

they are bounded by the two surfaces that can be used as sequence boundary (Figure IV - 12): in 

depositional sequences II model, the OBLF is elevated as sequence boundary whereas in depositional 

sequence IV the SB is define on the EBLF (Haq et al., 1987; Posamentier et al., 1988; Hunt and 

Tucker, 1992, Catuneanu et al., 2009). Therefore it is critical to understand the different parameters 

that control the facies and the geometries in the FRU and the ―lowstand‖ NRU in order to determine 

precisely the OBLF and the EBLF (Figure IV - 12). 
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1. Rates and amplitudes of base level falls 
Base level variations integrate the impact of both eustatic variations and tectonic activity. 

During the deposition of the investigated interval only regional tectonic event that affect the whole 

basin is known (Rohais et al., in prep.). In other words, at the scale of this study, base level variations 

are supposed to be mainly controlled by eustatic variations. 

The eustatic variations in the Lower Triassic are presented in the Figure IV - 2 (Hardenbol et 

al., 1998), following the work of Moslow and Davies (1997), Orchard and Zonneveld (2009) and 

Golding et al., (2014), the second SB (SB2) highlighted in the present study is linked to the eustatic 

level fall nearby the Dienerian/Smithian boundary, whereas SB3, which is consistent with the Middle 

and Upper Montney boundary is attributed to the eustatic level fall below the Smithian/Spathian 

boundary (Figure IV - 2, Figure IV - 12). On the Figure IV - 2, the estimated amplitude, of the first 

base level fall is three time more important than the second. Here, it is important to notice that the 

thickness was not decompacted, apparent thickness is thus an estimation of the pre-burial thickness. 

On Figure IV - 7, the estimated base level fall for the first FRU is 30m and for the second FRU it is 

estimated to be inferior to 15m, which is consistent with the eustatic chart ratio (Figure IV - 2). 

Based on these observations it is thus possible to establish a first link between the sedimentary 

geometries and facies of FRU/NRU and base level variations: turbiditic deposits are more likely to 

occur during a rapid and important base level drop, whereas forced regressive shorefaces are 

associated with a slower and low amplitude base level fall (Figure IV - 12). 

2. Slope gradient 
Our observations show that during the first base level fall, the amplitude of eustatic level drop 

is high but the apparent distance of shoreline displacement is small (less than 50km of apparent 

displacement, Figure IV - 7), whereas the second base level fall, the apparent distance of the shoreline 

displacement is higher (more than 200km, Figure IV - 7). These suggest that the slope below the first 

FRU is steeper that below the second one (Figure IV - 12). 

Based on these observations, a link between facies and geometries and slope gradient can be 

established: in a first case, during a base level fall associated with a high gradient slope: the base level 

fall will induce erosional processes on the margin, sediment bypass on the slope and deposition of 

turbidites in the basin center (Figure IV - 12). In a second case, base level fall associated with a low 

gradient slope will lead to erosional processes on the margin and formation of forced regressive 

shorefaces on the slope (Figure IV - 12). 
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IX. Conclusion 
The workflow developed for this study is based on core and outcrop descriptions and on a 

regional 3D stratigraphic framework. They were used to define the sedimentological settings of the 

investigated interval and after an upscalling step, based on well log patterns, to study the sedimentary 

geometries along a selected 2-D cross-section (Helland-Hansen and Martinsen, 1996). The analysis of 

the sedimentary geometries evolution provides the basis for understanding the stratigraphic evolution 

of the studied formation at basin scale: in a first step, model-independent surfaces were defined 

(Catuneanu et al., 2009) and in a second step, stratigraphic surfaces and system tract were defined, in 

relation with existing depositional sequence models. 

This work provided an opportunity to better understand the well log pattern of various marine 

sedimentary environments. These well log patterns were then used to define stratigraphic units and 

associated bounding surfaces at different locations along a basin-wide 2D cross-section. Based on the 

depositional sequence IV model (Hunt and Tucker, 1992), it provided the opportunity to study from 

the proximal coarse-grained to the distal fine-grained part, the shape and the well logs patterns of 

different systems tracts and associated sedimentary bodies along a typical wave dominated margin 

(Figure IV - 8 to 11). 

This study highlighted the differences and similarities between two third order stratigraphic 

sequences through the investigation of large scale sedimentary geometries. During FRU (Figure IV - 

12), the first sequence presents turbiditic deposits whereas the second presents forced regressive 

shoreface. This work showed a link between the stratigraphic settings and the sedimentary geometries 

in the two sequences. Two of the main parameters that control the sedimentary geometries were 

discussed: rate and amplitude of base level fall and slope gradient. In this study it is not possible to 

identify the parameter that will prevail on the others. It was showed that turbiditic deposits are more 

likely to occur during a rapid, high amplitude base level fall on a high gradient slope whereas forced 

regressive parasequence are more likely to occur during a slow, low amplitude base level fall on a low 

gradient slope. 

Lastly, this study assumes a constant sedimentary flux, which is a major hypothesis on the last 

controlling parameter of the facies and geometries. The use of a stratigraphic modeling software 

would provide a rating of these parameters as well as tests to refine and validate the hypothesis 

developed in this study. 
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Chapitre V : 3D stratigraphic architecture of the 
Lower and Middle Triassic strata of Western 
Canada: evidences for a major basin structural 
reorganization 

Sera soumis à : Basin Research 

Résumé 
Cette étude se focalise sur les Formations triasiques de Montney et Doig du bassin d‘avant 

pays de la cordillère canadienne (Alberta et Colombie Britannique). Basée sur des descriptions 

sédimentaires de carottes et d‘affleurements (Crombez et al., soumis) et sur la corrélation de 400 

forages, cette étude présente l‘architecture stratigraphique 3D de ces formations à l‘échelle du bassin. 

Ce travail fait ressortir quatre séquences regroupées en deux cycles de deuxième ordre datant 

du Trias inférieur et moyen (séquences A et B). Il met en avant un hiatus de 2.5 Ma entre ces deux 

séquences qui enregistre une réorganisation majeure du bassin. Au cours de la séquence A, les apports 

sédimentaires proviennent de l‘Est (du continent) alors qu‘au cours de la séquence B ils proviennent 

de l‘Est et de l‘Ouest (du continent et des premiers reliefs de la cordillère canadienne). De plus cette 

étude montre que l‘évolution de l‘architecture stratigraphique est en partie contrôlée par l‘évolution 

géodynamique de la région. 

Dans de précédents travaux, le dépôt des Formations de Montney et Doig était présenté 

comme ayant eu lieu sur la marge passive ouest de la Pangée (Davies et al, 1997; Monger et Price, 

2002), cette étude suggère qu‘il a eu lieu dans un contexte structural plus complexe. 

Abstract 
This study focuses on the Lower and Middle Triassic Montney and Doig Formations from the 

foreland basin of the Canadian Cordillera (Alberta and British Columbia). Based on core and outcrop 

descriptions (Crombez et al., submitted) and on the correlation of 400 wells, this study presents the 

basin scale 3D stratigraphic architecture of these formations. 

This work highlights four sequences gathered in two second order cycles (sequence A and B) 

from the Lower and the Middle Triassic. It emphasizes a major time gap of 2.5 My between these two 

cycles that records a major reorganization of the basin. During sequence A, sediments come from the 

East (continent) whereas in sequence B they come from both the East and the West (the continent and 

the proto Canadian Cordillera). Moreover this study show that the evolution of the Montney and Doig 

stratigraphic architecture is party controlled by the regional geodynamic evolutions. 
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In the past, the Montney and Doig Formation were interpreted to be deposited on the western 

passive margin of Pangaea (Davies et al, 1997; Monger and Price, 2002), this study suggests a more 

complex structural framework during the deposition of these formation. 

I. Introduction 
The geodynamic evolution of the Western Canada Sedimentary Basin is generally divided in 

two stages: (1) a passive margin before Jurassic and (2) a foreland basin from Jurassic to present day 

(Price, 1994, Monger and Price, 2002). Nonetheless, recent studies on the Triassic strata from the 

WCSB (Golding et al., 2015b, Onoue et al., 2015) and on the regional geodynamic evolution of 

Western Canada during the early Mesozoic (Beranek et Mortensen, 2011) present a more complex 

geodynamic and paleogeographic contexts during that time interval. However, these previous work 

did not integrate a detailed 3-D stratigraphic architecture of the lower and middle Triassic into their 

analysis of the basin evolution. The present work focuses on the Triassic Montney and Doig 

Formations from the Western Canada Sedimentary Basin. The workflow developed here is divided in 

three main steps: (1) a study of the 3D stratigraphic architecture of the Lower and Middle Triassic 

strata based on sedimentary description of core and outcrops (Posamentier et Waker, 1992; Catuneanu 

2006), (2) a time calibration of the sequence based on previous works on biostratigraphy (Orchard and 

Zonneveld, 2009; Golding et al., 2015a) and (3) An analysis of the relationship between the main 

sequence boundaries and the regional context. This analysis provides insight into the regional and 

local controls of geodynamics on the paleogeographic evolution and stratigraphic architecture of the 

Montney and Doig Formation in the Western Canada Sedimentary Basin. 

II. The Lower and Middle Triassic strata of the Alberta basin 
In Western Canada, Triassic strata are present in two basins: (1) the Alberta basin (Figure V - 

1) and (2) the Williston Basin (North Dakota and South Saskatchewan, Edwards et al., 1994). In the 

Williston basin, the Triassic interval is only composed of non-marine deposits (Cumming, 1956; 

Carlson, 1968; Edwards et al., 1994) whereas in the Alberta basin, the Lower to Middle Triassic strata 

records marine environments (Armitage, 1962, Davies, 1997; Davies et al., 1997; Orchard and 

Zonneveld, 2009). In this basin, the marine deposits of the Lower and Middle Triassic (approx. 

duration of 15 My) are divided into three formations from older to younger: the Montney, Doig and 

Halfway Formations. 

In the foreland basin of the Canadian cordillera (WCSB on Figure V - 1), the Lower and 

Middle Triassic strata are stratigraphically between the Permian Belloy Formation and the Upper 

Triassic Charlie Lake Formation or the Jurassic erosive unconformity. The studied formations are 

mainly composed of fine-grained sandstones, siltstones and shales (Armitage, 1962, Gibson, 1974; 
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Gibson, 1975; Davies, 1997; Gibson and Edwards, 1990; Davies et al., 1997; Zonneveld et al., 2010, 

Crombez et al., submitted). Studies on the sedimentology and depositional environments of this 

interval highlight a wave dominated environments, including phosphatic shales layers (Armitage, 

1962, Gibson, 1974; Gibson, 1975; Evoy and Moslow, 1995; Davies et al., 1997; Evoy, 1997; 

Zonneveld et al., 2010, Golding et al., 2014; Crombez et al., submitted), turbiditic deposits (Moslow 

and Davies, 1997; Crombez et al., submitted) and evaporitic environments for the top of the Middle 

Triassic deposits (Davies, 1997; Zonneveld, 1999). Various works on biostratigraphy (Orchard and 

Tozer, 1997, Orchard and Zonneveld, 2009; Golding et al., 2015a) show that the Montney Formation 

was deposited in the Lower Triassic and the Doig-Halfway Formations were deposited in the Middle 

Triassic. The geodynamic setting during the deposition of the Lower and Middle Triassic strata is still 

a matter of debate. According to Davies et al. (1997), the Montney and Doig Formations were 

deposited on the western passive margin of the Pangea, whereas Golding et al. (2015b) suggested that 

these formations were deposited in an early foreland basin. 

 

Figure V - 1: Location of the study area and of the data available for this study 
(geological map from Reed et al., 2005, Triassic subcrop edges from Edwards et al., 1994; basin 

limits from Wright et al., 1994). 
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In the past, numerous studies focused on subregional stratigraphic architecture of the Montney 

(e.g. Markhasin, 1997; Kendall, 1999; Panek, 2000) or Doig Formations (Evoy, 1995; Harris, 2000, 

Golding et al., 2015a). More regional and older studies provided a stratigraphic framework for the 

Montney and Doig Formations (Embry, 1988; Gibson and Barclay 1989; Embry and Gibson, 1995; 

Embry, 1997; Davies et al., 1997), but didn‘t benefit from the new wealth of data made available by 

the recent development of the distal unconventional part of the play. These studies highlight two 

second order cycles: one in the Montney Formation and another one in the Doig-Halfway Formations 

and several third order sequences within them. 

III. Data and methods 
1. Data 

The present work is based on publicly available data from more than 2000 wells 

(Geowebworks, IHS Data Manager and Divestco Energisite) collected and gathered in a PETREL 

database. These well logs were completed by 22 sedimentological sections from 18 cores and 4 

outcrops (Figure V - 1). This database also includes cuttings samples from the studied interval coming 

from three wells (Figure V - 1). From this database, 400 wells were selected along 18 regional cross-

sections in order to reconstruct the stratigraphic architecture of the Lower and Middle Triassic. 

2. Methods 

a. Sedimentology and sequence stratigraphy 

This study is based on facies descriptions from cores, interpretation of depositional 

environments and upscaling to well log data (Gamma Ray) for regional correlation (Crombez et al., 

submitted). This interpretation also benefits from the description and analysis of outcrop sections of 

Middle Triassic strata. The analysis of the stacking pattern and spatial distribution of depositional 

environments makes it possible to define shoreline trajectories (Helland-Hansen and Martinsen, 1996; 

Helland-Hansen and Hampson, 2009) and to identify the major time surfaces: end of regression, end 

of transgression, onset of base level fall and end of base level fall (Catuneanu, 2006, Catuneanu et al., 

2009). Following the terminology proposed by Hunt and Tucker (1992) and Helland-Hansen and 

Gjelberg (1994), these time surfaces were used to reconstruct the 3D stratigraphic architecture of the 

studied interval. 

b. Mineralogical analyses 

In addition to core and outcrop descriptions, cuttings from three wells were sampled in order 

to quantify the mineralogy of the Triassic strata. QEMSCAN analyses (Gottlieb et al., 2000) were 

performed by SGS Canada Inc. on 201 samples. QEMSCAN is based on backscattered-electron 

imaging and energy dispersive X-ray spectroscopy techniques. 
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IV. Results 
1. Sedimentary environments and depositional model 

Detailed descriptions of the sedimentary facies were presented in a previous paper (Crombez 

et al., submitted). In the present study, two additional environments were highlighted: (1) fluvial 

deposits; characterized by fine- to medium-grained well sorted sandstones, with through cross 

stratification and erosional bases, (2) sebkha deposits, characterized by heterolitic, reddish sandstones 

and clays with gypsum nodules. 

 

Figure V - 2: Facies, major sedimentary environment and their Gamma Ray pattern. 
A. Submassive dark grey siltstone, B. Planar laminated dark grey siltstone, C. Heterolitic siltstones 

and sandstones with climbing ripples, D. Wavy bedded heterolitic siltstones and sandstones, E. 
Transgressive deposits, F. Wavy bedded heterolitic siltstones and sandstones, G. medium-grained 

sandstones, H. Heterolitic siltstones and sandstones with bidirectional current ripples, I. Bioclastic 
sandstone, J. Reddish heterolitic siltstones and clay with anhydrite nodules. 

Figure V - 2 illustrates the different depositional environments along a depositional profile 

from backshore to offshore, with representative core photos and well log patterns. In the Lower and 
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Middle Triassic, eight main sedimentary environments are recognized: (1) offshore environments, 

characterized by massive to planar laminated dark grey siltstones (Figure V - 2A and B), (2) turbiditic 

environments, characterized by massive to heterolitic fine-grained sandstones with current and 

climbing ripples (Figure V - 2C), (3) offshore transition environments, characterized by fine-grained 

heterolitic sandstones and siltstones with hummocky cross stratification (Figure V - 2D), (4) 

shoreface environments, characterized by massive to heterolitic fine-grained sandstones and siltstones 

with swalley cross stratification or low angle cross-stratification (Figure V - 2F and G), (5) tidal 

environments, characterize by heterolitic sandstones and siltstones with bidirectional current ripples 

(Figure V - 2H), (6) foreshore environments mainly characterized by bioclastic sandstones (Figure V 

- 2I), (7) sebkha environments with reddish, heterolitic sandstone and clays with common gypsum 

nodules (Figure V - 2J) and (8) fluvial deposits, characterized by fine- to medium-grained well sorted 

sandstones, with through cross stratification and erosional bases. All the marine environments 

presented above are characteristic of a wave dominated shelf (Posamentier and Walker (eds), 1992). In 

our work, no clear evidences of deltaic environments were highlighted but previous studies identified 

these environments below the Jurassic unconformity along the erosional edge (Zonneveld et al., 

2010). 

On Figure V - 2, the typical Gamma Ray patterns of the main environments are presented. 

The figure shows that offshore and offshore transition facies present high Gamma Ray (GR>100°API) 

with coarsening upward trends. Shoreface and foreshore deposits present the same coarsening upward 

trend but with lower Gamma Ray values (shoreface GR<75°API, foreshore environments 

GR<50°API) interpreted to be linked to the higher sand content. Turbiditic deposits are characterized 

by a major drop in the Gamma Ray interpreted to represent the sharp depositional contact of 

sandstones above offshore facies. Unlike shoreface and foreshore environments, turbiditic deposits 

often present fining upward trends, interpreted to represent the lateral migration and/or waning of the 

turbiditic system. Turbiditic deposits also typically show high amplitude GR variations associated with 

high frequency changes in depositional energy. Tidal deposits present a blocky pattern that is 

interpreted to represent the sharp transition between heterolitic tidal flats deposits with sandy tidal 

channel deposits. The recognition of these distinctive patterns provides a mean to identify depositional 

environments and therefore vertical changes in relative depositional bathymetry on well logs. 

2. Stratigraphic architecture along the 2D well sections 
The synthetic stratigraphic architecture of the Montney, Doig and Halfway Formations is 

presented on Figure V - 3. On this figure, the first three sequences that compose the Montney 

Formation are interpreted to be part of the first second order cycle (Sequence A) described by previous 

studies (Gibson and Barclay 1990; Edwards et al., 1994; Davies, 1997) and the last sequence, that 

compose the Doig-Halfway Formations is part of a the second cycle (Sequence B). 
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Out of the eighteen sections realized for the present study, three are presented in this study. 

Figure V - 4 presents a 375km long SE-NW section with 25 wells, Figure V - 5 presents a 275km 

long NE-SW section with 18 wells and Figure V - 6 present a 625 km long SSE-NNW with 25 wells. 

All sections cross the entire Lower and Middle Triassic strata of the Alberta basin. On the sections the 

studied interval rests on the Permian Belloy Formation. In the Eastern part of the basin, the studied 

interval is truncated by the Jurassic Nordegg Formation and by the Middle Triassic Copplin 

unconformity, whereas in the western part, it is capped by the upper Middle Triassic Charlie Lake 

Formation. In the present work, all sections are flattened on the sequence boundary 4 (SB4). 

 

Figure V - 3: Synthetic stratigraphic framework of the Lower and Middle Triassic formation. 
In the present study four sequences are highlighted. 

The stratigraphic architecture illustrated on these cross-sections suggests that sequence 1, 2 

and 3 are sourced from the East and South, whereas sequence 4 might also be sourced by sediments 

coming from the west and/or South-West. On all well sections, sequence 1 is almost completely 

preserved, the proximal parts of sequence 2 are missing due to the Jurassic and SB4 erosions, 

sequence 3 is only preserved in the deepest part of the basin where it only presents distal deposits 

below an erosional truncation. Lastly, sequence 4 is well preserved in the western part of the basin. 

On all sections, it is apparent that the maximum flooding surface of the sequence 2 (MFS2) 

induced a stronger backstep of the shoreline than the MSF of the sequence 1. Above MFS2, it seems 

that the basin presents a major regression trend until the SB4. In sequence A, MFS is therefore 

interpreted to be the MFS2. As sequence B is only composed by sequence 4, the maximum backstep 

of the sedimentary system is therefore recorded during MFS4. 
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3. 3D stratigraphic evolution 

a. Sequence A 

The Figure V - 4, 5 and 6 illustrate the stratigraphic evolution along two 2D profiles. The 

correlation of 400 wells throughout the basin provided the database to map the thickness variations of 

the Lower and Middle Triassic sequences and their system tracts. The Figure V - 7 presents the 

distribution of the sedimentary deposits during the third order systems tracts of sequence A. 

 Sequence 1 

On Figure V - 7 the TST1 maximum thickness occurs along the eastern part of the basin. Here 

it is mainly composed of foreshore to shoreface deposits and the thickness can reach up to 80m. In the 

HST1 (Figure V - 7B), the maximum thickness is located in the northern part of the basin, where 

thickness can locally reach up to 120m. The falling stage system tract 1 (FSST1) (Figure V - 7C) is 

poorly developped and only preserved in the central part of the basin where it consists of massive 

turbiditic deposits. 

 Sequence 2 

The lowstand deposits of sequence 2 are mainly present in the central part of the basin (Figure 

V - 7D) where fine-grained turbidites interbedded with offshore deposits are present (up to 90m). The 

North-South depositional fairway extending from the cordillera to the South to the LST2 depocenter to 

the North mainly consists of turbiditic channel deposits. This suggest that during this lowstand it 

seems that the a large part of the sedimentary inputs came from the South. The TST2 only present 

starved deposits in the basin (Figure V - 7E), the maximum thickness areas probably located a few 

kilometers beyond the Jurassic erosion edge to the East. The HST2 records a significant progradation 

of the sedimentary system (Figure V - 7F), but the maximum thickness is still located on the eastern 

part of the basin and can reach up to 100m. Above the HST2, the FSST2 is poorly preserved due to the 

erosion below SB3 and SB4. In the basin it can locally reach 40m in thickness (Figure V - 7G).  

 Sequence 3 

The Figure V - 7H, I J and K present the deposit thickness of sequence 3. On this figure, it is 

apparent that most of the preserved part of the sequence 3 is located below the erosion of the SB4. The 

maximum thickness of LST3 (Figure V - 7H) is located in the western part of the basin, along the 

deformation limit. Shoreface and offshore deposits can reach thickness up to 100m. The TST3 only 

presents distal, starved sedimentation and is only preserved in the West-central part of the basin 

(Figure V - 7I). Both HST3 and FSST3 (Figure V - 7J and K) are also preserved in the western part 

of the basin, where mainly offshore deposits can reach thicknesses up to 70m. 
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Figure V - 4: SE-NW well section with stratigraphic correlations 
Note that the average distance between well is 15 km.
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Figure V - 5: NE-SW well section with stratigraphic correlations. 
Note that the average distance between well is 15 km. 
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Figure V - 6: SSE-NNW well section with stratigraphic correlations. 
Note that the average distance between well is 25 km.
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The Figure V - 8A presents the isopach maps of the three third order sequences within 

sequence A. It shows that these three sequences do not present the same areas of maximum sediment 

accumulation. During sequence 1, the maximum accumulation is located in the northern part and 

eastern margin of the basin. During sequence 2 the maximum accumulation is located in the central 

part of the basin. In sequence 3, the depocenter of the preserved parts of the sedimentary records are 

located in the western part of the basin. The Figure V - 8A also presents the location of the main 

structural elements below the Triassic strata: The Hay River shear zone and the inherited structure 

from the Peace River arch collapse (The Leduc reef indicates the location of the Peace River arch, 

O‘Connell, 1994; Switzer et al., 1994; Wright et al., 1994). 

 

 

Figure V - 7: Systems tracts evolution of sequence 1, 2, and 3. 
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On Figure V - 8 it is apparent that the maximum thickness of sequence 1 occurs above the 

Hay River shear zone. The Figure V - 8 suggests that the maximum deposits of sequence 2 were 

deposited in the basin center above the former Peace River arch. The Figure V - 8 shows that the 

preserved parts of the sequence 3 are also located above the Peace River arch. Based on the upscalling 

of the sedimentary facies, the Figure V - 8B presents schematic paleogeographic maps of sequence A. 

they all represent a snapshot of the paleogeography at the end of the lowstand. Black arrows illustrate 

dominant sedimentary inputs from the Northeast, the East and the Southeast during sequence A 

(Figure V - 8B). 

 

Figure V - 8: A. thickness evolution in each systems tract in the sequence A;  
B. Paleogeographic maps of sequence A. 

(structural elements from Berger et al., 2008 and Leduc trend from Switzer et al., 1994). 
Note that the sedimentary inputs come from the continent. 
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b. Sequence B 

The LST4 is not preserved in the subsurface of the Alberta basin (Figure V - 9A). The Figure 

V - 9A shows that the TST4 maximum thickness presents a halo shape and it maximum thickness can 

reach up to 40m. This figure also shows that during the HST4 the maximum thickness is recorded 

along the present day deformation limit in the western part of the basin, where the thickness can reach 

up to 225m. In sequence B the maximum sediment accumulations are located in the western part of 

the basin, along the deformation limit. The thickening of this sequence near the deformation limit 

tends to show that sedimentary inputs also come from the West. Lastly, Figure V - 9A does not show 

any evidences of a strong control of the major structural elements on the depositional thickness. 

 

Figure V - 9: A. thickness evolution in each systems tract in the sequence B;  
B. Paleogeographic maps of sequence B. 

(structural elements from Berger et al., 2008 and Leduc trend from Switzer et al., 1994). 
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The reconstruction of the stratigraphic architecture on the Montney, Doig and Halfway 

Formations show that sequence A and sequence B are separated by a major erosional surface. In 

sequence A, the basin shows a progradation of the shoreline between the MFS2 up to the SB4. At the 

end of sequence 3, it seems that the basin undergoes a major subaerial exposure. In sequence B, the 

Figure V - 9 suggests a completely different paleogeography. Our interpretation suggests that during 

this sequence, the Western Canada sedimentary basin presents sedimentary inputs not only from the 

continent to the East but also from a western source (Figure V - 4, 5 and 6). Above SB4, stratigraphic 

correlations suggest that the basin was becoming more and more restricted up to the deposition of 

sebkha environments in the Charlie Lake Formation (Figure V - 4, 5 and 6). 

4. Evidences from the fold and thrusts belts outcrop 
In the fold and thrusts belt of the Canadian cordillera, several outcrop sections located in the 

Williston Lake and Banff areas were used to describe the Lower and Middle Triassic strata (Figure V 

- 1). 

a. Williston Lake area 

 Glacier Spur, Brown Hill and Folded Hill 

In Williston Lake, the Brown Hill outcrop presents a similar facies evolution than a well 

located 275km southeast, in the Alberta basin. This section displays Montney, Doig, Halfway and 

Charlie Lake Formations time equivalent strata (Figure V - 10). Biostratigraphic data (Zonneveld, 

1999) show that the upper part of the section (above 250m) was deposited during the Middle Triassic, 

whereas the absence of biostratigraphic markers does not allow dating the lower part of the section. 

On Brown Hill, the lower part of the outcrop presents an interval of turbiditic deposits from 10 to 50 

m and fluvial deposits above a major erosional surface from 160 to 175 m. The upper part of the 

section presents two main prograding cycles that range from offshore to sebkha deposits in the Charlie 

Lake. On this section the major unconformity below the fluvial deposits is interpreted to correspond to 

the SB4. According to our interpretation, the turbiditic deposits at the bottom of the Brown Hill 

section correspond to the LST2 (Figure V - 10). 

The Figure V - 11 presents simplified correlations of the facies that are present above fluvial 

deposits along three outcrop sections in the Williston Lake area. This figure emphasizes a thinning of 

the continental, tidal and shoreface deposits to the East. Moreover, on Folded hill, raindrops marks and 

snails tracks are present. These observations suggest that the sedimentary system prograded from West 

to East after the major subaerial exposure of SB4. 
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Figure V - 10: Synthetic sedimentary section of Brown Hill outcrop. 
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Note the similarities between Brown Hill and a well located in the Alberta Basin. 

 

Figure V - 11: Outcrop correlation from the Williston Lake area. 
Note the thinning of the continental, tidal and shoreface deposits from West to East. 

 Ursula Creek 

At this location, the outcrop only displays the Montney and Doig time equivalent strata. Here 

the Triassic strata rest above the Permian and below the Carnian unconformity. Biostratigraphic data 

(Zonneveld, 1999) also show that Ursula Creek section records from 0m to 70m of Lower Triassic 

deposits and from 70m to 120m of Middle Triassic deposits. Unlike other outcrop described in this 

study, Ursula Creek section only presents distal fine-grained offshore deposits.. On top of Ursula 

Creek an interval with phosphate is present from 75m to 100m, but unlike in the Alberta basin, no 

major surface of erosion is recorded below the phosphates zone. The only unconformity that is present 

is at the top of the section, below Carnian carbonates. 

b. Banff area 

In southern Alberta, two sections with Triassic deposits were described for the present work: 

Mount Norquay and Three Sisters Spillway. These sections do not present the basal contact between 

the Lower Triassic and the Paleozoic or the contact between the Middle Triassic and the Upper 

Triassic. On both sections, the sedimentary description highlight offshore to tidal environments. No 

major turbiditic intervals or evaporitic deposits are present. On both outcrops, no major erosional 

surface can be interpreted as a subaerial unconformity. 

5. Mineralogy 
The results of the QEMSCAN analysis are presented on Figure V - 12. On this figure, 

sequences are represented by different shades of grey and each symbol corresponds to a different well. 

The Figure V - 12A shows that in the studied interval, clay content is low (average of 14 wt %) but 
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can reach up to 35 wt %. It also shows that quartz, feldspars and micas are the dominant minerals 

(average of 55 wt %) and that carbonates represent 27 wt % in average. On Figure V - 12A, the 

sequence B (Q-F-M = 49 wt %, clays = 7 wt % and carbonates = 27 wt %) presents a different average 

mineralogy than sequence A (Q-F-M = 57 wt %, clays = 16 wt % and carbonates = 24 wt %). The 

Figure V - 12B confirms the presence of two different trends of quartz versus carbonates in sequence 

A and B. Sequence A presents less carbonates than sequence B. 

 

Figure V - 12: results of the QEMSCAN analysis. 
A. Ternary diagram of the quartz-feldspar-micas, carbonates and clay content in the samples, B. 

quartz versus carbonates cross plot of the analyzed samples. Note the two different trends between 
sequences A and B. 

V. Discussions 
This work built upon previous published studies and aims at bringing the interpretation a step 

further by building sequence and system tract thickness maps as well as paleogeographic maps at the 

scale of the basin. Ultimately, these maps provide a mean to better understand the geological controls 

on the 3D stratigraphic architecture of the Lower and Middle Triassic in Western Canada. 

1. Stratigraphic record and global eustatic variations 
In the present study, we highlighted 4 sequences (Figure V - 3). Three are located in the 

Montney Formations and one in the Doig-Halfway Formations. Previous studies on biostratigraphy 

(Orchard and Tozer, 1997; Orchard and Zonneveld, 2009; Golding et al., 2014, Golding et al., 2015a) 

provide a chronostratigraphic framework to these sequences. Based on these studies, the three 

sequences that correspond to the Montney Formation were deposited during the Lower Triassic and 

the sequence encompassing the Doig and Halfway Formations was deposited during the Middle 

Triassic. In an attempt to better calibrate the ages of the third order sequences within the Montney 
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Formation, the Figure V - 13 presents the high frequency variations of the eustatic sea-level 

(Hardenbol et al., 1998). As the Montney, Doig and Halfway Formations records marine deposits, the 

relative variations of the sea level recorded in the sedimentary deposits are linked to the global 

variations of the sea level combined with regional tectonic subsidence and uplift. The Figure V - 13 

presents three rise-fall cycles in the Lower Triassic and three in the Middle Triassic. In the present 

work, as no major time gap was highlighted between sequence 1, 2 and 3, it is assumed that the three 

high sea levels of the Lower Triassic were approximately recorded during the MFS1, 2 and 3. 

According to our interpretation, sequence 2 and 3 represent respectively the HST and FSST of the 

sequence A and the major erosional surface SB4 corresponds to the subaerial sequence boundary of 

sequence B. 

 

Figure V - 13: stratigraphic framework of the Lower and Middle  
Triassic strata of western Canada (modified from Davies et al., 1997). 

It presents the major stratigraphic observation of this work and the composite relative sea level curve 
(modified from Hardenbol et al., 1998) that corresponds to the stratigraphic evolution. 

Recent work on the Doig phosphates zone (Golding et al., 2015a) concluded that the 

deposition of this interval was diachronous with Early Anisian deposits to the West and Middle 

Anisian deposits to the East of their studied area. On Figure V - 13 a long rise of the sea level is 

present in the Middle Triassic and is therefore interpreted to be linked to the TST4. The association of 

this transgression with the TST4 implies that a Lower Anisian eustatic cycle was not recorded in the 
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sedimentation. In the present work, this unrecorded cycle is interpreted to be the second order LST of 

sequence B at the boundary between the Lower and the Middle Triassic cycles. This interpretation is 

supported by the fact that in the Williston lake area, a major unconformity incising down to the 

sequence 2 (Figure V - 11) which therefore shows the occurrence of a major lowstand condition 

below the Middle Triassic strata. In the Alberta basin, we therefore think that no Early Anisian marine 

sediments are deposited. In the work of Golding et al. (2015a) all the biostratigraphic markers found 

in the phosphates zone were assumed to be in place and not reworked. Our study suggests that the 

Early Anisian faunas found in the Doig phosphate may derive from reworked sediments. In fact, the 

major turnover in the sediment sources highlighted by this study may allow the reworking of Early 

Anisian sediment that were deposited during the second order LST in an area that was, at that time, 

located under the actual Canadian cordillera. Here, the occurrence of faunas with different ages in 

different locations of the TST4 can be interpreted as a consequence of the multiple sediment sources: 

on the western part, the TST4 is mainly sourced by the West and maybe by Early Anisian reworked 

sediment whereas the Eastern part is mainly sourced by the continent and will only Middle to Late 

Anisian faunas present. We do not question the diachronism of the Doig phosphates zone. The TST4 

depicting a second order transgression, the Doig phosphate will be deposited from the Middle Anisian 

up to the lower Late Anisian. We suggest that major erosion occurs during the Early Anisian and that 

no deposits of that age are present in the preserved part of the basin. 

Over the Doig phosphate and the MFS4, the eustatic curve presents two episode of sea level 

fall (Figure V - 13). As the in sequence A, the regression of the Middle Triassic cycle may be 

composed of several third order sequences. In the Anisian and Ladinien, no major sequence boundary 

was highlighted at basin-scale, but the two eustatic cycles may correspond to the two prograding 

cycles present in the Williston lake area (Figure V - 11) and elsewhere as reported in previous studies 

(Embry and Gibson, 1995; Davies et al., 1997; Embry, 1997, Gibson and Barclay, 1999). 

2. Relations between the stratigraphy and the regional geodynamic 
evolution 

The Figure V - 13 summarizes our sequence stratigraphic interpretation of the Lower and 

Middle Triassic in Western Canada. It shows that the eustatic variations of the sea level (left track on 

Figure V - 13) do not fit with stratigraphic observations: (1) the highest sea level of sequence A does 

not coincide with MFS2, (2) the unrecorded cycle does not correspond to a major drop of sea level (3) 

sequence B, presents two high amplitude rises of the sea level. 

In order to fit a composite eustatic curve with the stratigraphic observations, two curves were 

added to the eustatic level of Hardenbol et al. (1998): (1) a medium term curve, with a period of 5.5 

My and an amplitude of 35m and (2) a long term curve, with an amplitude of 25m. In this work, those 

curves are interpreted to represent the impact of the regional geodynamic and structural evolution on 
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the relative sea level. The long term curve is interpreted as a small continuous uplift of the basin 

whereas the medium term is interpreted to be linked to more punctual structural uplift and subsidence 

(Haq et al., 1987). On Figure V - 13, it is apparent that the major lowstand conditions between 

sequence A and sequence B are induced by a minimum in the medium term curve. This suggests that 

this sequence boundary is controlled by the regional tectonic evolution and probably the early 

Canadian Cordillera orogeny (Beranek et Mortensen, 2011; Golding et al., 2015b). 

3. Sediment inputs 
The integration of the stratigraphic architecture in a chronostratigraphic framework shows that 

the three sequences of the Montney Formation were deposited in approximately 5 My (1.6 My each) 

whereas the sequence of the Middle Triassic time was deposited in more than 8 My. The isopach maps 

allow computing the volume of sediment preserved in the sequence A and B. In sequence A, 44.103 

km3 of sediments are present in the subsurface of Alberta and British Columbia whereas in sequence 

B, only 15.103 km3 are present. This volume does not include any estimation of the parts that were 

eroded by the Jurassic or the second order sequence boundary between sequence A and B. Estimated 

average sediment fluxes in sequence A and B were computed based on preserved sediment volumes 

and sequence duration. It shows a major drop at the boundary between sequence A and sequence B 

(from 10.103 km3/Ma to 2.103 km3/Ma in sequence B).  

Between the Lower and Middle Triassic, no major climatic changes are recorded (Hallam, 

1985; Golonka et al., 1994; Davies, 1997a; Davies, 1997b; Sellwood and Valdes, 2006), suggesting 

that the drop of sediment supply between sequence A and B is not related to changes in the vegetal 

cover or increased runoff. Instead, we propose that this change in sedimentation rate is more likely 

related to modifications of the regional basin physiography (Dai and Trenberth, 2002). 

During sequence A, the major part of the sediment input comes from the Canadian Shield 

(Figure V - 8) which is consistent with the occurrence of ephemeral (Zonneveld et al. 2010) and 

perennial (Zonneveld and Moslow, 2014) deltas on the eastern margin of the basin during the 

deposition of the Montney Formation (sequence A). In the Doig and Halfway Formations, evidences 

from Golding et al. (2015b) and Harris (2000) suggested sediment inputs from the West. In the present 

work, the 3D stratigraphic architecture of sequence B confirms the occurrence of sedimentary sources 

from the West during Middle Triassic (Figure V - 9). The study of the stratigraphic architecture of 

sequence A and B emphasizes a change of the sedimentary sources from sequence A to sequence B. It 

suggests a major reorganization of the regional paleogeography during SB4. 

This turnover is also highlighted by the mineralogy: sequence B presents more carbonate than 

sequence A. This further suggests a change of sediment sources. Price (1972) shows that Paleozoic 

formations are mainly carbonates and during Early Triassic the only crystalline areas that can source 
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the lithic elements are located on the Canadian Shield (Burwarsh et al., 1994; Kent, 1994). These 

observations suggest a major change in the physiography of the basin resulting in the reworking of 

Paleozoic formations to the West with reduced sediment input from the Canadian Shield. 

All the previous observations are not compatible with a passive margin setting as suggested by 

Edwards et al. (1994) and Davies et al. (1997). The present study tends to show that Middle Triassic 

formations were deposited in a basin that presents western sedimentary sources. Based on detrital 

zircons, Golding et al. (2015b) suggested the occurrence of western sources and the deposition of the 

Middle Triassic in an early foreland basin. Further investigations of regional subsidence rates are 

needed in order to define the precise basin type. 

4. Depocenters and structural settings 
For each sequence, the large scale tectonic control on sedimentation can be assessed through 

the spatial relationship between the major structural elements of the basin and the thickness 

distribution. 

The Hay River shear zone, is reported to be active in the Precambrian times (Hoffman, 1987, 

Wright et al., 1994) and to have only little impact of the Triassic strata (Strurrock and Dawson, 1990). 

Here, the location of the sequence 1 maximum thickness suggests that the Hay River shear zone may 

increase the local subsidence and therefore influence the deposition of the early Lower Triassic. 

Numerous works focus on the relative movements of the Peace River arch (Cant, 1988; 

Barclay et al., 1990; McMechan 1990; O'Connell et al., 1990; Ross, 1990; Eaton et al., 1999), and 

agreed that the Peace River arch rose during the Precambrian and then started to collapse in the 

Carboniferous. Other studies suggest that the Peace River embayment affects the depositon of the first 

Triassic deposits (Barclay et al., 1990, Gibson and Edwards, 1990; Davies et al., 1997, Moslow and 

Davies, 1997). In the present work, the maximum thickness of sequence 2 that is present above the 

former Peace River arch may suggest the occurrence of bathymetric heritage from the arch collaps. 

Here three scenarios are possible: (1) a bathymetric low that is induced by the Fort St John graben, 

however, even if LST2 maximum thisckness is located above this structure, the sequence 1 do not 

present any thickening in this area, (2) an irregular bathymetry induced by the differencial compaction 

of the underlying formations and (3) differential subsidence between sequence 1 and 2: the north of 

the bassin (above the Hay River shear zone) subsided during sequence 1 and the centrer of the basin 

(above the former peace river arch) subsided during sequence 2 (Moslow and Zaitlin, 2008). Further 

studies on the detail systems tract thickness is needed in this area in order to choose between these 

options. 

Lastly, on Figure V - 12C, it is apparent that the preserved part of the sequence 3 is located 

above the Peace River arch. The present work suggest that the SB4 was induced by a regional uplift, 
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the preservation of the sequence 3 above the Peace River arch is therefore interpreted as being related 

to a reactivation of the ancient structures of the Dawson Creek Graben Complex during the uplift. This 

reactivation creates a differential subsidence that increased the preservation of the sequence 3 within 

these structures. 

5. Regional paleogeography 
The similarities between the outcrop section of Brown hill and a well (0/08-29-64-10W6, 

Figure V - 10) located 275km southeast, in the basin near the deformation limit, suggest that the 

outcrops of the Williston Lake area are not at their syn-depositional location. Price (1994) shows the 

occurrence of major (> 500 km) South to North displacement of terranes during the cordilleran 

orogeny.The similarities between the well and the outcrop suggest that the initial position of Brown 

Hill was around 200 km southeast from its present-day location (Figure V - 14). As Ursula Creek 

section is separated from Brown Hill by a major structural suture, it is assumed that an even greater 

displacement may also affect to Ursula Creek (Figure V - 14). 

  

Figure V - 14: schematic reconstruction of the paleogeography of 
Western Canada during lower Triassic. 

Note the occurrence of two basins separated by a topographic high. BH: Brown Hill, UC: Ursula 
Creek, MN: Mount Norquay, TS: Three Sister Spillway. 

The sedimentary description of Ursula Creek does not highlight a major subaerial 

unconformity as opposed to Brown Hill, Glacier Spur, Folded Hill or in the basin. Below the 

phosphates zone of Ursula Creek, offshore transition facies were deposited. They are interpreted to be 
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the LST4 deposits (Early Anisian) that is contemporaneous of the SB4 in the Alberta basin. This 

interpretation suggests that Ursula Creek was initially located in a deeper part of the basin that did not 

record the subaerial exposure during the LST4 (Figure V - 14). 

In the southern part of Alberta, in the Banff area, the sections of Mount Norquay and Three 

Sister Spillway present marine deposits. Thereby, in the basin during the LST2, the turbiditic deposits 

appear to come from the South. This last observation suggest the presence of emerged areas to the 

South of the basin probably located between the Alberta basin and the Banff area (Figure V - 14). In 

the present study the outcrop of the Banff area are interpreted to be in the same basin than Ursula 

Creek. The present study therefore suggests the occurrence of two Triassic basins on the western 

margin of Canada, separated by bathymetric highs or thin continental areas (Figure V - 14). 

6. Stratigraphic architecture of the Lower and Middle Triassic marine 
strata of Western Canada 

Based on previous observations and interpretations we propose a revised stratigraphic 

architecture of the Montney Doig and Halfway Formations (Figure V - 13). The Figure V - 13 shows 

that the Montney Formation and the Doig-Halfway Formations are two different second order 

sequences separated by a major time gap (approx. 2.5 My) associated with an emersion and major 

erosion. In the Montney Formation previous studies suggested the occurrence of three sequences with 

a unique regressive trend (Embry and Gibson, 1995; Davies et al., 1997; Embry, 1997, Gibson and 

Barclay, 1999). In the present study, the correlation of over 400 wells throughout the basin shows that 

the maximum flooding surface of the Montney Formation (sequence A) occurred in the second 3rd 

order sequence. In the sequence 1, the TST1 occurred during a long and smooth rise of the sea level 

resulting in the deposition of backstepping shorefaces of the G-sand, described by Pannek (2000). In 

sequence 2, thick turbiditic interval was deposited during the lowstand sea level (Figure V - 13). 

Above the SB4, the present work emphasizes the occurrence of fluvial facies (Figure V - 13) that 

were deposited in incised valley during LST4. Above the SB4 the basin present sediment sources from 

the East and the West. In the present study, the two distinct prograding cycles of the Middle Triassic 

are only highlighted in Williston Lake and not in the basin due to the lack of detail in the HST4. 

However they are described in previous studies (Embry and Gibson, 1995; Davies et al., 1997; Embry, 

1997, Gibson and Barclay, 1999) and therefore presented on Figure V - 13. 
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VI. Conclusions and perspectives 
The 3D basin-scale stratigraphic architecture of the Lower and Middle Triassic strata in the 

Alberta Basin was reconstructed based on an extensive network of regional correlation cross-sections. 

The key outcomes of this reconstruction are summarized here below: 

- The Lower and Middle Triassic strata are divided in two second order sequences 

(sequence A and B) that are separated by a major erosional surface. 

- The limit between the two sequences records a major time gap. This 2.5 My long, 

subaerial exposure is interpreted to be linked to a regional uplift that was probably induced 

by the evolution of the proto-Canadian cordillera.  

- The first second order sequence (Montney Formation) was mainly sourced by the 

continent, whereas the second one (Doig and Halfway Formations) presents sedimentary 

inputs from both the continent and the West. This turnover is associated with a major 

change of the paleogeographic settings between sequence A and sequence B. 

- The deposition of the Lower and Middle Triassic strata took place in a tectonic active 

basin: (1) occurrence of regional uplifts, (2) significant sedimentary accumulation over the 

Hay River shear zone, (3) preservation of the sequence 3 above the Peace River arch, (4) 

changes in the paleogeography that induces changes of the sedimentary sources. 

- A major reorganization of the basin took place between Lower and Middle Triassic due to 

the evolution of the Canadian Cordillera. 
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Chapitre VI : Basin scale distribution of organic 
matter in marine fine-grained sedimentary rocks: 
insight from sequence stratigraphy and multi -
proxies analysis in the Montney and Doig 
Formations 

Sera soumis à : Marine and Petroleum Geology 

Résumé 
La présence d‘huile et de gaz dans les roches mères est intimement liée à la quantité de 

matière organique dans ces dernières et à sa maturité thermique. De ce fait, comprendre la distribution 

des hétérogénéités de concentration de la matière organique est primordial pour réduire le risque dans 

l‘exploration et le développement des ressources de roches mères. Cette étude se focalise sur les 

Formations de Montney et Doig du Trias inférieur et moyen du bassin ouest canadien (Alberta et 

Colombie Britannique). Pour cette étude, des échantillons provenant d‘affleurements, de carottes et de 

déblais de forage ont été analysés avec un Rock-Eval VI, un ICP-MS et un ICP-AES. L‘intégration 

des résultats de ces analyses dans l‘architecture stratigraphique de Crombez et al. (in prep. a) permet 

de décrire la distribution des hétérogénéités organiques ainsi que les variations de productivité 

primaire, de taux de sédimentation et d‘anoxie, qui sont les paramètres principaux de formation des 

roches mères (Bohacs et al., 2005). 

Cette étude présente la distribution de la matière organique à l‘échelle du bassin, elle montre 

que dans ces formations, les niveaux riches en matière organique se localisent dans deux intervalles : 

la séquence 3 (upper Montney unit) et le cortège transgressif de la séquence 4 (phosphates zone). Ces 

travaux montrent deux différents contrôles sur le développement de niveau riches en matière 

organique : dans la Formation de Montney, les niveaux roches mères sont liés à une restriction du 

bassin au cours d‘une chute du niveau marin relatif alors que dans la Formation de Doig, 

l‘accumulation de niveaux riches en matière organique est liée à une augmentation de la productivité 

primaire. Enfin, cette étude permet de discuter des contrôles locaux et régionaux de l‘anoxie, de la 

productivité primaire et de la dilution. 

Abstract 
The occurrence of hydrocarbons in self-sourced reservoirs is strongly associated with in situ 

organic content and maturation. Hence, understanding the distribution of organic heterogeneities is 

paramount to reduce the risk in exploration and development of unconventional resources. This study 

focuses on the Lower and Middle Triassic Montney and Doig Formations (Alberta and British 

Columbia). In this study, samples from outcrops, cores and cuttings were analyzed with a Rock-Eval 
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VI, an ICP-MS and an ICP-AES. The integration of the analysis results in the stratigraphic 

architecture of Crombez et al. (in prep. a) provides a mean to better understand the distribution of the 

organic heterogeneities and the variations of primary productivity, sedimentation rates and anoxia that 

control the development of source rocks (Bohacs et al., 2005). 

This study presents basin scale distribution of the organic matter and shows that in these 

Triassic formation organic rich intervals occurs in the sequence 3 (upper Montney unit) and in the 

transgressive system tract of sequence 4. (phosphates zone). This work emphasizes two different 

controls on the development of these organic rich layers: in the Montney, source rock interval is linked 

to a major basin restriction during a second order falling stage whereas in the Doig Formations the 

organic accumulation is linked to an increased primary productivity. Lastly, we discuss local and 

regional controls on anoxia, primary productivity and dilution. 

I. Introduction 
With the development of self-sourced and closely associated tight reservoirs, there is a need 

for a better understanding of the origin and distribution of primary organic matter (OM) in source 

rocks (Tommeras and Mann, 2008; Ducros et al., submitted). Stratigraphic framework characterization 

is the first and main basics needed to quantify and discuss the processes controlling the distribution of 

OM (Creaney and Passey, 1993; Myers, 1996; Huc et al., 2005; Van Buchem et al., 2005, Slatt and 

Rodriguez, 2012). Such an integrated workflow gathering all of this information at basin scale remains 

a challenge especially as geodynamic and climatic setting induce a large diversity of organic-rich 

deposits (Huc et al., 2005). 

Our work focuses on one of the largest unconventional play of Canada: the Montney and Doig 

Formations of the Lower and Middle Triassic interval (~15 My) of Western Canada. The amount of 

data available thanks to fifty years of oil and gas exploration and the presence of time equivalent 

outcrops in the fold and thrust belt of the Canadian Cordillera, makes this interval an attractive case 

study to analyze OM distribution in sedimentary basins. This study is based on a database including 

core, cutting and outcrop description and samples as well as wireline logs. Geochemical and organic 

petrographical analyses (palynofacies, Rock-Eval, Trace Metal Element) were then performed on 

selected samples. Finally, the results were integrated in a sequence stratigraphic framework in order to 

discuss the main factors controlling the distribution of OM in the studied interval. 

II. The Montney and Doig Formations 
1. Generalities 

The Montney, Doig and Halfway Formations are preserved in the foreland basin of the 

Canadian Cordillera and in time equivalent outcrops in its fold and thrust belt (Figure VI - 1). These 
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Lower and Middle Triassic formations have been studied since the 60‘s (Armitage 1962). They were 

deposited on the western margin of Pangea (Davies et al., 1997). This location is considered as a 

passive margin during the Devonian and a foreland basin during the Jurassic. Doubts remain on the 

precise paleogeographic settings: Foreland basin (Golding et al., 2015b) versus passive margin during 

the time of the deposition of the studied interval (Monger and Price, 2002). The Montney and Doig 

Formations are mostly composed of fine-grained dolomitic sandstone and siltstone with subordinate 

amount of shale and moderate clay content (Davies, 1997a; Zonneveld et al., 2010; Chalmers and 

Bustin, 2012; Euzen et al., 2015). 

 

Figure VI - 1:  Location map of the data available for this study. 
The names 0/06-33, 0/14-14 and 0/16-17, respectively stand for wells: 0/06-33-72-25W5, 0/14-14-76-
12W6 and 0/16-17-83-25W6. The map on the upper right side indicates the location of the study area 
in regard to the Western Canada sedimentary basin and the Montney Formation subcrop area. BC – 
British Columbia; AB – Alberta; CC – Canadian Cordillera; WCSB – Western Canada Sedimentary 

Basin; CS – Canadian Shield; UC – Ursula Creek outcrop; BH – Brown Hill outcrop (geological map 
from Reed et al., 2005, Triassic subcrop edges from Edwards et al., 1994; basin limits from Wright et 

al., 1994) 

2. Stratigraphic settings and chronostratigraphy 
The stratigraphic framework we refer to is based on recent regional stratigraphic 

characterization (e.g. Crombez et al., submitted, Crombez et al., in prep. a) of the Lower and the 

Middle Triassic in the Western Canada Sedimentary Basin. Based on more than 400 wells, it shows 

that the studied interval can be subdivided into two second order sequences (A and B) and that 

sequence A can be subdivided in three third order sequence (1, 2 and 3). During sequence A the 

maximum backstep of the sedimentary system occurs during the second sequence (Figure VI - 2). 

This stratigraphic architecture can be time-calibrated using the works of Orchard and Zonneveld 

(2009) and Golding et al. (2015a). It then shows that the sequence A occured in the Lower Triassic 

and sequence B in the Middle Triassic. In detail, sequence 2 occured above the Induan-Olenekian 
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boundary, that the sequence 3 occured above the Smithian-Spatian boundary. The top of the studied 

interval in therefore consider to be older than the Ladinian-Carnian boundary (Orchard and 

Zonneveld, 2009). In this architecture, the Montney Formation is composed by the sequence A and the 

Doig and Halfway Formations are part of sequence B. As the Montney Formation is interpreted as a 

second order cycle the sequence 1 and the transgressive system tract (TST) 2 therefore represents a 

second order TST, the sequence 2 a second order HST and the sequence 3 a second order FSST 

(Crombez et al., in prep). From this work, As sequence B records the expression of a second order 

cycle, TST4 and HST4 can be considered as second order system tracts or third order sequences. 

 

Figure VI - 2: Simplified sedimentary architecture of the Lower and Middle Triassic strata of the 
Western Canada sedimentary basin (modified from Crombez et al., in prep. a). 

On this sketch, the Brown Hill outcrop (BH), that is actually located near to Williston Lake in the fold 
and thrust belt of the Canadian Cordillera, was repositioned at an estimation of its original (syn-

sedimentary) location. TST – Transgressive systems tracts; HST – Highstand systems tracts; FSST – 
Falling stage systems tracts; LST – Lowstand systems tracts. 

The Figure VI - 2illustrates the position of the studied sections within the stratigraphic 

framework of the basin. Recent studies suggest that the Montney and Doig Formations were deposited 

in a fore arc basin connected with the open marine setting to the Northwest (Rohais et al., in prep.). In 

sequence A the preserved parts of the basin present sedimentary inputs from the East and the South 

East whereas in the sequence B, the basin clearly presents evidences of an additional western 
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sedimentary source (Figure VI - 2). In sequence A, the basin presents a WNW-ESE axis whereas in 

sequence B, the basin presents a NW-SE axis. This clockwise rotation is interpreted to be linked to the 

evolution of the proto-Canadian Cordillera (Crombez et al., in prep. a; Rohais et al., in prep.). 

III. Data and methods 
1. Data 

The data available for this study are both from the Canadian Cordillera foreland basin and the 

Canadian Cordillera fold and thrust belt (Figure VI - 1). The samples were collected during several 

field trips: (1) In Alberta, the cuttings from the Montney-Doig-Halfway interval were sampled in 7 

wells. In addition 14 cores and 2 outcrops (Mount Norquay and Three Sisters) were sampled. (2) In 

British Columbia, the cuttings of the studied interval were sampled in 3 wells. Moreover, 4 cores 

including a 300m long core and two outcrops (Brown Hill and Ursula Creek, BH and UC on figure 1) 

were sampled. In total, 365 samples collected from cores, 498 from cuttings and 176 from outcrops 

were available for this work. 

The results of the present study is illustrated along a SE-NW section composed of 7 wells with 

cuttings sampled each 5-10m and a 300m long core, sampled each 5-10m, with additional constraints 

from both outcrops and subsurface (Figure VI - 1). 

2. Methods 
The workflow developed for this study unfolds as follow: (1) The characterization of the 

organic content in the studied interval, using Rock-Eval analyses (Espitalie et al., 1986; Behar et al., 

2001) and palynofacies study (Tyson, 1995). (2) The study of the distribution of the organic rich 

layers in the stratigraphic framework. (3) The study of paleoenvironments through trace elements in 

order to highlight the dynamic of the primary productivity, the dilution by non-organic element and 

the O2 levels along four sections (Brumsack, 2006; Tribovillard et al., 2006; Algeo and Tribovillard, 

2009 and references herein). 

a. Rock-Eval pyrolysis and hydrocarbons extraction 

Routine source rock analyses were carried out on 900 samples with a Rock-Eval VI. The bulk-

rock basic cycle used for these routine analyses is described by Behar et al. 2001. 50 to 70 mg of 

powdered sample is heated in an open pyrolysis system under non-isothermal condition (from 300 °C 

to 650 °C). During this pyrolysis, the amount of hydrocarbons released is measured by a flame 

ionization detector (FID) and CO and CO2 release are monitored with an infrared (IR) detector. the 

residual sample was then put in an oxidation oven where it is heated (from 300 °C to 800 °C) under 

artificial air (N2/O2: 80/20). During this combustion, the amount of CO and CO2 released were 

monitored with an IR detector. 
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In addition to the bulk-rock samples, hydrocarbons extraction was performed on selected 

samples. The powdered sample was placed in a solution of dichloromethane and methanol (1/1) in an 

ultrasonic bath for 30 min. The sample was then filtered and placed in a drying oven for 30 min. 

Finally the sample was analyzed with the basic Rock-Eval method described above. 

b. Palynofacies 

In addition to the source rock evaluation, palynofacies analyses were carried out on 26 

selected samples. The preparation of the samples consists in the dissolution of 2g of crushed rock in 

successive acid bath. The sample was placed in a cold solution of hydrochloric acid (70 %) for 

180min. After multiple rinsing, the residual sample was placed in a cold solution of hydrofluoric acid 

(70 %) for 180min. Again, after multiple rinsing, the residual sample is place in a hot (40 °C) solution 

of hydrochloric acid (70 %) for 180 min. Finally after multiple rinsing the residual sample was sieved 

with a 15μm filter and the filtrate was mounted between two glass slides. 

The slides are then observed with an optical microscope under different magnifications to be 

able to classify the organic particles in three categories: the amorphous organic matter, the phytoclasts 

and the palynomorphs following the classification of Tyson (1995). 

c. TOCini computation 

The computation of an initial TOC (TOCini) based on Rock-Eval analyses and palynofacies 

study will help to discuss the initial distribution (before thermal maturation) of the OM. The equation 

(Equation VI - 1) used for the computation of the TOCini is based on carbon mass balance and is 

similar of the one proposed by Jarvie (2012a). 

   ini                        ini     ⁄   

Equation VI - 1: initial TOC computation (from Jarvie, 2012a) 

Using the TOC, the S1 and S2 parameters acquired during a Rock-Eval analysis, this equation 

needs an estimation of the HIini. HIini has been estimated using the palynofacies analyses that provide 

insight onto the nature and quality of the organic matter. Generally, for type I HIini = 700, for type II 

HIini = 450 and for type III HIini = 125 (Jarvie et al., 2007). 

d. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and Inductively 
Coupled Plasma Atomic Emission Spectrometry (ICP-AES) 

Elementary analyses on the wells 0/14-14-76-12W6 and 0/06-33-72-25W5 and on Brown Hill 

outcrop were realized with an ICP-MS for the trace elements and an ICP-AES for the major elements. 

Samples were powdered with an agate mortar beforehand. Then, 50 mg of sample was solubilized 

using a solution of hydrochloric acid (70 %) and a solution of boric acid (45 %). In order to dissolve 
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entirely the organic matter, 2 ml of a hydrogen peroxide solution were added to the samples which 

contain high TOC. The residual samples was then diluted 10 000 times for the ICP-MS analyses and 

1 000 for the ICP-AES analyses. International (ATHO-G from Barisova et al., 2010; AGV-1, BCR-2, 

BH-VO2 and BIR-1 from the USGS) and in house standards were used and several duplicates were 

realized in order to control the accuracy of the analyses. A total of 244 samples were analyzed with 

this method. Elementary analyses on the well 0/16-17-83-25W6 were realized by ACT Labs following 

with their 4A-4B protocol. A total of 138 samples were analyzed with this method. 

In order to analyses the vertical and the lateral variations of the MTE a normalization to Al 

was realized. This normalization can be completed with the computation of the enrichment factors 

(EF) (Equation VI - 2) of the MTE in the sample compared to an international standard (here the 

upper continental crusts (UCC), Taylor and McLennan, 1985; McLennan, 2001). 

                           ⁄  

Equation VI - 2: enrichment factor formula (from Brumsack, 2006) 

IV. Results 
1. Characterization of the organic content 

a. Rock-Eval analyses 

Rock-Eval pyrolysis results show that the mean TOC of the studied interval is 1.28 wt% and 

can reach up to 13 wt%. The analyses show that most of the TOC values in the interval are located 

between 0.25 and 1.75 wt%, and that only 4 % of the studied samples present a TOC higher than 4 

wt%. The wide range of Tmax of our dataset is globally consistent with published vitrinite reflectance 

data (Rokosh et al. 2012; Romero et al., in prep) and suggests NE-SW increasing maturity trend from 

immature to overmature. The wide range of maurity may induce an under or over estimation of the in-

situ TOC due to dysmigration of the generated HC or the contamination by migrated HC. 

Despite this wide range of Tmax, Rock-Eval pyrolysis results of the low maturity samples 

show most of the HI between 150 and 450 mgHC/gC. This observation suggests that the OM found in 

the Montney and Doig Formations is mainly of Type II and Type III (Figure VI - 3). 

Detailed analysis of Rock-Eval pyrograms shows that the S2 peak often presents a shoulder 

during the beginning of the temperature increasing (between 300 °C and 450 °C, Figure VI - 4). This 

shoulder can be interpreted in two different ways: two types of kerogen in the sample, or the presence 

of heavy hydrocarbons (Grundman et al., 2012).  
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Figure VI - 3: A. HI vs Tmax crossplots for core samples with TOC values.  
B. HI vs Tmax crossplots for cuttings samples with TOC values. 

These figures show that most of the OM in the Montney and Doig Fm is Type II and Type III. Here, the 
increase of the TOC with the maturity is biased by the data sampling: in the basin the most mature 

areas contain the richest samples. HI – Hydrogen index. 

 

Figure VI - 4: FID curves from the Basic Rock–Eval pyrolysis of an early mature cutting sample 
before and after hydrocarbons (HC) extraction with organic solvent. 

HC extraction highlighted the presence of heavy HC in the S2 peak. FID - Flame Ionization Detector; 
BR – Bulk Rock; eBR – Extracted Bulk Rock. 
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The Figure VI - 4 presents the Rock-Eval analysis on bulk-rock (BR) and extracted bulk-rock 

of a sample presenting a shoulder on the S2. The analysis of the extracted samples shows that the S2 is 

composed of both soluble and non-soluble OM, likely representing respectively heavy hydrocarbons 

and primary kerogen (Figure VI - 4). According to the work of Behar et al. (2008) and due to the low 

level of maturity (Tmax = 439 °C), those heavy hydrocarbons may come from the early cracking of 

the kerogen. Moreover the studied interval being tight formations, with low permeability (Chalmers 

and Bustin, 2012), it is likely that those heavy hydrocarbons would therefore be generated in place 

than derived from long distance migrations. 

b. Palynofacies studies 

The investigated samples contain mainly amorphous organic matter (Figure VI - 5). In the 

analyzed samples, only a small proportion of the OM derives from woody and terrestrial debris, 

regardless of the sedimentary facies (SP and PM on Figure VI - 5B, C and I). The absence of 

damaged terrestrial OM showing a transformation from undamaged particles to amorphous organic 

matter suggests that the amorphous organic matter was more likely derived from marine rather than 

terrestrial sources (Tyson, 1995). 

 

Figure VI - 5: Palynofacies view of the Montney and Doig Fm. 
showing that most of the primary OM of the studied interval is amorphous. On these pictures only few 
terrestrial particles (spores, pollen grains or woody debris) are present and no damaged terrestrial 
particles can be observed. PM – Palynomaceral =  Terrestrial organic matter; SP – Spore/Pollen; 

AOM – Amorphous organic matter; Py – Pyrite. 
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2. Distribution of the organic content in the stratigraphic framework 

a. TOC and TOCini in the stratigraphic framework 

The Rock-Eval results show that the less mature samples present both high and moderate HI 

(respectively 549 and 373 mgHc/gTOC). This is consistent with of a good Type II marine kerogen and 

a fair Type II/III kerogen. The palynofacies analyses paired with the Rock-Eval measurements shows 

that regardless of the sedimentary facies, the AOM mainly derives from marine sources. It is therefore 

expected that the initial HI (HIini) ranged from 350 to 600 mgHC/gTOC. Two computations with two 

HIini were then realized: (1) HIini = 350 and (2) HIini = 600 mgHC/gTOC. This computation allows 

discussing the initial distribution of the TOC, with the removal of the free HC (S1) and the heavy HC 

(beginning of S2 peak). On one side, in the low maturity areas (Tmax < 450°C), it entirely addresses 

the problems linked to HC migration and dysmigration. On the other side, in the more mature areas 

(Tmax > 470°C), this computation cannot allow to remove the uncertainties link to the secondary 

cracking of allochthonous HC in the studied interval. The results of this computation are presented on 

Figure VI - 6 and 7. 

They show that the richer intervals remain in sequence 3 and in the TST4. In the shallow 

wells, the computation shows TOCini values close to the present-day TOC whereas in the wells located 

in the deep basin, it shows that the TOCini values can be up to two time the present-day TOC (with 

HIini = 600). 

The integration of the Rock-Eval pyrolysis results in the stratigraphic framework highlights a 

very different distribution of the TOC in the four sequences (Figure VI - 6). In this framework, three 

main sets can be highlighted: the sequence 1 and 2 with relatively low TOC values (< 2 wt%) and 

punctual peak of TOC, the sequence 3 with high TOC value (> 3 wt%) and a few low TOC values (< 1 

wt%). Lastly, the sequence 4 with both very low and very high TOC values (Figure VI - 7). In 

sequence 3 and sequence 4, the estimation of TOCini can reach up to 9 wt% in the sequence 3 and 

more than 14 wt% in the TST4. Both layers present different distribution of the OM: 

- In the sequence 3, the LST3 presents a long, almost continuous organic-rich layer in its, 

central, offshore environments. 

- The TST4, unlike the LST3, presents high TOC values in interval located along the 

proximal edge of the basin on well 0/16-17-83-25W6 and 07-14-74-06W6 (Figure VI - 6) 

and lower TOC in the central part of the basin (on well 0/14-14-76-12W6). 
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Figure VI - 6: Well section across the Montney and Doig Fm with TOC measurements 
and estimations of the TOCini for two initial Hydrogen index (IHini =  350 and IHini =  600) in a stratigraphic framework. This figure shows that the organic content of sequence 3 and 4 is higher than in sequence 1 and 2.
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Figure VI - 7: Distribution of the TOC and computed TOCini  
in the studied interval and in the four sequences. 

It shows that the mean TOC in the studied interval is 1.28wt% and present heterogeneities: the TOC 
content of sequence 3 and 4 is higher than the content of sequence 1 and 2. 

b. Sedimentology of organic rich intervals 

In this section we illustrate the sedimentological features of the organic rich intervals of 

sequence 3 and 4. The Figure VI - 8 presents a synthetic sedimentary section from the sequence 
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boundary 3 (SB3) up the TST4. The whole interval mainly presents wave dominated deposits: from 

offshore environment (bathymetry ≈ 200 m) to shorefaces (Figure VI - 8, Crombez et al., submitted). 

In both intervals, the high TOC values are located in offshore environments. Therefore the sequence 3 

presents thick continuous interval of prograding deposits from offshore to lower shoreface (e.g. from 

2380 to 2340 m on Figure VI - 8) whereas in the TST 4, thin offshore layer are interbedded with 

offshore transition deposits (e.g. from 2255 to 2240 m on Figure VI - 8). 

 

Figure VI - 8: Sedimentary section of the third and fourth sequences 
 from the core description of the 0/16-17-83-25W6. 

This figure shows that low energy facies were dominant in the LST3 whereas during the TST4 high 
energy facies are dominant. 

On this figure, it seems that the organic rich offshore of TST4 is shallower than the offshore of 

sequence 3. In sequence 3, the high TOC values are mainly located in layer associated with pyrite and 

phosphate grains but few bioturbations (from 2320 to 2360 m on Figure VI - 8). In the TST4 the high 

TOC values are associated with erosive lags, shell debris pyrite and phosphate grains (from 2255 to 
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2240 m on Figure VI - 8). This interval presents bioturbations in the coarse-grained interval between 

offshore deposits (from 2245 to 2240 m on Figure VI - 8). 

c. Vertical and lateral variation of the sediment rates 

The stratigraphic architecture characterization provides time lines across the basin (Crombez 

et al., submitted) and allowed to compute the average sedimentation rate (SR) in the studied intervals. 

Crombez et al. (in prep. a) showed that the sequence A was deposited during the lower Triassic 

(approximately 5 My) and the sequence B during the Middle Triassic (approximately 8 My). Based on 

regional well logs correlation they estimated that 50% of sequence B and 30% of sequence A are 

missing. In order not to add further uncertainties, we choose to compute the SR based on the present 

day thickness with no estimation of the eroded part. 

 

Figure VI - 9: Crossplots of the TOC and the SR. 
Here, SR are based on undecompacted sediments. Red boxes show intervals where SR may be 

underestimated due to an erosional top. On these crossplots, no link between SR and TOC can be 
established. 

The Figure VI - 9 presents a cross plot of the distribution of TOC versus the SR in the 

systems tract of four sections. It show that along the four studied sections, the TST always present the 

lowest sedimentation rates, whereas LST and HST present the highest. This figure shows that the 

highest TOC are not always consistent with the lowest sedimentation rates: the LST3 on well 17-16-

83-25W6 present 4 wt% of TOC and sedimentation rate close to 300 m/Ma. In the same way, on 

Brown hill very low sedimentation rates are not coeval with high TOC values: the HST present less 

that 0.25 wt% of TOC with sedimentation rates below 25 m/Ma. In general, this figure shows no clear 

relationship between the SR and the TOC content in the studied interval. 
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Figure VI - 10: Vertical evolution of sedimentation rates (SR) 
 in relation to TOC and TOCini in the stratigraphic framework. 

Here, SR are based on undecompacted sediments. Hatch boxes show intervals where SR may be 
underestimated due to an erosional top. This figure shows that the sequence 1, 2 and 3 present high 

SR than the sequence 4. 

The Figure VI - 10 presents the vertical and lateral evolution of the estimated SR in the 

studied interval with the associated TOC. This figure shows that the highest SR (≥ 200 m/Ma) are 

located in sequence A where the TOCini is highly variable (from 0 to 8 %wt). On Brown Hill and the 

well 0/14-14-76-12W6 the maximum sedimentation rates took place in the sequence 2 with 

sedimentation rates up to 400 m/Ma whereas on the 0/16-17-83-25W6 the maximum sedimentation 

rates took place on sequence 3 with sedimentation rates also up to 400 m/Ma. The Figure VI - 10 

highlight a major drop of the sedimentation rates during the sequence B. 

Figure VI - 9 and 10 do not show any simple relationship between TOC and SR at the scale 

of sequences or system tracts. However, the Figure VI - 6 shows that at smaller scale, local TOC 

maximum occurs around MFS: MFS1 on wells 0/16-17-83-25W6 and 12-36-83-25W6, or MFS3 on 

the four western wells. This local enrichment can be the results low SR in the basin associated with 

MFS (Haq et al., 1988; Catuneanu, et al., 2011). 
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3. Trace metal element variations 

a. Copper (Cu) and Nickel (Ni) variations 

Organic productivity can be studied through several proxies, including Cu and Ni which are 

micro-nutrients assimilated by the micro and macro-organism (Calvert and Price, 1983; Calvert and 

Pedersen, 1993; Whitfield, 2001; Brumsack, 2006; Tribovillard et al., 2006; Schoepfer et al., 2014). In 

the present study, the vertical evolution of Ni/Al and Cu/Al are chosen to reflect the variations of 

nutrients input in the basin which may be associated with primary organic productivity variations 

(Whitfield, 2001; Brumsack, 2006; Tribovillard et al., 2006) 

The Figure VI - 11 presents a cross plot of the EF of Cu and Ni at four different locations in 

the basin. In this figure, most of EF of Cu and Ni are higher to 1. In comparison to other black shale 

(Brumsack, 2006) the EF of Cu and Ni remain low in the Montney and Doig Formations. In this 

figure, the highest enrichment are located within sequence four in the 0/16-17-83-25W6 section (3 < 

EF(Ni) < 10; 2 <E F(Cu) < 30) and in the 0/14-14-76-12W6 (EF(Ni) ≈ 10; EF(Cu) ≈ 2.5). Here, the 

highest TOC values are always linked to high enrichment factors but high enrichment factors does not 

automatically imply high TOC, a linear relation between EF(Ni), EF(Cu) and the TOC is not present. 

 

 

Figure VI - 11: Crossplots of the enrichment factors (EF) of Ni and Cu. 
The enrichment factors are computed based on the UCC (McLennan, 2001). Red lines in the 

crossplots are based on the Ni/Cu ratio of Peruvian margin sediments (data from Brumsack, 2006). 
This figure shows that paleoproductivity increased significantly in the TST4 whereas it remains stable 

in the rest of the studied interval. 

The Figure VI - 12 presents the vertical evolution of Cu/Al and Ni/Al along the four sections. 

In these sections, Cu/Al ranges from 3.10-4 to more than 30.10-4 whereas Ni/Al ranges 

from 5.10-4 to 55.10-4. 

 0/16-17-83-25W6 

In sequence 1 and 2, the elementary analyses show no significant variations of Ni/Al and 

Cu/Al. The ratios stay low: Cu/Al ≈ 5.10-4 and Ni/Al ≈ 7.5.10-4. In sequence 3, the analyses emphasize 
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a small increase in Cu/Al: from 5.10-4 to 6.10-4 and in Ni/Al: from 7.5.10-4 to 11.10-4. Lastly, in 

sequence 4, high Ni/Al and Cu/Al are present (Cu/Al > 20 and Ni/Al > 25). In this section the highest 

concentration of Cu and Ni are located in the TST4 and are associated with high TOC value. 

 

Figure VI - 12: Vertical evolution of paleoproductivity proxies (Cu/Al and Ni/Al) 
 in relation to TOC and TOCini. 

This figure shows that paleoproductivity increased significantly in the TST4 and that along Brown 
Hill, small increases of Ni/Al often occur is sequence 2, but no increases in TOC can be related to 

these peaks. 

 0/14-14-76-12W6 

The Figure VI - 12 shows a significant increase in TST4 of Ni/Al from 7.5.10-4 to 50.10-4 and 

a small increase of Cu/Al from 5.10-4 to 9.10-4. In this section the rest of the interval shows no 

significant variations: Cu/Al ≈ 5.10-4 and Ni/Al ≈ 7.5.10-4. 

 0/06-33-72-25W5 

This section shows consistently low ratios: Cu/Al ≈ 5.10-4 and Ni/Al ≈ 7.5.10-4, consistent 

with the detrital inputs background. 
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 Brown Hill 

In sequence 1 and 2 the low Cu/Al and Ni/Al (respectively 6.10-4 and 8.10-4) are punctuated by 

peaks of higher Cu/Al (up to 22.10-4). Along this section, the highest peaks of both ratios are not 

linked to an important concentration of Ni and Cu but to a very low concentration of Al, it is therefore 

an artifact of normalization. 

 Interpretation 

On the four sections, only one important increase in Cu/Al and Ni/Al occurs. It may result 

from an increase in paleoproductivity at basin scale during TST4. It is important to notice that the 

ratios are highly variable in TST4, suggesting cyclic variations paleoproductivity in this layer. In 

sequence 3, the small increase of Ni and Cu concentration can be either linked to a small increase of 

the primary productivity or to a better preservation of the OM (confirmed by U/Th and Mo/Al proxies) 

at the water sediment interface that will induce a lower recycling of the nutrients included in the OM 

(Riquier et al., 2005). 

b. Uranium (U), Molybdenum (Mo) and Vanadium (V) variations 

Some trace elements present in the water are sensitive to redox condition (e.g. U, Mo, V and 

Ce) and provide information on the oxygen and sulfur content in the water at the time of the 

deposition (Emerson and Huested, 1991; Calvert and Pedersen, 1993; Crusius et al., 1996; Brumsack, 

2006; Algeo and Lyons, 2006; Tribovillard et al., 2006; Algeo and Tribovillard, 2009). 

The Figure VI - 13 presents a cross plot of the U/Th and V/Cr ratios on four different section 

of the basin. These cross plots show a clear link between the ratios and the TOC content: samples with 

high ratios present the highest TOC. These graphs also show that sequence 1 and 2 present higher 

oxygen content (U/Th < 0.75 and V/Cr < 2) than sequence 3 and part of sequence 4 (most of U/Th > 

0.75 and V/Cr > 2). 

The Figure VI - 14 presents the vertical evolution of U/Th and Mo/Al along four sections. In 

the four sections, U/Th ranges from 0.3 to more than 4 whereas the Mo/Al ranges from 1.10-4  

to 24.10-4. 

 0/16-17-83-25W6 

From SB1 up to MFS2, both ratios stay low (U/Th ≈ 0.2 and Mo/Al ≈ 1.10-4). The interval 

between MFS2 and SB3 shows an increase, then a decrease of normalized content of U and Mo 

(U/Th: from 0.3 up to 1.25 down to 0.3 and Mo/Al: from 1.10-4 up to 7.5.10-4 down to 1.10-4). In 

sequence 3 the interval presents moderate U/Th (> 0.75) and high Mo/Al (> 5.10-4) that seems to 

oscillate without any correlation to the evolution of the sedimentary system. Lastly in the TST4 U/Th 
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and Mo/Al both show a significant increases (U/Th: from 0.3 up to 3; Mo/Al: from 2.10-4 up to 25.10-

4). 

 

Figure VI - 13: Crossplots of paleoredox proxies (U/Th and V/Cr). 
Limit between oxic/dysoxic/anoxic domain are from Jones and Manning (1994). This figure shows the 

occurrence of anoxic layers in sequence 3 and 4. 

 0/14-14-76-12W6 

Along this section, U/Th and Mo/Al mainly present low values (U/Th < 0.75 and Mo/Al < 

5.10-4) except in the TST4 where both ratios increase significantly (up to U/Th ≈ 2.25 and 

Mo/Al < 15.10-4. 

 0/06-33-72-25W5 

On this section no significant increase of both ratios are present (U/Th < 0.75  

and Mo/Al < 5.10-4) 

 Brown Hill 

As for the 0/06-33-72-25W5, both proxies along Brown Hill section show very low values. 

The only high values of both ratios are linked to very low concentration of Al or Th. 

 Interpretation 

Both Figure VI - 13 and 14 present redox sensitive elements. These figures show that in the 

basin, during the first and the second sequence the water seems oxic to dysoxic. Above SB3, trace 
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elements suggest the occurrence of dysoxic to anoxic layers in the deepest part of the basin (located 

near the well 0/16-17-83-25W6). In this sequence the high concentration of Mo in the analysis suggest 

that water contained H2S (Jones and Manning, 1994). In the TST4 the high U/Th and Mo/Al ratios 

show the occurrence of strong anoxic conditions. In this interval, the strongest anoxia took place along 

the more proximal areas. 

 

Figure VI - 14: Vertical evolution of paleoredox proxies (U/Th and Mo/Al)  
in relation to TOC and TOCini in the stratigraphic framework. 

This figure shows a major change above the SB3 and above the TS4/SB4. During sequence 3, the 
basin seems to be anoxic in its deepest parts whereas in the TST4, the basin presents anoxia on its 

margin. 

a. Aluminum (Al) / Titanium (Ti) variations 

The Figure VI - 15 presents the vertical evolution of a ratio that highlights climate variations 

(Wei et al., 2003). This ratio is sensitive to the chemical weathering of source areas that is increased 

with more humid climate (Wei et al., 2003). On this figure, the average value for the Al/Ti ratio is 

close to 15.5. Here, the presented sections do not present significant variations of the ratio. At the 

boundary between sequence A and sequence B a small increase of the ratio is present at the top of the 

well 0/16-17-83-25W6 but is not continuous on well 0/14-14-76-12W6 and on Brown Hill outcrop. It 
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is therefore interpreted to be linked to the change of mineralogy in sequence B presented by Crombez 

et al. (in prep. a). 

 

Figure VI - 15: Vertical evolution of proxies related to climates (Al/Ti). 
On this figure, there are no clear evidences of climatic changes along the studied interval. 

V. Discussion 
In the following section, we discuss the source of OM in the Montney and Doig Formations, 

the spatial and temporal variations of controlling factors on the accumulation and preservation of this 

OM and finally, their relationship with relative sea level variations and the basin physiography. 

1. Organic matter in the Montney and Doig Formations 
Rock-Eval analyses show that the OM in the Montney and Doig Formation presents Type 

II/III source rocks (Figure VI - 3), which is consistent with the studies of Riediger et al. (1990) and 

Riediger (1997). In the Montney and Doig Formations, two intervals present significant enrichment in 

OM: the sequence 3 (Upper Montney) and the TST4 (Doig phosphate) which is also coherent with 

previous studies (Ibrahimbas and Riediger, 2004). 

Our Rock-Eval analyses data on extracted, low maturity samples, confirm the presence of 

kerogen in the studied samples (Figure VI - 4) whereas palynomorphs analyses (Figure VI - 5), show 

that this primary OM derives from planktonic sources. Lastly, the analysis of trace elements shows the 

occurrence of Cu, Ni, U and Mo enrichments in the Montney and Doig Formations. In the present 

work, these enrichments are interpreted to be linked to paleo-redox condition or paleo-primary 

productivity variation (Tribovillard et al., 2006). As crude oil contains important concentration of 
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trace metal elements (Lord, 1991; Duyck et al., 2002), the enrichments that is highlighted in sequence 

3 can also be linked to secondary cracking of migrated oil. In the present study we were unable to 

establish a clear relation between TOC concentration and the trace metal element concentration, or the 

Aluminum normalized concentration of those elements and the TOC, it is unlikely that all the organic 

content in the Montney Formation comes from migrated hydrocarbons. 

Recent works of Sanei et al. (2015) and Wood et al. (2015) concluded that most of the organic 

content in the Montney Formation derives from migrated hydrocarbons. In their studies, the most part 

of the organic content in the Montney Formation, is considered to be pyrobitumen resulting from the 

secondary cracking of migrated oil. Our study does not question the occurrence of pyrobitumens in the 

Montney-Doig Formations, but it emphasizes the occurrence of primary kerogen in this interval. 

Analysis of the elementary proxies shows that the sequence 3 and part of sequence 4 present 

propitious paleo-redox conditions and primary productivity for source rocks development whereas 

sequence 1 and 2 present less conductive conditions to organic rich sediment accumulation (Figure VI 

- 11 to 14). Estimating the relative proportion of migrated versus in place hydrocarbons in the 

Montney Formation is beyond the scope of the present study and would necessitate a quantitative 

basin analysis. 

2. Spatial variations and temporal evolution of primary productivity, 
anoxia and dilution and their impacts on organic matter distribution 

Recent works (Sageman et al., 2003; Bohacs et al., 2005; Katz et al., 2005) showed that the 

organic richness of sedimentary rocks is controlled by a combination of three mains factors: (1) the 

primary organic production by flora and fauna, (2) its dilution by non-hydrogenated particles and (3) 

its preservation. Bohacs et al. (2005) showed that a high productivity combined with a low dilution 

rates is not the most efficient way to produce and preserve an organic rich rock. Indeed, an extremely 

high planktonic productivity will dilute the organic content in the tests of the micro-organisms and a 

low SR will minimize the burial efficiency and will allow a higher bacterial degradation and oxidation 

at the water sediment interface and therefore lead to weak preservation. 

In the present study, the palynofacies analyses mostly revealed AOM coming from marine 

planktonic faunas. In a sedimentary basin, the OM can be degraded or destructed by various processes 

occurring in the water column and in the first centimeters below the water-sediment interface 

(Demaison and Moore, 1980; Southam et al., 1982; Einsele, 1992; Calvert et al., 1996). (1) In the 

production areas, the OM produced by micro-organisms can be consumed and recycled by macro-

organisms (Eppley and Peterson, 1979). However assuming that the macro organisms also produce 

OM, this phenomenon only has a small impact on the total OM production. (2) While settling through 

the water column, the OM can be oxidized and therefore degraded by the oxygen present in the water 

(Karl et al., 1988; Wakeham and Lee, 1993). Therefore, at a constant production rate, the OM is better 
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preserved in anoxic or dysoxic water (Cowie and Hedges, 1992; Canfield, 1993). However, if 

production is high enough, sinking OM consume all the oxygen leading to the preservation of the 

remaining OM and the creation of Oxygen Minimum Zone (Southam et al., 1982; Einsele, 1992; 

Paulmier and Ruiz-Pino, 2009). (3) In the first centimeter below the water/sediments interface, the 

degradation of the OM take place as long as oxygen is present. The occurrence of macro-organism in 

oxic sediments results in bio-degradation of the OM present in the sediments (Ingall et al., 1993). 

Most of OM degradation will stop few centimeters below the water/sediments interface due the 

depletion in oxygen in the buried layers (Wenzhofer and Glud, 2002). Globally, the preservation of 

OM is highly linked to the oxygen content in the water and sediments. 

a. Basin scale variations of primary productivity, anoxia and dilution 

The relative contribution of the three main factors (production-dilution-preservation) 

controlling initial TOC of sediment can be estimated by integrating sequence stratigraphy 

interpretation with trace element analysis. Based on trace elements analyses from wells 0/16-17-83-

25W6; 0/14-14-76-12W6 and 0/06-33-72-25W5 and based on the Rock-Eval analyses of five 

additional wells, the Figure VI - 15 presents an interpretation of the vertical and the lateral variations 

of the factors that drive organic richness in sedimentary rocks. It confirms this lack of trends between 

SR and the organic content in the studied interval. Tyson (2001) concluded that SR <50 m/Ma may 

enhance the concentration of the OM. At the scale of the present study such process is not apparent 

(Figure VI - 9 and 10). 

On the Figure VI - 9, it is important to notice the enrichments in OM near MFS or 

parasequences flooding surface that are similar to trends observed by Creaney and Passey (1993). The 

low SR alone cannot explain the organic enrichment of condensed layer, indeed the low burial 

efficiency linked to the low SR will induced enhanced degradation of the OM (Tyson, 2001; Bohacs, 

2005; Katz, 2005). In the studied interval, small increases in anoxia proxies are common along with 

these organic rich patterns, this observation allows to assume the occurrence of small anoxic puddles, 

most likely linked to basin floor physiography. Local and punctual enrichment would therefore be 

linked to a combination of starved intervals and local anoxic layers (Algeo and Rowe, 2012).
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Figure VI - 16: TOC distribution and its controlling factors. 
This figure shows that all high TOC values are not linked to the same combination of factors.
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In terms of paleo-redox conditions and primary productivity, the Figure VI - 16 shows that 

regardless of the position along the depositional profile, the sequence 1 and the sequence 2 present low 

to moderate productivity, mainly oxic to dysoxic water (85% of the U/Th ratio < 0.75, Jones and 

Manning, 1994) and high sedimentary rates. In this interval, rare TOC peaks are present and are 

interpreted to be associated with either local anoxic event (U/Th ratio increase) or punctual decrease 

SR (e.g. near MFS). Above sequence 1 and 2, Figure VI - 16 shows a major change in the paleo-

redox conditions. At that time the oxic to dysoxic water of sequence 2 turns into anoxic water marked 

by an increase of U/Th and Mo/Al ratios (Emerson and Huested, 1991; Tribovillard et al., 2004, 

Brumsack, 2006). These anoxic conditions are clearly present in the deepest part of the basin, in 

offshore facies and are weaker on the shoreface facies on the edges on the basin (Figure VI - 16). This 

major change of the water‘s oxygen content is not interpreted to be associated with an important 

variation of primary productivity. Indeed the small increases in Cu/Al ratio observed on the 0/16-17-

83-25W6 are interpreted to be linked to the better preservation of the OM (Riquier et al., 2005). In this 

layer, the organic-rich deposits are located in the central part of the basin where anoxia is the stronger 

(Figure VI - 15). In this interval the fluctuation of anoxia conditions are associated with the 

progradation and backstep of the depositional system. 

Above this anoxic event, the Figure VI - 16 shows for the first time an important increase of 

primary productivity associated with anoxic water marked by important increase of Cu/Al, Ni/Al, 

U/Th and Mo/Al ratios (Tribovillard et al., 2004; Algeo and Lyons, 2006; Tribovillard et al., 2006). In 

this interval, organic rich deposits are located in periphery of the basin where the anoxia and primary 

productivity are the strongest. Unlike in sequence 3, anoxia is strongest to the edges of the basin and 

alternate with dysoxic periods. Above the MFS4, the basin returns to similar conditions as in sequence 

1 and 2: low to moderate productivity and high oxygen content in the water, leading to low production 

and poor preservation of OM (Figure VI - 16). 

b. Models for organic-rich rocks deposition 

The studied interval includes four main steps characterized by different dynamics that result in 

several OM distributions in the basin: 

- Sequence 1 and 2: oxic water and low paleoproductivity. 

- Sequence 4: dysoxia/anoxia takes place in the deepest part of the basin. 

- TST4: the anoxia is associated with a significant increase of paleoproductivity on the 

basin margins. 

- Above MSF4, the basin returned to its initial condition: oxic water associated with a low 

productivity. 
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Based on these observations we propose a model for the deposition of the organic-rich layer in 

the Montney and Doig Formations (Figure VI - 16). These models split the investigated interval in 3 

conceptual basin types: Type 1: An oxic basin, that is diagnostic of the sequence 1 and 2 and the 

HST4. Type 2: a restricted basin, that is diagnostic of the sequence 3. Type 3: a high primary 

productivity basin, that is diagnostic of the TST4. 

During sequence 1, 2 as well as the HST4, the low primary productivity along the coast, the 

high oxygen content in the water and the high sedimentary fluxes lead to limited organic accumulation 

in the basin (Figure VI - 16 and 17A). 

In the sequence 3, a restriction in the connection between the open marine settings and the 

basin due to falling stage conditions induced a decrease of water circulation and therefore a 

stratification of the water column that leads to the development of anoxia in the deepest part of the 

basin (Figure VI - 16 and 17B, Demaison and Moore, 1980; Huc, 1988; Arthur and Sageman, 1994; 

Brumsack, 2006; Algeo et al., 2008; Algeo and Rowe, 2012). The stratification is supposed to take 

place below the storm weather wave base (SWWB) where water mixing is limited. This stratification 

associated with the same primary productivity of sequence 1 and 2 will therefore allow the 

preservation of the produced and transported OM in the deepest part of the basin. On the edges of the 

basin, where the bathymetry does not go below the SWWB, OM is poorly preserved (Figure VI - 16). 

In the TST4, this study highlighted a significant increase in primary productivity and the 

occurrence of anoxic water along the margin of the basin (Figure VI - 16 and 17C, Demaison and 

Moore, 1980; Calvert and Price, 1983; Emeis et al., 1991; Wignall and Newtown, 2001; Brumsack, 

2006; Algeo et al., 2008). This productivity, associated with the anoxia will allow for the preservation 

of very rich organic layers on the edges of the basin. In this systems tract, anoxic condition and 

increased productivity were also highlighted in the central part of the basin but with a lower intensity 

than on the edges of the basin. 

The integration of geochemical analyses in the stratigraphic framework highlighted three 

different types of basin in the studied interval. Those three types of basin present drastically different 

distribution of OM due to differences in dynamic of anoxia and primary productivity. 

Sequence stratigraphy study shows that the deposition of the Montney and Doig Formations 

most likely took place in an oval shaped basin between the proto-cordillera and the western margin of 

Pangea (Crombez et al., in prep. a; Rohais et al., in prep.). In this settings, in the case of a type 1 basin 

type (Figure VI - 17A), OM is poorly preserved. For a type 2 basin (Figure VI - 17B), organic rich 

deposits will be located in the central part of the basin where the oxygen content is the lowest. This 

type of basin is very similar to the present-day Black Sea where the production of the OM takes place 

along the margin of the basin and OM is accumulated in the central part of the basin (Huc, 1988; 
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Wilkin et al., 1997; Arthur and Dean, 1998; Algeo and Lyons, 2006; Algeo et al., 2008). In this type 

of basin, the organic rich area will likely be round-shaped in the deep basin. Lastly, in a type 3 basin 

(Figure VI - 17C), the organic rich layers are located below the production areas, where the oxygen 

content is the minimum due to the development of oxygen minimum zone. As the production areas 

can be considered as a function of the distance to the shore (Calvert, 1987; Baudin et al., 2007), the 

organic rich areas resulting from this type of basin are likely to be halo-shaped parallel to the 

shoreline. 

 

Figure VI - 17: Conceptual basins present in the studied interval that  
drives the organic-rich interval distribution. 

A. Type1: Oxic basin, with low OM accumulation. B. Type 2: Restricted basin, with the occurrence of 
organic rich layer in the central part of the basin due to stratified water. C. Type 3: High primary 

productivity basin, with the occurrence of organic rich intervals along the proximal parts of the basin 
due to high productivity. 
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3. Controls on primary productivity and anoxia 
In the studied interval, major changes in primary productivity and anoxia are associated with 

major stratigraphic limits (Figure VI - 16). The stratigraphic study (Crombez et al., submitted) shows 

that the first three sequences can be considered as one second order sequence. Above sequence 3, due 

to the geodynamical evolution of the basin, the sequence boundary 4 records a major relative sea level 

fall that caused an important erosion of sequence 3. Above this surface during sequence B the 

sedimentary system presents additional sedimentary inputs from the West that reflect the geodynamic 

evolution of the Canadian cordillera. 

a. Primary productivity 

The increase in primary productivity occurred during the TST4, after the major change in the 

basin physiography. Transgressive black shales are common and different models are proposed to 

explain their genesis (Heckel, 1977; Wignall, 1991; Wignall and Newton, 2001). 

In the TST4, black shales are assumed to be controlled by high productivity due to important 

nutrient inputs in the basin. The model introduced by Wignall and Newton (2001) explains the 

occurrence of black shale near to the shore due to increase nutrient input from the rivers during 

transgression. This model is consistent with all the sedimentological and geochemical observations in 

TST4. However, no nutrient delivery increases are present in the TST of sequence A or in third order 

TST (TST1, TST2, TST3, Figure VI - 12). These observations suggest another control on nutrient 

delivery; another model (Algeo et al., 2008) explains the increase of nutrients delivery to marine 

environments thanks to an enhancement of the continental weathering. In the studied interval, no 

major climatic change is described (Figure VI - 15). As the studied interval deposition took place 

under a dry climate (Hallam, 1985; Davies, 1997a; Davies, 1997b; Sellwood and Valdes, 2006), it is 

unlikely that the increase of nutrient inputs is linked to climatic change. Lastly, the major changes in 

the basin physiography that occurs between sequence A and sequence B (Crombez et al., in prep. a, 

Rohais et al., in prep.) that can influence the catchment area of the sediments inputs may also impact 

the quantity of nutrient delivered to the basin. However, the increase of paleoproductivity is only 

present in the TST4 and not in the HST4. This difference tends to show that the increase of the 

primary productivity in TST4 is not linked to the change of the sediment sources. 

Previous models invoke an enhancement of nutrients inputs from the continent to explain the 

increased productivity. Other studies (e.g. Heckel, 1977; Demaison and Moore,1980; Calvert and 

Price, 1983; Emeis et al., 1991) explained the increase of primary productivity by the inputs of deep 

marine nutrients thanks to upwelling cells. A recent study (Krajewski, 2013) on Triassic strata from 

Svalbard archipelago, shows that the increase of primary productivity in the basin is mainly controlled 

by the stratigraphic evolution that establish the connection between upwelling cells and a restricted 
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basin. In our study, the major changes of the basin‘s physiography linked to regional geodynamic 

might allow to connect the basin to upwelling cells present during the Triassic along the NW margin 

of Pangea (Parrish and Curtis, 1982). 

In the TST4, the increase of primary productivity in the basin is not linked to: (1) an increased 

continental weathering or (2) a change of the sediment sources. It appears that the increase of nutrient 

delivery is probably linked to a combination of the transgressive trend and regional geodynamic 

evolution that connect the basin with upwelling cells. 

b. Anoxia 

The Montney and Doig Formations present two intervals of anoxia: the sequence 3 and the 

TST4. Both show drastically different settings. The anoxia in sequence 3 is associated with a moderate 

to low productivity and a major falling stage of the sedimentary system whereas the TST4, is a second 

order transgressive period associated with high productivity. 

In the sequence 3, the second order falling stage conditions can lead to restricted connections 

between the basin and the open marine settings. This would induce, like in present-day Black Sea, a 

restriction of the water exchange between the two domains and a stratification of the water column 

(Demaison and Moore, 1980; Huc, 1988; Arthur and Sageman, 1994; Brumsack, 2006; Algeo and 

Rowe, 2012). In this setting, the anoxia in the basin is controlled by both the physiography of the basin 

and the stratigraphic settings that allow the occurrence of a threshold area. 

In the TST4, the high primary productivity will lead to the development of an oxygen 

minimum zone directly below the production area (Demaison and Moore, 1980; Arthur and Sageman, 

1994; Emeis et al., 1991; Calvert and Price 1983; Arthur et al., 1998; Brumsack, 2006; Paulmier and 

Ruiz-Pino, 2009;). Unlike sequence 3, the anoxic area is induced by the primary productivity. In the 

TST4 the influence of the basin restriction on the anoxia‘s level is not quantifiable. 

In the Montney and Doig Formations, the two anoxic episodes present different extension and 

dynamic. (1) The anoxic episode at the upper part of the Montney Formation was mainly linked to the 

physiography of the basin and to its stratigraphic evolution. (2) The anoxia in the TST4 was higher on 

the basin‘s edges than in its center and was most likely linked to the high primary productivity. 

Further studies, implying numerical modeling, would be needed to address the relative impact of 

productivity induced anoxia versus restriction induced anoxia in TST4. 
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VI. Conclusions 
The work presented in this paper is based on well and outcrop data. It integrates geochemical 

analyses in a stratigraphic framework in order to understand the distribution of organic rich layers in a 

sedimentary basin and the dynamic of the key controlling factors: primary productivity, dilution and 

preservation of OM at basin scale. This multidisciplinary study shows: 

- The occurrence of primary OM in the Montney and Doig Formations. The palynofacies 

analyses reveal the occurrence of planktonic OM (Figure VI - 5). 

- The need for a large scale sequence stratigraphic framework to understand local variation 

of OM accumulation. In the studied interval, the time lines provided the opportunity to 

understand the major spatial and temporal changes of organic primary productivity and 

redox conditions. 

- The impact of these variations of redox conditions and productivity on the vertical 

distribution of OM in the Montney and Doig Formations. Sequence 1 and 2 present low 

TOC content, whereas sequence 3 and TST4 present organic-rich accumulations. This 

complex distribution is linked to the development of a ―Restricted basin‖ in sequence 3 

and a ―High primary productivity basin‖ in the TST4. 

- The lateral variation of OM content due to different rates of productivity and different 

types of anoxia. In a ―High primary productivity basin‖, the organic rich layers will be 

located along the coast, below the production areas whereas, in a ―Restricted basin‖, the 

organic rich layers will be deposited in the center basin. 

- The occurrence of two different types of anoxia. In the Montney Formation, sequence 1 

and 2 may show small ―Restricted basins‖ in the basin center and the sequence 3 can be 

considered as a large ―Restricted basin‖ (Figure VI - 17B). In the TST4, the anoxia is 

located along the basin margin (―High primary productivity basin‖, Figure VI - 17C). In 

the Montney Formation, the anoxia is induced by the physiography of the basin and by the 

stratigraphic falling stage whereas in the Doig phosphate unit the anoxia is linked to 

organic primary productivity linked to the regional geodynamic evolution and the 

stratigraphic transgressive trend. 

- The primary controls of the basin physiography and stratigraphic settings on anoxia. In the 

studied interval, the ―Restricted basin‖ is the result of a major stratigraphic falling stage in 

a threshold basin whereas the ―High primary productivity basin‖ is linked to a major 

transgressive interval. In the present study, the threshold is linked to the proto-Canadian 
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Cordillera accretion and induces strong restriction. It is possible that in other cases a 

smaller sill induces weak restriction. 

- The second order transgressive periods do not always present high organic accumulation. 

- That both anoxia and primary productivity have significant controls on organic richness 

whereas dilution only plays a second role for the case study. 
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Chapitre VII : Controlling factor on source rock 
development: implications from 3D stratigraphic 
modeling of Triassic deposits in the Western 
Canada Sedimentary Basin.  

Sera soumis au : Bulletin de la société géologique de France 

Résumé 
Basée sur de la modélisation stratigraphique avec DIONISOS, cette étude a pour objectif 

d‘améliorer la compréhension des facteurs de contrôles du développement des roches mères. Elle se 

focalise sur les Formations de Montney, Doig et Halfway (Trias inférieur et moyen, Alberta, Colombie 

Britannique). Basé sur l‘architecture 3D de ces formations (Crombez et al., in prep. a) et sur la 

description de la distribution des niveaux riches en matière organique (Crombez et al., in prep. b) 

DIONISOS permet (1) de reconstruire l‘évolution stratigraphique des Formations de Montney, Doig et 

Halfway et (2) de tester différents scénarios de productivité primaire et de restriction afin de 

reproduire la distribution de la matière organique observé dans cet intervalle. 

La reconstruction de l‘architecture stratigraphique avec DIONISOS met en avant une chute 

majeure des flux d‘eau et de sédiments dans le bassin et donc une diminution importante des aires de 

drainage du bassin à la limite entre le Trias inférieur et moyen. Elle montre aussi que les productivités 

primaires dans la Formation de Montney sont typiques d‘une zone côtière (200gC/m²/a) alors que ces 

productivités dans la phosphates zone sont caractéristiques d‘une zone d‘upwelling (400gC/m²/a). De 

plus le modèle montre qu‘une faible restriction devait être présente au cours de la formation de la 

phosphates zone. Enfin, cette étude permet de discuter des contrôles régionaux du développement des 

roches mères et met en avant l‘impact de l‘évolution paléogéographique et géodynamique d‘une 

région sur le développement de niveaux riches en matière organique. 

Abstract 
Based on forward stratigraphic modeling with DIONISOS, the aim of this study is to improve 

our understanding of the controls on source rock development. This work focuses on the Montney, 

Doig and Halfway Formations (Lower and Middle Triassic, Alberta and British Columbia). Based on 

a 3D regional stratigraphic architecture (Crombez et al., in prep. a) and on a description of the organic 

rich interval distribution (Crombez et al., in prep. b) DIONISOS allows for (1) reconstructing the 

stratigraphic evolution of the Montney, Doig and Halfway Formations and (2) testing different 

scenarios of primary productivity and basin restriction in order to reproduce the organic distribution in 

the Montney and Doig Formation. 
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The reconstruction of the stratigraphic architecture with DIONISOS emphasizes a major drop 

of the water discharge in the basin and therefore a significant diminution of the drainage area of the 

basin between Lower and Middle Triassic. It also shows that the primary productivity in the Montney 

is characteristic of a coastal area (250 gC/m²/yr) whereas in the phosphates zone it is characteristic of 

an upwelling zone (400 gC/m²/yr) and that a moderate restriction occurs in the Doig-Halfway 

Formations. Lastly, this study allows investigates the regional controls on source rock developments 

and emphasizes the impact of regional paleogeographic and geodynamic. 

I. Introduction 
In the past decade, with the development of shale plays, there was a renewed interest in 

precisely describing and characterizing this new type of unconventional reservoirs (Chalmers and 

Bustin, 2007; Passey et al., 2010; Løseth et al., 2011; Jarvie 2012a; Jarvie,2012b; Bruns et al., 2014). 

Recent studies show that the location of organic accumulations result from the interplay of three 

factors: primary productivity, preservation and dilution (Bohacs et al., 2005, Slatt and Rodrigez, 2012) 

and that these factors are controlled by the regional geodynamic setting (Trabucho-Alexandre et al., 

2012). Today, in order to precisely predict the location of organic-rich areas in depositional systems, 

an estimation of the average primary productivity, dilution and preservation is not sufficient, and it is 

necessary to understand the 3D variations of the interaction between these controlling factors. The aim 

of the present work is to use stratigraphic forward modeling (DIONISOS, Granjeon, 1996; Granjeon 

and Joseph, 1999; Chauveau et al., in prep.), to better understand the spatial and temporal evolution of 

the primary productivity, dilution and oxygen levels at basin-scale, and their impact on the distribution 

of organic-rich sediments. 

Our work focuses on the Lower and Middle Triassic Montney and Doig Formations from the 

Western Canada Sedimentary Basin. Recent studies (Crombez et al., in prep. a, Crombez et al., in 

prep. b) proposed a 3D stratigraphic architecture and conceptual models for the formation of organic 

rich heterogeneities in the Montney and Doig Formations. Based on these previous works, the present 

study aims at testing different scenarios of primary productivity, basin restrictions and organic matter 

transportation through stratigraphic modeling, in order to predict the location of organic-rich 

heterogeneities and discuss allocyclic controls on primary productivity, dilution and preservation. 

II. The Montney and Doig Formations 
The Montney and Doig Formations are present in the foreland basin of the Canadian 

Cordillera in the subsurface of Alberta and British Columbia (Figure VII - 1). The deposition of these 

formations took place in the Early and Middle Triassic (Orchard and Zonneveld, 2009; Golding et al., 

2015a) on the western margin of Pangaea and recent studies suggest a forearc basin geodynamic 
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setting (Beranek and Mortensen, 2011; Rohais et al., in prep., Crombez et al. in prep. b). The Lower 

and Middle Triassic strata mainly consist of siltstone and fine-grained sandstone deposited in wave 

dominated environments (Armitage, 1962; Davies et al., 1997; Zonneveld et al., 2010; Crombez et al., 

in prep. b). Detailed analysis of the sedimentology highlighted an interval of turbiditic deposits 

(Moslow and Davies, 1997) and an interval of phosphatic shale deposits (Golding et al., 2014). Recent 

work showed that the studied interval was deposited in a marine basin with a maximum estimated 

bathymetry of 250 m (Crombez et al., in prep. b). Study on the organic content show that these 

formations can be considered as a type II/III marine source rock with present day hydrogen index up 

to 600 mgHC/gTOC and TOC up to 12 wt% (Riediger et al., 1990, Riediger, 1997). In the Montney 

and Doig Formations two intervals present significant organic matter accumulation, the upper 

Montney (TOCini up to 8 wt%) and the basal Doig phosphates zone (TOCini up to 15 wt%, Crombez et 

al., in prep. b). 

 

Figure VII - 1: Location of the study area 
(faults from Reed et al., 2005, Triassic subcrop edges from Edwards et al., 1994; basin limits from 

Wright et al., 1994) 
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Recent studies on the stratigraphic architecture of these formations (Crombez et al., submitted 

; Crombez et al., in prep. a) show that the Montney and Doig/Halfway Formations respectively 

represent the expression of two second order stratigraphic cycles (sequence A and B,). Moreover, the 

Montney Formation (sequence A) is subdivided in three third order sequences (sequence 1, 2 and 3) 

that respectively represents the second order TST, HST and FSST; whereas the Doig and Halfway 

Formations (sequence B) was only subdivided into 2 system tracts: the transgressive system tract 4 

(TST4) and the highstand system tract 4 (HST4, Figure VII - 2) that are interpreted as second order 

TST and the HST-FSST (Crombez et al., in prep. a). The sequence boundary between the two second 

order cycles is marked by a major erosion that is the result of a second order lowstand sea-level 

(Figure VII - 2). In the Montney Formation, preserved strata only present sediment inputs from the 

East and the South-East whereas in the Doig and Halfway Formations sediment inputs are also coming 

from the West (Crombez et al., in prep. a, Figure VII - 2). Crombez et al. (in prep. a) show that this 

major shift of sedimentary inputs is controlled by the regional structural and geodynamic evolution of 

Western Canada (Rohais et al., in prep.; Crombez et al., in prep. a). 

 
Figure VII - 2: Stratigraphic framework of the Lower and  
Middle Triassic of the Western Canada Sedimentary Basin 

(modified from Crombez et al., in prep. a, eustatic variations from Hardenbol et al., 1998) 
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In the Lower and Middle Triassic strata, two significant organic accumulations are present: (1) 

in the sequence 3 and (2) in the TST4. Crombez et al. (in prep. b) proposed three conceptual models 

(Figure VII - 2) of basin types that drive organic matter accumulation in the Montney and Doig 

Formations: 

- Type 1: an oxic basin (sequences 1, 2 and HST-FSST 4), with no restriction in water 

renewal and a moderate primary productivity that lead to limited accumulation of organic 

matter (TOC < 3 wt%). 

- Type 2: a restricted basin (sequence 3), with low water renewal and moderate productivity 

that lead to moderate concentration of organic matter in the central part of the basin (1 

wt% < TOC <5 wt%). 

- Type 3: a high primary productivity basin (TST4), with no restriction in water renewal and 

an increased primary productivity that lead to accumulation of very rich interval on the 

margins of the basin (TOC up to 15 wt%). 

The FSST of sequence A (sequence 3) and the TST of sequence B (TST4) contain organic-

rich deposits and they represent a perfect case study to investigate the regional controls on primary 

productivity, dilution and anoxia. 

III. Data and methods 
1. Data from stratigraphy 

The isopach, bathymetric and paleogeographic maps used as input data for the model are 

modified from Crombez et al. (in prep. a).This study is based on the stratigraphic correlation (Hunt 

and Tucker, 1992; Catuneanu et al., 2009) of 400 wells. It provided maps for the area where the 

Lower and Middle Triassic strata are still present (Figure VII - 1). A reconstruction of the missing 

parts of these formations was carried out, based on our understanding of the regional stratigraphic 

architecture and of the paleogeographic (Crombez et al., in prep. a) and geodynamic (Beranek and 

Mortensen, 2011; Rohais et al., in prep.) evolution of the basin. 

2. DIONISOS 
The aim of this study is (1) to build a geological model that is representative the stratigraphic 

evolution of the Montney and Doig Formations, (2) to test the effects of different primary productivity 

values and basin restriction conditions on organic matter distribution and (3) to test different scenarios 

of the organic matter transport. 
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a. Stratigraphic modeling principles 

DIONISOS is a process-based multi-lithology diffusion driven forward modeling tool 

developed by IFPEN (Granjeon, 1996, Granjeon and Joseph 1999). Based on a diffusion algorithm 

that simulates the transport of different class of sediments at basin scale, the model allows for testing 

the relative impact of numerous parameters on the basin fill architecture (e.g. sediment flux, location 

of the sources, subsidence history, eustatic variations…). Diffusion of the sediments in DIONISOS 

mainly depends on two factors: (1) the gravity: the conversion of potential energy to kinetic energy, 

(2) the water: the transport capacity of the water. This lead to the following diffusion equation:  ⃗⃗                       ⃗⃗    

Equation VII - 1 : Diffusion of sediments in DIONISOS  
(Granjeon, 1996, Granjeon and Joseph, 1999) 

Where  ⃗   is the sediment (i) flux [km²/yr],    the sediment concentration,   the water 

discharge,  ⃗⃗   the slope gradient,        ,         the diffusion coefficients linked to slow creeping 

transport and water driven displacement (Granjeon, 1996, Granjeon and Joseph, 1999). As this 

equation only account for transportation induced by gravity or water fluxes, it can be completed by a 

transport equation that incorporates wave induced diffusion (associated with       , Granjeon, 1996, 

Granjeon and Joseph, 1999). It is important to notice that theses equations are only relevant over long 

time period and at basin scale, DIONISOS cannot simulate single events (e.g. floods, crevasse splay, 

storm), sedimentary architectural elements (e.g. levees, dunes…) or hydrodynamic processes. 

Recent developments in DIONISOS aim at modeling the production, exportation, 

transportation and burying of the organic matter (Chauveau et al., in prep.). The primary productivity 

is defined by the user, then once produced the organic matter is degraded in the water column 

following the law proposed by Martin et al. (1987). Then the organic matter is transported using the 

diffusion equation described above (Equation VII - 1). Lastly the organic matter is buried, in this step 

the organic matter is also degraded. Here the degradation is a function of the sea-bottom oxygen 

concentration and the sediment rates (Chauveau et al., in prep.). 

b. Model generalities and input data 

The DIONISOS model built for this work is 1000 km by 500 km with 10x10 km grid cells and 

is centered on the present-day Montney and Doig subcrop areas (Figure VII - 1). The model starts at 

the base of the Lower Triassic (252.2 Ma) up to the top the Middle Triassic (237 Ma). It covers a time 

interval of 15.2 My with 0.2 My time step (76 time steps). 

The model represents the diffusion of five sediment classes: sandstone, siltstone, shale, 

bioclastic carbonate and organic matter. In order to build the geological model, six 

bathymetry/elevation maps and five thickness maps were used. The first five bathymetric maps and 
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four thickness maps were used to define the subsidence. The last elevation map and thickness map 

were used to compute the compaction at the present day burial depth. 

 

Figure VII - 3: Eustatic variations used in the stratigraphic modeling. 
The composite curve is based on Hardenbol et al., (1998) and on two user defined relative sea-level 

curves that represent the impact of regional uplifts and subsidence. 

 

Figure VII - 4: Location of the sedimentary inputs of the stratigraphic model. 
Note the turnover between sequence A and sequence B. 
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The eustatic variations used in the model is presented on the Figure VII - 3. In order to fit the 

stratigraphic evolution described by Crombez et al. (in prep. a), the eustatic curve from Hardenbol et 

al. (1998) was completed by two user defined relative sea-level curves (long term and medium term 

on Figure VII - 3, Crombez et al., in prep. a) to simulate the regional subsidence/uplift due to the 

tectonic activity associated with the geodynamic evolution of the basin. 

Lastly, the location and rates of the sediment inputs were defined based on paleogeographic 

reconstructions from Crombez et al., (in prep. a) and Rohais et al. (in prep.). During the deposition of 

Montney Formation (sequence A), the sediments mainly come from the eastern, southern and northern 

part of the model, whereas during the deposition of the Doig-Halfway Formations (sequence B), the 

sediments mainly come from the East, South and West (Figure VII - 4). The diffusion coefficients (k) 

used in the present study are reported in Table VII - 1. 

Table VII - 1: Diffusion coefficients used in DIONISOS. 

  Carbonate Sand Silt Shale 

Kwater         
Continental (km²/kyr) 15 20 30 40 

Marine (km²/kyr) 0.1 3 3 4 

Kgravi 
    

Continental (km²/kyr) 4 40 60 80 

Marine (km²/kyr) 1.10-3 1.10-2 1.5.10-2 2.10-2 

Kwave 
    

Marine (km²/kyr) 0.1 2 3 4 
 

These coefficients are calibrated in order to reproduce realistic depositional slopes and 

sediment partitioning at basin scale They are defined in order to represent the diffusion of sediments at 

basin scale (Burgess et al., 2006; Alzaga-Ruiz et al., 2009; Granjeon, 2014). In order to represent the 

flat topography of the starved continental part of the basin (Crombez et al., in prep. a) Kgravi was 

overestimated. This parameterization allowed for representing sedimentation under wind dominated 

arid and desertic climate. 

c. Tested scenarios 

Three scenarios corresponding to the 3 aforementioned basin types were developed to 

investigate the patterns of organic matter distribution in each basin type (Table VII - 2). In these 

scenarios, the diffusion coefficient of the organic matter (KOM) was successively set equal to diffusion 

coefficients of sand (Ksand), silt (Ksilt) and shale (Kshale). This screening test aimed at selecting the 

optimal diffusion coefficient to be used in the rest of the study. 
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Table VII - 2: Scenarios tested in order to study the impact of organic matter diffusion on organic 
accumulations. 

  HD MD LD 

Kwater       
Continental (km²/kyr) 40 30 20 

Marine (km²/kyr) 4 3 3 

Kgravi       

Continental (km²/kyr) 80 60 40 

Marine (km²/kyr) 2.10-2 1.5.10-2 1.10-2 

Kwave       
Marine (km²/kyr) 4 3 2 

 

 

Table VII - 3: Scenarios tested in order to study the organic accumulation in the different basin type. 

  HP-0.05-MD HP-0.15-MD HP-1-MD 

Primary productivity       
gC/m²/yr 225 to 112.5 225 to 112.5 225 to 112.5 

Basin restriction       

  0.05 0.15 1 

KOM       

  Ksilt Ksilt Ksilt 

        

  MP-0.05-MD MP-0.15-MD MP-1-MD 

Primary productivity       
gC/m²/yr 150 to 75 150 to 75 150 to 75 

Basin restriction       
  0.05 0.15 1 

KOM       

  Ksilt Ksilt Ksilt 

     LP-0.05-MD LP-0.15-MD LP-1-MD 

Primary productivity       
gC/m²/yr 100 to 50 100 to 50 100 to 50 

Basin restriction       
  0.05 0.15 1 

KOM       

  Ksilt Ksilt Ksilt 
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In a second step, scenarios were designed to test the impact of primary productivity and basin 

restriction on organic matter distribution (Table VII - 3). In these scenarios, primary productivities are 

functions of the distance to the shore. Productivity values are defined at 0km and 150km from the 

shore and interpolated in between. The primary productivity values defined in the models range from 

225-112.5 gC/m²/yr to 112.5-50 gC/m²/yr. Basin restriction variations are simulated through a water 

renewal coefficients (Rwater) from open (Rwater = 1) to highly restricted (Rwater = 0.05). The objective of 

this work is to estimate and discuss the controls on primary productivity and basin restriction 

conditions required to reproduce the organic accumulation and oxygen conditions described in the 

three basin types (Crombez et al., in prep b). 

IV. Modeling results 
1. Best-fit scenario 

a. 3D stratigraphic forward model 

The best-fit scenario is presented on Figure VII - 5. On this figure, the color scale represents 

the variation of a synthetic Gamma Ray based on the relative sediment proportion. It is therefore not 

representative of the high Gamma Ray values linked to high uranium concentration in sequence 3 and 

TST4 (Crombez et al., in prep. b). 

 

Figure VII - 5: Cross sections in the best fit model. 
Here the color is related to an estimated gamma ray based on the lithology proportion. This figure 

highlights the typical geometries of the Montney Formation (A.) and the Doig Formation (B.). 

The model on Figure VII - 5 reproduces the trends highlighted in previous studies of the 

stratigraphic architecture of the Montney and Doig Formations: (1) the maximum backstep of the 

shoreline during the early sequence 2; (2) a long regression from the highstand 2 up to the end of 

sequence 3; (3) the unidirectional filling of the sedimentary basin during sequence 1, 2 and 3 and the 

bi-directional filling during sequence 4 (Crombez et al., in prep. a). Moreover, the Figure VII - 5 

highlights typical sedimentary geometries present in the Montney and Doig Formations: (1) 

prograding clinoforms; (2) sandy turbiditic interval (Davies et al, 1997; Moslow and Davies 1997). 
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Errors between the best-fit scenarios and the case study are presented on Figure VII - 6. This 

figure is based on the data from three wells and their synthetic wells extracted from the model. On the 

wells, the depths of the stratigraphic surfaces are from Crombez et al. (in prep. b), on the synthetic 

wells the surface are placed over the time step that corresponds to the age of the sequence boundary. 

In the present work, sedimentation rates have a direct impact on the preservation and the 

dilution of the organic content, it is therefore important that thickness errors are reasonable. The 

Figure VII - 6 shows that the errors between the best-fit model and the case study are mainly inferior 

to 20% which is acceptable. On this figure, it is apparent that some of the sedimentological details 

present on the well logs are not represented in the model. The two main differences between the model 

and the case study are (Figure VII - 6): (1) the turbiditic deposits that are observed in the falling stage 

1 and the lowstand 2 are only simulated in the lowstand 2; (2) the transgressive system tract 3 is 

poorly expressed on the synthetic Gamma Ray. 

 

Figure VII - 6: Comparison between synthetic wells extracted from the best fit model and real well 
from the same location in the Western Canada Sedimentary Basin. 

Note the thickness similarities between numerical simulated data and real data. 
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Despites all the differences, the best fit model can be used for our study because it presents: 

(1) similar trends; (2) similar facies repartition; (3) acceptable thickness errors. 

b. Organic matter diffusion 

The results of the experiments summarized in table 2 are presented on Figure VII - 7. This 

figure shows similar impact of the diffusion coefficient changes on the three basin types: the organic 

matter tends to concentrate in the center of the basin. On Figure VII - 7, the concentration of the 

organic matter in the central part of the basin is more pronounced in the type 3 configuration and 

weaker in type 1 configuration. The Figure VII - 8 presents a dip-oriented profile of organic matter 

concentration (location on Figure VII - 7) together with associated oxygenation and bathymetry for 

each configuration. 

The scenarios with high diffusion show a relative depletion (compared to low diffusion 

scenarios) of organic matter in areas located at less than 140 km of the shoreline and a concentration 

of the organic deposits beyond 140km. The amplitude of organic matter variations is higher in type 3 

(from 9.4 % to 16 %) than in type 2 (from 4.5 % to 7.8 %) and type 1 (from 1.3 % to 1.9 %) basins. 

However, the relative increase of concentration in the deepest part of the sedimentary basin is 75 % in 

type 2 basin and only 70 % in type 3 basin which shows that the relative impact of an increase of 

organic matter diffusion is the same regardless of the primary productivity. Here, the increase of the 

transport coefficient induced a displacement of the maximum accumulation area (Figure VII - 8): 

between Ksand and Kshale, the maximum accumulation area, shifted 50 km seaward. Lastly, on the three 

configurations, the Figure VII - 8 shows no change in the bathymetry profile and only minor change 

in the oxygen concentration. 

Various studies focused on the sedimentary processes that drive the formation of mudstone 

and others fine-grained sediments (Macquaker and Bohacs, 2007; Schieber et al., 2007; Schieber and 

Southard, 2009; Macquaker et al., 2010, Ghadeer and Macquaker, 2011). All these studies highlight 

that mudstone and others fine-grained sedimentary rocks get mainly deposited in environments that 

still present unidirectional or oscillatory currents. In marine source rocks, the organic fraction that 

reaches the water sediment interface is mainly composed of faecal pellets, flocculates or other 

aggregates (Ghadeer and Macquaker, 2011) called the ―marine snow‖ (Alldredge and Silver, 1988). 

Therefore the organic fraction present on the sea bed is composed of various particles with various 

sizes and densities (Alldredge and Silver, 1988; Wakeham and Lee, 1993). Recent study (Chauveau et 

al., in prep.) suggested that the organic sediments may have similar transport characteristics than fine-

grained sandstone, but it does not take into account the wide varietiy of particles that compose the 

sedimentary organic matter. 
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In DIONISOS, the organic matter is considered as a sediment class with its own diffusion 

coefficient. In this study, we tested various diffusivity coefficients in order to properly reproduce the 

organic matter accumulations (from Ksand to Kshale, Figure VII - 7 and 8). In the center of the basin, 

the organic matter concentration was approximately 70% higher when using Ksand than when using 

Kshale, regardless of the primary productivity or oxygenation of the water (Figure VII - 8). Although 

DIONISOS does not reproduce explicitly the flocculation or aggregation processes, we found that 

using a diffusion coefficient of silt to fine-grained sand is a good approximation for modeling basin-

scale distribution of organic matter. 

 

Figure VII - 7: Organic content maps extracted from the model in order to test the influence of the 
diffusion coefficient on the organic matter distribution in the different basin types. 
On this figure a weak concentration in the deepest part of the basin in apparent. 
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In the present study, as we do not have any data on the size and shape of the organic matter at 

the time of deposition (faecal pellets, flocculates or other aggregates) we chose to use the diffusion 

coefficient of fine-sand/silt that appear to be a good compromise between low and high diffusion. 

 

Figure VII - 8: Organic matter, benthic oxygen and bathymetry profile in the three basin types. 
This figure shows a significant enrichment in organic matter in the deepest part of the basin with the 
increase of the diffusion coefficient. Note that this concentration of the organic matter has no impact 

on the benthic oxygen profile. 

2. Sediment inputs variation 
The values of the sediment and water fluxes used in the best-fit model are presented in the 

Figure VII - 9A. Average sediment inputs are higher in the Montney Formation (sequence A: 28.103 

km3/Ma) that in the Doig-Halfway Formations (sequence B: 5.103 km3/Ma). Within the Montney 

Formation the total sediment inputs increases from sequence 1 up to sequence 3 (from 16.103 km3/Ma 

to 43.103 km3/Ma) and the limit between the Montney and the Doig Formation is marked by a sharp 

drop of total sediment inputs. In sequence A, the relative proportion of sediment delivered from the 

three sources (N, E, S) is not constant (Figure VII - 9A). During sequence 1, the maximum sediment 

input is coming from the North, whereas in sequence 2 the maximum sediment input is coming from 
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the East. In the Montney Formation, the sediments coming from the South only contribute 15 to 20 % 

of the total sediment supply whereas the source from North or from East provide up to 60 % of the 

sediments inputs. During the deposition of the Doig Formation, sources from West represent more 

than 40 % of the sediment input whereas the sources from East and South respectively bring 35 % and 

25 % of the sediments. Similar trends are also visible in water discharge (Figure VII - 9B), the 

Montney Formation (sequence A) shows water discharge from 1.103 m3/s to 1.105 m3/s. Again, the 

Montney/Doig boundary presents a major turnover with a drop in the total water discharge (6.102 

m3/s). 

 

Figure VII - 9: Total sediment inputs (A.) and fluvial discharge (B.) in the model. 
It shows that an important decrease of both sediment inputs and 

fluvial discharge occurs at the end of sequence A. 

3. Primary productivity and restriction variations 
In order to investigate the impact of the primary productivity and basin restriction on anoxia 

and organic matter distribution, nine scenarios were tested on the best fit model. Benthic oxygen and 

organic matter maps were extracted from the model at intervals representative of type 1, type 2 and 

type 3 basins. The bathymetries corresponding to those intervals are presented on Figure VII - 10. 

 

Figure VII - 10: Bathymetric maps of the interval representative 
of type 1 (A), type 2 (b) and type 3 (c) basins. 

On this figure, it is apparent that the bathymetry in type 3 basin is shallower than in type 1 and 2. 
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It shows that the bathymetry in type 1 and 2 are deeper than in type 3. It also shows a major 

change in the physiography of the basin: type 1 and 2 intervals only present sediment supply from the 

East whereas the interval of type 3 presents sediment supply from the East and the West. The Figure 

VII - 11, 12 and 13 present the benthic oxygen and organic matter concentration map resulting from 

the sensibility analysis. 

a. Type 1 basin 

 

Figure VII - 11: O rganic matter content and benthic oxygen maps  
from the stratigraphic modeling of type 1 basin. 

On this figure only the scenarios with no restriction present oxic conditions, they also show low 
organic accumulation. 

On Figure VII - 11 it is apparent that all scenarios with high restriction and the model with 

medium restriction and medium to high primary productivity present anoxic conditions in the central 
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part of the basin. On Figure VII - 11 only LP-0.15 (low organic productivity - water renewal 

coefficient = 0.15) presents dysoxic conditions whereas the three low restriction scenarios present oxic 

conditions. Here, only scenarios with high or medium primary productivity, associated with medium 

to high restriction present organic accumulation higher than 5 % (with a maximum of 15wt% in HP-

0.05 scenario). The Figure VII - 11 shows that MP-0.15 and HP-1 present the same distribution of 

organic matter as well as MP-1 and LP-0.05. In the nine scenarios presented on Figure VII - 11, only 

three present low organic accumulations in oxic environments: the low restriction scenarios. 

b. Type 2 basin 

 

Figure VII - 12: Organic matter content and benthic oxygen maps 
 from the stratigraphic modeling of type 2 basin.  

On this figure only the scenarios with restriction present anoxic conditions. Here only highly 
restricted basin with high productivity present significant organic accumulation. 
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The Figure VII - 12 shows similar results than Figure VII - 11 due to the similar shape of the 

basin (see Figure VII - 10): the three models with high restriction present anoxia as well as the 

scenarios with medium restriction associated with medium to high primary productivity. In scenario 

LP-0.15 anoxia is developed in the central part of the basin. Oxic conditions are prevalent in all low 

restriction scenarios. The organic content of the nine scenarios showed in Figure VII - 12 are 

significantly lower than the one displayed in Figure VII - 11 because of the higher sedimentation 

rates and the resulting dilution of organic matter (Figure VII - 9). On Figure VII - 12 only two 

scenarios (HP-0.05 and MP-0.05) result in anoxic deposits and relatively high organic content, up to 

6% in scenario HP-0.05. 

c. Type 3 basin 

 

Figure VII - 13: Organic matter content and benthic oxygen maps  
from the stratigraphic modeling of type 3 basin. 

Note that anoxia cannot be induced by high primary productivity alone. 



 

IFP Energies nouvelles – 1 et 4 avenue de Bois-Préau – 92852 Rueil-Malmaison Cedex – France 

ISTeP, UPMC – 4 pace Jussieu – 75005 Paris 

– 169 – 

On Figure VII - 13 only two scenarios show evidences of anoxia (HP and MP-0.05) and two 

others show located anoxia and widespread dysoxia (HP-015 and LP-0.05). On Figure VII - 13, the 

range of organic richness is larger than in Figure VII - 11 and 12. Here, the maximum organic 

accumulation reaches 30 % in the HP-0.05 scenario. Four scenarios (MP-0.05, HP-0.15, MP-0.15 and 

HP-1) result in significant organic deposits (> 10 % up to 20 %) and three only present limited organic 

accumulations (MP and LP-1 and LP-0.15). In all the scenarios, organic rich areas are located along 

the southwestern margin of the basin. Among the 9 scenarios only three present the organic 

distribution and oxygen condition consistent with our definition of a type 3 basin: HP-0.05, HP-0.15 

and MP-0.05. 

V. Discussions 
1. Regional controls on primary productivity, dilution and preservation 

a. Evolution of sediment inputs 

Dilution of organic matter by non-organic particles is considered to be one of the main 

controlling factors on source rock accumulation (Tyson, 2001; Kantz, 2005; Bohacs et al., 2005). In 

the present study, the use of DIONISOS provides a mean to investigate the variation of the sediment 

supply at basin scale (Granjeon, 1996; Granjeon and Joseph, 1999; Leroux et al., 2015; Hawie et al., 

2015). The relations between the water discharge, the sedimentation load and the drainage area of 

modern rivers has been extensively studied (Milliman and Meade, 1983; Millman and Syvitski, 1992; 

Dai and Trenberth, 2002; Syvitski et al., 2003; Syvitski et al., 2005). 

The Figure VII - 14 illustrates the relation between the drainage area and the water discharge 

from more than 160 rivers (Dai and Trenberth, 2002). On this figure is plotted the average water 

discharge of the sediment sources used in the best-fit model. As no major climatic changes, from dry 

to humid is known to occur during the Lower and Middle Triassic on Western Canada (Hallam, 1985; 

Golonka et al., 1994; Davies, 1997a; Davies, 1997b; Sellwood and Valdes, 2006), the variations of 

water discharge are most likely linked to change of the drainage area. On Figure VII - 9, sources from 

the North, East and South are considered to come from the continent (Golding et al., 2015b, Crombez 

et al., in prep. a), Figure VII - 14 therefore shows an expansion of the drainage area of the continental 

sources during the sequence A. At the beginning of sequence B, Figure VII - 9presents a major drop 

in the water discharge from continental sources which suggest a significant diminution of the related 

drainage area to the East (Figure VII - 14). Concomitantly, the exhumation of sediment sources from 

the proto Canadian Cordillera to the west, further indicates significant paleogeographic and 

geodynamic transformations at that time. 

In Western Canada, Edwards et al. (1994) shows the occurrence of Triassic strata in two 

basins separated by the Sweetgrass arch (Kent and Christopher, 1994): (1) the Alberta basin and (2) 
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the Williston basin. In the Alberta basin, recent publications suggest that the Triassic deposition took 

place in a forearc basin (Beranek and mortensen, 2011, Rohais et al., in prep.). The DIONISOS model 

presented in this study shows that during the sequence A (Lower Triassic) a significant part of the 

sediment supply derives from the continent whereas in the sequence B (Middle Triassic) sediments 

came from the proto Canadian Cordillera and from the Canadian continent but to the drainage area did 

not reach eastward to the Canadian shield. In the Williston basin, detailed stratigraphy (Cumming, 

1956) shows that the continental Lower Watrous Formation was deposited during the Middle and 

Upper Triassic and rest upon a major unconformity (Carlson, 1969; Kent, 1994; Fowler and Nisbet, 

1984). Here, the deposition of continental strata upon an unconformity highlights a major change of 

the regional subsidence rates. 

 

Figure VII - 14 : Relationship showing an increase of the water discharge with drainage area 
(data from Dai and Trenberth, 2002). This figure shows a major decrease of the drainage area of the 

continental sources at the end of Lower Triassic. 

In Western Canada, the geodynamic evolution seems to have a significant impact on the 

sources and sinks of Lower and Middle Triassic strata. During sequence A the Triassic strata are 

sourced by a drainage area that may reach the Canadian Shield (Carlson, 1969; Kent, 1994). During 

sequence B due to the evolution of the proto Canadian Cordillera (Rohais et al., in prep.) the basin is 

sourced by the cordillera and to a lesser extend by the continent. Here, the reduction of the drainage is 

interpreted to be linked to the rise of a structural high that will split a widespread drainage area into 

two catchment areas: one flowing to the Alberta basin and a second flowing to the Williston basin. 

During the deposition of sequence B (Middle Triassic), the geodynamic evolution of the proto 

Canadian Cordillera affected the subsidence rates in Western Canada by: (1) reducing the subsidence 

rate in the Alberta Basin, (2) provoking the rise of a relative structural high between the Alberta basin 
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and the Williston basin, that reduced the sediment and water delivery to the Alberta basin and (3) 

increasing the subsidence in the Williston basin, allowing the deposition of continental red beds. 

Huc et al. (2005) highlighted the first order control of the geodynamic settings on source rock 

accumulation because of their link to volcanic activities increases that affect primary productivity. The 

present study shows another important control of the geodynamic and physiographic evolution on the 

sedimentary delivery in the basin at the scale of second order stratigraphic cycles: 

- In sequence A, the extensive drainage area resulted in high sedimentation rates 

(>150m/Ma, Crombez et al., in prep. b) that caused a high dilution of the organic matter 

(Figure VII - 12). In anoxic environment this dilution results in a decrease of the organic 

concentration whereas in oxic environment it significantly increase the preservation 

(Tyson, 2001). 

- In sequence B, the reduced drainage area resulted in low sedimentation rates (<50m/Ma, 

Crombez et al., in prep. b). In this scenario, anoxia is required to generate significant 

organic matter accumulation (Figure VII - 13). 

b. Evolution of primary productivity and preservation of the organic matter in the 
Montney and Doig Formations 

In sedimentary basins, anoxia can be due to high productivity (e.g. the Peruvian margin or the 

Namibian margin), to a restriction of the basin (e.g. the Black Sea) or to a combination of both (Arthur 

and Sageman, 1994; Sageman and Lyons, 2003; Brumsack, 2006). In the Montney and Doig 

Formations, Crombez et al. (in prep. b) described three types of basin: (1) an oxic basin, (2) a 

restricted basin and (3) a high productivity basin. In these three types of basin, the organic matter 

distribution is not the same: (1) in oxic basin, little organic matter is preserved ( < 4.5 %), (2) in 

restricted basin, moderate accumulation of organic matter is preserved in the central part of the basin ( 

< 9 %), (3) in high productivity basin, large accumulation of organic matter occurs on the edge of the 

basin ( < 40 %). 

The sensitivity tests performed with DIONISOS (Figure VII - 11, 12 and 13) allows for a 

quantification of organic productivity in each basin types defined by Crombez et al., (in prep. b): 

- Type 1: the results of the modeling show that even a moderate restriction induces dysoxia 

(Figure VII - 11). The results also show that a productivity of 150-75 gC/m²/yr is too low 

to generate 4.5 % of organic matter, and that a productivity of at least 225-125 gC/m²/yr is 

needed to decrease the oxygen content in the benthic water (Figure VII - 11). In order to 

obtain the correct organic content described by previous studies, the primary productivity 

must be increased to 250-125gC/m²/yr which is a moderate rate for coastal areas (Saliot, 

1994) and is not high enough to induce dysoxia. 
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- Type 2: the modeling results show that for primary productivity higher than 150-75 

gC/m²/yr associated with strong and moderate restriction, the basin becomes anoxic 

(Figure VII - 12). As for type 1, the primary productivity in our simulations was 

underestimated. An increase to 250-125 gC/m²/yr is therefore necessary to fit with the 

organic content in type 2 basin (Crombez et al., in prep. b). 

- Type 3: the results of the stratigraphic modeling (Figure VII - 13) show that even the 

highest primary productivity (225-112.5 gC/m²/yr) does not induced dysoxia if not 

associated with restriction. Crombez et al. (in prep. b) suggested the possibility for a 

moderate restriction in type 3 basin, which appears to be necessary. The results of the 

modeling show that if a moderate restriction with a production of 225-112.5gC/m²/yr 

generates anoxia locally, it mostly results in dysoxia. In type 1 and 2 basins primary 

productivity values were underestimated in our simulations and in type 3 basin higher 

primary production scenarios must to be tested (400-200 and 350-175 gC/ml²/yr). If these 

new scenarios do not induce anoxia in the basin then scenarios with increasing restriction 

will be required. 

Crombez et al. (in prep. b) did not discuss a possible increase of the primary productivity 

between sequence 1, 2 and 3. The present study emphasizes the increase of sediment supply from 

sequence 1 to sequence 3. If the sediment sources remain the same throughout sequence A, the 

increase of the sediment delivery will therefore induce an increase of the total volume of nutrient 

delivered. This increase of nutrient delivery may induce increase of primary productivity from the 

sequence 1 to sequence 3. 

2. Impact of the geodynamic evolution on the organic distribution in 
sedimentary basin 

A previous study on the stratigraphic architecture of the Montney and Doig Formations show 

that this interval is composed of two second order sequences (Crombez et al., in prep. a). In these two 

sequences, organic rich intervals are not located in the same systems tracts (Crombez et al., in prep. 

b): in sequence A organic rich layers are located in the FSST, whereas in the sequence B they are 

located in the TST. 

a. Dilution variation 

In the present work, the stratigraphic modeling emphasized a major drop of the fluvial 

discharge and sediment inputs at the boundary between sequence A and sequence B. This reduction is 

interpreted to be linked to a reduction of the drainage area caused by the relative rise of an arch on the 

continent. In the Lower and Middle Triassic strata of the Alberta basin, it is apparent that the regional 

geodynamic evolution of Western Canada and particularly the evolution of the Proto Canadian 
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Cordillera (Beranek, 2011; Rohais et al., in prep.) controls the dilution rates in sequence A and 

sequence B. Based on our simulations, we can estimate that during sequence A the average sediment 

fluxes was 23.103 km3/Ma whereas during sequence B it was only 5.103 km3/Ma. This major drop of 

detrital input resulted in drastically different dilutions between the two second order sequences: 

organic particles in sequence A were 4.5 times more diluted than in sequence B. 

3. Primary productivity variation 
Crombez et al. (in prep. b) concluded that in sequence A primary productivity is controlled by 

continental nutrients delivery whereas in sequence B, the high productivity of the TST is linked to 

marine nutrients brought through upwelling. The present work highlighted an increase of the sediment 

fluxes from sequence 1 to sequence 3. In sequence A, as the primary productivity is controlled by 

continental nutrient inputs (Crombez et al., submitted B) the sediment fluxes increase probably induce 

a small primary productivity increase. In this interval, the potential moderate increase of the primary 

productivity is therefore connected to the regional geodynamical evolution of the area that controlled 

the size of the drainage area. In sequence B, the increase of nutrient inputs is interpreted to be related 

to upwelling activities (Crombez et al., in prep. b). The sequence boundary between sequence A and 

sequence B is interpreted to be associated with a major rearrangement of the basin paleogeography 

(Crombez et al., in prep. a). Consequently, the high primary productivity in TST 4 is linked to the 

regional geodynamic evolution that connected the basin to upwelling. In sequence B, the fact that high 

productivity only occurs in the TST suggests that during the transgression adequate water exchange 

made it possible to deliver the deep marine nutrient in the basin. Wignall and Newton (2001) proposed 

a model of ―transgressive nearshore black shale‖ where high primary productivity is controlled by 

transgressive trends. The controls on the organic accumulation in the TST4 of our model are probably 

more complex as it encompasses longer time scale and thicker deposits. 

b. Dynamics of anoxia 

The present case study we propose two different model for generating anoxia. In the FSST of 

sequence A, the anoxia is interpreted to be triggered by a major basin restriction (Crombez et al., in 

prep. b) whereas this study shows that the anoxia in the TST of sequence B is linked to both primary 

productivity and a moderate basin restriction. In both models however, the development of anoxia is 

associated to the regional geodynamic evolution of western Canada: (1) the major regression at the 

end of sequence A is induced by a regional tectonic uplift (2) the physiography of the basin during 

sequence A and sequence B is linked to the geodynamical context and (3) the primary productivity 

that generate anoxia in the TST of sequence B is linked the geodynamic evolution between sequence 

A and B. This interpretation contrasts with the model of Algeo et al. (2008) that shows a major control 

of the climate and water delivery on anoxia, but is more similar to the model proposed by Tyson et al. 

(1979) and Wignall (1991) where anoxia is controlled by the basin physiography. 



 

IFP Energies nouvelles – 1 et 4 avenue de Bois-Préau – 92852 Rueil-Malmaison Cedex – France 

ISTeP, UPMC – 4 pace Jussieu – 75005 Paris 

– 174 – 

VI. Conclusions 
Based on previous works on the Montney and Doig Formations and on a 3D forward 

stratigraphic model this study shows that: 

- A major reduction of the continental sources drainage area occurs between sequence A 

and B. It induces a major drop in the sediment inputs during the deposition of the 

sequence B. This shift is interpreted to result from a major geodynamic change that occurs 

in western Canada at the Lower/Middle Triassic boundary (Rohais et al., in prep.). During 

sequence A, the increasing sediment supply results in higher nutrient delivery and organic 

matter dilution. 

- In DIONISOS, a decrease of the water renewal is needed in type 3 basin (with high 

primary productivity) to trigger anoxia. This restriction is most likely lower than the one 

present in type 2 (Figure VII - 12 and 13). Here both restrictions are induced by the basin 

physiography that is linked to the geodynamic evolution of the area. 

- In DIONISOS the estimated productivity profile is 250-125 gC/m²/yr in type 1 (oxic 

basin) and 2 (restricted basin) and 400-200 gC/m²/yr in the type 3 basin (Doig phosphates 

zone). These values are respectively characteristic of passive margin and upwelling areas. 

Here additional scenarios are required to test the accuracy of these values. 

- In this case study, the distribution of the organic rich layer is controlled by the regional 

geodynamical evolution: it controls the sediments fluxes variations, the basin restriction 

and the nutrient delivery to the basin. In the present study we show that geodynamic have 

an impact on marine (upwelling) and continental (runoff) nutrient delivery. These 

conclusions are concordant with Trabucho-Alexandre et al. (2012) but drastically differ 

from the transgressive model of Slatt and Rodrigez (2012). In the present study, 

geodynamic framework is the first control on source rock development, the transgressive 

and regressive trends only plays a second role. 
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Conclusions et perspectives  

Les objectifs principaux de cette thèse étaient : (1) de proposer une stratégie pour les 

corrélations stratigraphiques dans les roches mères pétrolières, (2) de caractériser la distribution des 

hétérogénéités de concentration de la matière organique dans celles-ci et (3) de comprendre et 

quantifier les principaux facteurs de cette concentration à l‘échelle des séquences de dépôts qui 

constituent les Formations de Montney et Doig dans le bassin ouest canadien. Pour ce faire une 

méthodologie en quatre points a été mise en place : 

- (1) la définition de l‘architecture stratigraphique à l‘échelle du bassin à partir de données 

de puits et d‘affleurements. Cette étape a permis de discuter de l‘évolution du bassin, des 

facteurs de contrôles de son remplissage et de l‘impact de la géodynamique régionale sur 

son évolution. 

- (2) la réalisation d‘analyses géochimiques et pétrographiques sur les échantillons collectés 

au cours des différentes missions permettant de caractériser le type et l‘abondance des 

composés organiques ainsi que d‘observer des variations paléoenvironnementales 

majeures. 

- (3) l‘intégration de ces analyses dans l‘architecture stratigraphique afin d‘étudier et de 

comprendre l‘évolution des facteurs de concentration de la matière organique. A l‘issue de 

cette étape, trois grands types de bassin (oxique, anoxique et sous influence d‘upwellings) 

semblent s‘être succédés au cours du Trias inférieur et moyen dans l‘ouest canadien, 

conduisant, ou non, à la formation d‘hétérogénéités sédimentaires. 

- (4) la restauration de l‘architecture stratigraphique et la modélisation des processus liées à 

la production, au transport et à l‘accumulation de la matière organique avec le logiciel 

DIONISOS. Cette dernière étape a permis de quantifier les facteurs de concentration de la 

matière organique mais aussi de discuter de l‘impact de la géodynamique sur ces derniers. 

Les résultats issus de ces étapes peuvent être regroupés autour de deux grands axes : des 

découvertes locales, se centrant sur le cas d‘étude et des conclusions plus globales portant sur les 

contrôles de la productivité primaire, de la dilution et de l‘anoxie dans les bassins. 

L’architecture stratigraphique des Formations de Montney et 
Doig et leur potentiel roche mère 

Cette étude a permis d‘analyser, à l‘échelle du bassin, l‘architecture stratigraphique des 

formations du Trias inférieur et moyen du bassin ouest canadien ainsi que la distribution des 

hétérogénéités sédimentaires dans celles-ci. 
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- Les descriptions sédimentologiques montrent que les Formations de Montney, Doig, et 

Halfway présentent des environnements sédimentaires caractéristiques d‘un bassin 

dominé par l’action des vagues. L‘étude sédimentologique met en avant un épais niveau 
(≈ 100 m) de dépôts turbiditiques et un niveau (< 50 m) de dépôts phosphatiques et ne fait 

pas ressortir la présence de grand delta dans le bassin. Elle mais met en avant la présence 

de sources de sédiments au Nord, à l‘Est et au Sud pendant le Trias inférieur et à l‘Est, au 

sud et à l‘Ouest au cours du Trias moyen. 

- Cette étude montre que les Formations de Montney, Doig et Halfway se sont déposées sur 

un talus continental (bathymétrie maximale = 300 m) et non pas dans un bassin profond 

(≈ 1000 – 3000 m). Ces premiers résultats viennent préciser des travaux plus anciens : 

depuis celui d‘Armitage (1962) jusqu'à ceux de Golding et al. (2014). 

- Au cours de cette étude, les corrélations de puits et l‘affleurement à l‘échelle du bassin ont 

montré que les formations du Trias inférieur et moyen du bassin ouest canadien peuvent 

être découpées en quatre séquences. Les trois premières séquences ont été regroupées 

au sein d’une séquence de second ordre : la séquence A, alors que la quatrième a été 

interprété comme une deuxième séquence de second ordre : la séquence B. dans ce 

découpage, la Formation de Montney constitue la séquence A alors que les Formations de 

Doig et Halfway composent la séquence B. De précédentes études plus locales 

(Markashin, 1997 ; Kendal, 1999, Panek, 2000), ou présentant une architecture 

conceptuelle (Gibson et Barclay, 1989 ; Davies et al., 1997 ; Embry, 1997) découpaient 

déjà les formations du Trias inférieur et moyen en deux séquences mais aucune ne 

présentait l‘évolution de ces séquences à l‘échelle du bassin. 

- L‘étude de l‘architecture stratigraphique a montré que la Formation de Montney et les 

Formations de Doig et  alfway sont séparées pas un hiatus d’environs 2.5 Ma. Cette 

surface d‘érosion est interprétée comme une limite de séquence de deuxième ordre entre 

les séquences A et B. De précédents travaux d‘Embry (1988 ; 1997) mettaient en avant la 

présence d‘une limite de séquence majeure entre le Trias inférieur et moyen, les travaux 

de cette thèse mettent en avant la présence d‘un hiatus dans tout le bassin qui est interprété 

comme l‘enregistrement d‘un mouvement de surrection régional. 

- L‘étude de l‘enchainement des séquences de second et troisième ordre observées dans les 

formations triasiques du bassin ouest canadien n‘est pas le même que celui présent sur les 

chartes de variations eustatiques mondiales (Hardenbol et al., 1998). Sur cette charte est 

décrit une série de cycles de troisième ordre aggradants, dans le bassin ouest canadien 

cette étude présente au sein de la séquence A un cycle transgression régression 
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complet au cours duquel le maximum de transgression est atteint au moment de la surface 

d‘inondation maximale de la séquence 2 et le maximum de régression est atteint à la limite 

entre le Trias inférieur et moyen. Dans la séquence B, cette étude montre aussi la 

présence d’un cycle transgression régression au cours duquel le maximum de recul du 

trait de côte est enregistré au cours de la surface d‘inondation maximale de la séquence 4. 

Le décalage observé entre les variations eustatiques suggérées par l‘architecture 

stratigraphique et les variations eustatiques mondiales montre que le bassin n‘est pas 

« passif » mais qu‘il est affecté par de grands mouvements verticaux liés à la structuration 

précoce de la cordillère canadienne (Beranek et Mortensen., 2011 ; Golding et al. 2015a ; 

Rohais et al., in prep.). 

- L‘étude stratigraphique montre que la limite entre la séquence A et la séquence B est 

marquée par une chute majeure des flux sédimentaires. La modélisation DIONISOS  

montre que cette chute est lié à une diminution des flux d‘eau. Au cours de la séquence A, 

cette étude permet d‘estimer que 100.103 km3 de sédiments sont déposés en moins de 5 

Ma au travers de trois grande sources, alors qu‘au cours de la séquence B seulement 

42.103 km3 se sont déposés en environs 8 Ma grâce a 5 sources. Cette différence dans la 

valeur des flux de sédiments entre la séquence A et la séquence B entraine une différence 

importante dans les taux de sédimentation des deux intervalles. La diminution majeure 

des flux de sédiments et des flux d‘eaux est interprétée comme étant lié à la réduction des 

aires de drainage (Dai et Trenberth, 2002) et non à un changement climatique (Golonka et 

al., 1994 ; Sellwood et Valdes, 2006 ; Crombez et al., in prep. b). Ces études confirment la 

présence de mouvements structuraux majeurs entre la séquence A et la séquence B qui 

modifient les aires de drainage. 

- L‘étude de l‘architecture montre que la limite entre la séquence A et B marque aussi un 

changement dans les sources des apports sédimentaires. Au cours de la séquence A, les 

sédiments proviennent du continent (du Nord-Est, de l‘Est et du Sud-Est) alors qu‘au 

cours de la séquence B, les apports proviennent du continent (Est et Sud-Est) et d‘un relief 

à l‘Ouest : la cordillère canadienne (Crombez et al., in prep. b ; Rohais et al., in prep.) 

comme suggéré par Golding et al. (2015b). 

- L‘étude des analyses QEMSCAN montrent que le changement de sources a pour 

conséquence un changement de minéralogie, la séquence A est dominée par des 

éléments lithiques (quartz-feldspath-micas) et présente en moyenne, moins de 25% de 

carbonates. La séquence B est quant à elle toujours dominée par les éléments lithiques 

mais présente moins d‘argiles et plus de carbonates que la séquence A. Ce changement 

confirme la modification des sources et des aires de drainages. 
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- L‘étude des palynofaciès et les analyses Rock-Eval ont montré que la matière organique 

dans les Formation de Montney et Doig était principalement composée de matière 

organique amorphe issue de producteurs marins avec une faible contribution de matières 

organiques terrestres. 

- L‘intégration des résultats des analyses Rock-Eval dans l‘architecture stratigraphique 

montre que deux intervalles peuvent être considérés comme des roches mères dans les 

formations du Trias inférieur et moyen du bassin ouest canadien : le cortège de chute du 

niveau marin au second ordre de la séquence A (équivalent à la séquence 3) et le 

cortège transgressif au second ordre de la séquence B. Dans le passé, l‘absence de ligne 

temps dans le bassin ainsi que son extension sur deux provinces (Alberta et Colombie 

Britannique) ne permettaient pas de différencier ces deux intervalles (Edwards et al., 

1994 ; Golding et al., 2015a). 

- L‘intégration des variations des marqueurs d‘anoxie dans l‘architecture stratigraphique 

montre que l’anoxie dans le cortège de chute du niveau marin de la séquence A est 

liée à une restriction du bassin suite à une chute du niveau marin relatif et à une 

physiographie particulière. En revanche, dans le cortège transgressif de la séquence B, 

l’anoxie est interprétée comme étant liée à une forte productivité primaire et à une 

restriction du bassin. 

- L‘intégration des résultats d‘analyses des éléments traces montrent que les conditions 

paléoenvironnementales dans les Formations de Montney, Doig et Halfway définissent 

trois grands types de bassin : le type 1 est caractérisé par des conditions oxiques et une 

production primaire modérée ; le type 2 par des conditions anoxiques et une 

production toujours modérée (jusqu'à 250gC/m²/a) et le type 3 par des conditions 

anoxiques et une forte productivité primaire (400 gC/m²/a). Cette étude montre que le 

cortège de chute du niveau marin au second ordre de la séquence A est caractérisé par un 

bassin de type 2 et que le cortège transgressif au second ordre de la séquence B est 

caractérisé par un bassin de type 3. 

- L‘étude des indicateurs de productivités montre que pendant la séquence A la 

productivité primaire est contrôlée par des apports continentaux alors que pendant la 

séquence B l’augmentation de la productivité primaire est liée à des apports de 

nutriments marins. Dans ces deux intervalles les valeurs de productivité primaire 

estimées grâce à la modélisation DIONISOS correspondent respectivement à celles d‘une 

zone côtière et d‘une zone d‘upwelling comparables aux valeurs publiées par Saliot 

(1994). 



 

IFP Energies nouvelles – 1 et 4 avenue de Bois-Préau – 92852 Rueil-Malmaison Cedex – France 

ISTeP, UPMC – 4 pace Jussieu – 75005 Paris 

– 179 – 

Les facteurs de contrôles régionaux de l’accumulation de la 
matière organique 

L‘intégration de données géochimiques dans une architecture stratigraphique permet de faire 

ressortir la localisation des hétérogénéités sédimentaires et de comprendre leurs facteurs de contrôles à 

petite échelle : restriction du bassin, augmentation de la productivité primaire et baisse de la dilution. 

L‘intégration de cette étude dans son contexte régional permet de faire ressortir l‘influence du cadre 

géodynamique régional sur la physiographie du bassin et sur les facteurs de contrôle de la 

concentration de la matière organique. 

- Dans cette d‘étude, des petites variations de productivités primaires sont observables entre 

les séquences 1, 2 et 3 et ne sont probablement liées qu‘aux variations des flux 

sédimentaires qui délivrent les nutriments dans le bassin. A plus grand ordre, dans la 

séquence A, la productivité primaire est liée à des apports de nutriments provenant du 

continent alors que dans la séquence B elle est contrôlée par les nutriments apportés par 

des courants marins d‘upwelling. Le modèle de Krajewski (2013) induit l‘augmentation de 

la productivité primaire dans les formations triasiques de Svalbard suite à la transgression 

d‘une zone d‘upwelling dans le bassin au cours d‘une transgression de second ordre. Ce 

modèle est similaire à celui que nous observons dans le cortège transgressif de la séquence 

B, cependant dans notre cas d‘étude la transgression n‘est pas uniquement liée aux 

variations eustatiques globales mais aussi à l‘évolution géodynamique régionale. Dans 

d‘autres cas, l‘augmentation de la productivité primaire le long des côtes, en particulier à 

proximité des embouchures des fleuves, peut être contrôlée par une augmentation de la 

concentration en nutriments en provenance du continent. Cette augmentation des flux de 

nutriment depuis le continent est largement influencée par l‘altération biochimique des 

roches par la végétation. L‘augmentation des flux de nutriments est donc étroitement liée 

au développement du couvert végétal (Huc et al., 2005). Deux facteurs majeurs 

influencent son développement : (1) le contexte géodynamique global, qui contrôle la 

quantité de CO2 dans l‘atmosphère (Huc et al., 2005) et (2) les variations climatiques 

régionales et mondiales, elle mêmes contrôlée par l‘évolution géodynamiques (Golonka et 

al., 1994). Ces différentes observations suggèrent que les variations importantes de 

productivité primaire, liées à des variations importantes de sources de nutriments 

sont liées à l’évolution géodynamique régionale ou globale (1er et 2ème ordre). A plus 

petit ordre, les variations moins importantes de productivité primaire seraient liées à 

des variations de flux sédimentaires. 

- Cette étude fait ressortir un changement majeur dans la valeur des flux sédimentaires entre 

la Trias inférieur et moyen : la séquence A est alimentée par des aires de drainages 
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remontant jusqu‘au bouclier canadien (Carlson, 1969 ; Kent, 1994). En termes d‘apport 

sédimentaire le bassin se rapproche d‘un bassin de « marge passive ». Suite aux 

changements majeurs de paléogéographie liés à l‘évolution de l‘orogène de la cordillère 

canadienne (Beranek et Mortensen, 2011 ; Rohais et al., in prep.), la physiographie et la 

dynamique des apport sédimentaires change : sources à l‘Est et à l‘Ouest et diminution des 

apports sédimentaires. Pendant cette période, la dynamique sédimentaire se rapproche de 

celle d‘un bassin d‘avant arc, ou encore des premiers stades d‘un bassin d‘avant pays. Les 

liens entre aire de drainage, reliefs et flux sédimentaires sont bien connus (Milliman et 

Syvitski, 1992), ils suggèrent un contrôle important du contexte géodynamique local (e.g. 

marge passive, subduction, bassin d‘avant pays…) sur les flux de sédiments qui sont 

apportés au bassin. Notre cas d‘étude nous permet de tirer des conclusions similaires : 

l‘évolution du régime géodynamique depuis un bassin d‘avant arc vers les premières 

étapes d‘un bassin d‘avant pays divise par quatre la valeur des flux sédimentaires qui 

alimente le bassin. Au cours de cette étude, l‘analyse des variations des taux de 

sédimentation à plus haute résolution (au sein des cortèges de troisième ordre) montre une 

encore plus grande variabilité dans les valeurs de taux de sédimentation (jusqu‘à deux 

ordres de grandeurs d‘écart). Il semble que l’évolution géodynamique de la région soit 

un contrôle de premier ordre sur les flux sédimentaires et donc sur la dilution. 

Cependant, c’est à plus petite échelle que la diffusion des sédiments contrôle les 
variations de dilution dans un bassin sédimentaire. 

- Ces travaux font ressortir différents niveaux anoxiques dans les formations du Trias 

inférieur et moyen du bassin ouest canadien. Plusieurs modèles ont été proposés pour 

expliquer la formation d‘anoxie dans les bassins sédimentaires (e.g. Southam et al., 1982 ; 

Wignall 1991 ; Arthur et Sageman, 1994 ; Brumsack, 2006 ; Algeo et al., 2008 ; Algeo et 

Rowe, 2012), la plupart souligne l‘importance de la physiographie du bassin sur le 

développement de niveaux anoxiques. Dans notre cas d‘étude, le premier niveau anoxique 

est localisé dans le cortège de chute du niveau marin de la séquence A. Dans ce cortège, la 

stratification des eaux engendrée par la physiographie du bassin permet de réduire les 

circulations d‘eau profondes et de générer des conditions anoxiques. Au cours du cortège 

transgressif de la séquence B, en plus de la forte productivité primaire, cette physiographie 

particulière influe toujours sur la restriction du bassin et sur le niveau d‘anoxie. Ici la 

physiographie du bassin est liée au régime géodynamique : fermeture d‘un bassin d‘avant 

arc initiation d‘un bassin d‘avant pays. Trabuco-Alexandre et al. (2012) soulignent les 

liens qui existent entre le type de contexte géodynamique (e.g. rift, bassin d‘avant pays, 

bassin avant arc…), la formation de bassins anoxiques et la formations de black shales. 
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Cette étude présente des conclusions similaires : l’évolution géodynamique contrôle la 

physiographie régionale du bassin et les variations stratigraphiques de second ordre et 

influence les variations de productivité primaire. L’évolution géodynamique, au travers 

des déformations du fond de la mer (seuil, bassins isolés…) a donc un contrôle 
principal sur la dynamique de l’anoxie dans le bassin. 

Cette thèse montre qu‘à petite échelle (3ème et 4ème ordre), l‘accumulation de la matière 

organique peut être définie comme le résultat de l‘interaction entre production, dilution et 

préservation. C‘est précisément à cette échelle que des enrichissements en matière organique autour 

des surfaces d‘inondation maximale sont observables, car induites par de faibles taux de sédimentation 

dans le bassin (e.g. Creaney et Passey, 1993), ou que des dépôts anoxiques liée à des pics de 

productivités sont observables dans les parties proximales des cortèges transgressifs (e.g. transgressive 

nearshore black shales de Wignall et Newton, 2001). A plus grande échelle (2ème ordre), le régime 

géodynamique joue un rôle important sur l‘accumulation de la matière organique car il contrôle : (1) 

les variations régionales de flux sédimentaires : bassin « maigre » ou bassin « nourri », (2) la 

physiographie du bassin, pouvant ou non présenter des restrictions, (3) les variations de productivité 

primaire liées à une augmentation de l‘apport de nutriments depuis le continent : augmentation de l‘air 

de drainage ou changement climatiques et (4) les variations eustatiques de second ordre ainsi que la 

subsidence du bassin ce qui permet de le connecter à des cellules d‘upwelling. 

Afin de comprendre les variations des facteurs qui influent sur l‘accumulation de la matière 

organique dans les bassins sédimentaires, il est primordial de réaliser une étude intégrée à grande 

échelle afin de comprendre l‘impact de l‘évolution géodynamique d‘une province sur les flux 

sédimentaires, la restriction d‘un bassin ou encore sur les sources de nutriments qui contrôlent la 

productivité primaire. Une fois familiarisé avec ces contrôles, il devient possible modéliser les 

interactions entre les variations de productivité primaire, les variations de dilution et les variations de 

préservation pour obtenir la distribution des hétérogénéités de concentration de la matière organique à 

l‘échelle d‘un bassin 

Pour aller plus loin 
Plusieurs points présentés dans ce manuscrit nécessiteraient des travaux complémentaires : 

- Une étude plus haute résolution des variations des épaisseurs des cortèges dans la zone 

située au-dessus de l‘arche de Peace River afin statuer sur son influence sur le dépôt des 

sédiments triasiques. 
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- Une étude détaillée sur les sources des sédiments dans les Formations de Montney et Doig 

afin de prouver que les dépôts de la Formation de Doig est principalement alimenter par 

l‘arc et non pas par le bouclier canadien. 

- Une étude approfondie sur les variations climatiques au cours du Trias grâce afin de 

confirmer qu‘aucun changement climatique n‘a lieu à la limite Montney-Doig. 

- Une étude géochimique plus poussée de la matière organique des Formations de Montney 

et Doig par chromatographie et analyses isotopiques pour identifier d'éventuelles 

variations de producteurs primaires. 

- De récentes études (Sanei et al., 2015) suggèrent que les hydrocarbures présents dans une 

partie de la Formation Montney proviennent de migrations internes à ces roches voire de 

migrations secondaires depuis d‘autres intervalles roches mères. Il serait intéressant, basée 

sur une étude des biomarqueurs de quantifier la part d‘hydrocarbures « migrées » et 

d‘hydrocarbures in situ dans ses réservoirs. 

- Des modélisations complémentaires avec DIONISOS afin de mieux appréhender les 

incertitudes sur le modèle géologique et de tester d‘autres scénarios concernant la 

productivité primaire. 

La méthode de caractérisation des roches mères développée dans ces travaux de thèse est 

inédite. Suite au développement de l‘exploration des hydrocarbures piégés dans ces roches, de plus en 

plus de données sont disponibles, la réalisation de travaux similaires sur d‘autres cas d‘études afin 

d‘identifier similarités et différences serait intéressant pour mieux appréhender le caractère local 

versus universel des comportements analysés. La méthode présentée ici a nécessité sur une importante 

quantité de données. Basé sur ce savoir-faire, sa mise en œuvre sur un autre cas d‘étude pourrait se 

faire avec un nombre de données plus limité. Plusieurs éléments restent indispensables : (1) un cadre 

sédimentologique et stratigraphique haute résolution et (2) au moins trois sections distribuées des 

pôles proximaux aux pôles distaux, le long desquelles la matière organique, la minéralogie et les 

éléments majeurs et traces sont quantifiés. 

L‘accumulation d‘hydrocarbures dans ces roches ne se fait pas forcement dans ces intervalles 

riches en matière organique. Ce travail a permis de restaurer la distribution des hétérogénéités 

sédimentaires (réservoirs et sources) dans les Formations de Montney et Doig. Après cette phase de 

caractérisation et modélisation « statique », il serait intéressant d‘utiliser ces résultats pour mieux 

comprendre les mécanismes d‘expulsion, de rétention, de migration et de piégeages des hydrocarbures 

via un logiciel de modélisation de bassin (e.g. TEMIS, Ducros et al., soumis). 
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Conclusions and perspectives (English version)  

The main objectives of this PhD were: (1) to establish a well log correlation workflow in 

source rocks, (2) to characterize the distribution of organic heterogeneities in source rocks, (3) to 

understand and quantify the main control factors on the genesis of these heterogeneities at basin scale. 

In order to achieve these objectives, a 4 steps workflow was developed: 

- (1) Reconstructing the stratigraphic architecture at basin scale based on core and outcrop 

data. This step aims at discussing the basin evolution and the control factors as well as the 

impact regional geodynamic evolution on its filling. 

- (2) Carrying out geochemical and petrographic analyses of samples collected during 

various field works in order to characterize the type and abundance of organic particles as 

well as observe major paleoenvironmental changes. 

- (3) Integrating these analyzes in the stratigraphic framework to study and understand the 

evolution of the controlling factors on organic accumulation. Three major basin types 

(oxic, restricted and connected to upwelling) were highlighted in the Lower and Middle 

Triassic of Western Canada, leading to distinctive distributions of organic-rich sediments. 

- (4) Restoring the stratigraphic architecture and simulating the processes linked to the 

production, the transport and the accumulation of the organic matter with DIONISOS. 

This last step provides a quantification of the factors controlling the accumulation of 

organic matter and highlights the impact of the geodynamic evolution on the distribution 

of these accumulations through time and space. 

The results of this workflow provide regional insights on the case study as well as more 

general reaches on the controls of primary productivity, dilution, and anoxia in sedimentary basins. 

Stratigraphic architecture and source rock potential of the 
Montney and Doig Formations. 

This study aims to characterize, at basin scale, the stratigraphic architecture and the 

distribution of sedimentary heterogeneities in the Lower and Middle Triassic strata from the Western 

Canada Sedimentary Basin. 

- Sedimentological descriptions show that the Montney, Doig and Halfway Formations 

present sedimentary environments characteristic of a wave dominated basin. The 

sedimentological study highlights a thick layer of turbiditic deposits (≈ 100 m), a layer 

phosphatic shales (< 50 m) and do not highlight the occurrence of large deltas in the basin. 
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It highlights sedimentary sources from the North, the East and the south during Lower 

Triassic and from the East, the South and the West during Middle Triassic. 

- This study shows that the Montney, Doig and Halfway Formations were deposited on a 

shelf (maximal bathymetry = 300 m) and not in a deep basin (≈ 1000 – 3000 m). These 

first results complement previous works from Armitage (1962) to Golding et al. (2014). 

- In this work, the well and outcrop correlations show that the Lower and Middle Triassic 

strata can be divided into four sequences. The first three sequences form a second order 

sequence: sequence A, whereas the fourth sequence is interpreted as a second order cycle: 

sequence B. In this framework, the Montney Formation is part of sequence A whereas the 

Doig and Halfway Formations are part of sequence B. Local studies (Markashin, 1997; 

Kendal, 1999; Panek, 2000) as well as more regional works (Gibson and Barclay, 1989; 

Davies et al., 1997; Embry, 1997) on stratigraphic architecture identified these two 

second-order sequences, but none of them provided a detailed correlation of these 

sequences to highlight their evolution a basin scale. 

- The study of the stratigraphic architecture shows that the Montney and the Doig 

Formations are separated by a 2.5 My time gap. This erosional surface is interpreted to be 

a second order sequence boundary between sequence A and B. The works of Embry 

(1988, 1997) already highlighted the occurrence of a major sequence boundary between 

Lower and Middle Triassic, the present work show that this erosional surface is present all 

over the basin and is interpreted to be linked to a regional uplift. 

- This study also shows that the sequence evolution in the Lower and Middle Triassic strata 

does not follow the world eustatic charts of Hardenbol et al. (1998). While the eustatic 

chart shows a succession of third order aggrading cycles, the sequence stratigraphy of the 

Western Canada Sedimentary Basin highlight the occurrence of a transgressive-regressive 

cycle in the Lower Triassic (second-order Sequence A) with a MFS in sequence 2 and 

MRS at the top of the Montney Formation. In sequence B, this study shows the occurrence 

of another transgressive-regressive cycle with the maximum flooding surface (MFS4) 

corresponding to the top of the Doig Phosphate. The present offset between the local 

relative sea-level variations and the global eustatic curve in Lower and Middle Triassic 

shows that the basin cannot be considered as a passive margin, and is affected by large 

scale vertical movements interpreted here as linked to the early stages of the Canadian 

Cordillera orogeny (Beranek and Mortensen., 2011; Golding et al. 2015a; Rohais et al., in 

prep.). 
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- The stratigraphic study show that the limit between sequence A and sequence B is marked 

by a major drop of sediment fluxes. The stratigraphic modeling shows that this drop is 

associated to a major decrease of the water discharge. Based on stratigraphic modeling, 

this study shows that during sequence A, 100.103km3 of sediments were supplied to the 

basin in 5 My through three large sources, whereas during sequence B, only 42.103km3 of 

sediments were delivered to the basin in 5 My through five sources. This difference in the 

sedimentary fluxes between sequence A and B induces drastically different sedimentation 

rates in these intervals. The drop of sediment fluxes and water discharge is interpreted to 

be linked to a diminution of the drainage areas (Dai and Trenberth, 2002) and not to major 

climatic changes (Golonka et al., 1994; Sellwood and Valdes, 2006; Crombez et al., in 

prep. b). This study confirms the occurrence of major structural movements between 

sequence A and B that affect the drainage areas. 

- The study of the stratigraphic architecture also emphasizes that the sequence boundary 

between sequence A and sequence B also recorded a change in the sedimentary sources. 

During sequence A, sediments inputs came from the continent (Northeast, East and 

Southeast) whereas in sequence B, sediments were supplied from both the continent (Eat 

and Southeast) and a western terrain: the Canadian cordillera (Crombez et al., in prep. b; 

Rohais et al., in prep.) as suggested by Golding et al. (2015b). 

- The QEMSCAN analyses show that the sediment inputs sources is marked by a change in 

the mineralogy, the sequence A is dominated by siliciclastic detrital material (quartz-

Feldspar-Micas) and presents an average of less than 25 % of carbonates. Sequence B is 

still dominated by siliciclastic detrital material but present less clays and more carbonates 

than sequence A. This mineralogical change further suggest a major change of sources and 

related drainage area. 

- Palynofacies and Rock-Eval analyses show that the organic matter in the Montney 

Formation is mainly composed of amorphous organic matter that derives from marine 

organisms with a weak contribution (< 5 %) of terrestrial debris. 

- The integration of the Rock-Eval Analysis in the stratigraphic architecture show that two 

interval can be considered as source rocks in the Lower and middle Triassic strata of the 

Western Canada Sedimentary Basin: the falling stage system tract of sequence A 

(equivalent to sequence 3) and the transgressive system tract of sequence B (equivalent to 

TST4). In the past, the limited regional extend of previous studies and the lack of 

chronostratigraphic controls at basin-scale have hampered the recognition and mapping of 

these two intervals (Edwards et al., 1994 ; Golding et al., 2015a). 



 

IFP Energies nouvelles – 1 et 4 avenue de Bois-Préau – 92852 Rueil-Malmaison Cedex – France 

ISTeP, UPMC – 4 pace Jussieu – 75005 Paris 

– 186 – 

- The integration of anoxia‘s proxies in the stratigraphic architecture shows that anoxia in 

the falling stage of sequence A is linked to the restriction of the basin associated with a 

major relative sea level drop and to a change in the basin physiography. On the other hand, 

in the transgressive system tract of sequence B, the anoxia is interpreted to be either linked 

to both high organic productivity and basin restriction. 

- The integration of trace metal analyses in the stratigraphic framework and the stratigraphic 

modeling show that the paleoenvironmental conditions in the Montney, Doig and Halfway 

Formations define three basin type: the type 1 is characterized by oxic conditions and a 

moderate primary productivity; the type 2 by anoxic conditions and a moderate 

productivity (up to 250 gC/m²/yr) and type 3 by anoxic conditions and an increased 

primary productivity (400gC/m²/yr). The present work shows that the second order falling 

stage system tract of sequence A corresponds to a type 2 basin, whereas the transgressive 

system tract of sequence B is characteristic of a type 3 basin. 

- The productivity proxies show that in sequence A, the primary productivity is controlled 

by continental inputs of nutrients whereas in sequence B, the increase of productivity is 

related to marine nutriment inputs (upwellings). In these intervals, the primary 

productivity rates estimated through DIONISOS correspond to coastal rates (sequence A) 

or upwelling rates (TST sequence B, Saliot, 1994). 

Regional controlling factors on organic matter accumulation 
The integration of geochemical data in a stratigraphic framework helped better understanding 

the distribution and controlling factors of sedimentary heterogeneity at regional and local scales: basin 

restriction, primary productivity or dilution. At a broader, scale this study provide an opportunity to 

investigate the influence of the geodynamic evolution of Western Canada on the basin physiography 

and organic matter accumulations. 

- In the present work, the small primary productivity changes observed in sequence A are 

probably linked to variations of sediment inputs that deliver the nutrients. In sequence A, 

the primary is related to the nutrient delivery from the continent, whereas in sequence B it 

is controlled by upwelling cells. In the model proposed by Krajewski (2013), the increase 

of primary productivity in the Triassic formations of Svalbard is linked to a second order 

transgression. This model is similar to the one presented for the transgressive system tract 

of sequence B. However in the present work, the transgressive period does not only result 

from eustacy, but is also related to the regional geodynamic evolution of Western Canada. 

other case studies show that the increase of primary productivity in coastal areas and near 

river mouths can be controlled by an increase of the nutrient delivery from the continent. 
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This increase of the nutrient content is mainly influenced by the biochemical alteration of 

rocks by plants. The increase of the nutrient delivery is therefore closely related to the 

development of the plant cover (Huc et al., 2005). Two main factors influence its 

developments: (1) the global geodynamic context, that controls the quantity of CO2 that is 

released to the atmosphere (Huc et al., 2005) and (2) the regional and global climatic 

variations, also controlled by the geodynamic evolution (Golonka et al., 1994). These 

different observations suggest that the major primary productivity changes, linked to 

major shifts of nutrient sources are associated with the regional and global geodynamic 

evolution. At local scale, the more limited variations of primary productivity are related to 

sediments input variations. 

- This study highlight a major change in the sedimentary fluxes between Lower and Middle 

Triassic: sequence A is sourced by drainage area that goes up to the Canadian Shield 

(Carlson, 1969; Kent, 1994). During this sequence the sedimentary inputs is consistent 

with a ―passive margin‖ setting. Major paleogeographic changes associated with the early 

stage of the Canadian Cordillera orogeny (Beranek and Mortensen, 2011; Rohais et al., in 

prep.), results in a modification of the sedimentary input dynamic: sediments are now 

coming from the East and from the West and sediment supply rates decrease. During this 

period, the dynamic of the sedimentary inputs is similar to a fore arc basin or the early 

stage of a foreland basin. The links between the drainage areas, the topography and the 

sedimentary fluxes are well known (Milliman and Syvitski, 1992), they suggest an 

important control of the local geodynamic context (e.g. passive margin, subduction, 

foreland…) on the sediment delivery to the basin. The present work draws similar 

conclusions: the evolution of the geodynamic framework from a fore arc basin to the early 

stage of a foreland basin drastically decreases the sediment inputs in the basin. In the 

present study, the high resolution analysis of the sedimentation rates (in third order system 

tracts) shows an even greater variability (up to two orders of magnitude). It seems that the 

regional geodynamic evolution is a first order control on the sediment fluxes and therefore 

on the dilution. However, in system tracts, dilution rates are only controlled locally by 

sediment diffusion. 

- The present work highlights different anoxic layers in the Lower and Middle Triassic 

Formations of the Western Canada Sedimentary Basin. In the past, numerous models were 

suggested to explain the dynamic of anoxia in sedimentary basins (e.g. Southam et al., 

1982; Wignall 1991; Arthur and Sageman, 1994; Brumsack, 2006; Algeo et al., 2008; 

Algeo and Rowe, 2012). Most of them highlight the importance of basin physiography in 

the development of anoxic layers. In the present case study, the first anoxic layer is 
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localized in the falling stage system tract of sequence A. In this system tract, the water 

column stratification is linked to the basin physiography that leads to a decrease of the 

bottom water circulation and therefore the development of anoxia. In the transgressive 

system tract of sequence B, this restricted physiography, combined with a surge of organic 

productivity further increase anoxic conditions. In the Lower and Middle Triassic strata 

from Western Canada, the physiography of the basin is linked to the geodynamic 

framework associated with the closure of a fore arc basin and the initiation of a foreland 

basin. Trabuco-Alexandre et al. (2012) highlighted the links between the geodynamic 

framework (e.g. rift, foreland, fore arc…), the occurrence of anoxic basins and black shale 

accumulations. Our study presents similar conclusions: the geodynamic framework 

controls the evolution of the basin physiography as well as the primary productivity 

through its controls on nutrients delivery. In this study, the geodynamic evolution is 

presented as a first order control on anoxia. 

This PhD shows that at local scale (3rd and 4th order), organic matter accumulations can be 

defined as the results of the interaction between production, dilution and preservation. It is at this scale 

that enrichment in organic matter are present close to maximum flooding surface, induced by low 

sedimentation rates (e.g. Creaney and Passey, 1993), or that anoxic layer linked to increases of 

primary productivity are present in the proximal part of the transgressive system tracts (e.g. 

transgressive nearshore black shales of Wignall and Newton, 2001). At larger scale (2nd order), the 

geodynamic framework has an important influence on organic matter accumulations through its 

controls on: (1) the regional changes on sedimentary fluxes, (2) the basin physiography, (3) the 

primary productivity variations linked to increases of the nutrient delivery from the continent: 

drainage area variations or climatic changes and (4) the second order stratigraphic cycles and the basin 

subsidence that established the connection with upwelling cells. 

In order to understand the variation of the controlling factors that influence the accumulations 

of organic matter in a sedimentary basin, it is paramount to realize a regional integrated study. Such a 

study provides the opportunity to understand the impact of the regional geodynamic evolution on the 

sedimentary fluxes, basin restriction and nutrient sources. Once familiar with these controls, it 

becomes possible to model the interactions between the variations of primary productivity, the 

changes of sedimentation rates and variations of preservation to restore the distribution of organic-rich 

heterogeneities at basin scale. 
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For future works 
Additional investigations are needed on several points presented in the PhD: 

- A high resolution study of the system tracts thickness evolution above the Peace River 

Arch in order to better understand its influence of the Lower Triassic deposits. 

- A detail study of the sediment sources in the Montney and Doig Formations in order to 

confirm that the Doig Formation is mainly sourced by the Canadian Cordillera and not the 

Canadian Shield. 

- A study of the climatic variations in the Triassic, in order to verify that no climatic 

changes occur at the boundary between the Montney and Doig Formations. 

- A detail geochemical study of the organic matter present in the Montney and the Doig 

Formation through chromatography and isotopic analysis in order to identify changes in 

the primary producers. 

- Recent studies (Sanei et al., 2015) suggest that hydrocarbons present in the Montney 

Formation partly derive from other sources rocks. It would be interesting, based on 

biomarkers to quantify the relative volumes of ―migrated‖ versus ―in place‖ hydrocarbons. 

- Additional DIONISOS simulations, in order to decrease the uncertainties about the 

geological model and to test other scenarios of primary productivity. 

The workflow developed in the present work is unique. Thanks to the development of shale 

plays, more and more data on source rocks are available. Carrying out similar work on other case 

studies in order to identify similarities and differences would be interesting to better understand the 

local or universal significance of our conclusions. The present study required the compilation of a 

large database. Using this work as a reference, a similar workflow could be carried out on another case 

study with a smaller quantity of data. Several elements remain essential: (1) a high resolution 

stratigraphic framework and (2) at least three sections distributed along a proximal-distal axis, on 

which the organic matter, the mineralogy and the trace and major elements are quantified. 

The accumulation of hydrocarbons in these rocks is not always in the organic rich intervals. 

This work provides the distribution of sedimentary heterogeneities (reservoirs and sources) in the 

Montney and Doig Formations. After this ―static‖ modeling, it would be interesting to use these results 

to better understand the hydrocarbon expulsion, retention, migration and trapping in shale play thanks 

to basin modeling software (e.g. THEMIS, Ducros et al., submitted). 
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Annexe - 1 : Liste des carottes et affleurements décrits pour cette étude 
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Annexe - 2 : Feuille de description sédimentologique 
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Annexe - 3 : Liste des marqueurs stratigraphiques (valeurs en m) 
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Annexe - 2 (cont.): Liste des marqueurs stratigraphiques (valeurs en m) 
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Annexe - 2 (cont.): Liste des marqueurs stratigraphiques (valeurs en m) 
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Annexe - 2 (cont.): Liste des marqueurs stratigraphiques (valeurs en m) 
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Annexe - 2 (cont.): Liste des marqueurs stratigraphiques (valeurs en m) 
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Annexe - 4 : Liste des analyses géochimiques et pétrographiques 



 

 

  



 

 

 

Dans les roches mères, la présence d‘hydrocarbures est liée au contenu organique in situ et à sa maturité 
thermique. L‘objectif de cette étude est d‘affiner notre compréhension de la distribution des hétérogénéités de 
concentration de la matière organique dans les roches mères en se basant sur des affleurements et des données de 
puits provenant des formations Triasiques de Montney et Doig (Canada). La méthodologie développée dans cette 
étude se décompose en quarte points : (1) la corrélation de forages sur les principes de la stratigraphie 
séquentielles,(2) l‘analyse d‘échantillons prélevés sur des affleurements, des carottes et des débris de forages 
avec un Rock-Eval, un ICP-MS/AES et la réalisation de palynofaciès, (3) l‘intégration des résultats des analyses 
géochimiques et pétrographiques dans le cadre stratigraphique, (4) l‘utilisation du code numérique DIONISOS 
pour restaurer l‘architecture stratigraphique des Formations de Montney et Doig et tester plusieurs scénarios de 
productivité primaire et de restriction du bassin. 

Les formations de Montney et Doig ont été découpées en quatre séquences elles-mêmes regroupées en 
deux cycles de second ordre (A et B) séparés par un hiatus majeurs (d‘environs 2 Ma). Cette étude montre que 
les formations triasiques de l‘Ouest du Canada se sont déposées dans un bassin actif et non pas sur une marge 
passive. L‘intégration des résultats des analyses géochimiques et pétrographiques dans le cadre stratigraphique 
fait ressortir deux niveaux d‘accumulation de la matière organique : une dans le FSST de la séquence A et une 
dans le TST de la séquence B. De plus, ces analyses montrent que la préservation de la matière organique dans la 
séquence A est liée à la restriction du bassin alors que dans la séquence B elle est liée à une augmentation de la 
productivité primaire. La modélisation avec DIONISOS montre un effondrement majeur des apports 
sédimentaires entre le Trias inférieur et moyen qui est interprété comme étant liée à l‘évolution de la 
géodynamique régionale et au stade précoce de l‘orogène de la cordillère canadienne. Dernièrement, cette étude 
met en avant le contrôle de premier ordre de l‘évolution géodynamique sur l‘accumulation de la matière 
organique. 

Mots clefs : matière organique, roches mères, Montney, Doig, Canada, sédimentologie, stratigraphie, 
Rock-Eval, proxies élémentaires, DIONISOS 

 

 

In self-sourced reservoirs, the occurrence of hydrocarbons is correlated to in situ organic content and 
thermal maturity. The aim of this study is to improve the understanding of sedimentary organic matter 
heterogeneities in unconventional plays, based on outcrop and well data from the Triassic Montney and Doig 
Formations. The workflow comprises four steps: (1) well correlations, based on sequence stratigraphy, (2) Rock-
Eval VI, ICP-MS/AES and palynofacies analyses of outcrop, core and cutting samples, (3) integration of the 
geochemical and petrographic analyses in the stratigraphic framework, (4) a process-based forward modeling of 
the stratigraphic evolution of the basin with DIONISOS in order to test multiple scenarios of primary 
productivity and basin restriction. 

The stratigraphic architecture of the Montney and Doig Fms has been subdivided into four sequences 
gathered in two second order cycles (A and B) separated by a major time gap (approx. 2 My). This study shows 
that the deposition of the Triassic series on the Western margin of North America took place in an active 
structural context and not on a passive margin. The integration of the geochemical and petrographic analyses 
results in the stratigraphic framework shows that significant organic accumulations are located in the FSST of 
sequence A and in the TST of sequence B. Moreover, it shows that in the FSST of the sequence A, organic 
accumulation is linked to basin restriction whereas in the TST of sequence B it is linked to increased primary 
productivity linked. DIONISOS shows a major drop of the sedimentary inputs between Lower and Middle 
Triassic that is interpreted to be linked to the regional geodynamic evolution and the early stages of the Canadian 
Cordillera orogeny. Lastly, this study emphasizes the first order control of the geodynamic evolution on organic 
rich accumulation. 

Key words: organic matter, source rocks, black shale, Montney, Doig, Canada, sedimentology, 
stratigraphy, Rock-Eval, Trace metal proxies, DIONISOS 


