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ABSTRACT 

The potential of the Doig Formation as an unconventional petroleum system was investigated in 

this study. The Triassic Doig Formation of the Western Canada Sedimentary Basin extends 

continuously across northeast British Columbia and central western Alberta, and it is known as a 

source-rock for conventional reservoirs in the basin. This investigation encompasses the mapping 

of source-rock properties, characterization of reservoir properties related to hydrocarbons storage 

capacity and producibility, lithogeochemistry and sedimentology of the basal phosphatic informal 

subunit, and a 3D basin model for reconstructing and determining the timing of thermogenic 

generation of hydrocarbons, as well as their expulsion and migration. 

The Doig Formation contains kerogen of Type II and III and has fair to good source rock potential. 

Most of the Doig subcrop area is in the early oil window, grading to overmature dry gas towards 

the southwest. The Doig Formation is subdivided into the basal more organic-rich Doig Phosphate 

Zone (DPZ), with a median of 2.7% total organic carbon (TOC), and the upper Doig, with a median 

of 1.3%. Porosity ranges from 0.3 to 14.6% and matrix permeability ranges from 8×10-6 to 14 mD. 

Matrix permeability is controlled primarily by pore throat size. Total gas in-place ranges from 6.2 

to 9.7 trillion m3. 

Mineralogy is primarily composed of detrital quartz, diagenetic dolomite and calcite, in highly 

variable proportions. Clay content is low, with a median of 4.9% by weight, and apatite occurs as 

intraclasts and coated grains in phosphorite beds in the DPZ, which are interpreted to be a result 

of various phases of phosphatization, exhumation, and reburial. Mineralogy and TOC distributions 

reflect the fore-arc basin configuration with a southwestern paleo-high, and a connection to open 

marine environment to the north. 

Burial history reconstruction suggests subsidence rates of up to 390 m/Ma towards the Late 

Cretaceous, and removal of several kilometers of sediments during the Cenozoic. The Doig entered 

the oil window in the Albian, and generated a total mass of 69,000 million metric tons of 

petroleum. Approximately 50% of the gas generated may have been retained in the source-rock or 

migrated into tight and conventional Doig reservoirs. 
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RÉSUMÉ 

Le potentiel de la Formation de Doig en tant que système pétrolier non conventionnel a été examiné 

dans cette étude. La Formation de Doig du bassin sédimentaire de l’Ouest canadien, d’âge 

triasique, s'étend de façon continue à travers le nord-est de la Colombie-Britannique et le centre-

ouest de l'Alberta, et il est connu pour être une roche mère pour les hydrocarbures piégés dans des 

réservoirs conventionnels du bassin. Ce travail de recherche comprend la cartographie des 

propriétés de la roche mère, la caractérisation des propriétés du réservoir liées à la capacité de 

stockage et de production des hydrocarbures, a lithogéochimie et la sédimentologie de la sous-

unité informelle phosphatique basale, et un modèle de bassin 3D permettant la reconstruction et la 

détermination du moment de la génération thermogénique des hydrocarbures, de leur expulsion et 

de leur migration. 

La Formation de Doig contient du kérogène des types II et III et présente un potentiel pétrolier de 

moyen à bon. Elle se trouve au début de la fenêtre à huile dans la plus grande partie de sa zone, 

passant au stade à gaz secs vers le sud-ouest. La formation de Doig est subdivisée en une unité 

basale plus riche en matières organiques, appelée zone phosphatée de Doig (DPZ), avec une 

médiane de 2,7 % de carbone organique total (COT), et une unité supérieure de Doig, avec une 

médiane de 1,3 %. La porosité varie de 0,3 à 14,6 % et la perméabilité du milieu poreux varie de 

8×10-6 to 14 mD. La taille des gorges des pores est la principale influence sur la perméabilité du 

milieu poreux. La Formation de Doig contient entre 6,2 et 9,7 trillions de m3 de gaz. 

La minéralogie est principalement composée de quartz détritique, de dolomite et de calcite 

diagenétiques, avec des proportions très variables. La quantité d'argile est faible, avec une médiane 

de 4,9 % en poids, et l'apatite est présente sous forme d'intraclastes et de grains enrobés dans les 

lits de phosphorite trouvés dans le DPZ, qui sont interprétés comme le résultat de phases 

successives de phosphatation, d'exhumation, et d’enfouissement. Les distributions de minéralogie 

et de COT reflètent une configuration de bassin d'avant-arc avec un paléo-haut au sud-ouest, et 

une connexion à un environnement marin ouvert au nord. 

La reconstruction de l'histoire de l'enfouissement suggère des taux de subsidence allant jusqu'à 390 

m/Ma vers la fin du Crétacé, et l'érosion de plusieurs kilomètres de sédiments au cours du 

Cénozoïque. La Formation de Doig est entrée dans la fenêtre à huile à l'Albien, et a généré une 
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masse totale de 69,000 millions de tonnes métriques de pétrole. Environ 50 % du gaz généré peut 

avoir été retenu dans la roche mère ou avoir migré dans des réservoirs de Doig à faible perméabilité 

et conventionnels.   



   

 

vi 

LAY SUMMARY 

This thesis examines the geological characteristics of a group of rocks known as the Doig 

Formation. These rocks were formed approximately 240 million years ago, and are currently 

buried in the subsurface of parts of British Columbia and Alberta. They generated much of the oil 

and gas currently produced from other rock units in the same basin, and still contain a large amount 

of unexploited petroleum. This work features maps showing how the rock properties vary across 

the region, which can be used to find areas more promising for producing gas and oil. The 

formation of particular grains rich in the element phosphorus, which are characteristic of these 

rocks, and their importance in the geological history are discussed. A three-dimensional model of 

the entire area recreates how each layer of rock was deposited and buried, generated oil and gas, 

and how the hydrocarbons migrated to their current locations. 
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PREFACE 

This dissertation is an original intellectual product of the author, Pablo Lacerda Silva. The research 

was designed by Pablo Lacerda Silva and his supervisor Robert Marc Bustin with input from the 

supervisory committee members, Lori Kennedy, Jim Mortensen and Stuart Sutherland.  

All core and cuttings samples used were collected by the author at the Core Research Facility of 

BC Oil & Gas Commission, in Fort St. John, and the Alberta Energy Regulator Core Research 

Center, in Calgary. Samples examination and removal authorizations were obtained according to 

regulations. The laboratory work was conducted within the Unconventional Reservoir Research 

Laboratory at the University of British Columbia, Vancouver, with the exception of pyrolysis, 

which was performed at Trican Geological Solutions in Calgary, lithogeochemistry, which was 

performed at ALS Geochemistry in North Vancouver, and field emission scanning electron 

microscopy, which was performed at the UBC Centre for High-Throughput Phenogenomics. All 

analytical tests, with the exception of lithogeochemistry, were performed either by the author 

himself or supervised research assistants. Data analysis, including petrophysics, mapping and 

modeling, as well as the well data scouting were performed with the use of software donated by 

Paradigm Geophysical Canada Ltd, Schlumberger, geoLOGIC Systems and TIBCO. 

The results of this thesis are presented in four chapters, each of which can be read as a standalone 

paper. One manuscript has been published, and two manuscripts have been submitted for 

publication in journals. The breakdown of co-authorship and contributions for each one of the 

chapters is stated below. 

Chapter 1 introduces the research topic and objectives, presents the structure of the thesis and 

provides a review of the current knowledge of the Doig Formation available in the literature. Basin 

structure, tectonic history, petroleum geology, and paleogeography and stratigraphy of the Triassic 

of the Western Canada Sedimentary Basin, are summarized. 

Chapter 2 is submitted as: Silva, P. L., and Bustin, R. M. Basin-wide unconventional potential of 

the Doig Formation. Silva was responsible for 95% of the research and 95% of the writing. Bustin 

provided research ideas and editorial comments which improved the readability and structure of 

the manuscripts, as well as assistance throughout the research phase. Parts of Chapter 2 were 
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presented as: Silva, P. L.; Bustin, R. M.  Regional evaluation of the Doig Formation based on 

thickness, organic richness and maturity. 2018 CSPG GeoConvention, Calgary, Alberta. 

Chapter 3 is submitted as: Silva, P. L., and Bustin, R. M. Reservoir potential and resource 

assessment of the Doig Formation. Silva was responsible for 95% of the research and 95% of the 

writing. Bustin provided suggestions on the structure and editorial comments which improved the 

readability of the manuscript. Parts of Chapter 3 were presented as: Silva, P. L.; Bustin, R. M.  

Mineralogical and petrophysical characterization of the reservoir facies of the Doig Formation in 

British Columbia, Triassic of Western Canada Sedimentary Basin. 2017 AAPG ACE, Houston, 

Texas. 

Chapter 4 is published in the journal Minerals as: Silva, P. L., and Bustin, R. M. Significance and 

distribution of apatite in the Triassic Doig Phosphate Zone, Western Canada Sedimentary Basin. 

Silva was responsible for 95% of the research and 95% of the writing. Bustin provided research 

guidance and direction, as well as editorial comments for improved readability and structure of the 

manuscripts. 

Chapter 5, titled Timing and generation of hydrocarbons in the Doig Formation, comprises results 

written by Silva, P. L., and supervised by Bustin, R. M. Silva was responsible for 95% of the 

research and 95% of the writing. 

Chapter 6 is presented as an overview of the entire thesis, summarizing the key findings of this 

research, as well as remaining gaps in the knowledge and suggestions for future potential research 

topics on the Doig Formation. 
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The White Rabbit put on his spectacles 

‘Where shall I begin, please your Majesty?’ he asked 

‘Begin at the beginning,’ the King said, gravely, 

‘and go on till you come to the end: then stop.’ 

 

— Lewis Carrol, Alice in Wonderland 
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1. INTRODUCTION 

1.1 INTRODUCTORY STATEMENTS 

Spurred by the high oil and gas prices in effect during the last decade, tax incentives and the 

natural depletion of conventional petroleum systems, the energy industry has turned its attention 

to unconventional hydrocarbon resources. Unconventional resources is a somewhat loose umbrella 

term for resources which need additional capital, energy and technology to be extracted. A type of 

unconventional resources, commonly known as shale oil and shale gas, is of particular importance 

to North America, with laterally extensive reservoirs distributed throughout continental United 

States, the Gulf of Mexico coast and western Canada (Figure 1.1). A shale resource system consists 

of continuous organic-rich and generally fine-grained rocks including fissile and non-fissile 

mudrocks and carbonates, siltstone and very fine-grained sandstones, which may be both 

hydrocarbon source and reservoir (Jarvie, 2012b).  

 

 

Figure 1.1 – Map of producing and prospective North American shale plays and basins, showing the extent, as well as relative 

depth and lithology of select plays. Compiled by US Energy Information Administration (2011; 2015). 
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Unlike in conventional reservoirs, migration in shale resources is not primarily driven by 

buoyancy (Song et al., 2015), and secondary migration may occur in juxtaposed non-source rocks. 

In these types of rocks, the low permeability associated with the strong capillary forces of their 

small pore throats make their commercial exploitation impractical without hydraulic stimulation. 

Advancements in technologies such as horizontal drilling and multi-stage hydraulic fracturing, 

have made possible for these vast, long known but previously inaccessible or uneconomic 

resources, to be commercially exploited. The enormous natural gas resources available in shales 

are a viable energy bridge for the transition from carbon-intensive sources such as coal into near-

zero emission sources (Hausfather, 2015). 

According to a study by the United States Energy Information Administration (2013), 1.4 

billion m3 (8,800 MMbbl) of oil and 16.2 trillion m3 (573 Tcf) of gas of risked technically 

recoverable resources are estimated to exist in shales in Canada. Owing mainly to the development 

of shale gas resources, the National Energy Board of Canada (2016) forecasts as a reference case, 

a ramp up in natural gas production from 416 million m3/day (14.7 Bcf/day) in 2014 until 2023, 

when it should slow down and reach 506 million m3/day (17.9 Bcf/day) by 2040. Despite their 

great potential, the geological and economic exploitation of shale plays presents many challenges, 

owing to poorly understood hydrocarbon distribution, type of hydrocarbons generated and 

retained, flow properties, geomechanical response to hydraulic stimulation and storage capacity. 

Additionally, techniques and methods used for assessing producibility of conventional plays are 

often inadequate for shale plays, and have to be adapted or redeveloped. Furthermore, methods 

successfully implemented in one play do not often work in another.  

The Triassic section, which includes the Doig Formation of this study, is the richest interval 

of the Western Canada Sedimentary Basin (WCSB) with respect to volume of oil per volume of 

rock (Brack et al., 1987; Podruski et al., 1988). The Lower to Middle Triassic Doig Formation of 

the WCSB extends continuously across northeast British Columbia (BC) and central western 

Alberta. The Doig and the underlying Montney formations have been known as source-rocks for 

other conventional reservoirs in the basin, mainly in other Triassic strata (du Rouchet, 1985; 

Creaney & Allan, 1990; Riediger et al., 1990; Edwards et al., 1994). There has also been some 

limited hydrocarbon production from the conventional sandstone portion of these reservoirs (Brack 

et al., 1987; Walsh et al., 2006; Chopra et al., 2014).  
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With the industry shifting the focus of development to unconventional reservoirs, the Doig 

Formation has been recognized as both an important source and reservoir of gas and natural-gas-

liquids (Schenk et al., 2019). An estimate by the Gas Technology Institute (Faraj et al., 2002) 

places the Doig total gas in-place at 4 trillion m3 (140 Tcf). According to another estimate by Walsh 

et al. (2006), total gas in-place for the upper portion of the Doig interval in British Columbia ranges 

from 1.1 to 5.7 trillion m3 (40 to 200 Tcf), while the lower portion of the Doig Formation, known 

as Doig Phosphate Zone (DPZ), holds approximately 2 trillion m3 (70 Tcf). A more recent study 

by the US Energy Information Administration (2015) estimates 2.9 trillion m3 (101 Tcf) for the 

DPZ alone. Schenk et al. (2019) estimated a most likely recoverable volume of gas for the DPZ of 

0.35 trillion m3 (12 Tcf). 

The unconventional Doig is a relatively new play, and thus the distribution of its properties 

has not been extensively studied or well understood. Basin-scale studies that focus on the entire 

Doig succession and the regional variation in its properties are notably absent in the literature. 

Geochemical studies available tend to be very spatially localized and stratigraphically broad. 

Furthermore, a well log-derived total organic carbon (TOC) estimation method calibrated to the 

Doig, which has a great impact on resource assessments of shale plays, is lacking in the published 

literature. 

 

1.2 STATEMENT OF PROBLEM 

The goal of this research is to evaluate the potential of the Doig Formation as a self-contained 

petroleum system (sensu Magoon & Dow, 1994) through a petroleum system analysis (PSA), with 

focus on the distribution of producible liquids. The PSA is an integration of the quantification and 

mapping of source-rock properties, characterization of reservoir properties such as storage 

capacity and producibility, and back-strip modelling of the basin in order to reconstruct and 

determine the timing of thermogenic hydrocarbon generation, migration, expulsion and retention 

(Figure 1.2). 
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Figure 1.2 – Diagram illustrating the elements of the petroleum system analysis approach and their respective inputs. 

 

1.3 THESIS OBJECTIVES AND STRUCTURE 

In this thesis the potential of the Doig Formation as a source-rock reservoir is analyzed using 

an integrated approach intended to characterize the variation, distribution and relationship between 

source, reservoir and geological properties. The scope of this thesis also includes an investigation 

into the origin and significance of the phosphatic interval, addressing existing stratigraphic 

definition problems and determining the timing of thermal hydrocarbon generation in the Doig 

Formation. This thesis is organized in six chapters, four of which are standalone manuscripts. Of 

necessity, there is some overlap between chapters, due to their interrelated nature and the fact that 

datasets have applications to multiple aspects of mudrock reservoirs. A brief summary of the topic 
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of each chapter and their relation to the overarching theme of petroleum system analysis is 

presented below. 

The objective of the second chapter is to characterize the source-rock properties (i.e., total 

organic carbon, kerogen type and thermal maturity) of the Doig Formation and their distribution, 

both spatial and stratigraphic. The second chapter also includes within its scope, an investigation 

on the geologic controls on the distribution of organic matter type and abundance, as well as how 

produced hydrocarbons are affected by the distribution of total organic carbon, kerogen type and 

thermal maturity. 

In the third chapter, the reservoir potential of the Doig Formation in terms of storage capacity 

and producibility is evaluated by investigating and drawing relationships between lithological, 

mineralogical, textural and petrophysical properties. Mineralogy, storage and flow properties (i.e., 

porosity, pore size distribution, matrix permeability, gas adsorption capacity) of the Doig 

Formation facies are characterized, and the geologic controls influencing their spatial and 

stratigraphic variability are discussed. The degree and causes of permeability anisotropy are 

assessed. The relationship between the various reservoir properties, and their relationship to 

source-rock properties are discussed and predictive models are presented. A well log-based 

mineral model calibrated to laboratory data is presented. The mode of occurrence of the various 

mineral phases and their relationship is described by thin section petrography, and both 

deterministic and probabilistic in-place resource assessments are presented. 

The fourth chapter concerns the origin and significance of the phosphate associated with the 

lower portion of the Doig Formation. The mode of occurrence and distribution of apatite across 

the basin and throughout the stratigraphic interval are described. The geologic controls on the 

distribution of apatite and its lithogeochemistry are discussed. 

In the fifth chapter, petroleum systems modelling is used to evaluate the burial and thermal 

history of the Doig Formation. Global kinetic parameters calibrated to the Doig Formation kerogen 

are developed. The timing of hydrocarbon generation and migration across the basin is constrained 

by the model and related to the present-day distribution of gas and liquid hydrocarbons. 
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1.4 GEOLOGIC BACKGROUND 

1.4.1 Basin Structure and Tectonic History 

The WCSB is a northeastward-tapering sedimentary wedge overlying the Precambrian 

crystalline rocks of the North American craton. This wedge thickens to the southeast from the zero 

edge along the exposed basement to between three and five kilometers at the northeastern margin 

of the foreland fold and thrust belt. The most complete stratigraphic record of the basin lies within 

the fold and thrust belt; however, the fold and thrust belt has been partially incorporated into the 

allochthonous terranes that make up the bulk of the Cordillera and thus have been obscured by 

deformation, metamorphism and igneous intrusion (Price, 1994). 

There are two main phases in the development of the WCSB. Between the Late Proterozoic 

and Permian, the basin was a passive margin. From the Late Jurassic to Early Eocene, the basin 

transitioned into a foreland type. According to Golding et al. (2016), the foreland basin started 

forming in response to the Klondike Orogeny, as evidenced by zircon provenance from the western 

Yukon-Tanana terrane. During the collision of accreted terranes onto the margin of the North 

American craton, the detaching, displacement, compression and thickening of the platform, 

induced subsidence of the foreland basin. This cycle of uplifting and subsidence caused continuing 

recycling of the basin (Price, 1994; Ricketts, 2008). 

In the transition from a passive margin to a foreland, there was a marked change in 

sediment provenance, as well as a transition from the carbonate-dominated intra-cratonic and 

passive margin conditions predominant during the Paleozoic, to a siliciclastic-dominated relatively 

active embryonic foreland basin (Brack et al., 1987; Davies, 1997). Between the Late Proterozoic 

and Late Jurassic, during the passive margin stage, the main source of sediment laid to the northeast 

on the North American craton. From the Late Jurassic to Early Eocene, during the foreland basin 

stage, the main source of sediment was to the southwest, from the uplift of the emerging Cordillera 

(Price, 1994).  

The depositional model for the Middle Triassic section during the transition from a passive 

margin to a foreland basin implies sediment sourcing from both the east and the west, which had 

important implications for the depositional geometry of the basin, facies distribution and thickness 

variation (Zonneveld et al., 2010; Golding et al., 2016). Based on biostratigraphic dating, Golding 

et al. (2015), proposed a tectonically-influenced depositional model with localized topographic 

highs for the Middle Triassic, as opposed to a simple west-sloping passive margin. Rohais et al. 
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(2016) suggested a fore-arc setting starting during the Early and persisting through the Middle 

Triassic, based on patterns of sediment distribution. During the Triassic, volcanic arcs started 

approaching the continental margin, but the basin remained relatively far from the active plate 

margin; therefore, sedimentation occurred in a tectonically quiescent extensional or transtensional 

regime without major syndepositional deformation (Davies, 1997). 

The Triassic depocenter in the WCSB is the Peace River Embayment (PRE) in the Peace 

River region, where these strata reach up to 1,200 m in thickness (Gibson & Barclay, 1989). The 

PRE formed as the result of the collapse and subsidence of the lower Paleozoic Peace River Arch 

(PRA), which was a structural high, from Carboniferous to Triassic (Eaton et al., 1999). Triassic 

strata extend for over 900 km long and 350 km wide in an NNW–SSE trending depression centered 

around the PRE, designated Peace River Basin (PRB). The PRE was formed in Early Mississippian 

by major transtensional tectonics, likely associated with the Antler Orogeny to the south, and 

continued to subside through the Triassic by cooling and sediment loading (Davies, 1997). 

The main structural elements that influenced the distribution of the WCSB Triassic interval 

were the underlying Devonian Leduc and Swan Hills reefs, and the Mesozoic reactivation of the 

Mississippian Dawson Creek Graben Complex (DCGC), which includes the Fort St. John Graben 

(FSJG) and the Hines Creek Graben (Figure 1.3). The DCGC formed in response to localized 

subsidence in the PRE and its faults remained active during the Triassic, imposing controls on the 

distribution of sediments through minor block fault rejuvenation (Brack et al., 1987; Barclay et al., 

1990; Davies, 1997; Eaton et al., 1999) and localized  10 to 20 m throw normal faulting (Cant, 

1986; Wittenberg & Moslow, 1991). The Devonian reefs exerted topographic influence on Triassic 

sedimentation, by controlling facies change due to differential subsidence (Davies, 1997).  The 

Hudson Hope Low region, between the western edge of the FSJG and the northern end of the 

Groundbirch Graben, was a sag during the Triassic. The sag was formed in the deep part of the 

FSJG by the reactivation of the pre-existing faults and underwent structural inversion during the 

Laramide compressional phase (Berger et al., 2009). 
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Figure 1.3 – Structural and tectonic elements that influenced the deposition of Triassic strata and control the development of 

unconventional plays in the WCSB (compiled from Barclay et al., 1990; Davies, 1997; Berger et al., 2008) on a shaded relief 

backdrop map. 
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Other structural elements that may have influenced Triassic sedimentation, according to 

Davies (1997) are the Beatton High, Grassy High, Sukunka Uplift, the Hay River Fault Zone 

(HRFZ), the Laurier Embayment, and continuous reactivation of PRA orthogonal structural 

lineaments (Figure 1.3). In northeastern BC, the Beatton High and its northwestern extension, the 

Grassy High, are characterized by erosion or non-deposition of Permian and upper Triassic strata. 

The Sukunka Uplift trend, south of the Jasper and Banff areas, had likely subsided by Triassic time 

may have exerted a regional bathymetric control through the Triassic, affecting facies distribution. 

The Precambrian dextral strike-slip HRFZ may have influenced sedimentation in the Late Triassic, 

as suggested by lateral facies change and offset of structural contours across the fault. The Laurier 

Embayment may be a southwestern extension of the HRFZ, causing facies deepening and 

diachronous downstepping of Upper Triassic strata.  

A structural framework of the region was presented by Berger et al. (2008), who mapped 

additional faults on high resolution aeromagnetic and seismic data, and classified the structures 

into three main categories of normal fault systems based on structural style, in addition to the 

strike-slip HRFZ (Figure 1.3). The first category consists of deep-seated basement faults, which 

are responsible for grabens such as the FSJG, the Hines Creek Graben and the Laurier Embayment. 

While these faults tend to cause significant structural relief within the PRA, they can be very subtle 

off the PRA axis. The second category consists of pull-apart basin faults, which form asymmetrical 

grabens and half-grabens. The reactivation of these Proterozoic faults started in the Paleozoic and 

continued through the Triassic. The third category consists of younger and shallower listric faults 

associated with the development of the fold and thrust belt. These listric faults mark the transition 

from the PRA to the Deep Basin area (Berger et al., 2009). 

 

1.4.2 Triassic Paleogeography and Stratigraphy 

During the Triassic, the WCSB was located at the northwestern margin of the Pangea 

supercontinent, facing the open oceanic regime of the Panthalassa, at about 30° N latitude (Davies, 

1997). According to the author, the general paleogeographical configuration of the Triassic in the 

WCSB was a westward-deepening continental shelf margin (Figure 1.4). The carbonate 

productivity was subdued with the drifting of Pangaea into a subtropical and temperate climate 

midlatitudinal position (Brack et al., 1987; Henderson, 1989). Low fluvial input, dominantly fine-
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grained siliciclastic sedimentation in marine shelves and ramps with extensive associated aeolian 

and evaporitic environments developed (Figure 1.5) as a result of this westward facing margin 

under the influence of trade winds, seasonal climatic aridity and coastal cold water oceanic 

upwelling (Davies, 1997). 

 

 

Figure 1.4 – Early Triassic paleogeographic configuration of western North America showing the west-facing mid-latitudinal 

continental shelf margin position of western Canada, and approaching microcontinental terranes (Blakey & Ranney, 2018). Map 

area and Doig Formation subcrop area are highlighted. 
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Figure 1.5 – Block diagram illustrating the stratigraphic and paleoenvironmental transitional relationship between the Triassic 

Doig, Halfway and Charlie Lake formations (Barclay & Leckie, 1986; Edwards et al., 1994). 

 

Following the discovery of gas in Triassic strata in Alberta in 1950 the first subsurface 

stratigraphic framework of the Triassic in the WCSB based on outcrop correlations was proposed 

by Hunt & Ratcliffe (1959). The original proposed framework comprised of Toad–Grayling, Liard, 

Halfway, Charlie Lake, Baldonnel and Pardonet formations, in ascending order. This was later 

altered by Armitage (1962), who redefined the Toad–Grayling subsurface equivalent, as the Diaber 

Group in the well 100/06-26-087-21W6/00 (Texaco N.F.A. Buick Creek No. 7) in northeast BC. 

The Diaber Group was defined as comprised of the Doig and the underlying Montney Formation, 

and the contact between the two units was placed at the base of an observed phosphatic zone, later 

described as an intraclast lag and informally named as the Doig Phosphate Zone (DPZ) by Creaney 

& Allan (1990). The Sunset Prairie Formation was defined by Furlong & Gingras (2018) as the 

strongly bioturbated fine-grained siltstone to fine-grained sandstone interval below the DPZ, 

characterized by the Glossifungites ichnofacies (Gibson & Barclay, 1989; Zonneveld, 2010; 

Golding et al., 2015; Furlong et al., 2018).  

The equivalents of the Doig Formation in outcrop are the upper part of the Toad Formation 

and lower part of the Liard Formation, north of Pine River in BC (Gibson, 1971; Ferri et al., 2010). 

In southern BC and Alberta, the outcrop equivalents are the Whistler Member of the Sulphur 

Mountain Formation (Edwards et al., 1994). The Doig and Montney type sections are in the well 

100/03-22-078-10W6/00 located in west-central Alberta (Davies & Hume, 2011; Golding et al., 

2015).  
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The Triassic succession was deposited in a series of three major third or fourth order 

transgressive-regressive cycles (Gibson & Barclay, 1989; Edwards et al., 1994), which roughly 

correspond to second order cycles recognized by Embry (1997) in the Canadian Arctic and 

correlated to global and WCSB boundaries (Figure 1.6). The first cycle is largely correspondent 

to the Montney Formation. The second cycle encompasses the interval from the Doig through the 

Halfway and Charlie Lake formations. The DPZ is located at the base of the second cycle, and 

represents a condensed section formed during transgression (Gibson & Barclay, 1989). The 

Halfway and Charlie Lake formations correspond to the regressive component of the second cycle. 

The third cycle corresponds to the Baldonnel and Pardonet formations (Gibson & Barclay, 1989). 

 

 

Figure 1.6 – Stratigraphic column of the Triassic, correlating surface and subsurface of BC and surface of Alberta (after Gibson & 

Barclay, 1989; Embry & Gibson, 1995; Golding et al., 2015; Furlong & Gingras, 2018). Eustatic level based on Hardenbol et al. 

(1998). 

 

The lowermost Triassic unit in the WCSB is the Montney Formation, which rests 

unconformably on the Permian Belloy sands (Figure 1.6). The Montney Formation is a marine 

succession ranging from the tidally influenced, deltaic coastline and correlative deep-marine and 

distal shelf environments (Edwards et al., 1994). On the western portion of the basin the offshore 

to lower shoreface sediments of the Sunset Prairie Formation lie unconformably on the Montney 



   

 

13 

Formation (Furlong et al., 2018). Where the Sunset Prairie Formation is absent the Doig Formation 

rests directly on the Montney. The lower contact of the Doig Formation with the Montney and 

with the Sunset Prairie formations is also unconformable (Golding et al., 2015; Furlong et al., 

2018) According to Golding et al. (2015) the lower contact of the Doig Formation is diachronous, 

ranging from Spathian to Middle Anisian. 

The Doig Formation consists of mudstone, siltstone, coquina (bioclastic wackestone, 

packstone and grainstone), and subordinate sandstone (Evoy & Moslow, 1995). The Doig is 

characterized by a highly variable mineralogy with low clay content and narrow range of grain 

size, varying from siltstone to very fine sandstone. The Doig Formation was deposited in relatively 

shallow offshore through shoreface environments (Gibson & Barclay, 1989; Evoy & Moslow, 

1995). The low clay content and narrow range of grain size is thought to be a reflection of the arid 

conditions that prevailed during the Triassic and consequent lack of chemical weathering 

(Zonneveld et al., 2011; Crombez et al., 2014). 

The Doig is informally divided into three units by Chalmers and Bustin (2012). The basal 

unit Doig A, is an organic-rich radioactive dark mudstone and argillaceous siltstone with common 

phosphate granules and nodules, interbedded with calcareous siltstone and dark-grey shale. Doig 

A corresponds to the informally referred to DPZ, and is generally distinguishable in well logs by 

its gamma-ray signature. The overlying Doig B is primarily composed of medium to dark grey 

argillaceous siltstone and mudstones intercalated with localized sandstones beds of up to 25 m in 

thickness. The upper Doig C is composed of relatively organic- lean (less than 2 wt.%) siltstones 

and argillaceous fine sandstones (Chalmers & Bustin, 2012).  

An interval of relatively thick sandstone and coquina beds contained within Doig 

Formation mudstones and siltstones, collectively referred to as “anomalously thick sandstone 

bodies” (ATSB) was first described by Wittenberg (1992). The ASTBs delineate a Middle Triassic 

shoreline fairway (Harris, 2000; Dixon, 2006; Dixon, 2009; Dixon, 2011) and have been 

interpreted as shallow marine estuarine, fluvial or tidal channels, infilling of abandoned channels 

in the lower shoreface, or progressive filling of shoreline-parallel fault depressions by slump 

events (Cant, 1986; Munroe & Moslow, 1990; Gibson & Edwards, 1990; Evoy & Moslow, 1995; 

Evoy, 1997; Harris, 2000; Dixon, 2002; Dixon, 2011). 

The upper contact of the Doig Formation, with the sandstones of the Halfway Formation, 

is sharp and conformable in the western part of the basin, ranging from Anisian (Qi, 1995) to 
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Ladinian (Hunt & Ratcliffe, 1959). Towards the eastern edge of the Doig Formation subcrop area, 

its upper contact with the Halfway may be unconformable (Hunt & Ratcliffe, 1959; Armitage, 

1962; O’Connell, 1994). The contact between the Doig and Halfway formations can be 

indistinguishable due to the presence of the ATSBs in the upper Doig or shaly tidal channels at the 

base of the Halfway (Edwards et al., 1994). A generalized facies distribution map for the combined 

Halfway and Doig formations was presented by Edwards et al. (1994), showing a predominance 

of mudstone facies in the center of the basin grading to siltstone facies to the east and higher 

proportion of sandstones to the west (Figure 1.7). The Halfway Formation corresponds to 

progradational beach, barrier-island and tidal inlet deposits (Gibson & Edwards, 1990). In a 

sequence stratigraphic framework, the sandstone beds of the Halfway Formation are updip 

correlatives to Doig offshore shales and growth fault-related distal sandstones (Willis, 1992; 

Wittenberg, 1992; Willis & Wittenberg, 2000) 
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Figure 1.7 – Isochore contours in meters and generalized facies distribution of the Doig–Halfway interval (after Edwards et al., 

1994) and distribution of ATSBs in the Doig Formation (after Dixon, 2011). 



   

 

16 

The upper contact of the Halfway with the Charlie Lake Formation is unconformable and 

generally abrupt, although it may appear gradual, due to dolomitization of the Halfway sands 

(Halton, 1981; Campbell et al., 1989; Dixon, 2005). The tidal flat, lagoon and sabkha environments 

and associated aeolian and playas and restricted marine deposits of the Charlie Lake Formation 

caps the underlying marine sequence (Edwards et al., 1994). There are at least three 

intraformational unconformities in the Charlie Lake, Coplin, Boundary Lake and Siphon according 

to Edwards et al. (1994). According to the authors, the Coplin unconformity is regional and splits 

the Charlie Lake Formation into the informal subdivisions, lower Charlie Lake and upper Charlie 

Lake. The unconformity progressively cuts into older rocks to the east through the Doig and 

Montney formations (Davies, 1997) and towards the eastern edge of the Doig Formation subcrop 

area the Charlie Lake Formation may rest directly on the Doig (Dixon, 2005). According to Eaton 

et al. (1999), the angularity of the Coplin unconformity results from a significant tectonic uplifting 

and tilting.  

A Late Triassic transgression was responsible for creating the shallow-water and tidal flat 

carbonate environments of the Baldonnel and Pardonet formations (Edwards et al., 1994). The 

contact between Charlie Lake and the overlying Baldonnel formations varies from abrupt to 

gradational, and the upper contact between the Baldonnel and the Pardonet is generally abrupt. 

The Jurassic Fernie Formation also rests on a significant unconformity. This unconformity lies 

within the Pardonet in the west, but cuts into the Charlie Lake eastwards (Gibson, 1993; Davies, 

1997).  

Evidence of very early diagenetic dolomitization and sulphate precipitation throughout the 

Triassic section has been interpreted by Davies (1997) to be due to the meso to hypersaline 

conditions, favored by the seasonality of fluvial flooding and the shallow bathymetrically restricted 

embayment setting. According Davies (1997), anoxic conditions and coastal upwelling favored 

the remobilization and precipitation of synsedimentary phosphate. According to Harris & Bustin 

(2000), diagenesis has a strong control on reservoir quality in the sandstone facies of the Doig 

Formation, with occurrence of calcite, quartz, dolomite and anhydrite, as well as secondary 

porosity from dissolution of calcite cement and quartz grains. The diagenetic history of the Doig 

B of Chalmers and Bustin (2012) is complex and characterized by multiple dissolution and 

cementation phases (Martin, 2008), starting with precipitation of fluorapatite grain-coatings, 

followed by mechanical and chemical compaction, precipitation of quartz and K-feldspar 
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overgrowths. Overgrowths and detrital grains were subsequently dissolved in part, followed by 

calcite and chalcedony cementation, pyrite formation, and cementation of interstitial and 

overgrowths of dolomite. Finally, fluorapatite cement was precipitated, detrital and cement 

dolomite was dissolved and interstitial calcite was precipitated. 

Published well log correlations and definition of the Doig Formation in the subsurface is a 

source of many inconsistencies and debates (Figure 1.8). The interval now defined as Sunset 

Prairie Formation, was previously assigned inconsistently to either the Doig or the Montney. 

Additionally, in BC the contact between the Doig and Montney formations is defined at the base 

of the DPZ. In Alberta, the contact is defined at the base of a unit called the Lower Doig Siltstone 

(LDS), which lies below the DPZ and pinches out eastward (Davies & Hume, 2011). The presence 

of a locally-occurring sandstone between the LDS and the DPZ, informally named Gordondale 

sandstone by Davies & Hume (2011) and Moig sandstone by LaMothe (2008) and imposes another 

complication for the definition of the contact between the two formations. Furlong (2019) does not 

discard the possibility that this sandstone interval in west-central Alberta may be stratigraphically 

equivalent to the Sunset Prairie Formation. 
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Figure 1.8 – Stratigraphic dip cross-section of the Doig Formation illustrating the stratigraphic complexities and inconsistencies. 

Location map shows generalized facies scheme for the Doig-Halfway formations after Edwards et al. (1994). 

 

The definition of the Doig upper contact with the Halfway Formation presents problems 

related to the presence of ATSBs in the upper Doig Formation (Figure 1.8) or shaly facies at the 

base of the Halfway Formation. These stratigraphic inconsistencies and the gradational nature of 

the upper contact introduce uncertainty in the mapping of the Doig Formation total thickness. 

Edwards et al. (1994) report a maximum isopach of 450 m for the Doig and Halfway composite 

interval (Figure 1.7), whereas Chalmers (2011) reported a maximum thickness of 790 m for the 

Doig only. In this thesis the Doig and Halfway formations are treated as the interval between the 

base of the DPZ (regardless of whether it overlies the Montney Formation, the Sunset Prairie 

Formation, or the LDS) and the top of the Halfway Formation (or the top of the Doig Formation 
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where the Halfway is absent), which is subdivided into and mapped as the Halfway Formation, the 

upper Doig and DPZ. 

 

1.4.3 Hydrocarbon Production and Source-Rock Potential 

The Doig–Halfway conventional play consists of a roughly north-south elongate trend of 

thick shoreface sandstones (Walsh et al., 2006). This play has been known in northeastern BC 

since the 1970s, when companies began deepening their exploration efforts from Cretaceous 

reservoirs (Georgi et al., 1993). The Doig ATSBs form a northwest-southeast linear trend of 

sandstones and coquinas up to 16 km long, less than 2 km wide and up to 55 m thick, that extends 

from northeast BC to the Grande Prairie area in west-central Alberta (Dixon, 2002). It was not 

until the first decade of the 20th century that the industry has started looking at the unconventional 

potential of this system, especially the DPZ (Walsh et al., 2006; Crombez et al., 2014).  

The DPZ is considered a good to excellent hydrocarbon source rock comprised of Type II 

oil and gas-prone kerogen with total organic carbon (TOC) values ranging from 1.8 to 11 wt.% 

(Faraj et al., 2002; Ibrahimbas & Riediger, 2004). The Doig Formation is mature with respect to 

hydrocarbon generation across the entire northwestern portion of the WCSB, with temperature of 

maximum hydrocarbon generation during Rock-Eval pyrolysis (Tmax) ranging from 439 to 455 °C 

(Riediger et al., 1990; Ibrahimbas & Riediger, 2004). In outcrop, the Doig equivalent, Whistler 

Member of the Sulphur Mountain Formation has TOC values as high as 15 wt.% in weight and 

may have some generation potential, while the equivalent Toad Formation, north of Pine River, 

has low residual TOC, indicating overmaturity (Riediger et al., 1990). 

The DPZ is an important source rock for many conventionally hosted hydrocarbons in the 

basin. Triassic strata, such as Halfway, Charlie Lake and Doig sands, all have biomarkers 

consistent with being derived from kerogen from the DPZ (Creaney & Allan, 1990; Riediger et 

al., 1990; Creaney et al., 1994). The strong similarity in fluid compositions, especially natural gas 

liquids (NGL), between different Triassic strata suggests hydraulic connectivity at least in a 

geologic time scale, without any recognized extensive permeability barriers between Triassic 

rocks; however, the degree of connectivity varies regionally (Kirste et al., 1997; Janicki, 2014). 

To a lesser extent, migration from the DPZ is thought to have occurred downwards through the 

Montney, supplying the Permian Upper Belloy Formation (Creaney & Allan, 1990). 
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In the WCSB maturity of age equivalent strata increases from east to west due to 

progressively greater depths of burial. In addition to this first order trend, however, variations in 

heat flow pattern, local relief and faulting create second and third order regional and local trends 

which are superimposed on the basinal trend (Bustin, 1991). Using a limited pyrolysis and vitrinite 

reflectance dataset, Ferri et al. (2013b) mapped the distribution of thermal maturity of the Doig 

and Montney formations combined in BC and compared the hydrocarbon generation windows with 

condensate production data from gas plant sales data. They reported a NW-SE oriented fairway of 

liquid potential from the northern portion of the Groundbirch field passing through the Inga area. 

They found discrepancies between thermal maturity and production data, possibly due to 

underestimation of the abundance of Type III kerogen. 

The DCGC structures formed by the inversion of the PRA also played a role in hydrocarbon 

generation and migration, by controlling heat flow, fluid pathways and hydrocarbon traps 

(O’Connell et al., 1990; Davies, 1997; Berger et al., 2010). The Swan Hills and Leduc reef trends, 

as well as the inversion of the Laurier Embayment, also played a role in the formation of structural 

or stratigraphic traps for Triassic-hosted or -sourced hydrocarbons. The tectonic structures mapped 

by Berger et al. (2008) were a major influence for the occurrence of unconventional plays in the 

PRA area according to the authors (Figure 1.3). Doig and Montney pools occur in part along the 

edge of the FSJG, within the Groundbirch Graben as well as in the northern block of the Deep 

Basin, referred to as Septimus Basin.  

The reactivated pull-apart basin normal faults controlled the development of Triassic 

hydrocarbon pools and are responsible for hydrothermal dolomitization (Davies & Smith, 2006). 

The Charlie Lake North Pine salt basin, located immediately west of the Groundbirch Graben 

(Figure 1.3) underwent dissolution and collapse, creating structural traps that may have affected 

post-Triassic hydrocarbon generation and migration (Davies, 1997). The Gordondale Member 

shale overlying the Jurassic unconformity forms a seal for the truncated underlying Triassic strata. 

The Late Cretaceous to Early Tertiary Laramide tectonism formed fractured, folded and faulted 

structures that affected hydrocarbon trapping in the Triassic (Davies, 1997). 

Gas production from the Doig Formation reached a maximum of 364 million m3 (12.8 Bcf) 

per month in 2011 with 753 wells producing, and has been declining since the onset of the industry 

downturn (Figure 1.9). Most of the Doig gas production comes from the Pouce Coupe South and 

Sinclair fields in Alberta and across the border in BC, the Kelly field, often commingled with gas 
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from the Montney Formation. One of the highest producing wells in the Kelly area, drilled and 

completed by EnCana Corporation in 2005, produced at an average rate of 136,000 m3 (4.8 MMcf) 

per day in the first year (Adams et al., 2006). The Inga and Fireweed fields in northeast BC, and 

Pouce Coupe South have the highest NGL rates in the Doig Formation. 

 

 

Figure 1.9 – Gas and liquids production history of the Doig Formation. 
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2. BASIN-WIDE UNCONVENTIONAL POTENTIAL OF THE 

DOIG FORMATION 

2.1 INTRODUCTION 

The conventional hydrocarbon potential of the upper Doig Formation has been long 

recognized with notable but minor hydrocarbon production from sandstone channels and bars 

(Brack et al., 1987; Walsh et al., 2006; Chopra et al., 2014). The source rock potential of the Doig 

has also been documented based on correlation between its biomarkers and those of hydrocarbons 

hosted in other conventional reservoirs in the basin (du Rouchet, 1985; Creaney & Allan, 1990; 

Riediger et al., 1990; Edwards et al., 1994). To date the regional potential of the Doig as an 

unconventional reservoir has not been documented nor has the distribution of unconventional 

reservoir facies and their petrophysical properties been described. 

The origin of petroleum compounds is widely accepted as being mainly the product of 

thermocatalytic degradation of organism derived organic matter, which occurs disseminated in 

typically fine-grained source rocks (Barker, 1974; Welte & Leythaeuser, 1983). Petroleum source 

rocks are fine-grained organic-rich rocks with the potential to generate or that have already 

generated significant amounts of petroleum (Hunt, 1995). Source-rock reservoirs are a type of 

unconventional reservoir in which hydrocarbons are considered self-sourced. Characterizing, 

understanding and mapping the spatial distribution of organic rich deposits and their relationship 

with other sedimentary facies is critical to define prospective areas in source-rock reservoirs. The 

main methods for characterizing a source rock potential and the quantity and type of hydrocarbons 

generated revolve around measuring and characterizing organic matter abundance, type and level 

of thermal maturity; although storage and producibility properties, such as porosity and adsorption 

capacity, also play an important role in the potential of a source-rock reservoir (Welte & 

Leythaeuser, 1983; Peters & Cassa, 1994; Curiale & Curtis, 2016). 

Total organic carbon (TOC) has a first order control on the capability of generating 

hydrocarbons and is the most fundamental geochemical assessment in a source-rock reservoir 

(Jarvie, 1991; Mccarthy et al., 2011; Curiale & Curtis, 2016). A concentration of 0.5 wt.% TOC is 

generally accepted by most authors (Tissot & Welte, 1984; Peters & Cassa, 1994; Littke et al., 

1997) as the lower threshold for effective hydrocarbon generation and expulsion into the pore 

space. A significant portion of the microporous space in shales has also been found to be closely 
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associated to organic matter, mainly in the adsorbed state (Ross & Bustin, 2008; Loucks et al., 

2009; Chalmers et al., 2009). The type of kerogen, which depends on the organisms that formed 

the organic matter and their proportions between different compounds (i.e. lipids, carbohydrates, 

proteins, and lignins in higher plants), has a direct influence in the ratios of hydrogen and oxygen 

to carbon, and hence on the composition of the generated hydrocarbons (Tissot & Welte, 1984). 

The onset and range of the thermal maturity windows at which different hydrocarbons are 

generated are also heavily influenced by the kerogen type (Petersen, 2003). 

The present-day quantity and type of organic matter preserved in rocks is the result of a 

complex interplay between primary organic productivity in the water column, allochthonous 

supply of organic matter, sediment type and deposition rates, redox conditions (Caplan & Bustin, 

1999), as well as possible early oxidation and bacterial degradation. Finally, thermal maturity is 

responsible for the transformation of labile organic matter into kerogen, and ultimately 

thermogenic hydrocarbon generation, as the organic carbon-bearing sediment undergoes burial 

into greater depths during catagenesis (Tissot & Welte, 1984; Curiale & Curtis, 2016). 

The Doig Formation is a Lower to Middle Triassic fine-grained interval of the Western 

Canada Sedimentary Basin (WCSB) with highly variable lithology and mineralogy. The 

abundance and type of organic matter in the Doig Formation also varies greatly stratigraphically 

and spatially. The Doig Phosphate Zone (DPZ), an informally defined unit at the base of the Doig, 

is considered a good to excellent hydrocarbon source-rock (Faraj et al., 2002; Ibrahimbas & 

Riediger, 2004). Through biomarker correlation, the DPZ has also been recognized as having 

generated hydrocarbons hosted in conventional reservoirs in the basin, such as other Triassic strata 

of the Halfway, Charlie Lake and sandstones of the Doig Formation (du Rouchet, 1985; Creaney 

& Allan, 1990; Riediger et al., 1990; Edwards et al., 1994).  

Various authors contributed to the characterization of the abundance and type of organic 

matter, as well as the distribution of the degree of organic maturity in the WCSB (Riediger, 1990; 

Fowler & Snowdon, 1998; Fowler & Snowdon, 2001; Ibrahimbas & Riediger, 2004; Fowler et al., 

2007; Higley et al., 2009; Chalmers & Bustin, 2012; Rokosh et al., 2012; Ferri et al., 2013a; 

Romero-Sarmiento et al., 2016); however, the unconventional Doig is a relatively new play, and 

thus the distribution of its source-rock properties has not been extensively studied or well 

understood. Basin-scale studies that focus on the entire Doig succession and the regional variation 

in its properties are notably absent in the literature. Geochemical studies available tend to be very 
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spatially localized and stratigraphically broad. Furthermore, a well log-derived total organic 

carbon (TOC) estimation method calibrated to the Doig, which has a great impact on resource 

assessments of shale plays, is lacking in the published literature. 

In this study, we characterize the source-rock potential of the Doig Formation across its entire 

lateral extension and stratigraphy, through an integrated assessment of its thickness, organic 

content, kerogen type and thermal maturity. The thickness map of the Doig Formation is not only 

decoupled from the overlying Halfway Formation for the first time in the published literature, but 

is also divided into the basal DPZ and the upper Doig Formation intervals. The new mapping 

resolves inconsistencies in the definition of the upper, often gradational contact, which is often not 

picked, and the lower contact, which depending on the vintage and jurisdiction may or may not 

include the Sunset Prairie Formation (Furlong et al., 2018) or the informal Lower Doig Siltstone 

(LDS) unit (Davies & Hume, 2011).  

The total organic carbon is mapped with a well log model calibrated to thoroughly reviewed 

laboratory data. The original organic carbon content before undergoing partial transformation of 

kerogen is calculated through mass balance equations and a novel method of estimating original 

hydrogen index. Thermal maturity data from different sources are integrated with gas composition 

analysis and production fluid volumes for a comprehensive assessment of hydrocarbon windows. 

  

2.1.1 Geology 

In this study the Doig Formation is defined as the interval between the base of the DPZ and 

the base of the Halfway Formation, and is subdivided into and mapped as the upper Doig and DPZ. 

The Doig Formation and the overlying Halfway and Charlie Lake formations correspond to second 

cycle in a series of three major third or fourth order transgressive-regressive cycles that comprise 

the Triassic strata in the WCSB (Gibson & Barclay, 1989; Edwards et al., 1994). During the 

Triassic, the WCSB was located at the northwestern margin of the Pangea supercontinent, facing 

the open oceanic regime of the Panthalassa, at about 30° N of latitude (Davies, 1997). As a result 

of the paleogeographical configuration, the sedimentary environments were dominantly fine-

grained siliciclastics deposited on relatively shallow offshore through shoreface marine shelves 

and ramps, with associated nonmarine aeolian and evaporitic settings with low fluvial input 

(Gibson & Barclay, 1989; Evoy & Moslow, 1995). 
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The DPZ comprises the basal section of the Doig and is composed of mudstone and 

siltstone beds commonly containing apatite, interbedded with granular and intraclastic 

phosphorites (Silva & Bustin, 2020b), The DPZ largely corresponds to the regressive portion of 

the second transgressive-regressive cycle, and phosphorite beds reflect stratigraphic condensation 

formed during transgression (Gibson & Barclay, 1989). The upper portion of the Doig Formation 

consists of argillaceous siltstone and mudstone beds interbedded with fine sandstone beds 

(Chalmers & Bustin, 2012), and together with the Halfway and Charlie Lake formations 

correspond to the regressive component of the transgressive-regressive cycle (Gibson & Barclay, 

1989). 

The Triassic depocenter in the WCSB is the Peace River Embayment (PRE) in the Peace 

River region (Gibson & Barclay, 1989). The PRE formed as the result of the collapse and 

subsidence of the Peace River Arch structural high (Eaton et al., 1999), initially in the Early 

Mississippian by major transtensional tectonics and continued thermal and flexural subsidence 

(Davies, 1997). Triassic sediment thickness and facies patterns were affected by paleotopography 

and localized subsidence caused by the reactivation of Paleozoic faults. The underlying Devonian 

Leduc and Swan Hills reefs exerted regional topographic control during the Triassic, while fault 

reactivation in the Dawson Creek Graben Complex (DCGC) caused local subsidence (Brack et al., 

1987; Barclay et al., 1990; Davies, 1997; Eaton et al., 1999), particularly in the Hudson Hope Low 

region near the western edge of the DCGC (Berger et al., 2009). 

 

2.2 MATERIALS AND METHODS 

2.2.1 Cuttings and Core Samples 

A total of 319 cuttings and core samples representative of the full stratigraphic range of 

the Doig Formation from 22 wells (Table 2-1) encompassing nearly the entire lateral extent of its 

subcrop area were selected for Rock-Eval type pyrolysis analysis (Appendix A.1, Appendix A.2 

and Appendix G). Additional pyrolysis data for the Doig Formation from public domain were 

compiled and thoroughly reviewed for consistency, adding up to over 1,500 data points from 

approximately 150 wells (Figure 2.1). The public domain data was obtained from publications 

(Riediger, 1990; Snowdon, 1997; Fowler & Snowdon, 1998; Fowler & Snowdon, 2001; Faraj et 

al., 2002; Ibrahimbas & Riediger, 2004; Fowler et al., 2007; Walsh & McPhail, 2007; Chalmers 
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& Bustin, 2012; Rokosh et al., 2012; Ferri et al., 2013a; Romero-Sarmiento et al., 2016) and core 

analysis reports obtained from the databases of the Alberta Energy Regulator (AER) and the BC 

Oil and Gas Commission (BCO&GC). 

 

Table 2-1 – Wells analyzed in this study, with respective number of core and cutting samples analyzed, sample depth interval, and 

field in which the well is located. 

Unique Well Identifier Field Number of Core Samples Number of Cuttings Samples Depth Interval (m MD) 

100/01-32-083-25W6/00 Altares - 16 2,105.0-2,255.0 

100/04-09-084-22W6/00 Attachie 10 10 1,555.0-1,653.2 

200/b-046-E 094-A-15/00 Beavertail 2 6 1,305.0-1,355.0 

100/05-04-088-14W6/00 Boundary Lake North 3 5 1,340.0-1,370.0 

100/08-28-071-07W6/00 Dimsdale 4 23 2,182.6-2,245.0 

200/c-082-F 094-H-01/00 Drake 14 3 1,045.0-1,055.0 

102/15-05-071-12W6/00 Elmworth - 4 3,030.0-3,060.0 

100/06-03-070-04W6/00 Elmworth/Gold Creek 4 4 1,962.2-2,005.0 

100/09-33-079-21W6/00 Groundbirch 19 21 2,510.0-2,710.0 

200/a-063-A 093-P-09/00 Heritage Montney 7 9 2,340.0-2,424.1 

100/04-10-079-05W6/00 Howard 7 3 1,194.1-1,220.0 

200/c-073-J 094-A-12/00 Inga 5 9 1,660.0-1,740.0 

100/08-36-081-14W6/00 Mica 3 6 1,650.0-1,700.0 

100/01-10-082-23W6/00 Monias 12 22 1,640.0-1,860.0 

100/03-22-078-10W6/00 Progress 4 - 1,821.3-1,831.7 

100/12-04-086-20W6/00 Stoddart West 6 6 1,565.0-1,615.0 

200/a-070-A 093-P-10/00 Sundown 4 13 2,905.0-3,025.0 

100/15-34-080-18W6/00 Sunset Prairie 7 12 1,955.0-2,064.1 

100/15-01-074-04W6/00 Teepee 7 3 1572.9-1,595.0 

200/c-075-A 094-G-16/00 Tommy Lakes 2 2 955.5-970.0 

100/06-22-074-10W6/00 Wembley/Knopcik 7 8 2,170.0-2,250.0 

200/b-008-L 094-H-07/00 Zaremba 6 1 1,244.5-1,260.0 
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Figure 2.1 – Location of wellbores samples and analyzed, and public data used in this study on a map of the Doig subcrop area and 

shaded relief topographic backdrop map, with main structural lineaments (after Berger et al., 2008) and outline of fields on which 

the sampled wells are located. 
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2.2.2 Gas Analysis and Production 

Gas composition analyses from the Doig Formation production and drill-stem tests, 

expressed in molar percentage of alkanes from methane (CH4 or C1) to decane (C10H22 or C10), as 

well as hydrogen sulfide (H2S) and carbon dioxide (CO2), were compiled from 290 wells and 

mapped. Wells with multiple gas analysis were averaged, resulting in a single value per location. 

The data was screened to remove analyses with inconsistent alkane profiles, drilling mud 

contamination or consisting mostly of air, by reviewing remarks included with the analyses. 

Cumulative production volumes from the unconventional Doig until January of 2020 were 

compiled for comparing liquid volumes to thermal maturity and gas analysis. Condensate volumes 

are field figures and may be misleading, since for some wells or fields, depending on the 

composition and abundance it may be more economic to keep condensate in the gas stream and 

process it at a centralized facility, rather than separating in the field. 

 

2.2.3 Organic Geochemistry and Thermal Maturity 

Rock-Eval type pyrolysis were performed using a Wildcat Technologies HAWK™ 

instrument on bulk rock samples consisting of about 70 mg of powdered material. Pyrolysis was 

conducted according to the method outlined in Espitalié et al. (1977), and standard Rock-Eval 

parameters including total organic carbon (TOC), hydrogen index (HI), oxygen index (OI), 

production index (PI) and temperature of maximum rate of hydrocarbon generation (Tmax) were 

calculated according to methods discussed by Peters (1986). The temperature threshold between 

organic and mineral carbon in the oxidation CO2 curve, was reviewed and picked manually. 

Pyrograms were individually reviewed and the Tmax values were ranked in quality (i.e., 

bad, fair, good, very good and excellent) according to the intensity and sharpness of the kerogen 

conversion peak (S2). In only one third of the samples were Tmax values ranked fair or higher in 

quality due to a broad S2 peak as a result of conversion and vaporization of larger hydrocarbon 

chains from bitumen overlapping with hydrocarbons generated from kerogen, or due to the low 

organic content in some samples. 

Due to the unavailability of pyrograms, the Tmax values of the public domain data were 

reviewed for consistency within each well and for regional agreement. Data outside of the 

reasonable range expected for Tmax between 400 to 550 C was discarded. Values deviating more 
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than 5 C from the well Tmax average, or creating map artifacts such as bull’s eyes or butterfly 

wings that were inexplicable, were also discarded. The Tmax thermal maturity data set was 

supplemented by published vitrinite reflectance data for the Montney Formation (Wood & Sanei, 

2016) in the deeper parts of the basin, where a high degree of thermal maturity prevents reliable 

determination of an S2 peak. The vitrinite reflectance data was converted to Tmax using the 

correlation published in Petersen (2003). 

The TOC and Tmax measurement uncertainties were quantified by precision and accuracy 

assessments. Precision was assessed through repeated measurements of eight sets of duplicate 

samples. Accuracy was determined by 46 measurements of standards of known values between 

regular samples. The duplicate samples range from approximately 0.6 to 6 wt.% TOC, and Tmax 

between 430 to 465 °C.  The maximum difference observed between duplicate samples was 0.58 

wt.% for a sample of approximately 6 wt.% TOC, while the maximum difference in Tmax 

measurements between duplicate samples was 1.4 °C. The measurements on the standard sample 

with nominal TOC of 3.98 wt.% and nominal Tmax of 419 °C, ranged from 3.74 to 4.19 wt.% TOC 

and 416 to 420 °C Tmax. 

 

2.2.3.1 Original Total Organic Carbon 

The amount of TOC originally deposited, prior to conversion into and migration of 

hydrocarbons, allows comparisons between different areas of a given source-rock and between 

different source-rocks and basins, and is required to calculate the total amount of hydrocarbons 

generated. Due to a complex burial history, steep thermal gradient, or large subcrop extensions, 

source-rocks may have a wide range of thermal maturity across a basin. Inasmuch as the present-

day TOC in thermally mature areas is a product of the original TOC and thermal maturation, the 

present-day TOC distribution is not an accurate representation of the potential for self-sourced 

hydrocarbons. The fractional conversion of kerogen into hydrocarbons and original total organic 

carbon were calculated here following the corrected version of the Peters et al. (2005) mass balance 

equation (Appendix K). The fractional conversion and original total organic carbon are calculated 

from the standard Rock-Eval outputs, present-day TOC, HI, PI, and assumptions for original PI 

and HI. Original PI is assumed to have a nominal value of 0.02 at the onset of catagenesis. 

Restoring original TOC requires an assumption of the original HI of the kerogen. Original HI is 
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determined through a new methodology described below, which involves the calculation of 

kerogen type and thermal maturation index based on a pseudo-van Krevelen crossplot (Tissot & 

Welte, 1984).  

It is well documented that  kerogens of distinct types follow different evolution paths 

with progressive maturity in terms of the elemental ratios C/H and O/C, and their proxies OI and 

HI (van Krevelen, 1961; Curiale & Curtis, 2016). Kerogen in the Doig Formation plot between 

Type II and III kerogen types in a pseudo-van Krevelen diagram (Tissot & Welte, 1984), and hence 

can be considered a binary mixture of Types II and III kerogen. A kerogen type index 𝐼𝑡 and a 

maturity index 𝐼𝑚 can be calculated for every point 𝑃𝐷 expressed by measured OI and HI values 

(Figure 2.2).  

 

 

Figure 2.2 – Diagram of kerogen type and maturity index calculation scheme based on a triangle defined by end-members in an OI 

and HI cartesian space, and kerogen type lines from a pseudo-van Krevelen diagram (Tissot & Welte, 1984). 

  

The values of 𝐼𝑡  and 𝐼𝑚  are determined by the position of the OI and HI coordinates 

relatively to three HI and OI end members defining a triangle on a pseudo-van Krevelen plot. The 
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three end members for the immature Type II (𝑃𝐼𝐼), immature Type III (𝑃𝐼𝐼𝐼), and overmature (𝑃𝑂), 

were assumed in this study (Table 2-2). 

 

Table 2-2 – Parameters chosen for the calculation of kerogen type index and maturity index in this study. 

Vertex Symbol OI (mg CO2/g TOC) HI (mg HC/g TOC) 

Immature Type II PII 20 450 

Immature Type III PIII 120 100 

Overmature PO 5 25 

 

The slopes of the straight lines connecting 𝑃𝑂 and each of the immature end members 𝑃𝐼𝐼 

and 𝑃𝐼𝐼𝐼 are defined as η and θ, respectively. The slope of the line connecting 𝑃𝑂 and 𝑃𝐷 is defined 

as ζ. The value of the kerogen type index 𝐼𝑇 is computed as the ratio of the angular differences 

between ζ and θ, and η and θ, all in degrees. 

 

 𝐼𝑡 =
tan−1 ζ − tan−1 θ

tan−1 η − tan−1 θ
 (2-1) 

  

The Euclidian distance between any given data point 𝑃𝐷 and its projection from 𝑃𝑂 onto 

the immature line connecting 𝑃𝐼𝐼 and 𝑃𝐼𝐼𝐼 is defined as 𝑑𝑃. The total Euclidian distance of a line 

connecting 𝑃𝑂, 𝑃𝐷 and the projection of  𝑃𝐷 onto the immature line is defined as 𝑑𝑂. The maturity 

index 𝐼𝑚 is then approximated as a straight-line trajectory and calculated as the ratio of 𝑑𝑃 to 𝑑𝑂. 

 

 𝐼𝑚 =
𝑑𝑃

𝑑𝑂
 (2-2) 

 

For any given data point 𝑃𝐷 defined by a set of OI and HI coordinates, a maturity index 

𝐼𝑚, and a binary mixing type index 𝐼𝑡 between Type II and Type III are calculated. While 𝐼𝑡 is a 

useful approximation to estimate the original HI of the kerogen, 𝐼𝑚  can also be used as an 

approximation of thermal maturity when the S2 peak is not well defined. The uncertainty in the 

kerogen type proportion increases substantially with maturity. Furthermore, it is assumed that no 

Type I or Type IV kerogen are present. A correction of the OI and HI values is required for the 

outlying points that fall outside the triangle in order to avoid 𝐼𝑡 and 𝐼𝑚 values lower than zero or 
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larger than unity. In the case of points 𝑃𝐿 that fall to the left of the Type II boundary line or the 

points 𝑃𝐵  that fall below the Type III boundary line, the values are corrected by orthogonally 

projecting them onto the respective lines. Points 𝑃𝑅  that fall to the right of the immature line 

connecting 𝑃𝐼𝐼 and 𝑃𝐼𝐼𝐼 are projected back onto the line using the slope of the line connecting 𝑃0 

and 𝑃𝐷. Points that fall in the shadow zones near each of the vertices of the triangle assume the 

value of their respective vertex. 

 

2.2.3.2 Well Log Total Organic Carbon 

In regional studies involving a large number of wells, organic matter content measured 

in the laboratory is usually too sparse and discontinuous relative to the volume of rock studied. 

Because well logs are continuous and broadly available measurements, various methods that use 

one or a combination of various well log measurements (Schmoker, 1981; Schmoker & Hester, 

1983; Passey et al., 1990; Carpentier et al., 1991; Issler et al., 2002; Pemper et al., 2009) have been 

developed for extrapolating laboratory TOC data and creating a continuous record of TOC through 

the entire wellbore and characterizing a larger area. In this study well log-derived TOC curves 

were calculated for over 840 wells by three different methods (Schmoker, 1981; Passey et al., 

1990; Carpentier et al., 1991) and ranked according to their adequacy in more closely matching 

the laboratory TOC measurements. Wells in which the gamma ray (GR) was lower than 50 gAPI 

(American Petroleum Institute gamma units) units were excluded from the TOC calculation of the 

Halfway Formation, due to the effect that migrated hydrocarbons have on the sonic slowness and 

resistivity, causing an overestimation of TOC. 

For the Δ log R method (Passey et al., 1990), a non-source rock baseline resistivity Rb of 

23 Ω∙m, and baseline slowness Δtb of 167 μs/m (51 μs/ft) were used in calculating the separation 

between the sonic transit time and deep resistivity log separation. The Δ log R  values were 

converted to TOC using the modified equation introduced by Sondergeld et al. (2010), with a 

multiplying coefficient C  value of 0.63, which was determined iteratively by minimizing the 

difference between laboratory and log TOC. The Tmax map was converted into vitrinite reflectance 

(%Ro) through a linear correlation based on the data presented by Petersen (2003), and 

subsequently into the level of organic metamorphism (LOM) required by the Δ log R method. The 
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%Ro values were transformed into LOM  by a third-degree polynomial fit according to the 

correlation presented in Hood et al. (1975). 

The semi-empirical CARBOLOG® method (Carpentier et al., 1991) is determined from 

a crossplot of sonic slowness and the inverse of the square root of resistivity. Values for mineral 

matrix, organic matter and brine end-members are defined, and the volume of organic matter is 

then calculated according to the distance between the pure matrix and pure organic matter 

parallelogram sides in the cartesian plane. The matrix point was picked at 138 μs/m (42μs/ft), the 

theoretical points for pure brine was defined by the distribution of data as 318 μs/m (97 μs/ft), and 

the pure organic matter point was determined iteratively as 1076 μs/m (328 μs/ft). Organic matter 

volume percentage was converted into TOC by assuming a kerogen density of 1.28 g/cm3 

(Okiongbo et al., 2005; Stankiewicz et al., 2015) and a mineral matrix density of 2.71 g/cm3, based 

on laboratory average measurements, as well as an empirically determined unitless organic carbon 

conversion factor kc of 1.25. 

The volume of organic matter based on the Schmoker (1981) method was calculated 

using an organic-lean rock gamma ray baseline 𝛾𝐵  of 17 gAPI, determined empirically and 

iteratively in order to minimize the difference between laboratory and log TOC, and a slope 𝐴𝛾 

value of -1,483 from the crossplot of gamma ray in gAPI versus bulk density in g/cm3. The volume 

of organic matter was converted to TOC by multiplying it by the ratio of organic matter average 

density value of 1.28 g/cm3 (Okiongbo et al., 2005; Stankiewicz et al., 2015) to the matrix density 

laboratory average of 2.71 g/cm3. 

The three methods of TOC calculation were assessed according to their accuracy in 

predicting the laboratory data. The Schmoker (1981) method presented a narrow distribution and 

a strong correlation to laboratory measurements (Figure 2.3); however, in the DPZ the TOC may 

be significantly overestimated due to the high gamma ray reading due to the uranium associated 

with phosphate. Since well log responses to rock and fluid properties are non-unique, TOC 

estimation methods that rely on a combination of well logs are also more robust. The method by 

Carpentier et al. (1991), which yielded the best results in terms of the distribution of difference 

between log and laboratory TOC was thus chosen for TOC calculations. This method has the 

lowest degree of scatter in the lower range of TOC (less than 6 wt.%) when crossplotting laboratory 

against well log values, although it slightly underestimates TOC above this threshold. An 
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underestimation of higher ranges is expected since well logs represent an average response of a 

much larger volume than laboratory analysis. 

 

 

Figure 2.3 – Histograms of the difference between laboratory and log-derived (lab-log) TOC values (upper row) and crossplots of 

the laboratory TOC against log-derived values for the three well log-based TOC estimation methods. All methods were optimized 

to minimize the difference between the well log and laboratory-derived TOC, which is illustrated by the symmetric distribution of 

the difference centered about zero. The CARBOLOG® method presented the lower standard deviation and degree of scatter, as 

well as the highest accuracy within the range of TOC values of most data. 

 

2.2.4 Mapping 

The mapping and subdivision of the Doig Formation into upper Doig and the DPZ Doig 

Phosphate Zone was achieved through correlation of gamma ray logs on 660 wells with full 

penetrations of the Doig Formation (Appendix H). The top of the DPZ was picked on the 

uppermost GR peak of 150 gAPI or higher, interpreted to represent a concentration of more than 

10 wt.% of apatite. The map boundaries are the Doig subcrop edge to the northeast and the 

deformation front of the Cordilleran Foreland Fold and Thrust Belt to the southwest. Structural, 

isochore and property distribution maps were created from the resulting grids in Emerson 

Paradigm™ SKUA-GOCAD™ version 19. The TOC, HI and OI distribution maps were 
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interpolated from the continuous well log-based TOC values and discrete HI and OI laboratory 

data. The interpolation was carried out using sequential gaussian simulation with ordinary kriging 

on a three-dimensional stratigraphic grid. The stratigraphic grid of the Doig Formation has a total 

of 16.1 million cells and 270 layers with an average cell length of 1,000 m, average cell thickness 

of 0.2 m and maximum of 2.9 m. Thermal maturity and gas composition maps were created by 

two-dimensional interpolation using ordinary kriging with a spherical experimental semi-

variogram and smoothed by two iterations of minimum curvature interpolation. 

 

2.3 RESULTS 

2.3.1 Structure and Thickness 

The subcrop area of the Doig Formation to the northwest of the fold and thrust belt forms 

an elongated belt extending over a maximum of 180 km and dipping to the southwest. The top and 

base structures of the Doig Formation are sub-parallel and follow the general southwesterly dip 

trend of the Phanerozoic in the basin. The present-day subsea elevations of the top of the Doig 

range from 200 m in the northeastern part of the subcrop, near the border between British Columbia 

and Alberta, to 2,700 m along the southwestern limit of the deformation front (Figure 2.4). The 

top Doig structure is significantly shallower to the northwest of the Fort St. John Graben (FSJG), 

where it forms a plateau immediately west of Fort St. John, that does not exceed 1,500 m of subsea 

elevation. The average dip of the structure on top of the Doig is 0.6 degrees (0.010 radians), and 

increase from approximately 0.35 degrees (0.006 radians) in the northeastern portion of the basin 

to 1.05 degrees (0.018 radians) towards the southwestern deformation front. The increase in dip 

angle approximately coincides with the orientation of arcuate listric normal faults identified by 

Berger et al. (2008). The most abrupt change in dip angles is found around the plateau northwest 

of the FSJG, where the structure dips at 1.4 degrees (0.024 radians) to the south, likely as a result 

of block faulting. 
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Figure 2.4 – Doig top structure map with elevations expressed in vertical meters below mean sea level permanent datum on a 

shaded relief topographic backdrop map, and control points used in the mapping. Contour interval is 100 m. 
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The Doig Formation thickens southwestwards from the eastern zero edge towards the 

deformation front to a maximum thickness of 229 m in the Hudson Hope Low region southwest 

of Fort St. John. The maximum thickness of the Doig-Halfway interval mapped in this study is 

333 m in well 100/01-10-082-23W6/00 which is considerably less than the 450 m thickness 

reported by Edwards et al. (1994) for the same interval. This discrepancy is in part due to Edwards 

et al. including the 24 m thick Sunset Prairie Formation in the Doig Formation, which had not been 

defined as a separate unit at the time of their study. 

Besides the eastern zero edge, the Doig also thins towards the north and south (Figure 2.5). 

In the northeastern edge, the Doig and the overlying Halfway Formation are eroded by the Late 

Triassic Coplin unconformity (Figure 2.6). In the southeastern edge, the entire Triassic interval is 

erosionally thinned by a pre-Jurassic unconformity and the Doig is overlain directly by Fernie 

Group strata (Figure 2.7). The isochore maps of the DPZ, upper Doig and Halfway display distinct 

patterns and trends in the distribution and orientation of depocenters (Figure 2.8, Figure 2.9 and 

Figure 2.10). The DPZ has a mean thickness of 22 m, abruptly thickening to a maximum thickness 

of 89 m in the Hudson Hope Low region, southwest of Fort St. John. The upper Doig has a mean 

thickness of 46 m and a maximum thickness of 185 m, also in the Hudson Hope Low area. The 

Halfway Formation has a mean thickness of 18 m and a maximum thickness of 110 m.  
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Figure 2.5 – Cross-section of wells with gamma ray logs of the Doig Formation along strike and isochore maps of the DPZ and 

upper Doig with the location of wells and the cross-section line for reference. Cross-section highlights the two DPZ depocenters 

and the overall thinning of the Doig Formation towards its northern and southern edges. Detailed maps and cross-section location 

show in in Figure 2.8 through Figure 2.10. Inter-well distance is not to scale. 
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Figure 2.6 – Cross-section of wells with gamma ray logs of the Doig Formation along the dip direction in the northern part of the 

basin, and isochore maps of the DPZ and upper Doig with the location of wells and the cross-section line for reference. Cross-

section highlights the abrupt thickening of the DPZ in the Hudson Hope Low area depocenter, and the erosional contact where the 

Doig and Halfway strata are undercut by the Late Triassic Coplin unconformity. Detailed maps and cross-section location show in 

in Figure 2.8 through Figure 2.10. Inter-well distance is not to scale. 
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Figure 2.7 – Cross-section of wells with gamma ray logs of the Doig Formation along the dip direction in the southern part of the 

basin, and isochore maps of the DPZ and upper Doig with the location of wells and the cross-section line for reference. Cross-

section highlights the relatively gradual thickening of the DPZ in the southwestern depocenter, and the upper erosional contact in 

the southeast where the entire Triassic interval is eroded and overlain by Fernie Group strata. Detailed maps and cross-section 

location show in in Figure 2.8 through Figure 2.10. Inter-well distance is not to scale. 
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Figure 2.8 –Isochore map of the Doig Phosphate Zone on a shaded relief topographic backdrop map, control points used in the 

mapping and location of cross-sections. Contour interval is 5 m. 
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Figure 2.9 –Isochore map of the upper Doig Formation on a shaded relief topographic backdrop map, control points used in the 

mapping and location of cross-sections. Contour interval is 5 m. 
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Figure 2.10 – Isochore map of the Halfway Formation on a shaded relief topographic backdrop map, control points used in the 

mapping and location of cross-sections. Contour interval is 5 m. 
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The orientation of the isochore lines from the DPZ through the upper Doig and to the 

Halfway Formation reveals a slight progressive clockwise rotation of the basin axis, which has 

been noted by other authors (Rohais et al., 2016; Crombez et al., 2017). A trend of progressive 

unconfinement of the depocenter is also observed from the DPZ towards the Halfway Formation. 

While the DPZ has two separate depocenters (Figure 2.5 and Figure 2.8) and multiple localized 

embayments of thicker sediment accumulation, the upper Doig features a single depocenter in the 

Hudson Hope Low area and a thickness trend that is relatively parallel to the Middle Triassic sub-

basin axis (Figure 2.9). The isopach of the Halfway Formation is aligned with the sub-basin axis, 

and features a linear depocenter following the same trend of the rest of the interval (Figure 2.10). 

 

2.3.2 Thermal Maturity 

The regional trend of thermal maturity is generally subparallel to the basin axis and 

approximately follows the contour lines of the current depth of burial, increasing to the southwest 

towards the eastern limit of the deformation front (Figure 2.11). The hydrocarbon generation 

windows are interpreted based on a mixture of kerogens Type II and III, following the boundaries 

from Dow (1977) for Type II, and Petersen (2003) for Type III kerogen. Approximately 80% of 

the total subcrop area, including the region of Grande Prairie in western Alberta and the regions 

of Fort St. John and Dawson Creek in northeastern BC, is currently in the immature to late oil 

window of hydrocarbon generation (Tmax between 435 and 470 °C), depending on whether 

Kerogen Type II or Type III is assumed. The westernmost 20% of the subcrop area is in the wet 

to dry gas generation window (Tmax between 470 and 525 °C). If kerogen Type II is assumed, only 

slightly over 1% of the area has reached the dry gas windows (Tmax higher than 525 °C). For Type 

III kerogen the dry gas window reaches about 10% of the subcrop area 10% (Tmax higher than 490 

°C). A detailed discussion of the kerogen type distribution is provided in sections 2.3.4 and 2.4.2. 
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Figure 2.11 – Map of thermal maturity compiled from published (Riediger, 1990; Snowdon, 1997; Fowler & Snowdon, 1998; Faraj 

et al., 2002; Walsh & McPhail, 2007) and unpublished (AER and BCO&GC databases) Tmax, and published %Ro for the Montney 

(Wood & Sanei, 2016) converted to Tmax using the correlation from Petersen (2003) and data from this study. Backdrop shaded 

relief topographic map and control points used in the mapping with corresponding symbols are shown. Contour interval is 5 °C. 
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Thermal maturity trend deflections from the current depth of burial are caused by second 

and third-order controls, such as variable amounts of eroded section, variations in the heat flow 

pattern and timing of deposition. South of Fort St. John, the maturity trend departs from the sub-

parallel orientation to the basin axis and forms an arcuate band with closure against the 

deformation front. Bordering the deformation edge northwest of Fort St. John, there is a belt of 

high maturity (Tmax > 470 °C) at relatively shallow depths of burial. Immediately west of Dawson 

Creek, there is an area of relatively lower thermal maturity (Tmax approximately 465 °C). 

Maximum depth of burial is expected to have a much stronger correlation with thermal maturity, 

once an estimated 2,000 m of eroded section (Bustin, 1991; Higley et al., 2005) is accounted for 

in the southwestern portion of the basin. 

 

2.3.3 Gas Analysis and Cumulative Production 

Gas analysis molar fractions were combined to generate a map of the gas wetness ratio 

(Haworth et al., 1985). The gas wetness increases from the early mature eastern edge towards the 

west (up to a maximum ratio of 0.3) in an arcuate belt extending from near Grande Prairie to 

northwest of Fort St. John (Figure 2.12). Southwest of this belt the gas wetness ratio decreases 

again, reaching zero in the zone of dry gas southwest of Dawson Creek. The zone of higher gas 

wetness ratio is approximately coincident with the hydrocarbon generation window of oil (Tmax 

between 445 and 465 °C). The zone of dry gas in the deepest part of the basin correlates with and 

reflects the high degree of maturity, corresponding to the overmature hydrocarbon generation 

window for Type III kerogen (Tmax higher than 490 °C). The limited production data from the Doig 

is in agreement with the thermal maturity and gas wetness maps, and reveals an area with higher 

volumes of produced liquids that follows the same trend of maturity and gas wetness ratio (Figure 

2.12). The highest cumulative oil production comes from the Doe, Wembley, West Stoddart, 

Valhalla, Progress, Pouce Coupe South, Gordondale, Elm and Kakut, while the highest condensate 

production comes from the Fireweed, Inga, Pouce Coupe South and Valhalla fields. Westwards of 

the Wembley field and southwards from the Groundbirch field the production is almost exclusively 

dry gas.   
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Figure 2.12 – Map of gas wetness ratio (Haworth et al., 1985) from production and drill stem test gas analysis from the Doig 

Formation, with the cumulative gas, condensate and oil well production bubble map overlay. Backdrop shaded relief topographic 

map and control points used in the mapping are shown. Contour interval is 0.02. 
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The region of low gas wetness ratio and dry gas production in the deeper part of the basin 

southwest of Dawson Creek correlates with the kerogen Type III Tmax range of dry gas (Tmax higher 

than 490 °C). This suggests the kerogen in the southwest is in large part of Type III; otherwise, a 

higher proportion of ethane and longer alkanes would be expected for the range of thermal 

maturities observed. The belt of highest gas wetness ratio approximately coincides with the late 

oil generation window for kerogen Type II, and with the early window for kerogen Type III. This 

may be either due to updip migration of wet gas, or to a predominance of kerogen Type II towards 

the center of the subcrop area. 

The H2S concentrations vary widely from 33 ppm to 280,000 ppm (28%), with 9% of the 

wells with sour gas containing 100 ppm or less and 10% of the wells containing 4,000 ppm or 

more. The two areas with the highest concentrations of H2S are the areas northwest of Fort St. John 

in BC, and the area straddling the provincial border with Alberta, between Dawson Creek and 

Grande Prairie (Figure 2.13). This pattern has a strong overlap with the sour gas distribution 

mapped for the Montney Formation by Chalmers et al. (2020). Anhydrite from the Charlie Lake 

Formation evaporites were suggested as a control on the distribution of H2S and CO2 in underlying 

strata, by supplying sulfate for thermochemical sulfate reduction bacteria (Kirste et al., 1997) 

through fluid percolation. 
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Figure 2.13 – Map of gas hydrogen sulfide concentration from production and drill stem test gas analysis from the Doig Formation. 

Backdrop shaded relief topographic map and control points used in the mapping are shown. Contour interval is 0.2%. 
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2.3.4 Total Organic Carbon and Kerogen Type 

The median and distribution of TOC in the upper Doig and the DPZ are markedly different. 

The upper Doig has a median TOC of 1.3 wt.% and a 10th to 90th percentile range between 0.4 and 

2.9 wt.%, whereas the DPZ has a median of 2.7 wt.% and a 10th to 90th percentile range between 

1.1 and 6 wt.% (Figure 2.14). The maximum TOC in the upper Doig is 8.4 wt.%, while in the DPZ 

TOC reaches 12.19 wt.%. This maximum TOC is from public data, for which it was not possible 

to review the pyrograms or calibration parameters. The maximum TOC measured by this study 

was 8.55 wt.% in the DPZ. 

 

 

Figure 2.14 – Relative and cumulative frequency of total organic carbon from laboratory data for the upper Doig Formation and 

the DPZ, with number of samples and the 10th, 50th and 90th percentiles for each zone. 
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The mean well log-derived TOC in the DPZ exceeds 2 wt.% in most of the subcrop area 

(Figure 2.15). The highest mean TOC values are 3.5% and occur in the DPZ northwest of Fort St. 

John. Other areas where the DPZ has a relatively high average TOC are to the southwest of Fort 

St. John near the deformation edge, and northwest of Grande Prairie, where the average TOC 

exceeds 3 wt.%. The lowest average TOC values in the DPZ found in the central portion of the 

basin around Dawson Creek, and in the southwestern limit, where the average TOC is between 1 

and 2 wt.%. In the DPZ, the areas of relatively high TOC overlap with the western depocenters 

and the relatively thicker section in the northwest, while the low TOC area in the central part 

corresponds to a region where the DPZ is anomalously thin (Figure 2.8). In the upper Doig, high 

average TOC values of up to 2.5 wt.% are concentrated in areas along the eastern edge arranged 

linearly parallel to the basin axis, as well as in the northwest of the subcrop area, where the upper 

Doig is relatively thin. Elsewhere in the upper Doig, including in the western depocenter, the 

average TOC is typically between 1 and 1.5 wt.% (Figure 2.16). 
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Figure 2.15 – Mean TOC distribution from well logs in the DPZ, on a shaded relief topographic backdrop map, and control points 

used in the mapping. Contour interval is 0.5 wt.%. 
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Figure 2.16 – Mean TOC distribution from well logs in the upper Doig Formation, on a shaded relief topographic backdrop map, 

and control points used in the mapping. Contour interval is 0.5 wt.%. 
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Based on a crossplot analysis of TOC versus S2 (Langford & Blanc-Valleron, 1990) and 

guidelines for source-rock evaluation from Peters (1986), the bulk of the lower maturity samples 

from the Doig have fair to good generative potential (Figure 2.17). Due to the low clay content of 

the Doig Formation, it is unlikely that there is significant suppression of S2 by the rock matrix 

adsorption of pyrolyzed hydrocarbons during Rock-Eval (Espitalie et al., 1980). Hence, neither 

generative potential nor the estimation of inert carbon, are expected to be affected significantly by 

matrix adsorption. 

 

 

Figure 2.17 – Crossplot of total organic carbon and S2 (after Langford & Blanc-Valleron, 1990) for analysis with Tmax ranking fair 

or higher, showing the windows of generative potential (Peters, 1986). Symbols are colored by Tmax and shaped by stratigraphic 

interval. The kerogen type zones are shown for reference, but may not correspond to the samples due to varying degrees of thermal 

maturity. 
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Based on the x-axis intercept of the TOC versus S2 crossplot, the amount of inert carbon 

ranges from 0.4 and 1 wt.%, which is considerably lower than the 1.4 wt.% determined by 

Ibrahimbas & Riediger (2004) for the DPZ. Some of the inert carbon is from grain-coating 

pyrobitumen, which interferes with the S2 peak during pyrolysis. Grain coating bitumen has been 

identified in the DPZ by Silva and Bustin (2020b), as well as in the Montney by Wood et al. (2018), 

who attributed it to biodegradation of migrated oil.  

The Doig Formation HI 10th to 90th percentile range lies between 12 and 232 mg HC/g 

TOC, while the OI 10th to 90th percentile range lies between 6 and 79 mg CO2/g TOC. The highest 

HI value from public data is 489 mg HC/g TOC, and the highest OI value is 147 mg CO2/g TOC; 

however, in this study the highest HI measurement was 343 mg HC/g TOC. Based on the pseudo-

van Krevelen diagram (Tissot & Welte, 1984) and a Tmax versus HI kerogen typing diagram 

(Espitalié et al., 1985), the Doig kerogen is of Type II, Type II/III and Type III (Figure 2.18). 

Kerogen Type III is less abundant in the DPZ, which is predominantly composed of kerogen Type 

II and II/III. 

 

 

Figure 2.18 – Pseudo-van Krevelen (Tissot & Welte, 1984) and Tmax versus HI (Espitalié et al., 1985) diagrams for analysis with 

Tmax ranking fair or higher, with evolution lines for different kerogen types. Symbols are colored by Tmax and shaped by stratigraphic 

interval. In the Tmax versus HI diagram, the hydrocarbon generation windows for kerogen Type II (after Dow, 1977) are shown for 

reference. 

 

A trend of decreasing HI, similar to the trend of increasing thermal maturity towards the 

west, occurs in both the DPZ and the upper Doig (Figure 2.19 and Figure 2.20) as a result of 
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hydrocarbon generation. Discrepancies between thermal maturity and HI trends are caused by local 

variations in kerogen composition impacting the initial HI distribution. Slight differences in the 

kerogen composition between the DPZ and the upper Doig are also reflected in the HI distribution. 

The average HI in the DPZ decreases rapidly from approximately 360 mg HC/g TOC in the early 

oil generation window near the zero edge to 80 mg HC/g TOC at the onset of the wet gas generation 

window windows (Tmax of 470 °C), reaching 40 mg HC/g TOC adjacently to the western 

deformation edge. In the upper Doig, the HI range is narrower and the rate of decrease is less steep. 

Near the zero edge, where the HI is highest, the upper Doig mean HI does not exceed 300 mg 

HC/g TOC, progressively decreasing to 20 mg HC/g TOC in the deepest and most mature part of 

the basin to the southwest. 
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Figure 2.19 – Mean HI distribution from well logs in the DPZ, on a shaded relief topographic backdrop map, and control points 

used in the mapping. Contour interval is 20 mg HC/g TOC. 
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Figure 2.20 – Mean HI distribution from well logs in the upper Doig Formation, on a shaded relief topographic backdrop map, and 

control points used in the mapping. Contour interval is 20 mg HC/g TOC. 



   

 

59 

In the original TOC distribution maps, reconstructed based on the calculations described 

in the methods section of this paper, both the DPZ and upper Doig reveal linear trends of relatively 

higher concentrations of organic matter, which are subparallel to the basin axis and extend from 

the northwestern to the southeastern edge (Figure 2.21). The maps show that original organic 

matter concentration is higher in the northwest than in the southeast. Original HI distribution maps 

show similar trends of increasing HI to the northwest in the DPZ and upper Doig (Figure 2.22), 

suggesting inversely that the amount of Type III kerogen decreases to the east. The larger 

contribution of land-derived organic matter in the upper Doig is also apparent from the original HI 

distribution, which is consistent with the larger siliciclastic input and higher sedimentation rates 

in the upper Doig, as discussed later. 

 

 

Figure 2.21 – Original TOC distribution in the DPZ (left) and in the upper Doig Formation (right), on a shaded relief topographic 

backdrop map. The location of towns shown in the rest of the maps are represented by dots for reference. Contour interval is 0.5 

wt.%. 
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Figure 2.22 – Original HI distribution in the DPZ (left) and in the upper Doig Formation (right), on a shaded relief topographic 

backdrop map. Original HI values are not corrected for inert carbon. The location of towns shown in the rest of the maps are 

represented by dots for reference. Contour interval is 20 mg HC/g TOC. 

 

2.4 DISCUSSION 

2.4.1 Sedimentation Patterns 

The patterns of progressive rotation and deposition unconfinement featured by the 

succession starting at the DPZ and ending at the Halfway Formation reflect a change in the 

sedimentation pattern of the basin from a fault-controlled basin to a gradual return to a period of 

relative tectonic quiescence where basin geometry is dictated by regional shelfal subsidence. 

According to Rohais et al. (2016), the passive margin conditions prevalent during the beginning 

of the Early Triassic were disturbed by progressive uplifting of the westernmost part of the basin, 

creating a fore-arc basin configuration. This regional uplifting caused topographic relief and 

erosion, which was enhanced by the regressive stage of the first Triassic transgressive-regressive 

cycle (Gibson & Barclay, 1989; Edwards et al., 1994) prior to the deposition of the DPZ. The basin 
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fill pattern progressively returned to a large-scale subsidence in a shallow and flat basin by Late 

Triassic through physiographic healing by sedimentation. The rotation of the basin axis is thought 

to be related to the evolution of the proto-Canadian Cordillera and the development of a fore-arc 

basin during the Middle Triassic (Rohais et al., 2016; Crombez et al., 2017). 

The reduced thickness of the DPZ west of Dawson Creek was observed by Golding et al. 

(2015), who suggested this area was a paleo-high during the deposition of the DPZ. The regional 

map presented here shows that the thinning of the DPZ in this area extends to the northwest to the 

Fort St. John area, where the DPZ is less than 10 m thick. Variable paleotopography caused by 

local tectonic uplifting may have been the primary control on the thickness of the DPZ across most 

of the basin, as suggested by Golding et al. (2015). The location and orientation of the upper Doig 

depocenter is aligned with the FSJG, which suggests that at the time of the upper Doig deposition, 

the FSJG blocks may have undergone continued subsidence. 

  

2.4.2 Paleogeographic Controls on Organic Content and Type 

The range of TOC and HI found in this study for the Doig Formation is in agreement with 

previous works (Riediger et al., 1990; Ibrahimbas & Riediger, 2004; Walsh et al., 2006; Higley et 

al., 2009). An analysis of HI and OI values, as well as the wide HI range for similar levels of 

thermal maturity, suggest that multiple types of kerogen are present. Kerogen Type II/III and Type 

III occur in addition to Type II, particularly in the upper Doig. This observation differs 

significantly from previous studies, which describe mostly Type II kerogen in the Doig, without 

mentioning internal variation. The variation in kerogen composition found in this study is not 

surprising based on the large lateral extent of the basin, varying water depths and shoreline 

proximity. 

Original concentration of organic matter is substantially higher in the DPZ than in the upper 

Doig. Higher concentration of organic matter in the DPZ has been interpreted to be due to 

upwelling along the western margin of the WCSB (Davies, 1997). Crombez et al. (2017) highlight 

the influence of marine transgression and the configuration of the basin physiography during the 

deposition of the DPZ, which allowed the connection of upwelling cells to the restricted basin. A 

coastal basin restricted by physiography but under the influence of upwelling can have primary 

productivity and preservation of organic matter enhanced by factors of two to six relatively to that 

of open ocean (Tissot & Welte, 1984; Pedersen et al., 1992). The phosphorite beds are not 
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particularly enriched in organic matter, however, as discussed by Silva & Bustin (2020b). Instead, 

organic-rich beds correspond to mudstones interbedded with phosphorites, while the phosphorite 

beds themselves are relatively poor in TOC due to long exposure times and organic matter 

recycling. Higher clastic sedimentation rates during the deposition of the mudstone and siltstone 

beds of the upper Doig resulted in dilution of organic matter and a relatively lower concentration 

of organic matter.  

A linear trend of higher concentration of original TOC subparallel to its axis highlights an 

elongated zone of enhanced organic productivity and preservation extending through the basin 

center. The position and orientation of this axis is similar to the center of the marine basin identified 

by Crombez et al. (2019) during the deposition of their fourth order sequence corresponding to the 

Doig and Halfway interval, on the basis of sequence stratigraphic analysis. The highest 

concentrations of original organic matter found in the northern part of the basin are related to the 

connection to an open marine environment to the north (Rohais et al., 2016), where the highest 

amounts of nutrients are delivered. The large supply of nutrients in this area may have contributed 

to the establishment of an oxygen minimum zone, which would have enhanced preservation of 

organic matter (Southam et al., 1982). distance from the sediment source and lower rates of 

deposition in the north, which is supported by the reduced thickness in this area, likely contribute 

to the higher original TOC values observed in the area. Conversely, organic matter dilution around 

the western depocenters, causes the observed reduction in the mean original TOC. 

Original HI distribution maps show similar trends of increasing HI to the north and west in 

the DPZ and upper Doig, suggesting the contribution from Type III kerogen decreases to the 

northeast. These patterns suggest that deposition in the southwest of the basin had a larger 

influence from land-derived organic matter, and possibly closer to the sediment source from the 

west. This is in agreement with the hypothesis of a Middle Triassic paleo-high to the southwest 

suggested by previous authors (Ferri & Zonneveld, 2008; Zonneveld, 2010; Golding et al., 2015) 

and the fore-arc model proposed by Rohais et al. (2016). This southwestern paleo-high would be 

associated with uplift caused by the Yukon-Tanana terrane and the Klondike Orogeny (Beranek & 

Mortensen, 2011; Golding et al., 2016). A fore-arc basin with a southwestern sediment source is 

also consistent with the location of the depocenters of the DPZ and upper Doig, which in this case, 

would correspond to an accretionary prism wedged in the southwest of the basin. The original HI 

distribution also highlights the larger contribution of land-derived organic matter in the upper Doig 
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relatively to the DPZ, which is likely the result of an increase in siliciclastic input that accompanied 

the higher sedimentation rates and eastwards progradation in the upper Doig, as opposed to more 

in-situ marine bioproductivity and sedimentation. Further reduction in HI may have been caused 

by the transport of land-derived organic matter to the basin as a result of regional uplifting, possibly 

contributing to the amount of inert carbon and loss of oil-generation potential in the southwest. 

 

2.4.3  Thermal Maturity and Distribution of Liquid Hydrocarbons 

Although thermal maturity is subparallel to structural contours, increasing to the 

southwest towards the deformation front, it features significant deviations from the current depth 

of burial. The area south of Grande Prairie, for instance, has not reached the same level of thermal 

maturity as the area located southwest of Dawson Creek, near the border between BC and Alberta, 

although they have similar overburden thicknesses. Conversely, in much of northeast BC, thermal 

maturity is higher than the areas under the same current depth of burial further southeast. These 

second order controls superimposed on the regional maturity trend, are most likely related to paleo 

depth of burial and a variable eroded section, which may have been as thick as 2,000 m (Bustin, 

1991; Higley et al., 2005). Local variations in heat flow, which ranges from 45 to 75 mW/m2 across 

the subcrop area, also cause deviations in the regional trend. These higher order variations will be 

discussed in a companion paper concerning basin modeling. 

The zone of relatively higher gas wetness ratio located between the Triassic subcrop edge 

and the deformation front and flanked on both sides by dry gas regions has been noted for other 

Triassic reservoirs in the WCSB by Desrocher (1997). The author suggested this distribution 

pattern may be caused by updip migration of thermally generated gas with higher alkanes at greater 

depths with shallower biogenic gas. Alternatively, gases generated by oil-prone sapropelic and 

gas-prone humic kerogens may also be mixed to create a complex distribution. The comparison of 

the gas wetness index and cumulative hydrocarbon production with the thermal maturity and 

original hydrogen index maps, suggests that kerogen type has an influence on the gas wetness 

distribution. Southeast of Dawson Creek, a zone of low liquids production around the Pouce Coupe 

South and Sinclair fields, corresponds to a wet gas generation thermal maturity window for both 

Type II (Dow, 1977) and Type III kerogen (Petersen, 2003). The predominance of Type III kerogen 

in the southwest can at least in part explain the gas dryness in this area.  
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Near the eastern edge of the Doig, the dry composition of the gas and liquid production 

may be due to mixing between bacterial and thermogenic sourced hydrocarbons, or as suggested 

elsewhere (Leythaeuser et al., 1980; Leythaeuser et al., 1984; Kirste et al., 1997; Desrocher et al., 

2004), a result of compositional fractionation during migration. In deeper and more mature parts 

of the basin, where hydrocarbons are generated at higher rates, lighter hydrocarbons would 

preferentially migrate updip from these zones of higher pore pressure and lower permeability. The 

dry gas in the deeper part of the basin is a result of continued thermal cracking of longer alkanes 

into methane, in the zone of highest thermal maturity. 

 

2.5 CONCLUSIONS 

The regional characterization of the Doig Formation presented here, provides insight into 

and reduces the uncertainty around the distribution of its source-rock properties and variations in 

thickness across the subcrop area. Maps in which the upper Doig is decoupled from the Halfway 

Formation and the DPZ, provide greater insight into the thickness and facies distribution 

throughout these heterogeneous units, and sedimentation patterns during the Middle Triassic. A 

consistent definition of the unit across provincial borders is applied here, which excludes the 

Sunset Prairie Formation and the LDS, allowing regional comparison and highlighting basin-fill 

patterns. Data in the thrust and fold belt were not included in this study, as this would have required 

structural restoration to their original depositional location relative to the undeformed portion. 

Future work should include restoration and mapping of the deformed part of the Doig for a more 

complete reconstruction of the basin geometry. 

This study provides a major revision as to the maximum thickness of the Doig Formation 

from the last public study (Edwards et al., 1994), significantly reducing the combined Halfway-

Doig interval thickness from 450 to 333 m. The DPZ has two separate depocenters and thickness 

distribution with multiple localized embayments as a result of tectonically-influenced 

paleotopography. The upper Doig features a single depocenter, marking the start of the 

physiographic healing of the basin from the uplifting, faulting and erosion, and a return to large-

scale subsidence by Late Triassic. 

The base of the DPZ corresponds to the top of the LDS in the eastern portion of the basin, or 

the top of the Sunset Prairie Formation, in the northwest. Both the thickness and the GR log 

character of the Sunset Prairie Formation towards its eastern mappable edge, is strikingly similar 
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to the western portion of the LDS interval. The Sunset Prairie becomes markedly less radioactive 

towards the east, where both Sunset Prairie and the LDS are picked between the basal DPZ 

radioactive peak and another GR peak at the base of a moderately high (i.e., 80 to 120 gAPI) 

siltstone interval. Therefore, based on well log correlations, the Sunset Prairie and LDS may be at 

least partly laterally equivalent. Further sedimentological work and biostratigraphy are required to 

support this hypothesis, as well as to determine the stratigraphic relationship between the LDS and 

the DPZ. 

Most of the Doig subcrop area is in the early oil generation window, reaching the dry gas 

window in the southwestern area, where it is the thickest. Depth of burial exerts a first order control 

on thermal maturity, and overall trends are subparallel to the basin axis, although secondary 

controls, possibly related to heat flow patterns, impose important higher frequency variations in 

the distribution of maturity. The zone with the highest liquid yield forms an arcuate belt in the 

center of the subcrop area between the subcrop edge and the deformation front, and is flanked on 

both sides by dry gas regions. The dry gas along the eastern edge may be related to preferential 

updip migration of thermogenic methane generated at greater depths, and possibly mixing of 

biogenic gas. The higher proportion of kerogen Type III in the southwest may explain the large 

extent of the dry gas zone in the southwest, relatively to the level of thermal maturity.  

The source-rock generative potential of the Doig Formation is fair to good. The TOC of the 

DPZ is higher than that of the upper Doig, and hence the liquid potential may be higher in the 

DPZ. The kerogen of the Doig ranges from Type II to Type III, with the DPZ containing a 

relatively smaller proportion of Type III kerogen than the upper Doig. The HI decreases towards 

the west in a trend similar to that of thermal maturity. The original TOC was higher along a linear 

trend subparallel to the basin axis and around the northern portion of the subcrop area. The linear 

trend of high original TOC is thought to represent the center of the marine fore-arc basin, with 

sediment sources from the arc to the west and the craton to the east. The high TOC in the north 

part of the basin may be related to the connection to open ocean. This model is also supported by 

the original HI distribution maps, which suggest that the contribution of Type II kerogen increases 

to the northeast, relatively to Type III. 

  



   

 

66 

3.  RESERVOIR POTENTIAL AND RESOURCE ASSESSMENT 

OF THE DOIG FORMATION 

3.1 INTRODUCTION 

The Doig Formation is a Lower to Middle Triassic fine-grained interval of the Western 

Canada Sedimentary Basin (WCSB) with highly variable lithology and mineralogy, despite 

relatively low clay content and a narrow range of grain size. Lithologies include mudstone, 

siltstone, coquina (bioclastic wackestone, packstone and grainstone), subordinate sandstone (Evoy 

& Moslow, 1995). The Doig Formation includes a basal, laterally extensive and informal 

phosphatic unit called the Doig Phosphate Zone (DPZ) by Creaney & Allan (1990). The Doig 

Formation also includes a conventional play of relatively thick sandstone and coquina beds 

(Wittenberg, 1992; Dixon, 2002). Diagenesis and reservoir quality of the conventional Doig 

sandstones are investigated in detail by Harris & Bustin (2000) and are not addressed here. 

There are few studies of reservoir property that focus on the unconventional Doig Formation 

and these few are usually not regional in scope (Chalmers & Bustin, 2012; Chalmers et al., 2012; 

Euzen et al., 2014; Silva & Bustin, 2019). Geological controls on the reservoir properties are not 

well understood. The uncertainty in the total resource assessment is large and the assessments are 

either purely deterministic, over reliant on analog data,  geographically limited to BC or 

stratigraphically limited to the DPZ (Faraj et al., 2002; Walsh et al., 2006; US Energy Information 

Administration, 2015; Schenk et al., 2019). 

Characterizing the reservoir potential of a reservoir such as that of the Doig Formation 

involves the measurement of fundamental properties that control storage capacity and well 

deliverability. Fine-grained rocks, such as source-rock reservoirs, present a challenge due to their 

nano- to micro-scale pore sizes. The small scale of pore size in these rocks is responsible for the 

ultra-low permeabilities, which is often near the resolution limits of measuring techniques, and for 

the high capillary pressures, which create complex and usually poorly understood hydrocarbon 

distributions. The pore sizes of source-rock reservoirs although small, encompass a wide range of 

magnitudes. Measuring small pore sizes requires indirect analytical methods. These methods come 

with limitations and uncertainties related to their assumptions, measurement conditions and 

corrections, such as molecular sieving (Bustin et al., 2008), restoring in situ stresses to reservoir 

conditions, and accounting for sample compressibility when subjected to high pressures. 
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Well deliverability in tight and source-rock reservoirs depends on factors such as confining 

stresses, pore pressures and permeability, and fluid viscosity. The permeability system is split into 

two components, the intrinsic matrix permeability and additional permeability created by 

hydraulically induced fractures (Labani & Rezaee, 2015). Fracture permeability may be four or 

five orders of magnitude higher than that of the matrix, and dominate initial production. Matrix 

permeability, which can range from sub-nanodarcy to a few microdarcys, plays an important role 

later on in the life of the well, as fluids flow through the matrix to access fractures (Chalmers et 

al., 2012; Eslinger & Everett, 2012). Understanding the controls on matrix permeability, therefore, 

is essential to predict and design long term production profiles, completions strategy and well 

economics (Chalmers & Bustin, 2012). 

Source-rock reservoirs are often collectively referred to as shale oil or shale gas, and they 

commonly have complex mineralogy, which varies spatially and stratigraphically. Mineral 

composition and their mode of occurrence control fabric, porosity, pore size distribution, and 

ultimately rock matrix permeability (Bustin et al., 2008; Cui et al., 2009; Jarvie, 2012b). 

Developing an accurate mineralogical model for source-rock reservoirs is critical for calculating 

porosity from well logs, due to the wide range in density of common shale minerals, which in turn 

result in variable matrix density (Sondergeld et al., 2010; Eslinger & Everett, 2012).  

In source-rock reservoirs, the surfaces of clay and organic particles are fluid adsorption sites, 

creating an additional hydrocarbon storage mechanism. Adsorbed gas increases overall storage 

capacity and can be responsible for up to 50% of the total storage capacity in shale plays of the 

WCSB (Shaw et al., 2006). Production of gas from the adsorbed phase increases as reservoirs are 

depleted and reach the critical desorption pressure (Ross & Bustin, 2007; Eslinger & Everett, 

2012). Adsorbed gas has a large positive impact on recoverable hydrocarbon volumes (Heller & 

Zoback, 2014), but this dual storage mechanism poses an additional challenge in assessing the 

economics of a play (Labani & Rezaee, 2015). 

In this study the mineralogy and petrophysical properties of the various lithofacies found 

throughout the unconventional portion of the Doig Formation are characterized through laboratory 

measurements and their geologic controls are investigated. Petrophysical properties investigated 

include porosity, pore size distribution, permeability and adsorption capacity. Properties are 

extrapolated to a geological model grid using a well log mineral model. Hydrocarbon resources 

in-place for the entire Doig Formation, including conventional reservoir sandstones, are calculated 
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deterministically using the model, as well as with a probabilistic using appropriate property ranges. 

The Doig Formation is subdivided into and mapped independently as the basal DPZ and the upper 

Doig units. 

 

3.1.1 Geology 

In this study, the Doig Formation is defined as the interval between the base of the DPZ 

(regardless of whether it overlies the Montney Formation, the Sunset Prairie Formation, or the 

informally defined Lower Doig Siltstone) and the base of the Halfway Formation (or the top of the 

Doig Formation where the Halfway is absent). The Doig Formation and the overlying Halfway 

and Charlie Lake formations correspond to second cycle in a series of three major third or fourth 

order transgressive-regressive cycles that comprise the Triassic strata in the WCSB (Gibson & 

Barclay, 1989; Edwards et al., 1994). The DPZ is located at the base of the second cycle, and 

represents a condensed section formed during transgression (Gibson & Barclay, 1989). The 

regressive component of the cycle is recorded in the upper part of the Doig and the Halfway 

formations, culminating with the continental deposits of the Charlie Lake Formation.  

During the Triassic, the WCSB was located at the northwestern margin of the Pangea 

supercontinent, facing the open oceanic regime of the Panthalassa, at about 30° N of latitude 

(Davies, 1997). As a result of this paleogeographical configuration, the sedimentary environments 

were dominantly fine-grained siliciclastics deposited on relatively shallow offshore through 

shoreface marine shelves and ramps, with associated nonmarine aeolian and evaporitic settings 

with low fluvial input (Gibson & Barclay, 1989; Evoy & Moslow, 1995). The mineralogy of the 

Doig is highly variable despite the low clay content and narrow range of grain size which resulted 

from the arid conditions and lack of chemical weathering during the Triassic (Zonneveld et al., 

2011; Crombez et al., 2014). Depositional facies encompass mudstone, siltstone, coquina 

(bioclastic wackestone, packstone and grainstone), subordinate sandstone (Evoy & Moslow, 

1995), granular and intraclastic phosphorites (Silva & Bustin, 2020b). Diagenesis is complex and 

characterized by multiple phases of dissolution and precipitation of calcite, quartz, dolomite, 

anhydrite and apatite (Martin, 2008), exerting a strong control on reservoir quality (Harris & 

Bustin, 2000). 

The Triassic depocenter in the WCSB is the Peace River Embayment (PRE) in the Peace 

River region (Gibson & Barclay, 1989). The PRE formed as the Paleozoic Peace River Arch 
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structural high collapsed and subsided (Eaton et al., 1999). The main structural elements that 

influenced the distribution of the WCSB Triassic interval were the underlying Devonian Leduc 

and Swan Hills reefs, and the Mesozoic reactivation of the Mississippian Dawson Creek Graben 

Complex, which includes the Fort St. John Graben and the Hines Creek Graben. Paleotopography 

and localized subsidence caused by the reactivation of Paleozoic faults influenced sediment 

thickness and facies patterns during the Triassic (Brack et al., 1987; Barclay et al., 1990; Davies, 

1997; Eaton et al., 1999). 

 

3.2 MATERIAL AND METHODS 

3.2.1 Core Samples 

A total of 470 m of core from thirteen wells in BC and 190 m from seven wells in Alberta 

have been logged for lithology, sedimentary structures, bioturbation, diagenetic features and 

structural features. The wells were chosen based on well logs with the objective of maximizing the 

stratigraphic and spatial coverage of the Doig Formation across the entire subcrop area in 

northeastern BC and central western Alberta. Based on the core description, 135 samples were 

selected from these intervals for mineralogy, porosity, and pore size distribution analysis (Table 

3-1 and Figure 3.1). Samples were chosen to adequately represent the lithofacies identified and 

capture the vertical variability in petrophysical properties. Approximately 120 plugs parallel to 

bedding and 80 plugs perpendicular to bedding were cut, measuring 30 mm in diameter and 

between 24 and 65 mm in length, for permeability measurements. 

 

Table 3-1 – Wells analyzed in this study, with respective field names, sample codes, number of samples, number of core plugs and 

core measured depth (MD) interval. 

Unique Well Identifier Field 
Sample 

Code 

Number of 

Samples 

Parallel  

Plugs 

Perpendicular 

Plugs 

Sampled  

Interval (m MD) 

100/04-09-084-22W6/00 Attachie AA 10 7 5 1,632.2-1,653.2 

200/b-046-E 094-A-15/00 Beavertail TB 2 3 1 1,306.4-1,311.2 

100/05-04-088-14W6/00 Boundary Lake North CB 4 4 4 1,334.1-1,344.8 

100/08-28-071-07W6/00 Dimsdale RD 3 3 2 2,184.3-2,194.8 

200/c-082-F 094-H-01/00 Drake CD 14 11 9 1,045.6-1,055.0 

100/06-03-070-04W6/00 Elmworth/Gold Creek GG 4 3 1 1,962.2-1,970.6 

100/09-33-079-21W6/00 Groundbirch TG 19 20 12 2,539.6-2,618.9 

200/a-063-A 093-P-09/00 Heritage Montney MH 8 10 4 2,420.2-2,425.8 

100/04-10-079-05W6/00 Howard CH 7 6 7 1,194.1-1,209.3 
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200/c-073-J 094-A-12/00 Inga AI 5 10 6 1,662.8-1,678.4 

100/08-36-081-14W6/00 Mica HM 3 5 3 1,684.7-1,691.0 

100/01-10-082-23W6/00 Monias AD 12 4 1 1,832.9-1,864.9 

100/03-22-078-10W6/00 Progress CP 4 4 4 1,821.3-1,831.7 

100/12-04-086-20W6/00 Stoddart West CS 6 6 6 1,594.3-1,610.8 

200/a-070-A 093-P-10/00 Sundown AS 4 - - 2,914.5-2,942.6 

100/15-34-080-18W6/00 Sunset Prairie SS 8 8 3 2,045.1-2,064.1 

100/15-01-074-04W6/00 Teepee CTP 7 4 3 1,572.9-1,589.5 

200/c-075-A 094-G-16/00 Tommy Lakes CT 2 2 3 955.5-958.9 

100/06-22-074-10W6/00 Wembley/Knopcik NK 7 7 5 2,190.1-2,204.6 

200/b-008-L 094-H-07/00 Zaremba CZ 6 4 4 1,244.5-1,254.0 
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Figure 3.1 – Location of wellbores sampled and analyzed, public data and well logs used in this study on a map of the Doig subcrop 

area and shaded relief topographic backdrop map, with main structural lineaments (after Berger et al., 2008) and outline of fields 

on which the sampled wells are located. 
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An additional 362 mineralogy analysis by X-ray diffraction (XRD) from core samples of 

45 wells in the public domain were compiled and thoroughly quality controlled (Figure 3.1). Public 

domain data were obtained from publications (Chalmers & Bustin, 2012; Ferri et al., 2013a) and 

unpublished core analysis reports from the databases of the Alberta Energy Regulator (AER) and 

the BC Oil and Gas Commission (BCO&GC). Quality control consisted of removing spurious 

values, normalizing volumes that did not add up to exactly 100%, as well as combining volumes 

from minor and accessory minerals to a common set of minerals found in the XRD analyses 

generated for this study. 

 

3.2.2 X-Ray Diffraction 

Mineralogy was obtained by XRD on slides prepared using powdered (<250 µm) samples 

smear-mounted on glass slides (Appendix B and Appendix G), according to the method outlined 

by Munson et al. (2016). The analysis was performed using normal-focus CoKα radiation on a 

Bruker® D8 Focus with diffraction patterns obtained over the range of 3-70° 2θ at a step size of 

0.03 degrees and 0.8 seconds. Analysis of the mineral phases was quantified using the Rietveld 

(1967) method  of diffraction full-pattern pattern fitting on the Bruker® AXS Topas V3.0 software. 

Although this method provides reliable quantitative bulk mineralogy, it does not distinguish the 

peaks of illite from that of muscovite (Cody & Thompson, 1976). Biogenic silica is also 

indistinguishable from quartz with this method, and phosphate may be underestimated, if in the 

amorphous phase. 

 

3.2.3 Mercury Immersion and Helium Pycnometry 

Unstressed porosity was determined by a combination of double-cell helium pycnometry 

grain volume and mercury buoyancy mercury immersion bulk volume measurements (Appendix 

C and Appendix G), in conformity with the American Petroleum Institute (1998) standard. Bulk 

volume was measured under atmospheric conditions on an irregularly shaped sample of mass 

between 30 and 50 g, in the as received state. Grain volume was determined by helium pycnometry 

on samples of approximately 30 g crushed between 500 to 841 µm (35 to 20 mesh) particle size. 

Grain density is calculated from the grain volume and the measured mass of the sample. Porosity 

is obtained by mass balance, considering air as the pore-filling fluid in the bulk density 
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measurements, which is assumed to be negligible. Porosity values are expressed in porosity units 

(PU), which correspond to percentage of void in a solid volume, or volume fraction. These units 

avoid the ambiguity between relative change expressed in percentage and absolute values. 

The pycnometer used is custom-built and consists of a reference cell with pressure 

monitored by a transducer connected through a ball valve, to three sample cells operated by 

independent ball valves and pressure monitored by another transducer (Figure 3.2). In order to 

mitigate temperature effects on the pressure readings, the entire apparatus is encased in a 

laboratory oven with temperature maintained at 30 °C by a proportional–integral–derivative 

microprocessor. The sample cells are loaded with different samples and the acquisition is 

programmed via computer interface and executed automatically. 

 

 

Figure 3.2 – Schematic diagram of the custom-built helium pycnometry used for obtaining grain densities. 

 

A reference cell of known volume, containing He at an initial known pressure of 

approximately 0.3 MPa (40 psi) is allowed to expand through an expansion valve into a cell 

containing the sample, which also has a known volume and initial pressure. The valve is open and 

the pressure allowed to equilibrate for 300 seconds in a cell of known volume containing the 

sample, after which the He is assumed to have entered the pore space. The equilibrium pressure is 
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then measured and used to calculate the volume of the solids in the sample cell, assuming the total 

number of gas moles in the system is equal to the sum of the moles of gas contained in the sample 

and reference cells. Under isothermal conditions, the grain volume in the sample cup can then be 

expressed in terms of initial and equilibrium pressures and empty cup volumes according to 

Boyle’s Law. 

Although the samples are from non-preserved core, measurements were made on samples 

in as received state and oven-dried for three days at 110 °C, in order to assess the impact of any 

potential residual fluid saturation. Porosity samples were not subject to Dean-Stark solvent 

extraction, as this process may cause overestimation of porosity by dissolution of solid organic 

matter (Burger et al., 2014). Four measurements were made sequentially for each sample for both 

as received state and oven-dried, and the analysis was repeated until the standard deviation of 

porosity was within 5% of the average for the four measurements. The calibration of cell volumes 

was performed by running the instrument once with empty cells and once with a solid of known 

volume. The solid volume used was 25 steel spheres of 0.9525 cm in diameter (3/8 in), for a total 

nominal volume of 11.3119 cm3. 

 

3.2.4 Mercury Injection Porosimetry 

Mercury intrusion was used to measure porosity and pore size distribution down to the 

lower threshold of 3 nm pore throat radius. Data was collected on a Micromeritics Autopore IV 

9500 Series. For each analysis, a sample of approximately 10 g of rock crushed to a particle size 

of 2.4 to 4.8 mm (8 to 4 mesh) was used. The choice of particle size is a compromise between 

whole plugs and finely crushed rock. In comparison with crushed rock, whole plugs minimize 

compressibility and closure effects due to their large volume smooth and relatively small surface 

area; however, compared to smaller samples, whole plugs have a limited pore accessibility to  

mercury, leading to underestimation of porosity (Comisky et al., 2007; Munson, 2015).  

The samples were cleaned with toluene Dean-Stark extraction and oven-dried for 7 and 3 

days, respectively. The penetrometers used were of approximately 15 mL bulk volume, and 0.38 

to 1.1 mL stem volume. All samples were first run with a 0.38 mL stem volume penetrometer. The 

samples in which, in virtue of their high porosity, over 70% of the penetrometer volume was 
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intruded, were analyzed again with the larger volume stem penetrometer. Samples were evacuated 

and intrusion was performed in 66 steps from 14 to 414,000 kPa (2 to 60,000 psi). 

The intrusion volumes were corrected for closure and compressibility effects (Comisky et 

al., 2011; Munson, 2015). Using the corrected data, pore throat diameter was calculated based on 

the pore radius to pressure relationship defined in the Washburn (1921) equation, assuming 

cylindrical pore geometry. A constant liquid–vapor surface tension of 0.485 N/m (Adam, 1941), 

and constant contact angles for the mercury–air–quartz system, of 130 degrees (Ellison et al., 1967) 

for intrusion was used. The compressibility power law fit from mercury intrusion was used to 

calculate stressed porosity at the in-situ net confining stress (NCS) using unstressed porosity from 

pycnometry and mercury immersion as reference. The pore size classification terminology used 

here follows the scheme defined by the International Union of Pure and Applied Chemistry 

(IUPAC), according to which micropores are defined as smaller than 2 nm in diameter, fine 

mesopores are between 2 and 10 nm, coarse mesopores are between 10 and 50 nm, and macropores 

are larger than 50 nm (Sing et al., 1985). 

 

3.2.5 Methane Adsorption 

A subset of 14 samples was selected for methane adsorption experiments based on their 

TOC, clay content and porosity (Appendix D and Appendix G), in an effort to capture the entire 

range of gas adsorption capacity and surface area. Between 150 to 200 g of powdered sample 

(<250 µm), prepared according to procedures presented by Mavor et al. (1990), were used for 

methane adsorption analysis. Samples were oven dried at 110 C until mass loss was negligible, 

which took 72 hours on average. The adsorption experiments were performed using a custom-built 

apparatus based on the calculation of the volumetric difference between adsorbed methane and 

void-filling inert helium, as described in Levy et al. (1992).  

The instrument consists of a reference cell with pressure monitored by a transducer 

connected through a ball valve, and four sample cells operated by independent ball valves and 

pressure monitored by individual transducers (Figure 3.3). The entire apparatus is encased in a 

laboratory oven equipped with a proportional–integral–derivative microprocessor in order to 

maintain the temperature constant. The sample cells are loaded with different samples and the 

acquisition is programmed via computer interface and executed automatically. Approximately 
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twelve points were acquired for each sample, up to an absolute pressure of 10 MPa. The 

equilibrium pressure condition is set to a change in pressure inferior to 10-3 MPa in a 40-minute 

interval. 

 

 

Figure 3.3 – Schematic diagram of the custom-built methane adsorption apparatus for obtaining the methane adsorption isotherms. 

 

The volume of gas adsorbed is determined at each pressure step, accounting for the gas 

compressibility factor and the cell void volume, determined earlier by helium expansion. Methane 

adsorption capacity was determined according to Langmuir (1918). Experiments were conducted 

at 67 C, which represents an average of the present-day reservoir temperature. In mapping the 

spatial variation in adsorption capacity, Langmuir parameters were compensated for the regional 

variation in reservoir temperature using the experiments by Zou et al. (2017). The authors 

documented a linear decrease in Langmuir volume and linear increase in Langmuir pressure with 

increasing temperature, which are proportional to TOC. 
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3.2.6 Permeability 

Measurements of gas permeability were acquired through a custom-built pulse-decay 

permeameter (PDP) with two reservoirs of known volumes and a Hoek-type core cell holder under 

isostatic loading conditions (Appendix E and Appendix G), using helium as the probe fluid (Figure 

3.4). The choice of helium as probe fluid may cause an overestimation of permeability relatively 

to more common in-situ gases such as methane and heavier alkanes, due to their larger molecular 

diameter compared to helium. The use of methane, however, would require adsorption corrections 

that are impractical and introduce large uncertainties in the measurements. 

 

 

Figure 3.4 – Schematic diagram of the custom-pulse-decay gas permeameter used for obtaining permeabilities. 

 

The plug samples designated for permeability measurements were cleaned of soluble 

hydrocarbons and any residual connate brine through distillation with Dean-Stark apparatuses 

using toluene as a solvent. Each sample was cleaned for approximately one week, oven-dried at 

110 C for another week and kept at 60 C until the beginning of the analysis. Sample mass was 

measured before and after solvent extraction as a means of quality control. The ends of all plugs 

were trimmed to minimize mud filtrate invasion effects. Plug end surfaces were then milled in a 

surface grinder, in order to create a right cylinder with smooth parallel faces on both ends. 

The upstream reservoir of known volume is filled with gas controlled by an inlet and 

expansion valves, establishing a differential pressure across the sample. The initial differential 
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pressure is allowed to return to equilibrium when an initially closed normally-open bypass valve 

is opened. With the bypass valve open, the gas is allowed to flow from the upstream reservoir 

through the platens holding the sample inside the confining cell, into a downstream reservoir of 

known volume, out into the atmosphere via a set of bleed valves. A computer interface 

automatically controls the data acquisition and partially controls the valve operation. 

Permeability was obtained under at least three different confining pressures from 

approximately 17 to 45 MPa (2,500 to 6,500 psi), while maintaining a constant pore pressure of 

about 7 MPa (1,000 psi), in order to encompass the entire range of in-situ NCS calculated for the 

samples. Due to the high pore pressure used in the experiments, gas slippage effects are minimized, 

as is the magnitude of gas compressibility variation with small pressure fluctuations (Dicker & 

Smits, 1988; Jones, 1997). A differential pressure of approximately 1 MPa (150 psi) was 

established between the upstream and downstream ends of the core cell holder, and the 

permeability was calculated based on the pressure pulse decay method (Brace et al., 1968; Yamada 

& Jones, 1980; Trimmer, 1981; Hsieh et al., 1981; Neuzil et al., 1981; Bourbie & Walls, 1982; 

Dicker & Smits, 1988; Jones, 1997) summarized in Cui et al. (2009). 

Samples with permeabilities higher than the upper threshold for the pulse-decay method 

were measured using a custom-built steady-state permeameter (Figure 3.5). Helium is flowed from 

the inlet using a gas pump regulator into a Hoek cell holding the sample. The upstream and 

downstream, as well as the differential pressures are measured by transducers. The inflow 

temperature is monitored by a thermistor, in order to account for temperature influence on gas 

viscosity. A backpressure regulator is used to control the downstream pressure. The mass flow rate 

is measured by three mass flow meters with ranges of 50, 500 and 2000 mL/min, connected in 

series. Gas permeability is determined by solving the integrated form of the semi-empirical 

Darcy’s law for compressible fluids (American Petroleum Institute, 1998; McPhee et al., 2015). 

Permeabilities were measured at two different stresses and corrected for gas slippage 

(Klinkenberg, 1941). 
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Figure 3.5 – Schematic diagram of the custom steady-state gas permeameter used for obtaining permeabilities of higher 

permeability samples. 

 

A linear fit through the permeability as a function of NCS allowed the calculation of 

permeability at the in-situ NCS for each sample and the estimation of permeability reduction with 

increasing stress. The NCS was determined for every sample, as a 93% of the difference between 

the overburden pressure and the pore pressure, based on estimations of horizontal stresses for the 

WCSB (Bell et al., 1994). The overburden pressure was calculated as the integration with depth of 

the bulk density well log along the rock column, filling the gaps in log coverage with a linear 

regression of bulk density as a function of vertical depth extrapolated to the surface. The pore 

pressure is a simple integration of the hydrostatic gradient with depth. 

 

3.2.7 Petrography 

Thin sections of 52 samples were prepared with a blue dye epoxy to highlight porosity, and 

double staining for the identification of carbonate minerals and feldspars. The carbonate staining 

is a mixture of the organic dye Alizarin Red-S (ARS) and potassium ferricyanide (K3[Fe(CN)6]) 

dissolved in a dilute hydrochloric acid solution (Huegi, 1945; Warne, 1962; Evamy, 1963; 

Dickson, 1965). The feldspar staining is a procedure consisting of hydrofluoric acid vapor etching, 

immersion in barium chloride solution, rinsing and treatment with a solution of potassium 

rhodizonate, combined with cobaltnitrite (Bailey & Stevens, 1960).`  
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3.2.8 Petrophysical Model 

A well-log based mineralogical and petrophysical model was created to extrapolate the 

sparse laboratory data over a broad stratigraphic and spatial range, and increase its statistical 

significance. The Paradigm™ Multimin module in Geolog ™, which is based on the probabilistic 

methods developed by Mayer & Sibbit (1980), was used to determine the mineral and fluid 

volumes based on well logs. Probabilistic models are based on simultaneously solving a set of 

equations from a set of input log response parameters, constraints and well logs, determining the 

most likely combination of mineral and fluid volumes by error minimization. A set of logs derived 

from a quad-combo logging suite (i.e., gamma ray, conductivity, bulk density, neutron porosity in 

sandstone units, photoelectric absorption, and compressional slowness) from over 580 wells was 

used as log response inputs (Table 3-2). Well logs were individually reviewed and edited for 

spurious values, spikes and artifacts. Volume of kerogen, calculated from a TOC log based on the 

CARBOLOG® method (Carpentier et al., 1991), was used as an additional input. 

 

Table 3-2 – Well log response inputs and mineral volumes used in the probabilistic petrophysical model. 

Well Log Quartz and Feldspar Carbonate Clay Kerogen Apatite Uncertainty 

 

Bulk Density (g/cm3) 2.67 2.83 2.81 1.3 3.2 0.01 

Neutron Porosity (fraction) 0 -0.01 0.32 0.9 0 0.014 

Compressional Slowness (µs/ft) 47 49 90 120 50 0.5 

Photoeletric Adsorption (b/cm3) 8 18 11.12 0.2 11 0.32 

Gamma Ray (gAPI) 26 40 520 100 1200 6 

Deep Conductivity (S/m) 0 0 0 0 0 0.01 

Flushed Zone Conductivity (S/m) 0 0 0 0 0 0.01 

Volume of Kerogen (fraction) 0 0 0.2 1 0 0.005 

 

Two separate models were created for the DPZ and the upper Doig. Mineral volumes 

included in the models are quartz (including feldspar and plagioclase), carbonate (calcite and 

dolomite), clay (predominantly illite), kerogen, in addition to apatite in the DPZ model (Figure 

3.6). The combination of quartz, feldspar and plagioclase into a single component, and of calcite 

and dolomite into a carbonate component was necessary to ensure an overdetermined model. 

Volumetric constraints between the proportions of clay, carbonate and quartz were created based 

on elemental capture spectroscopy (ECS) logs. Porosity is split into effective porosity, which 

includes all free moveable fluids, and immoveable clay-bound water. A dual water model (Clavier 
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et al., 1984) was used to calculate water saturation, with a constant wet clay porosity of 4 PU, 

determined by nuclear magnetic resonance (NMR) logs. Default values of 2 were used for the 

cementation and saturation exponents. Water salinity was compiled from various publicly 

available maps for the Halfway-Doig aquifer (Buschkuehle & Michael, 2006; Michael & 

Buschkuehle, 2008; Janicki, 2014) and the gaps were filled by manual contouring using water 

sample data from the public database. 

 

 

Figure 3.6 – Schematic representation of the petrophysical and volumetric framework used to calculate mineral volumes, porosity, 

water saturation and hydrocarbon volumes. 

 

Established methods for the calculation of water saturation in conventional reservoirs are 

problematic in shales due to the difficulty in obtaining reliable core measurements for calibration, 

very low porosity and overwhelming influences of clay and kerogen in the formation conductivity. 

Therefore, water saturation was also calculated from the kerogen and clay conductivity method 

(Kadkhodaie & Rezaee, 2016), with variable values for resistivity of water saturated organic-lean 
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rock (𝑅0) and kerogen resistivity factor (KRF). The 𝑅0 was determined as a function of total 

porosity from a power law fit regression of total porosity and deep resistivity of rocks with less 

than 0.5 wt.% TOC. The KRF was calculated from TOC and deep resistivity based on the functions 

published in Kadkhodaie & Rezaee (2016). 

Formation temperature and pressure were mapped by ordinary kriging and set as constants 

for the entire Doig Formation at each well based on its location. Upper and lower boundaries for 

formation temperature were estimated from downhole temperature logs in 260 wells as a function 

of vertical depth. Formation temperature was then calculated as the arithmetic average of the lower 

and upper estimates increased by 10%, according to the method suggested by Waples & Ramly 

(1994) for cases where circulation time and surface temperature are unknown. Reservoir pressures 

were obtained from well tests in the databases of the AER and BCO&GC. Mineral volumes were 

integrated vertically and averaged over separately over the upper Doig and the DPZ to create 

average mineral distribution maps. 

 

3.2.9 Resource Calculation 

Hydrocarbon resource assessments were performed deterministically and stochastically. 

The deterministic evaluation was performed with a three-dimensional geological model created in 

Emerson Paradigm™ SKUA-GOCAD™ version 19, representing the most likely scenario. A 

stochastic estimation was performed using Monte Carlo simulation of parameters (Table 3-3). In 

the stochastic simulation, the most likely values represent the median from the distribution of each 

property. Minimum and a maximum ranges values were calculated by applying a percentage 

decrease and increase from the most likely scenario, based on the uncertainty and distribution 

variability of each parameter. 
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Table 3-3 – Assumption ranges for the stochastic resource assessment. 

Assumption 
Upper Doig  Doig Phosphate Zone  

Range 
Minimum Most Likely Maximum  Minimum Most Likely Maximum  

Area (m2)  5.45E+10 6.06E+10 6.66E+10  5.45E+10 6.06E+10 6.66E+10  ±10% 

Thickness (m)  41.7 46.3 50.93  20.16 22.4 24.64  ±10% 

TOC (wt.%)  1.21 1.51 1.81  1.60 1.99 2.39  ±20% 

Temperature (°C)  64.0 71.1 78.3  64.2 71.3 78.4  ±10% 

Reservoir Pressure (MPa)  12.9 16.2 19.3  12.9 16.2 19.4  ±20% 

Bulk Density (g/cm3)  2.629 2.655 2.682  2.590 2.616 2.642  ±1% 

Effective Porosity (fraction)  0.0119 0.0238 0.0356  0.0132 0.0265 0.0397  ±50% 

Water Saturation (fraction)  0.606 0.674 0.741  0.451 0.501 0.551  ±10% 

Average Langmuir Pressure (MPa) 3.3 4.1 4.9  3.3 4.1 4.9  ±20% 

Oil API  32 40 48  32 40 48  ±20% 

Bubble Point (MPa)  14.4 18 21.6  14.4 18 21.6  ±20% 

C1/(C2+) (fraction)  0.843802 0.888213 0.932623  0.844011 0.888433 0.932855  ±5% 

Tmax (°C)  451.836 456.4 460.964  451.836 456.4 460.964  ±1% 

S1 Transform Multiplier  0.8 1 1.2  0.8 1 1.2  ±20% 

Oil Density (kg/m3)  783.845 825.1 866.355  783.845 825.1 866.355  ±5% 

Methane Liquid Density (g/cm3) 0.40185 0.423 0.44415  0.40185 0.423 0.44415  ±5% 

C2/C3+ (fraction) 0.5567 0.586 0.6153  0.5567 0.586 0.6153  ±5% 

 

Stratigraphic boundaries and internal subdivisions of the geologic grid were determined 

from depth control in 660 wells (Appendix H), as described in Chapter 2. The limits of the grid 

are the Doig subcrop edge to the east and the deformation front of the Cordilleran Foreland Fold 

and Thrust Belt to the west. The grid has a total of 16.1 million cells and 270 layers with an average 

cell length of 1,000 m, average and maximum cell thickness of 0.2 m and 2.9 m, respectively. 

Mineralogy and properties from the well log petrophysical model, such as porosity, water 

saturation and TOC, were assigned to geological grid cells using sequential gaussian simulation 

with ordinary kriging. The effective porosity volume was assigned to the fluids that occupy the 

pore volume in the subsurface are connate water, gas adsorbed as a film, free oil (including solution 

gas), free natural gas liquids and free gas.  

Molar fraction maps of methane, ethane, propane, butane, pentane and heavier 

hydrocarbons were created by ordinary kriging interpolation. Fluid properties such as gas 

compressibility were calculated based on the normalized composition of hydrocarbon at each 

location. Fluid compositions, as well as formation temperature and pressure, were mapped in two 

dimensions and applied vertically to all cells in the same location. Normalization was applied to 
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sets of values that should add up to unity, such as sum of hydrocarbon molar fraction and 

petrophysical mineral and fluid volumes, and were caused to deviate from unity due to the 

interpolation and gridding processes. Formation volume factors and solution gas ratios were used 

to calculate hydrocarbon volumes at surface conditions 

Adsorbed gas volumes were calculated according to the Langmuir (1918) equations. Pore 

volume fraction occupied by the adsorbed gas was calculated following the equation in Ambrose 

et al. (2010) assuming a molar mass of 16.04 kg/mol and an adsorbed methane phase density of 

0.423 g/cm3. The remaining pore space was assigned to free oil, free NGL or free dry gas based 

on the hydrocarbon molar fraction maps. The volumes of each fluid component were calculated 

on each cell of the grid. The total gas in-place 𝐺𝐼𝑃 is calculated as the sum of adsorbed gas volume 

𝐺𝐼𝑃𝑎𝑑𝑠 , free dry gas 𝐺𝐼𝑃𝑑𝑟𝑦 , and gas in solution in the liquid phase 𝐺𝐼𝑃𝑠𝑜𝑙 , all at normal 

temperature and pressure (NTP) of 20 °C and 1 atm. 

 

 𝐺𝐼𝑃 = 𝐺𝐼𝑃𝑎𝑑𝑠 + 𝐺𝐼𝑃𝑑𝑟𝑦 + 𝐺𝐼𝑃𝑠𝑜𝑙 (3-1) 

 

Adsorbed gas volume is obtained from the product of the Langmuir volume of gas adsorbed 

per unit volume of rock (using the Langmuir volume 𝑉𝐿 and pressure 𝑃𝐿 corrected for reservoir 

temperature, and the reservoir pressure 𝑃𝑅) by the gross rock mass (i.e., the product of the cell area 

𝐴, thickness ℎ, and bulk density 𝜌𝑏). 

 

 𝐺𝐼𝑃𝑎𝑑𝑠 = 𝐴 × ℎ × 𝜌𝑏 ×
𝑉𝐿 × 𝑃𝑟

𝑃𝐿 + 𝑃𝑟
 (3-2) 

 

Free dry gas volume 𝐺𝐼𝑃𝑑𝑟𝑦 is calculated as the product of gross rock volume (i.e., the 

product of the cell area 𝐴 and thickness ℎ), fraction of effective porosity 𝜑𝑒  and free dry gas 

saturation 𝑆𝑔𝑑, divided by the gas formation volume factor 𝐵𝑔 at in-situ temperature and pressure. 

 

 𝐺𝐼𝑃𝑑𝑟𝑦 =
𝐴 × ℎ × 𝜑𝑒 × 𝑆𝑔𝑑

𝐵𝑔
 (3-3) 
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Formation volume factor was calculated using a compressibility factor based on the 

average composition from the gas analysis molar fraction map, and an empirical approximation 

for hydrocarbon mixtures at in-situ temperature and pressure by Heidaryan et al. (2010). The gas 

analysis molar fraction and reservoir temperature and pressure maps are also used in the estimation 

of pseudo-critical pressure and temperature, based on critical temperature and pressure values from 

Ambrose & Walton (1989), and a hydrocarbon gas mixing rule in Kay (1936).  

Solution gas in the liquid phase 𝐺𝐼𝑃𝑠𝑜𝑙 is calculated by multiplying stock tank oil initially 

in-place 𝑆𝑇𝑂𝐼𝐼𝑃  by the in-situ gas-to-oil ratio 𝐺𝑂𝑅𝑠𝑜𝑙 , and a unit conversion constant from 

standard cubic feet per stock tank barrel to m3. 

 

 𝐺𝐼𝑃𝑠𝑜𝑙 = 0.17811 × 𝑆𝑇𝑂𝐼𝐼𝑃 × 𝐺𝑂𝑅𝑠𝑜𝑙 (3-4) 

 

In-situ gas-to-oil ratio is determined at in-situ temperature, pressure and fluid composition, 

according to the correlation of Kamari et al. (2016), which is based on the gas specific gravity, 

reservoir temperature, oil API gravity and oil bubble point. A constant oil gravity of 40 API from 

Ejerzie (2007) and a constant bubble point of 18 MPa from Pruden & Guyan (1997) were used. 

The gas dissolved in water was not accounted for and assumed to be negligible given the solubility 

of gas in subsurface brine is very low. 

Wet gas in-place 𝐺𝐼𝑃𝑤𝑒𝑡 is calculated as the product of gross rock volume (i.e., the product 

of the cell area 𝐴 and thickness ℎ), fraction of effective porosity 𝜑𝑒 and wet gas saturation 𝑆𝑔𝑤, 

divided by the gas formation volume factor 𝐵𝑔 at in-situ temperature and pressure. 

 

 𝐺𝐼𝑃𝑤𝑒𝑡 =
𝐴 × ℎ × 𝜑𝑒 × 𝑆𝑔𝑤

𝐵𝑔
 (3-5) 

 

Natural gas liquids volume 𝑁𝐺𝐿𝐼𝑃 at NTP was calculated from 𝐺𝐼𝑃𝑤𝑒𝑡 through a molar 

mass relationship, using a NGL standard liquid density 𝜌𝑁𝐺𝐿𝐿, a molar mass 𝑀 of wet gas based 

on the molar fraction map, and a molar volume of 24.055 L/mol. Liquid density reference values 

for each molar fraction are based on the GPA Midstream Association Standard 2145-16 (2016). 
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 𝑁𝐺𝐿𝐼𝑃 =
1

𝜌𝑁𝐺𝐿𝐿
×

𝐺𝐼𝑃𝑤𝑒𝑡

24.055
× 𝑀 (3-6) 

 

Stock tank oil and condensate in-place is calculated as the product of gross rock volume 

(i.e., the product of the cell area 𝐴 and thickness ℎ), fraction of effective porosity 𝜑𝑒  and oil 

saturation 𝑆𝑜, divided by the oil formation volume factor 𝐵𝑜 at in-situ temperature and pressure. 

 

 𝑆𝑇𝑂𝐼𝐼𝑃 =
𝐴 × ℎ × 𝜑𝑒 × 𝑆𝑜

𝐵𝑜
 (3-7) 

 

Oil formation volume factor was calculated at each location according to the correlation 

by Vasquez & Beggs (1980) for oils with API gravity higher than 30, based on the reservoir 

temperature distribution, oil API gravity, gas specific gravity and solution gas to oil ratio. A 

constant oil gravity of 40 API, based on analyses by Ejerzie (2007), and a constant bubble point 

of 18 MPa based on Pruden & Guyan (1997) were used. The solution gas-to-oil ratio and the gas 

specific gravity were determined at in situ temperature, pressure and hydrocarbon composition, 

based on a solution gas-to-oil correlation by Kamari et al. (2016). 

Subsurface fluid volumes were calculated using a subtractive approach of fluid saturations, 

where the sum of water saturation 𝑆𝑤, obtained from the arithmetic average of the dual water 

(Clavier et al., 1984) and kerogen resistivity (Kadkhodaie & Rezaee, 2016) methods, adsorbed gas 

saturation 𝑆𝑔𝑎,  oil and condensate saturation 𝑆𝑜,  which includes solution gas, wet gas saturation 

𝑆𝑔𝑤, and free dry gas saturation 𝑆𝑔𝑑. 

 

 𝑆𝑤 + 𝑆𝑔𝑎 + 𝑆𝑜 + 𝑆𝑔𝑤 + 𝑆𝑔𝑑 = 1 (3-8) 

 

Adsorbed gas saturation is calculated first according to the equation below, using a molar 

volume 𝑀 of 16.04 g/mol, volume of gas adsorbed 𝑉𝑎𝑑𝑠 in cm3 per gram of rock, rock bulk density 

𝜌𝑏 in g/cm3, an adsorbed gas density in liquid phase 𝜌𝑙𝑖𝑞 of 0.423 g/cm3, effective porosity fraction 

𝜑𝑒 and a unit conversion constant of 4.4875 × 10−5. 
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 𝑆𝑔𝑎 =
4.4875 × 10−5 × 𝑀 × 𝑉𝑎𝑑𝑠 × 𝜌𝑏

𝜌𝑙𝑖𝑞 × 𝜑𝑒
 (3-9) 

 

Due to lack of reliability of water and oil saturation measurements on shale core samples, 

the oil saturation calculation is based on the Rock-Eval pyrolysis free hydrocarbon S1 parameter. 

Rock-Eval data is also affected by reliability issues caused by the different states of core and 

cuttings sample preservation, oil volatility and oil-based mud contamination; therefore, a pseudo-

S1 mass of oil is estimated with a logarithmic regression from the thermal maturity indicator Tmax 

(Figure 3.7). Estimations based on S1 are not related to producible liquids, as they do not account 

for liquids retained by organic matter (Jarvie, 2012a). 

 

 

Figure 3.7 – Crossplot of S1 versus thermal maturity index Tmax, based on which a logarithmic regression was obtained to derive a 

stable oil mass fraction for the calculation of oil saturation. 
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The oil saturation is then calculated from the rock bulk density 𝜌𝑏 in g/cm3, pseudo mass 

of oil 𝑆1𝑟 in mg of oil per gram of rock, density of oil 𝜌𝑜, assumed to be 825 mg/cm3, and effective 

porosity fraction 𝜑𝑒. 

 

 𝑆𝑜 =
𝜌𝑏 × 𝑆1𝑟

𝜌𝑜 × 𝜑𝑒
 (3-10) 

 

Wet gas saturation 𝑆𝑔𝑤  is calculated by subtracting the water, adsorbed gas and oil 

saturations 𝑆𝑤 , 𝑆𝑔𝑎  and 𝑆𝑜  from the effective pore volume 𝜑𝑒 , and applying a wet gas factor 

equivalent to the sum of the molar fractions of ethane through decane, 𝛴𝐶2−𝐶10, based on the gas 

analysis map. 

 

 𝑆𝑔𝑤 =
𝜑𝑒 − (𝑆𝑤 × 𝜑𝑒 + 𝑆𝑔𝑎 × 𝜑𝑒 + 𝑆𝑜 × 𝜑𝑒) × 𝛴𝐶2−𝐶10

𝜑𝑒
 (3-11) 

 

Free dry gas saturation 𝑆𝑔𝑑 is calculated by subtracting the water, adsorbed gas, oil and wet 

gas saturations 𝑆𝑤, 𝑆𝑔𝑎, 𝑆𝑜, and 𝑆𝑔𝑤 from the effective pore volume 𝜑𝑒. 

 

 𝑆𝑔𝑑 =
𝜑𝑒 − (𝑆𝑤 × 𝜑𝑒 + 𝑆𝑎𝑑𝑠 × 𝜑𝑒 + 𝑆𝑜 × 𝜑𝑒 + 𝑆𝑤𝑔 × 𝜑𝑒)

𝜑𝑒
 (3-12) 

 

3.3 RESULTS 

3.3.1 Mineralogy 

The mineralogy of the Doig Formation is highly variable. Although quartz, dolomite and 

calcite are the dominant minerals (Figure 3.8), their proportions vary widely from over 90 wt.% 

quartz to over 80 wt.% carbonate minerals (Figure 3.9). Apatite is locally important as a major 

component of phosphorite beds (Silva & Bustin, 2020b), reaching 80 wt.%. The only significant 

clay mineral detectable by XRD is illite, which is present in relatively low amounts with a median 

value of 4.9 wt.%, and reaching a maasximum of nearly 30 wt.%. The maximum concentration of 

K-feldspar and plagioclase are 23 and 30 wt.%, respectively. Accessory minerals include pyrite, 
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which is present in most samples, with a median value of 1.2 wt.% and a maximum of 15.5 wt.%, 

and sparse concentrations of ankerite, siderite, anhydrite, and gypsum. 

 

 

Figure 3.8 – Box plot of all mineralogy from XRD and TOC from Rock-Eval pyrolysis for all samples analyzed. The box represents 

the range between the upper and lower quartiles, the whiskers represent the lower and upper limit of adjacent values, and outliers 

are represented by dots. The dotted white line represents the median. 
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Figure 3.9 – Ternary plot of the Doig mineralogy normalized to QF (quartz and feldspar), clay, and carbonate minerals, with marker 

color by TOC, size by apatite content and shape by stratigraphic interval, overlain on a backdrop of the mudstone classification by 

Gamero-Diaz (2012). 

 

 Quartz is the major detrital component, as well as a common authigenic grain overgrowth 

and occasionally as pore-filling cement. Quartz is the predominant mineral in the siltstones and 

mudstones of the upper Doig (Figure 3.10, A to F), with a median concentration of 40 wt.% in the 

interval. In the DPZ, the concentration of quartz is substantially lower, at 26 wt.% (Figure 3.8). 

Conversely, K-feldspar plagioclase concentrations are consistently higher in the DPZ, with median 

values of 8 and 6 wt.%, respectively. In the upper Doig, the K-feldspar median is 5 wt.%, and 

plagioclase is 3 wt.%. Illite is relatively less abundant in upper Doig, which has a median 

concentration of 3.2 wt.%, compared to the 5.9 wt.% in the DPZ, where it forms the matrix of 

mudstones, bio-packstones and bio-wackestones (Figure 3.11, A to F). 
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Figure 3.10 – Overview and detailed photomicrographs of representative lithologies of the upper Doig in plane-polarized light. 

Porosity is blue in thin sections. Green box shows location of detailed image. Pie chart represents mineral volumes from XRD 

converted from weight using reference density values from Serra (1990) and normalized to include porosity and TOC. (A) Sample 

TB1: siltstone with quartz (Qt), K-feldspar (KF) and plagioclase grains with corroded borders, quartz overgrowth (QO), dolomite 

(Do) and siderite cement, interstitial pyrite (Py), and abundant intergranular porosity. (B) Sample CZ4: siltstone with extensive 

grain dissolution and calcite and dolomite cementation, and overlying laminated mudstone with quartz and feldspar grains in a clay 

(Cl) matrix. (C) Sample HM2: very fine sandstone composed mostly of quartz grains with corroded borders, sparse apatite (Ap) 

grains, pervasive grain dissolution and interstitial dolomite cement. (D) Sample TG1: heterolithic laminated siltstone and mudstone 

with quartz, feldspar and sparse apatite grains, clay matrix, and calcite (Ca) and dolomite cement, as well as a calcite vein offset 

by a clay lamination (E) Sample CD9: bio-wackestone with quartz, and feldspar silt matrix, calcite and dolomite cement, as well 

as almost complete dissolution of bioclasts, creating moldic porosity and partial filling by quartz. (F) Sample TG5: siltstone with 

quartz, feldspar and sparse apatite grains, with calcite and dolomite cement, interlaminated with clay-rich laminae.  
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Figure 3.11 – Overview and detailed photomicrographs of representative lithologies of the DPZ in plane-polarized light. Porosity 

is blue in thin sections. Green box shows location of detailed image. Pie chart represents mineral volumes from XRD converted 

from weight using reference density values from Serra (1990) and normalized to include porosity and TOC. (A) Sample MH1: 

mudstone containing silt-sized quartz (Qt), K-feldspar (KF) and apatite (Ap) grains in a clay (Cl) matrix. (B) Sample AA3: siltstone 

with bioturbated fabric containing quartz, feldspar, sparse apatite grains and intraclasts, grain dissolution, calcite and dolomite 

cement. (C) Sample SS8: bio-packstone composed almost exclusively of recrystallized bivalves, interlayered with detrital sediment 

composed of quartz, feldspar and clay. (D) Sample CP8: laminated mudstone composed of quartz, feldspar and clay, with pervasive 

substitution of grains by dolomite (Do), and nodules of intergrown anhydrite (An) and pyrite (Py). (E) Sample MH5: phosphatic 

grainstone composed of granule-sized apatite intraclasts, silt-sized apatite coated grains, often with quartz nuclei, cemented by 

calcite. (F) Sample CD8: mudstone composed of quartz and feldspar grains with corroded borders in a clay matrix, with extensive 

grain dissolution and substitution by dolomite, calcite cementation, as well as interstitial pyrite precipitation. 
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 Dolomite is the most abundant carbonate mineral; dolomite is an early diagenetic 

interstitial component, occurring with rhomboid (Figure 3.10, A and Figure 3.11, F) and anhedral 

(Figure 3.10, B, C, and Figure 3.11, D) habits, often contacting siliceous detrital grains with 

corroded borders. Dolomite is also a common grain replacement mineral, and is found in an 

approximately equal concentration of 17 wt.% across the DPZ and upper Doig mudstones and 

siltstones. In bio-packstone, bio-wackestone and phosphatic grainstone facies of the DPZ, 

dolomite is a minor component, typically not exceeding 5 wt.%. Calcite occurs throughout the 

entire Doig Formation as pore-filling cement around detrital grains and dolomite. Calcite is more 

common in siltstones and mudstones with relatively low clay content (Figure 3.10, D, E, F, and 

Figure 3.11, B). Calcite is the primary constituent of bio-packstones and wackestones, typically as 

recrystallized bivalve fragments (Figure 3.11, C), as an early cement phase of phosphatic 

grainstones (Figure 3.11, E), and occasionally as veins (Figure 3.10, D). In the upper Doig, skeletal 

grains are rarer and are often completely dissolved, creating moldic porosity, which is infrequently 

filled by quartz (Figure 3.10, E). 

Apatite is a major component of phosphorite beds present in the DPZ, occurring in 

concentrations of up to 80% in the form of coated grains, bioclasts and intraclasts (Figure 3.11, E). 

Apatite also occurs as sparse skeletal and coated grains in mudstones and siltstones of the DPZ 

(Figure 3.11, A, B) and less commonly the upper Doig (Figure 3.10, C, F). Pyrite occurs as 

diagenetic grain coatings (Figure 3.10, A) and nodules commonly associated with anhydrite 

(Figure 3.11, D). Pyrite is found in relatively higher concentrations in the DPZ than in the upper 

Doig, due to the contribution of syngenetic pyrite formed during phosphogenesis, in addition to 

later diagenetic pyrite (Silva & Bustin, 2020b). The DPZ also has a higher concentration of TOC 

than the upper Doig, although the higher TOC is associated with mudstones rather than with the 

phosphorite beds. 

 

3.3.2 Porosity and Pore Size Distribution 

Unstressed helium pycnometry porosity of the Doig Formation samples in the dried state 

ranges from 0.97 to 17.83 PU, with a median value of 3.85 PU. Porosities increased from the as 

received state to oven-dried in almost all cases, albeit with an average increase of less than 4%. 

Stressed corrected porosities using the MIP compressibility curves, which more accurately 

represent in situ conditions, range from 0.26 to 14.63 PU, with a median value of 2.77 PU.  Porosity 
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distribution is weakly bimodal. The first mode for stressed corrected porosity of approximately 2.3 

PU, corresponds to the center of the distribution for most mudstones and bio-wackestones. The 

second group, with a mode of approximately 10.3 PU, represents quartz-rich siltstones of the upper 

Doig and phosphatic grainstones of the DPZ.  

Porosity does not correlate well with any other single variable, as the origins of porosity in 

the rocks analyzed are highly variable. Quartz has a weak positive correlation with porosity (Figure 

3.12, A), which based on petrography, is both from primary intergranular porosity (Figure 3.10, 

A) and grain dissolution-enhanced (Figure 3.10, C) porosity of quartz-rich siltstones. Intergranular 

and moldic porosity in phosphatic grainstones is responsible for the strong correlation between 

apatite and porosity in rocks with apatite concentrations above 30 wt.% (Figure 3.12, C); in apatite-

poor samples, no correlation between apatite and porosity exists.  

 

 

Figure 3.12 – Crossplots of porosity at in situ net confining stress versus minerals from XRD that show any degree of correlation 

with porosity, with marker shape by stratigraphic interval, linear regression line and r-squared value. 

 

Calcite, K-feldspar and illite content, all correlate negatively with porosity (Figure 3.12, B, 

D, E). As calcite occurs primarily as cement, with exception of bio-wackestones and bio-

packstones, the negative correlation is a result of pore space occlusion. The correlation is obscured 

by porosity degradation due to dolomite cement (Figure 3.11, D), and high porosity preservation 

in phosphatic grainstones with relatively high degree of calcite cementation. The negative 

correlation between porosity and K-feldspar is likely a result of preferential dissolution of feldspars 
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in siltstones with grain dissolution-enhanced porosity. The negative correlation between illite and 

porosity is caused by the intergranular porosity of clay-poor siltstones and phosphatic grainstones, 

and in the case of siltstones, enhanced grain and cement dissolution promoted by the large pore 

throat sizes. 

 Compaction has a significant influence in porosity, as shown by the negative correlation of 

porosity to with paleo depth of burial, as proxied by Tmax, and strong positive correlation to pore 

throat diameter from MIP (Figure 3.13, A, B, C). Porosity also correlates negatively with TOC, 

albeit with significant scatter in the lower porosity range. This suggests that organic porosity 

development from thermal maturation is not responsible for creating significant pore volume. 

Intercorrelation of quartz, TOC and porosity causes the negative correlation between TOC and 

porosity, due to the high intergranular porosity of quartz-rich siltstones. 

 

 

Figure 3.13 – Crossplots of porosity at in situ net confining stress versus TOC, Tmax and common logarithm of median pore throat 

diameter from MIP in nm, illustrating influence of compaction and maturity on porosity, with marker shape by stratigraphic interval 

(key in Figure 3.12), linear regression line and r-squared value. Note the inverted vertical axis on the Tmax crossplot. 

 

Pore size distributions span four orders of magnitude, with median pore throat diameter 

from MIP ranging from 5 to 2,700 nm. Arranging the pore size distribution by lithotype based on 

the mudstones ternary mineralogy classification of Gamero-Diaz et al. (2012) provides insights as 

to the control of mineralogy on the pore size distributions (Figure 3.14). Quartz-rich siltstones 

contain mostly macropores, with median pore throat diameter ranging from 36 to 930 nm, and an 

average of 316 nm. Relatively small amounts of clay are sufficient to significantly affect pore size. 

The clay-rich, siliceous, mixed siliceous and mixed mudstones are mostly coarse mesoporous, with 

median pore throat diameters ranging from 7 to 136 nm, and an average of 27 nm. 
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Figure 3.14 – Cumulative distribution of normalized pore volumes by pore throat size for all samples colored by lithotypes of 

Gamero-Diaz (2012) based on mineralogy. Pore size classification according to IUPAC (Sing et al., 1985). 

 

In relatively clay-rich facies, an increase in the proportion of carbonate at the expense of 

quartz, has little influence on pore throat sizes. Mixed and carbonate siliceous mudstones are 

predominantly fine to coarse mesoporous, with median pore throat diameters ranging from 5 to 70 

nm, and an average of 20 nm (Figure 3.14). The pore size distributions of clay-poor lithotypes with 

relatively high carbonate content is highly variable. Carbonate-rich siliceous mudstones range 

from macroporous to fine mesoporous, with median pore throat diameters ranging from 5 to 2,700 

nm, and an average of 174 nm, while mixed carbonate, silica-rich carbonate and carbonate 

mudstones range from 5 to 2,220 nm, and an average of 136 nm. The largest pore sizes in 

carbonate-rich lithotypes are associated with dissolution enhanced-porosity siltstones partially 

cemented by dolomite, and phosphatic grainstones with calcite-recrystallized skeletal grains and 

calcite cement. 

 

3.3.3 Permeability 

Absolute matrix permeability to gas of the Doig Formation ranges over six orders of 

magnitude from 8×10-6 to 14 mD, with a median of 6.4×10-4 mD, at in situ NCS conditions (Figure 

3.15). Permeability anisotropy is highly variable, with a 𝑘𝑣/ 𝑘ℎ ratio ranging from 0.003 to 3.269. 

The median permeability parallel to bedding is 1.1×10-3 mD, while the median permeability 

perpendicular to bedding is 3.3×10-4 mD. Permeability is most strongly controlled by pore throat 
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size, and has a strong positive correlation (R2 = 0.37) with median pore throat size. Porosity has 

the second strongest control on permeability, with a moderate positive correlation (R2 = 0.18).  

Permeability has a weak positive correlation with quartz (R2 = 0.04) and a weak negative 

correlation with clay (R2 = 0.08). The highest permeabilities are associated with the relatively 

coarse silica-dominated siltstones, occasionally with grain dissolution and partial dolomitization. 

Above a clay content of 15 wt.%, permeabilities are lower than 1×10-3 mD. 

 

 

Figure 3.15 – Crossplot of porosity versus absolute gas permeability at in situ net confining stress, with marker colored by lithotypes 

of Gamero-Diaz (2012) based on mineralogy, size by common logarithm of median pore throat diameter from MIP and shape by 

plug orientation with respect to bedding. Lines of the relation between permeability and porosity based on the Kozeny-Carman 

equation for pore diameters with parallel pipe geometry are shown for refence (Mavko et al., 2009), assuming a tortuosity factor 

of unity. 

 

Permeability anisotropy is lowest in quartz-rich siltstones, which have the most isotropic 

grain fabric of the studied samples. The 𝑘𝑣/ 𝑘ℎ ratio has a weak positive correlation with quartz 
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(R2 = 0.11) and a weak negative to no correlation with TOC (R2 = 0.09). The influence of NCS on 

permeability reduction varies from half an order of magnitude of permeability reduction per 1,000 

psi increase in NCS, to a fiftieth of an order of magnitude per 1,000 psi, with a median of a tenth 

of an order of magnitude per 1,000 psi. Quartz, TOC and clay are the main controls of permeability 

reduction with confining stress. The permeability of quartz-rich siltstones is the least sensitive to 

NCS (Figure 3.16). Permeability is most sensitive to stress in samples with relatively high organic 

and clay content. The amount of carbonate does not have a strong influence on permeability 

sensitivity to stress. 

 

 

Figure 3.16 – Crossplots of common logarithm of permeability versus net confining stress for all core plugs at different stresses, 

for the various lithotypes of Gamero-Diaz (2012) and colored accordingly. Measurements of the same sample at different net 

confining stresses are represented by the same symbols and connected by a linear regression line. The slope of the line is 

proportional to the sensitivity of permeability to stress. 
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3.3.4 Adsorption Capacity 

Methane adsorption capacity varies between 0.19 and 1.64 cm3/g (6.32 and 55.8 ft3/ton) at 

the mean reservoir pressure of 16.2 MPa (2350 psi) and 67 C for a suite of samples ranging from 

0.27 to 6.48 wt.% of TOC (Figure 3.17). Adsorption data fits well the Langmuir model, with R2 

values ranging from 0.87 to 0.99. Langmuir volumes range from 0.19 to 2.04 cm3/g (6.4 to 69.3 

ft3/ton) and Langmuir pressures range from 1.9 to 12.6 MPa (275 to 1,834 psi), with a median 

value of 4.1 MPa (590 psi). A strong positive correlation (R2 = 0.78) exists between Langmuir 

volume and TOC (Figure 3.17). Other geological factors that influence adsorption capacity to a 

lesser extent are the logarithm of the median pore throat size (R2 = 0.31), porosity (R2 = 0.19) and 

quartz content (R2 = 0.15), all of which have negative correlations to Langmuir volume. Illite has 

no correlation to adsorption capacity, suggesting adsorption on clay surfaces is negligible. The 

adverse effects that higher quartz, porosity and larger pore throat sizes have on adsorption may be 

partly due to the relatively smaller surface area of larger pores, but are likely to a large degree 

related to interdependent correlation between these variables and TOC. 
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Figure 3.17 – Crossplot of cumulative gas adsorbed versus equilibrium pressure from methane adsorption isotherm experiments at 

67 C with samples of different values of TOC, and Langmuir fit (top), distribution histogram of calculated Langmuir pressures 

showing the median value (bottom left), and crossplot of calculated Langmuir volume against TOC, with linear fit equation and 

marker color by fit quality (bottom right). 

 

3.3.5 Petrophysical Model 

A well-log based petrophysical model with clay, quartz and feldspar, carbonate minerals, 

kerogen, and apatite restricted to the DPZ, adequately matches porosities from core and NMR, 

(Figure 3.18), and mineral proportions from XRD and ECS (Figure 3.19). The median difference 

between total porosity and core porosity is 0.4 PU, with a standard deviation of 2.7 PU. The median 

difference between effective porosity and NMR porosity above the 3 ms threshold for bound water 

is 0.3 PU with a standard deviation of 1.8 PU. The median total porosity of the Doig is 2.2 PU, 

and range from 0.5 to 11.1 PU, with 80% of the distribution being between 0.8 and 5.3 PU (Figure 
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3.20). Effective porosity ranges from 0 to 10.1 PU, with a median of 1.7 PU and 80% of the 

distribution lying between 0.3 and 4.8 PU. The dual water (Clavier et al., 1984) and kerogen and 

clay conductivity (Kadkhodaie & Rezaee, 2016) methods yield significantly different results, and 

thus water saturation represents a major uncertainty. The kerogen conductivity model is more 

optimistic, with a median water saturation of 0.53 and 80% of the distribution lying between 0.21 

and 0.91, while the dual water model median water saturation is 0.72 and 80% of the distribution 

lies between 0.34 and 1. 

 

 

Figure 3.18 – Histograms of the difference between the petrophysical model total porosity and core porosity at in-situ NCS (left), 

and between the petrophysical model effective porosity and the NMR effective porosity above the 3 milliseconds threshold (right). 

The model was calibrated iteratively to minimize the difference between the calculated porosities and the core and NMR porosities, 

which is illustrated by the symmetric distribution of the difference centered about zero. 

. 
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Figure 3.19 – Strike cross-section showing TVD elevation (first track from the left), mineral model (second track), calculated, core 

and NMR porosities (third track), water saturation (fourth track), and XRD or ECS mineralogy (fifth track). Mineral volumes are 

calibrated to XRD and ECS, total, effective and clay-bound water porosities are calibrated to core porosity at in-situ stress (CORE 

PHI), NMR total porosity (NMR PHIT) and porosity above the 3 milliseconds threshold (NMR 3MS). Water saturation curves 

shown are from dual-water model (DW Sw) and kerogen and clay conductivity method (KC Sw). Poor quality log data is flagged 

by white stripes covering the logs. 
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Figure 3.20 – Frequency histograms of total porosity (top left), effective porosity (top right), water saturation from the dual water 

method (bottom left) and water saturation from the kerogen and clay conductivity method (bottom right) split by zone, showing 

number of samples, cumulative distribution curves, median, 10th and 90th percentiles. 

 

3.3.5.1 Average Mineral Distribution Maps 

The average mineral distribution maps based on the petrophysical model reveal large-

scale sedimentation patterns. In the upper Doig, quartz increases in abundance from a stratigraphic 

average of approximately 50 vol.% in the north, to 80 vol.% in the south and southwest (Figure 

3.21). In the DPZ the lowest quartz content of 35 vol.% is in the northwest and western regions. 

The eastern edge has moderate to relatively low quartz content of under 60 vol.%, which increases 

towards the center and south to 75 vol.%. The DPZ also has a higher carbonate content than the 

upper Doig, reaching a stratigraphic average of 40 vol.% in the northwest and along most of the 

western edge (Figure 3.22). In the center and south, the stratigraphic carbonate average can be as 

low as 10 vol.%. In the upper Doig, carbonate content decreases from an average of approximately 

30 vol.% in northeast, to less than 10 vol.% towards the west and south. 
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Figure 3.21 – Average volume of quartz distribution in the DPZ (left) and in the upper Doig Formation (right), on a shaded relief 

topographic backdrop map. The location of towns shown in Figure 3.1 are represented by dots for reference, and the location of 

the Figure 3.19 cross-section is marked. Contour interval is 0.05. Control points are shown in Figure 3.1. 
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Figure 3.22 – Average volume of carbonate distribution in the DPZ (left) and in the upper Doig Formation (right), on a shaded 

relief topographic backdrop map. The location of towns shown in Figure 3.1 are represented by dots for reference, and the location 

of the Figure 3.19 cross-section is marked. Contour interval is 0.02. Control points are shown in Figure 3.1. 

 

Clay minerals are relatively more abundant in the DPZ, with stratigraphic averages 

exceeding 20 vol.% in the northeast and southeast, and rarely falling below 12 vol.% in the 

northwest and central areas (Figure 3.23). In the upper Doig, the variability in average clay content 

is narrow, ranging from 9 vol.% along most of the eastern edge and some areas along the western 

edge, to a maximum of 16 vol.% in the south. Apatite is present in significant quantities only in 

the DPZ; however, it occurs as sparse grains throughout most of the upper Doig (Figure 3.24). 

Apatite stratigraphic averages in the DPZ are higher along the subcrop edges, particularly in the 

west and north, where it exceeds 5 vol.%. Apatite decreases towards the center of the basin, to less 

than 1 vol.%. The apatite distribution pattern is highly irregular, with multiple topographic 

embayments of higher concentration, which coincide with areas where the DPZ is thicker. 
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Figure 3.23 – Average volume of clay mineral distribution in the DPZ (left) and in the upper Doig Formation (right), on a shaded 

relief topographic backdrop map. The location of towns shown in Figure 3.1 are represented by dots for reference, and the location 

of the Figure 3.19 cross-section is marked. Contour interval is 0.01. Control points are shown in Figure 3.1. 
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Figure 3.24 – Average volume of apatite distribution in the DPZ (left) and in the upper Doig Formation (right), on a shaded relief 

topographic backdrop map. The location of towns shown in Figure 3.1 are represented by dots for reference, and the location of 

the Figure 3.19 cross-section is marked. Contour interval is 0.05. Control points are shown in Figure 3.1. 

 

A trend is observed in total porosity distribution and current depth of burial in the upper 

Doig, where it decreases from an average of 8 PU in the northeast to under 1 PU in the southwest 

(Figure 3.25). In the DPZ, porosity also decreases from an average of 8 PU in the eastern edge 

towards the southwest; however, porosity reaches its lowest values in the central and south areas, 

increasing again towards the west. This trend reversal is likely due to preservation of intergranular 

porosity in phosphorites due to early calcite cementation and later partial cement dissolution, as 

well as creation of secondary porosity. 
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Figure 3.25 – Average porosity distribution in the DPZ (left) and in the upper Doig Formation (right), on a shaded relief topographic 

backdrop map. The location of towns shown in Figure 3.1 are represented by dots for reference, and the location of the Figure 3.19 

cross-section is marked. Contour interval is 0.005. Control points are shown in Figure 3.1. 

 

3.3.6 Hydrocarbons In-Place 

3.3.6.1 Deterministic Assessment 

The deterministic resource assessment of the Doig using a three-dimensional geological 

model yields a total gas in-place volume of 7.62 trillion m3 (269 Tcf), with the upper Doig 

Formation hosting 52% and the DPZ hosting the remaining 48% (Table 3-4). Most of the gas 

resources are located within BC, which holds 79% of the total gas in-place. The mean gas resource 

density in Alberta is 62 m3/m2 (5.7 Bcf/section); the highest gas resource densities of up to 240 

m3/m2 (22 Bcf/section), are located along an east-west linear trend northwest of Grande Prairie 

passing through the Sinclair and Wembley fields (Figure 3.26). This area is associated with the 

thickest section of the Doig in Alberta. In BC, the mean gas resource density is 176 m3/m2 (16 

Bcf/section), increasing towards the deformation front, where it reaches a maximum of 680 m3/m2 
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(62 Bcf/section), southwest of the Groundbirch field. Besides Groundbirch, the areas within and 

around the Town, Inga, Fireweed, Buick Creek West, Cache Creek, Monias, Brassey, Kelly and 

Noel fields also have relatively high estimated total gas in-place. 

 

Table 3-4 – Summary of the deterministic resource assessment of gas and liquids per stratigraphic interval and province. 

Resource In-Place 
Zone  Zone  Province (%) 

Upper Doig DPZ Total  Upper Doig DPZ Total  AB BC 

 Gas (trillion m3)  Gas (Tcf)    

Adsorbed Gas 2.36 1.48 3.84  83.5 52.1 135.6  23 77 

Free Dry Gas 1.00 1.87 2.87  35.3 65.9 101.2  14 86 

Solution Gas 0.62 0.30 0.91  21.8 10.5 32.3  36 64 

Total Gas 3.98 3.64 7.62  140.6 128.5 269.1  21 79 

 Liquids (million m3)  Liquids (MMbbl)    

NGL Liquid 444.2 499.3 943.5  2,793.7 3,140.5 5,934.2  18.1 81.9 

Oil and Condensate 5,976.4 2,862.7 8,839.1  37,590.5 18,006.0 55,596.5  36.3 63.7 

Total Liquid 6,421 3,362 9,783  40,384 21,146 61,531  34.6 65.4 
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Figure 3.26 – Gas in-place resource density distribution map for the entire Doig Formation, on a shaded relief topographic backdrop 

map, and control points for the well logs used in the mapping. Contour interval is 2 Bcf/section. 
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The relative contribution of adsorbed gas versus free gas in the total gas in-place varies 

significantly across the basin (Figure 3.27). In the deeper southwestern region, where the formation 

pressures are highest (>25 MPa) and porosity is low, most of the gas is held in the free state due 

to the combined effect of the amount of adsorbed gas plateauing at high pressures and high 

temperatures (>85 C) favoring gas in the free state. In this region, lower TOC due to kerogen 

conversion into hydrocarbons, may also contribute to lower adsorption, although the kerogen 

microporosity and surface area, which increase with maturation, may balance the decrease in TOC. 

Along the shallower eastern edge, despite the lower temperatures (>55 C), the competing effect 

of lower formation pressures (<12 MPa) prevail, resulting in a low relative contribution of 

adsorbed gas. Through the center of the subcrop area, at pressure and temperature values closer to 

the formation average, most of the gas is held in the adsorbed state.  

 

 

Figure 3.27 – Adsorbed to total gas ratio (left) and liquids to gas ratio (right) in the Doig Formation, on a shaded relief topographic 

backdrop map. The location of towns shown in the rest of the maps are represented by dots for reference. Contour intervals are 

0.05 (left) and 20 bbl/MMcf (right). Control points are shown in Figure 3.1. 
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The total liquid volume of NGLs in-place within the Doig Formation is 944 million m3 

(5,934 MMbbl) and the total oil and condensate volume is 8,839 m3 (55,597 MMbbl). The mean 

liquid to gas ratio is 1,284 m3/million m3 (229 bbl/MMcf). The liquid to gas ratio gradually 

decreases to the southwest in BC and steeply in Alberta towards the west, with increasing thermal 

maturity (Figure 3.27). 

 

3.3.6.2 Probabilistic Assessment 

Probabilistic assessment of resources based on Monte Carlo simulation (Table 3-3) 

places the 80% confidence interval for total gas in-place volume in the Doig between 6.2 and 9.7 

trillion m3 (220 and 342 Tcf), and for total liquids in-place between 10,139 and 13,578 million m3 

(63,775 and 85,408 MMbbl). Free dry gas represents the largest uncertainty in the total gas in-

place and the volume of oil and condensate has a larger uncertainty than NGL in the volume of 

liquids in-place (Figure 3.28). Contribution and uncertainty of solution gas to total volumes are 

both minor. The range of total gas in-place for the Doig Formation represents a significant upside 

to the deterministic estimates by Faraj et al. (2002) of 3.96 trillion m3 (140 Tcf), and by the United 

States Energy Administration Information (2015) of 2.86 trillion m3 (101 Tcf) for the DPZ alone 

(Figure 3.29). When considering only the BC portion, this range of total gas in-place is comparable 

to the most likely range estimated by Walsh et al. (2006). 
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Figure 3.28 – Cumulative probability distribution of total gas and total liquids in-place and probability frequency distribution of 

adsorbed, free and solution gas, natural gas liquids and oil volumes. 

 

 

Figure 3.29 – Comparison of the gas in-place assessment by the deterministic model (dark red circle) with the probabilistic 

simulation (red box and whiskers) 10th and 90th percentile (box), median (vertical bar) and full range (whiskers), along with previous 

estimates for the Doig Formation gas in-place (Faraj et al., 2002; Walsh et al., 2006; US Energy Information Administration, 2015). 

Pie charts represent the breakdown of resources between the upper Doig and the DPZ, and low and high refer to the most 

conservative and most optimistic estimates, respectively. 



   

 

114 

The largest uncertainties for total gas in-place are effective porosity, water saturation, 

total area and thickness, reservoir temperature and pressure, and TOC (Figure 3.30). Effective 

porosity and water saturation are the largest uncertainties for free dry gas volumes, while reservoir 

temperature, pressure and TOC are the largest uncertainties for adsorbed gas volumes. Reservoir 

area and thickness affect both free dry gas and adsorbed gas equally. The largest uncertainties for 

liquid volume estimation are the S1 transform slope and intercept, effective porosity, area, 

thickness, and Tmax, which affects the S1 calculation. The S1 transform slope, intercept and Tmax 

affect oil and condensate volumes more, while effective porosity is the largest uncertainty affecting 

NGL volumes. Solution gas is also most affected by the S1 transform parameters and Tmax, as well 

as bubble point pressure. 

 

 

Figure 3.30 – Tornado diagram illustrating the upside and downside of the uncertainty range of assumptions in the probabilistic 

estimates of total gas and total liquids in-place. φe = effective porosity; Sw = water saturation; A = area; h = thickness; T = formation 

temperature; Pr = reservoir pressure; TOC = total organic carbon; S1 = pyrolyzable hydrocarbons from Rock-Eval; Pb = oil bubble 

point; LP = Langmuir pressure; Tmax = temperature of maximum hydrocarbon generation from Rock-Eval; Oil API = API gravity 

of oil; ρliq = liquid density of NGL mixture; ρo = oil density; ρb = rock bulk density; C1/C2+ = ratio of methane to heavier NGLs; 

C2/C3+ = ratio of ethane to heavier NGLs. Red bars represent a negative impact and blue bars represent a positive impact in the 

resource volume. 
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3.4 DISCUSSION 

3.4.1 Paleogeographic Control on Mineralogy 

Distribution of quartz, clay minerals, apatite, and to a lesser extent carbonate, reveal 

stratigraphic and lateral variation patterns of sedimentation across the basin. These patterns were 

produced by changes in relative sea-level, basin physiography, position of sediment sources, and 

local faulting and subsidence. At the time of deposition of the DPZ, in earliest Middle Triassic, 

progressive uplifting of the westernmost part of the basin gave rise to a fore-arc basin configuration 

(Rohais et al., 2016). The uplifting, which has been linked to the accretion of the Yukon-Tanana 

terrane and the Klondike Orogeny (Beranek & Mortensen, 2011; Golding et al., 2016), was 

responsible for creating a paleo-high in the southwest (Ferri & Zonneveld, 2008; Zonneveld, 2010; 

Golding et al., 2015), which functioned as an additional source of sediment for the basin.  

The influence of paleotopographic contrasts was enhanced by the transgressive phase of 

the second Triassic transgressive-regressive cycle associated with the DPZ (Gibson & Barclay, 

1989; Edwards et al., 1994). Upwelling along the western margin of the WCSB has been suggested 

as an influence on the distribution of organic matter and phosphate (Davies, 1997), particularly 

around the connection between a restricted basin and an open marine environment to the north 

(Rohais et al., 2016; Crombez et al., 2017). By controlling locations of enhanced bioproductivity, 

this basin configuration may have influenced mineral distribution, especially of apatite and 

carbonate. Throughout the Middle Triassic, the basin gradually returned to a period of relative 

tectonic quiescence, large-scale subsidence and physiographic healing by sedimentation (Rohais 

et al., 2016). 

The occurrence of significant quantities of apatite is almost exclusively restricted to the 

DPZ, where it occurs as a major component of phosphorites and scattered throughout associated 

mudstones. The occurrence of apatite as coated grains, intraclasts and skeletal fragments in the 

DPZ is associated with low sedimentation rates and stratigraphic condensation conditions that 

prevailed during the earliest Middle Triassic. Low sedimentation rates favor phosphogenesis by 

allowing precipitation of phosphate from the pore water and concentration of phosphatic grains 

through repeated episodes of reworking (Silva & Bustin, 2020b). Stratigraphic condensation was 

laterally variable, and higher concentrations of apatite are found in embayments along the western 

edge of the subcrop area. These embayments along the western edge coincide with areas of thicker 

sections of the DPZ, and likely correspond to paleotopographic lows caused by localized 
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subsidence during the transition of the basin towards a more tectonically-active setting in the 

earlier Middle Triassic. Apatite concentration is also high along the eastern, southern and northern 

edges, where the DPZ is much thinner. In these areas, concentration is probably related to 

extremely low sedimentation rates, which result in lower dilution by clastic input. 

Clay content is higher in the DPZ than in the upper Doig, as the DPZ was deposited during 

a transgressive stage and the basin was starved of coarser sediments. Apatite and carbonate are 

also more abundant in the DPZ than in the upper Doig, which is a result of the enhanced 

bioproductivity associated with the upwelling cells during the transgressive stage. Higher 

carbonate content in the DPZ along the western and northwestern edges of the subcrop coincide 

with higher apatite and lower quartz and clay abundance. This pattern suggests a sediment source 

in the southwest and a western shelf relatively starved of siliciclastics. Quartz abundance in the 

upper Doig is also higher in the south, suggesting the southwestern sediment source related to the 

fore-arc setting proposed by Rohais et al. (2016) persisted through the Middle Triassic; in the upper 

Doig, however, the southern higher concentration of quartz extends onto the southwestern margin, 

and decreases towards the northeast. This trend is consistent with a progradational pattern towards 

the northern basin connection with open ocean. 

 

3.4.2 Geologic Controls on Reservoir Properties 

Reservoir properties in the Doig Formation are controlled by a complex interplay between 

depositional environment, diagenesis and mechanical compaction. Depositional environment had 

a major influence in determining the large-scale distribution of quartz, clay, apatite and to a lesser 

extent calcite. Due to their relatively coarser grain-size, low clay-content and greater degree of 

sorting, quartz-rich siltstones and phosphatic grainstones tend to be macroporous to coarse 

mesoporous and correspond to the highest permeabilities found in the Doig. The amount of clay, 

which is controlled by the depositional environment, has only a slight detrimental effect to total 

porosity. Due to bound water, particle shape and size, however, the presence of clay significantly 

reduces effective porosity and the pore throat sizes, which limits the pore space available for 

hydrocarbons and lowers the permeability. 

The primary intergranular porosity of quartz-rich siltstones is often enhanced by grain 

dissolution, which has been noted by Harris & Bustin (2000) as an important factor in reservoir 

quality. Secondary porosity created by early grain dissolution in the diagenetic sequence, was later 
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occluded by yet later dolomite cementation, according to Martin (2008). Most of the quartz-rich 

siltstones were only partially cemented by dolomite and preserved significant macro and 

mesoporosity. Another type of secondary porosity is related to partial or complete dissolution of 

calcitic and phosphatic skeletal grains in bio-packstones and bio-wackestones. This moldic 

porosity occurs mostly in the DPZ, and is responsible for poorly connected macropores. Calcite 

occurs as skeletal fragments and rare veins, and most frequently as pore-filling cement, 

precipitated in multiple phases through a complex diagenetic history as also noted by Martin 

(2008). As such, calcite is responsible for occluding pore space, reducing pore throat sizes and 

permeability. In the DPZ, however, there are phosphorites containing significant quantities of 

calcite while retaining macropores and thus, high permeabilities.  

Compaction by grain rearrangement and pressure solution, imposes a dominant control on 

porosity, with an observable trend of porosity reduction from the shallow northeastern edge 

towards the deeper southwest, despite local variations caused by depositional and diagenetic 

influences discussed above. The compaction influence in porosity reduction is also seen by the 

negative correlations of porosity to thermal maturity and pore throat sizes. The compaction trend 

affects matrix permeability across the basin, due to the compounding effect of pore throat size and 

porosity reduction. In the DPZ, the trend in porosity reduction with depth is reversed from the 

basin center towards the western edge, which is likely related to phosphorite facies and 

preservation of their high intergranular porosity due to early calcite cementation and subsequent 

partial cement dissolution. 

Permeability in the Doig is extremely variable, and primarily controlled by pore throat size 

and porosity, and subordinately by quartz and clay volumes. The relatively coarse quartz-rich 

siltstones have the highest permeabilities, occasionally in the millidarcy range when enhanced by 

grain dissolution. Clay and TOC have a detrimental effect on permeability due to their influence 

in inhibiting advective flow, although the correlation of permeability with clay and TOC shows 

significant scatter. The relationship between carbonate and permeability is obscured by 

dolomitization, which is often associated with grain dissolution, and high permeability 

phosphorites with relatively high calcite content.  

Mineralogy exerts a strong control on permeability reduction with stress and vertical to 

horizontal permeability anisotropy. Among the reservoir facies studied, quartz-rich siltstone is the 

facies that has the least anisotropic permeability and the least stress dependent permeability, due 
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to its isotropic and rigid fabric. Lower permeabilities in the deepest and most compacted areas of 

the basin may have contributed to the development of overpressure due to the low rates of 

advection and diffusion of generated hydrocarbons. 

 

3.4.3 Uncertainties of the Resource Assessment 

Effective porosity is by far the largest uncertainty in the assessment of total gas in-place, 

as well as in the relative contribution of free gas versus gas in the adsorbed state. Other parameters 

that also introduce significant uncertainty to gas in-place estimates are water saturation, gross rock 

volume, reservoir temperature and pressure and TOC. The petrophysical model is robust and 

represents a considerable improvement over porosity estimation from a single grain density value. 

Nonetheless, porosity uncertainty is compounded by the uncertainty in laboratory measurements, 

correction to in-situ confining stresses, the uncertainty in the petrophysical mineral model and the 

effect that heavy minerals and solid solutions (i.e., apatite, dolomite to ankerite, feldspar and 

pyrite) have on density. Well logs represent averages over relatively large intervals and often 

underrepresent anomalous porosity, TOC or mineralogy. Effective porosity has an additional 

uncertainty, due to potential errors in estimation of clay caused mainly by the influence of apatite 

in the GR response. 

Water saturation is highly uncertain due to the difficulty in obtaining reliable core 

measurements and the effect of clay and kerogen on resistivity logs. There is a large discrepancy 

between the dual water model (Clavier et al., 1984), which has severe limitations in shales, and 

the kerogen and clay conductivity method (Kadkhodaie & Rezaee, 2016), which is highly 

empirical and dependent on local factors. Gross rock volume uncertainty may also have a 

considerable impact on the total volume of gas by taking into account the uncertainties in the 

definitions of the top and base of the Doig, as well as the commercial limit of the basin towards 

the deformed belt. Conventional sandstones within the Doig were not excluded from the 

volumetric assessment, and although not volumetrically significant, may impact the local 

estimates. 

Gas in the adsorbed phase contributes significantly to the total gas in-place in the Doig, 

and has a significant impact on recoverable gas volumes and well deliverability, especially at 

shallower depths. Formation pressure, temperature, TOC and kerogen type present a relatively 

large uncertainty to resource assessment due to their influence on gas adsorption capacity, and 
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competing effects between pressure and temperature. Methane adsorption capacities measured in 

this study revealed a significant upside to the values used by Walsh et al. (2006). Experiments 

were conducted, however, in a dry state to approximate the in-situ low moisture conditions. As the 

adsorption capacity of organic matter is closely correlated with moisture content due to the 

competition for sorption sites between water and gas (Bustin et al., 2008), these values can be 

considered the upper limit and would be lower, should any significant adsorbed water be present 

under in-situ conditions. 

The application of well log-based TOC equations introduces errors and uncertainties, 

which are compounded by the regional extrapolation of TOC to adsorption capacity, and the 

influence of other variables such as pore size distribution and mineralogy. Temperature and 

pressure have competing effects in the adsorption capacity, and were taken into account by using 

empirical relationships. Relative amount of free gas will increase at the expense of adsorbed gas 

under the higher pressure and temperature regime in the deeper southwestern portion of the basin. 

Due to the large gross rock volume of that region and the lower density of free gas, it has a 

considerable effect on total gas in-place.  

Langmuir pressure was mapped as a function of temperature, despite its purported 

dependence on a myriad of other parameters, such as thermal maturity, pore size distribution and 

mineralogy (Ji et al., 2012; Negri et al., 2009; Zhang et al., 2012; Gasparik et al., 2014; Li et al., 

2017). The risked probabilistic analysis suggests that the uncertainty in Langmuir pressure is 

negligible for gas in-place, but along with the relative contribution of free versus adsorbed gas, 

significantly affects production profiles. Lower Langmuir pressures leading to higher initial 

production rates, steeper declines, and higher drawdowns required later in the life of the well. 

Conversely, adsorbed gas tends to flatten decline curves, as flow from desorption increases (Ross 

& Bustin, 2007; Eslinger & Everett, 2012; Pashin et al., 2012; Heller & Zoback, 2014). 

Producibility is also heavily impacted by the degree of overpressure, which assists reservoir fluids 

in overcoming small pore capillary forces.  

Liquid volume assessment carries substantially higher uncertainties than the gas estimates, 

the largest of which is the estimation of oil from the S1 value from Rock-Eval type pyrolysis. Due 

to the oil-based mud contamination and various states of preservation of core samples, a transform 

was used based on Tmax, which introduced another uncertainty. Effective porosity and gross rock 

volume, which have been discussed above, also have a large effect in liquid volume uncertainty. 
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The liquids to gas ratios reported in this study are in-place and combine oil, condensate and NGL. 

Liquid production is dependent on other factors like completions and relative permeability, and 

these ratios should be considered in a relative sense. 

 

3.5 CONCLUSIONS 

The comprehensive characterization of the Doig Formation reservoir properties and the 

assessment of hydrocarbons in-place presented here, provides an integrated regional evaluation of 

reservoir potential. Detrital quartz, dolomite and calcite cement are the main minerals of the Doig 

Formation, but their relative abundances are highly variable stratigraphically and spatially. Apatite 

is an important mineral only in the DPZ, and overall clay content is low, never exceeding 30 wt.%. 

Porosity is controlled by compaction on a regional scale, but mineralogy and diagenesis also play 

an important role. 

Quartz-rich siltstones are the most porous with porosities up to 14 PU, due to intergranular 

porosity often enhanced by grain dissolution. Phosphatic grainstones in the DPZ also have high 

pore volumes in the macro and coarse mesoporous range, related to the preservation of 

intergranular porosity by early cementation and later partial cement dissolution. Calcite is 

detrimental to porosity as a pore-occluding cement. Matrix permeability is extremely variable, and 

is controlled primarily by pore throat size and porosity, but is also influenced by quartz and clay 

volumes. 

The coarse siltstones which are quartz-rich, have the highest permeabilities, occasionally in 

the millidarcy range when enhanced by grain dissolution. Clay and TOC are associated with fine 

meso and microporosity, and thus have a detrimental effect on permeability. Carbonate is 

detrimental to permeability, as it occurs mainly as cement; however, siltstones with grain 

dissolution-enhanced permeability are often associated with a high authigenic dolomite content. 

The permeability of quartz-rich siltstones is also the least anisotropic and least sensitive to 

confining stress. Permeability reduction with confining stress may have been a factor in the 

development of overpressure in the deeper parts of the basin, particularly in mudstones with higher 

clay and TOC content. The DPZ, in addition to the presence of phosphorites and apatite, also has 

more carbonate and clay than the upper Doig. The mineralogical distribution pattern of both the 

DPZ and the upper Doig suggests a southwestern source of siliciclastic sediment and a connection 
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to an open marine environment to the north, which supports a fore-arc setting and restricted basin 

during the Triassic, as opposed to a passive margin with a single sediment source to the east. 

There is good agreement between deterministic and probabilistic resource assessments. The 

Doig Formation total gas in-place ranges from 6.2 and 9.7 trillion m3 (220 and 342 Tcf), with a 

most likely scenario of 7.62 trillion m3 (269 Tcf). The relative contribution of adsorbed gas versus 

free gas in the total gas in-place varies significantly across the basin and is one of the main sources 

of uncertainty in the resource assessment. This study also includes mapping of liquids in-place, 

which carries a high uncertainty. Liquids to gas ratios vary across the basin from 500 bbl/MMcf 

in most of Alberta, to less than 100 bbl/MMcf in the southwestern portion of BC. No attempt was 

made to determine recovery factors or marketable resources. These are dependent on current and 

future technologies, market prices and outlook and infrastructure and are outside of the scope of 

this work. Recovery factors used for the estimation of marketable resources of the Montney are in 

the order of 10% for natural gas and NGL and 1% for oil (National Energy Board, 2013). 

The more organic-rich mudstones of the DPZ have a higher generation potential and will 

contain mostly self-sourced hydrocarbons. The interval above the highest concentration of 

phosphorite beds in the DPZ is likely the best candidate for landing and drilling a horizontal well; 

however, the higher Poisson’s ratio of the DPZ (Song & Hareland, 2012) and contrast between 

interbedded mudstones and phosphorites, may pose completion challenges due to the differential 

minimum horizontal stresses across stratigraphic boundaries. The more organic-lean siltstones and 

mudstones of the upper Doig are likely hosts for migrated hydrocarbons, in a tight and source-rock 

hybrid reservoir type. Additional work that would contribute to reducing the uncertainty in 

reservoir properties and resource calculation, should include mapping of the sandstone intervals 

contained within the upper Doig and apply a net source-rock cutoff to exclude reservoir intervals 

with negligible source-rock or reservoir potential. 
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4. SIGNIFICANCE AND DISTRIBUTION OF APATITE IN THE 

TRIASSIC DOIG PHOSPHATE ZONE, WESTERN CANADA 

SEDIMENTARY BASIN 

4.1 INTRODUCTION 

Sedimentary phosphorite deposits, although uncommon, occur around the world throughout 

the Phanerozoic rock record (Cook, 1984; Trappe, 2005). The formation of sedimentary 

phosphorites is generally attributed to a unique confluence of processes and conditions that allow 

phosphorous to be concentrated, deposited and preserved (Filippelli, 2011). These episodic 

phenomena are affected by global cyclical patterns of atmospheric circulation, eustatic sea-level, 

and land mass distribution, but also respond to short term changes in these patterns, as well as local 

variations in phosphorus flux, bioproductivity, water and sediment column stratification, and 

detrital sedimentation rate (Trappe, 2005). 

Phosphorus is present in minor amounts in most rocks, but phosphorites (P2O5 exceeding 18 

wt.%) may reach values in excess of 40 wt.% (Slansky, 1989; Glenn et al., 1994). Föllmi et al. 

(1991) classified sedimentary phosphorites into pristine, condensed, and allochthonous. Pristine 

phosphorites show no evidence of reworking and are interpreted as the product of in situ formation 

by primary phosphogenesis, which involves the direct precipitation of apatite within sediments 

near their interface with water or during diagenesis. Condensed phosphorites are phosphorite beds 

and laminae of phosphate grains concentrated by winnowing and bioturbation. Allochthonous 

phosphorites are composed of phosphatic grains transported and redeposited by turbulent or 

gravity flows. 

The Doig Phosphate Zone (DPZ) is an informal, laterally extensive and variable 

phosphorous-bearing, unit defined by Creaney & Allan (1990) at the base of the Doig Formation, 

in the Middle Triassic section of the Western Canada Sedimentary Basin (WCSB). The DPZ 

provides an opportunity to understand the role of phosphogenesis in the sedimentation on the 

western margin of the WCSB, as well as the general processes and depositional environments of 

sedimentary phosphate deposits. Furthermore, the phosphate deposits of the Toad Formation, the 

stratigraphic equivalent of the DPZ in outcrop, represent the most promising phosphate resources 

and associated elements such as V, As, U, Y, and REE (rare earth elements) in British Columbia 

(Butrenchuk, 1996). In this study, we characterize the significance and interpret the origin of 
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apatite in the DPZ. We describe and quantify the abundance, mode of occurrence, and stratigraphic 

and spatial distribution of phosphate and associated elements. The apatite-rich beds and associated 

strata within the DPZ are described here in terms of their bulk mineralogy and major elements of 

lithogeochemistry. The trace element geochemistry of these samples is investigated, with a focus 

on the preferential incorporation of elements from the sea-water during phosphogenesis, reflected 

by paleodepositional and early diagenetic conditions (Tribovillard et al., 2006); and the role of 

paleoredox conditions on the accumulation and preservation of organic matter. The mode of 

occurrence of apatite is further examined in detail through petrographic thin sections and scanning 

electron microscopy imaging. 

Previous studies have made important contributions to the study of the DPZ regarding its 

age, depositional environment, and provenance (Golding et al., 2015; Golding et al., 2016), as well 

as the refinement of its sequence stratigraphic framework and organic matter distribution 

(Crombez et al., 2017; Crombez et al., 2020b). Studies on the sedimentology, mineralogy, textural 

aspects, composition, and the stratigraphic and spatial distribution of apatite and phosphorite beds 

in the DPZ are, however, notably absent from the literature. Furthermore, subsurface mapping of 

the DPZ using well logs is challenging due to the difficulty in determining both the top and base 

across the basin. The precise definition of the DPZ top is uncertain because of the often interbedded 

nature of phosphate-rich beds with siltstone beds and the informally named Gordondale sandstone 

(Davies & Hume, 2011). The basal contact is sharp and its definition is less problematic, but legacy 

mapping often included the Sunset Prairie Formation (Furlong et al., 2018) in British Columbia 

(BC) or the Lower Doig Siltstone (LDS) in Alberta (Davies & Hume, 2011), in the DPZ. 

 

4.1.1 Geology 

The DPZ The DPZ corresponds to the base of the second cycle in a series of three major 

third or fourth order transgressive-regressive cycles that comprise the Triassic strata in the WCSB 

(Gibson & Barclay, 1989; Edwards et al., 1994). The phosphate zone has been considered a 

condensed section formed during transgression (Gibson & Barclay, 1989). During the Triassic, the 

WCSB was located at the northwestern margin of the Pangea supercontinent, facing the open 

oceanic regime of the Panthalassa, at about 30° N of latitude (Davies, 1997). As a result of the 

paleogeographical configuration, the sedimentary environments were dominantly fine-grained 
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siliciclastics deposited on marine shelves and ramps with associated nonmarine aeolian and 

evaporitic settings with low fluvial input.  

The DPZ is an organic-rich, radioactive dark mudstone and argillaceous siltstone with 

common phosphate granules and nodules, interbedded with calcareous siltstone and dark-grey 

shale (Chalmers & Bustin, 2012). The DPZ is distinguishable in well logs by its high gamma-ray 

signature, and it is lithologically distinct from the upper section of the Doig Formation, which 

consists of mudstone, siltstone and coquina beds with subordinate sandstone (Evoy & Moslow, 

1995). The Doig Formation, and the DPZ by extension, occur entirely in the subsurface, in the 

undeformed portion of the WCSB. The DPZ is considered a good to excellent hydrocarbon source 

rock comprised of Type II oil and gas-prone kerogen with total organic carbon (TOC) values 

ranging from 1.8% to 11% in weight (Ibrahimbas & Riediger, 2004; Faraj et al., 2002), and is 

mature with respect to hydrocarbon generation across the entire northwestern portion of the WCSB 

(Riediger et al., 1990; Ibrahimbas & Riediger, 2004). Overlying Triassic conventional reservoirs 

of the Halfway, Charlie Lake, and Doig formations, were sourced at least in part from the DPZ, 

based on the correlation of biomarkers between kerogen from the DPZ and migrated petroleum 

(Creaney & Allan, 1990; Riediger et al., 1990; Creaney et al., 1994). 

 

4.2 MATERIALS AND METHODS 

Cored intervals from the DPZ in five wellbores (Table 4-1), covering a significant portion of 

the lateral extent of the Doig Formation subcrop area in British Columbia (Figure 4.1), were logged 

for lithology and sedimentary structures. From these intervals, 53 samples were selected for 

mineralogical and geochemical analyses, and a subset of these samples was selected for 

petrographic and scanning electron microscopical studies. 

 

Table 4-1 – Summary of core intervals logged and the number of samples analyzed per wellbore. 

Unique Well Identifier Core Interval Logged (m) Number of Samples 

100/04-09-084-22W6/00 1631-1660.35 11 

200/c-082-F 094-H-01/00 1045-1063 16 

100/12-04-086-20W6/00 1593-1611.2 6 

200/a-063-A 093-P-09/00 2420-2435.8 9 

100/15-34-080-18W6/00 2045-2077.38 11 
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Figure 4.1 – Location of wellbores used in this study and cross-sections on a map of the Doig top structure with elevations expressed 

in vertical meters below mean sea level permanent datum (after Silva & Bustin, 2018), and shaded relief topographic backdrop 

map. 
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4.2.1 X-Ray Diffraction 

Apatite abundance was obtained from bulk mineralogy analyses by X-ray diffraction 

(XRD), according to the method outlined by Munson et al. (2016). The analysis was performed 

using normal-focus CoKα radiation on a Bruker® D8 Focus diffraction system at the Earth, Ocean 

and Atmospheric Sciences Department of the University of British Columbia in Vancouver, 

Canada, with diffraction patterns obtained over the range of 3-70° 2θ at a step size of 0.03° and 

0.8 seconds. Proportions of the mineral phases were quantified using the Rietveld (1967) method 

of diffraction full-pattern fitting on the Bruker® AXS Topas V3.0 software. 

 

4.2.2 Geochemistry 

Geochemical analysis was carried out on 2.5 g of pulverized material under 75 microns 

(Appendix F.1 through Appendix F.5  and Appendix G), by a combination of inductively coupled 

plasma-atomic emission spectrometry (ICP-AES), inductively coupled plasma–mass spectrometry 

(ICP-MS), LECO furnace combustion with infrared spectroscopy, and loss on ignition (LOI) on 

whole-rock samples, for a comprehensive characterization of major (greater than 1% by mass), 

minor (between 0.1 and 1%), and trace (less than 0.1%) elements. The geochemical analyses were 

conducted at ALS Geochemistry in North Vancouver, BC, Canada. Oxides of major rock-forming 

elements are analyzed by ICP-AES and reported as a percentage of oxides, which are calculated 

from the determined elemental concentration. Base metals, trace elements, carbon, and sulfur are 

reported in parts per million (ppm) of their elemental state, and are measured at different 

determination ranges according to the method used. The geochemical analyses are for bulk element 

concentrations, although some elements may exist in multiple oxidation stages, such as sulfur 

occurring as sulfide or sulfate. 

Limitations of ICP-AES prevent the measurement of some elements at trace 

concentrations, such as heavy alkali metals Rb and Cs, which are too readily ionized, as well as U, 

Th, W, and Ta, which are below the detection limits (Walsh, 1997). ICP-MS addresses some of 

the shortcomings of ICP-AES by offering extremely low detection limits and fewer interferences 

for REE and high-field strength incompatible elements. Comprehensive reviews of ICP-AES and 

ICP-MS methods are provided in Rowland (1997) and Walsh (1997). Organic carbon was 

determined by Rock-Eval type pyrolysis on companion samples of each of the ICP-AES and ICP-
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MS samples, consisting of 70 mg of powdered material. Pyrolysis was conducted according to the 

method outlined in Espitalié et al. (1977), and standard Rock-Eval parameters, including total 

organic carbon (TOC) and hydrogen index (HI), were calculated according to methods discussed 

by Peters (1986). 

 

4.2.2.1 Control Samples 

Sample contamination is a major concern in trace element analysis (Dean, 2005), and as 

the bulk samples had been previously crushed with a steel mortar and pestle, two samples were 

used to assess the contamination from the steel. One of the control samples consisted of a clear 

inclusion-free quartz crystal, while the other was a twin of one of the 53 samples. Each one of the 

control samples was split in two. One half was prepared in the same steel mortar and pestle, while 

the other half was prepared in an agate mortar and pestle. The comparison between the two sets of 

control samples prepared with the agate and the steel mortar and pestle suggests there is no 

significant contamination of major or trace elements, with the possible exception of Cu. The quartz 

crystal sample prepared with the agate equipment is composed of 99.4% SiO2, while the one 

prepared with steel is 99.2%.  

Among the major elements, the only significant difference between the agate and steel 

for the quartz crystal is in Fe, which is 0.2% for the agate versus 0.8% for steel. However, the 

phosphorite sample has no significant difference in Fe between the two materials. As for trace 

elements, Cu is significantly higher in the sample prepared in steel equipment for both the 

phosphorite, where it increases from 12 in agate to 32 ppm in steel, and the quartz crystal, where 

it increases from 2 to 15 ppm. Other elements common in steel, such as C and Mo do not show 

significant discrepancies between the agate and steel mortar and pestle for neither the phosphorite 

nor the quartz crystal samples.  

The difference in Cu between the samples prepared in agate versus steel equipment is 

attributed to heterogeneity between samples, as discrepancies in other trace elements unrelated to 

steel composition suggest. As for the potential contamination suggested by the higher amount of 

Fe from the mortar and pestle in the quartz crystal sample prepared with steel tools, the same effect 

is not observed in the phosphorite samples. This implies that the contamination observed in the 

quartz sample is an overestimation due to the highly abrasive nature of the quartz crystal during 

the sample grinding, which does not occur in the softer rock samples. 
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4.2.3 Petrography 

Petrographic thin sections were used to investigate the textural aspects of apatite 

occurrence under transmitted light. The thin sections prepared with a blue dye epoxy to highlight 

porosity, and were double-stained for the identification of carbonate minerals and feldspars. The 

carbonate staining is a mixture of the organic dye Alizarin Red-S (ARS) and potassium 

ferricyanide (K3[Fe(CN)6]) dissolved in a dilute hydrochloric acid solution (Huegi, 1945; Warne, 

1962; Evamy, 1963; Dickson, 1965). The feldspar staining consists of hydrofluoric acid vapor 

etching, immersion in barium chloride solution, rinsing, and treatment with a solution of potassium 

rhodizonate combined with cobaltnitrite (Bailey & Stevens, 1960). 

 

4.2.4 Scanning Electron Microscopy 

Field emission-scanning electron microscopy (FE-SEM) imaging was conducted on an FEI 

Helios NanoLab™ 650. Two samples, representing different modes of apatite occurrence, were 

selected for FE-SEM. A billet of 2 by 2 cm was cut from each sample, the surface of which was 

polished with a polishing solution down to 0.05 micrometers. The samples were coated with 

carbon and images were acquired with the Everhart-Thornley (ET) detector in backscattered 

electrons (BSE) mode with a 20 kV accelerating voltage and 3.2 nA beam current. Elemental 

mapping and spot analysis were carried out on all images using the attached high-throughput 

silicon drift detector energy dispersive X-ray spectrometer (SDD-EDS) EDAX TEAM™ Pegasus 

system. 

 

4.3 RESULTS 

The DPZ is mappable throughout the entire extension of the Doig Formation, based on its 

distinctive gamma-ray and uranium from spectral gamma-ray log character. The interval ranges 

from approximately 90 m thick in two depocenters adjacent to the east margin of the fold and 

thrust belt; one located in the deepest part of the basin south of Dawson Creek, and another in the 

Hudson Hope Low on the westernmost end of the Fort St. John Graben (Figure 4.2). The elevation 

below sea level of the DPZ structural top ranges from 150 m, near the northeastern subcrop edge, 
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to 2,850 m, near the southwestern deformation edge. Phosphorites, defined based on a P2O5 

concentration higher than 18 wt.% (Slansky, 1989; Glenn et al., 1994), occur only at the base of 

the DPZ. Phosphorite beds were only identified in two wells (Figure 4.3 and Figure 4.4), where 

the gamma-ray log reaches values upwards of 400 gAPI. In the remaining three wells analyzed, 

apatite is more concentrated near the base, but does not form phosphorite beds. Apatite occurs 

dispersed in variable concentrations throughout the upper intervals of the DPZ, causing a gamma-

ray random sawtooth pattern with peaks exceeding 120 gAPI. 
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Figure 4.2 – Isopach map of the Doig Phosphate Zone with thickness expressed in meters, location of well control points and 

shaded relief topographic backdrop map. 
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Figure 4.3 – Stratigraphic dip cross-section of wells analyzed and described in this study, with gamma-ray log, core log and sample 

locations. Cross-section location marked in Figure 4.1. 

 



   

 

132 

 

Figure 4.4 – Stratigraphic strike cross-section of wells analyzed and described in this study, with gamma-ray log, core log, and 

sample locations. The location of the cross-section is shown in Figure 4.1 and the key is shown in Figure 4.3. 

 

4.3.1 Sedimentology and Mineralogy of the Doig Phosphate Zone 

The DPZ is comprised primarily of medium to light gray calcareous siltstone interbedded 

with 5 to 10 cm thick dark gray argillaceous mudstone beds (Figure 4.3 and Figure 4.4). The 

siltstone and mudstone beds are generally parallel to wavy laminated, but subordinately cross-

bedded in sandy siltstone beds, and were deposited in offshore to proximal shelf environments by 

suspension and occasional currents and gravity flow (Evoy & Moslow, 1995). Horizontal and 

oblique burrows are common, and beds are often structureless due to intense bioturbation. 

Calcareous siltstone also occurs as heterolithic linsen laminations within mudstone beds, and 

convolute lamination is rare. Bivalve fragments and occasionally gastropod fragments are present 

throughout the entire interval, mostly associated with argillaceous mudstones, but also occur in 

coquina beds of up to 10 cm thick. There are frequent calcite veins, nodules, and calcite-filled vugs, 

often near fossiliferous beds. The siltstones and mudstones are predominantly composed of quartz, 

calcite, and dolomite, with relatively low clay contents of up to 15% in weight. Calcite is present 
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in the form of skeletal grains and cement. Plagioclase and K-feldspar content are variable and 

lower than 20% combined. Pyrite is an important accessory mineral, with a mean value of 3%, but 

reaching up to 15% in weight. 

The DPZ contains apatite throughout, including in the siltstone and mudstone facies, where 

it occurs as sparse grains not readily identifiable in hand specimens, reaching up to 7% by weight. 

Phosphorite beds occur within the DPZ as discrete 10 to 20 cm thick moderately to poorly sorted 

medium sand to granule and pebble-size phosphate grain and intraclastic grainstone beds, with 

apatite content ranging between 40% and 80% by weight (Figure 4.5). Two types of phosphorites 

are distinguished based on the main type of phosphatic clasts; one facies is a moderately sorted 

phosphatic grainstone, composed primarily of phosphatic coated grains, while the second type is 

a very poorly sorted intraclastic phosphorite composed of granule to pebble-sized phosphatic 

intraclasts. Phosphorite grainstone beds are interbedded with medium gray, moderately to heavily 

bioturbated calcareous siltstone, with sharp and irregular contacts. Pyrite is common near the base 

of the DPZ, occurring as coatings on grains, siltstone lenses within mudstone beds, and nodules.  
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Figure 4.5 – (A) Photographs of core box of the interval between 2,422.46 and 2,425.46 m of well 200/a-063-A 093-P-09/00, which 

contains a 15 cm intraclastic phosphorite bed, indicated by a red star, and corresponding to sample MH6. (B) Close up view of the 

phosphorite bed, showing the dark phosphatic intraclasts containing light skeletal carbonate fragments only partially phosphatized, 

and siliciclastic grains, embedded in a silt-sized phosphatic coated grains framework and cemented by calcite. 

 

The phosphatic grainstone facies, observed in the well 200/c-082-F 094-H-01/00 (Figure 

4.6, A and B), is a moderately sorted granular phosphorite composed primarily of phosphatic 

coated grains measuring between 150 and 700 μm in diameter, but also containing up to 30% of 

completely phosphatized skeletal fragments and up to 10% of phosphatic intraclasts and pellets. 

The grains are cemented by calcite (Figure 4.6, A), but locally the cement may be almost 

completely leached (Figure 4.6, B). The phosphatic coated grains are elliptical to nearly spherical, 

and are mostly composed of multiple alternating cortices of lighter and darker-colored nearly 

opaque apatite in thin section. The skeletal fragments are composed of a diverse assemblage, 

including algal phytoclasts, ammonoid fragments, arthropod fragments, gastropods, foraminifera, 

and ostracods. Intraclasts are composed of quartz and feldspar silt-size detrital grains embedded 

in a disseminated cryptocrystalline phosphate matrix, and fragments of reworked granular coated 

grain phosphorites. 
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Figure 4.6 – Photomicrographs of the phosphate-rich facies of the DPZ in plane-polarized light. (A) Sample CD13: phosphatized 

skeletal grains (SG), including ammonite in the upper-right corner, and coated grains (CG) cemented by red-stained calcite and 

purple-stained dolomite or ferroan calcite (CC), and predominantly intragranular or moldic porosity. (B) Sample CD15: Framework 

composed mostly of skeletal grains at the base of the photomicrograph, grading to predominantly coated grains at the top, with 

sparse calcite cementation and abundant intergranular, with subordinate intragranular and moldic porosity. (C) Sample MH6: two 

phosphate intraclasts (PI) and the edge of another one in the lower-left corner, containing silt-sized quartz and feldspar grains, 

partially phosphatized skeletal grains, and phosphate coated grains, with smaller intraclasts, skeletal and coated grains cemented 

by calcite (D) Sample MH7: the edge of a large phosphatic intraclast on the lower-left corner, containing abundant silt-sized quartz 

and feldspar grains, and rare partially phosphatized skeletal grains; in the upper-left corner and the right-hand side are two other 

intraclasts containing coarser detrital and coated grains, extensively cemented and replaced by calcite. 

 

The facies observed in well 200/a-063-A 093-P-09/00 (Figure 4.6, C and D) is a poorly to 

very poorly sorted granular phosphorite composed of granule to pebble-sized phosphatic 
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intraclasts, in addition to phosphatic coated grains measuring between 100 and 300 μm in diameter, 

but reach up to 600 μm, pellets, and sparse phosphatized skeletal fragments. The phosphatic coated 

grains are elliptical to nearly spherical and most are composed of dark nearly opaque structureless 

apatite; however, some coated grains, commonly within phosphatic intraclasts, have visible 

cortices, which have been partly replaced by calcite (Figure 4.6, C). Sparry calcite cementation is 

pervasive and replaced apatite completely, which is evidenced by some pseudomorphs of 

phosphatic coated grains (Figure 4.6, D). The skeletal fragments show signs of intensive reworking 

and the taxonomic groups are mostly unidentifiable. Intraclasts are composed of quartz and 

feldspar silt-size grains, apatite coated grains and skeletal fragments partly replaced by calcite 

embedded in a disseminated cryptocrystalline phosphatic matrix. Signs of dissolution prior to the 

cementation and calcite replacement are evidenced by molds of completely dissolved coated grains 

and floating apatite grains. 

 

4.3.2 Structure, Composition, and Origin of Apatite Grains 

The SEM imaging of apatite grains from two wells reveals compositional and 

morphological aspects of the various types of apatite grains found in the phosphorites. Most coated 

grains consist of irregular and often erosionally-truncated laminae, with cortices composed 

exclusively of apatite (Figure 4.7 and Figure 4.8). This type of discontinuous grain was interpreted 

elsewhere by Pufahl & Grimm (2003) as having formed through multiple phases of 

phosphatization, exhumation, erosion and reburial into the zone of phosphogenesis (ZOP). The 

aforementioned authors described this grain type as unconformity-bounded (UB) and proposed 

that they represent different episodes of substrate reworking, winnowing, and redeposition caused 

by the alternation of quiescent periods with episodic storms or bottom currents.  
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Figure 4.7 – Detailed SEM image of sample MH6 centered on composite apatite coated grain, acquired with ET detector BSE 

mode, and SDD-EDS elemental maps of select major and trace elements. The grain in the center is formed by the agglutination of 

two apatite grains with aluminosilicate nuclei (GN) and multiple cortices (Ct) representing episodes of phosphatization. The grain 

on the bottom right corner has an internal truncation surface (TS) near the edge, and the grain on the upper right corner has an 

irregular shape with multiple internal, and an external truncation. Other grains are phosphatized skeletal fragments (SG) with 

moldic porosity later infilled by calcite, quartz (Qz), and aluminosilicates. All apatite grains and some silicates have a surrounding 

overgrowth rim of apatite. Cement is predominantly calcite. Yttrium occurs as a trace element homogeneously disseminated in 

phosphatic phases. 

 

 

Figure 4.8 – Detailed SEM image of sample CD13 centered on apatite coated grain, acquired with ET detector BSE mode, and 

SDD-EDS elemental maps of select major and trace elements. The grain in the center has an aluminosilicate nucleus (GN), and is 

compositionally homogeneous, but contains a subtle internal truncation surface (TS), as well as an external one. Apatite fragments 

on the right are partially phosphatized skeletal fragments (SG). Relatively large euhedral pyrite crystals (Py) are present near the 

edges of the coated grain. Cement is predominantly calcite, and solid bitumen is concentrated around grain contacts. 

 

Due to the absence of significant quantities of vertebrate fragments or fish scales in the 

DPZ phosphorite beds, apatite was likely precipitated through sulfide-oxidizing microbial 
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processing of phosphorous (Schulz & Schulz, 2005). The high flux of organic matter due to 

upwelling and the hampered dilution by low detrital input caused by condensation would have 

enhanced the sulfide production by sulfate-reducing bacteria in the ZOP, creating favorable 

conditions for sulfide-oxidizing polyphosphate bacteria and the buildup of phosphate and fluoride 

in the pore waters (i.e. Föllmi et al., 1991). Apatite is thus interpreted as precipitating from pore 

waters supersaturated with phosphate a few centimeters below the sediment-water interface, where 

it nucleates around single detrital, skeletal, or organic particles, or grow around and embed 

multiple detrital grains.  

Throughout the multiple erosion and deposition cycles, the position of the ZOP in the 

sediment column fluctuated up and down, causing growth in the form of cortices around coated 

grains; and if the ZOP is exposed to the sediment-water interface through removal of the overlying 

sediments by erosive currents, the grains would be truncated by reworking and concentrated by 

winnowing of finer particles. Phosphatization of carbonate skeletal grains is often partial and 

incomplete, which may be related to the migration of the ZOP by the removal of overlying 

sediments. Cementation by calcite occurred early in the diagenetic sequence, as evidenced by the 

lack of mechanical compaction and floating grain contacts. The preservation of intergranular 

porosity in some granular phosphorite samples indicates a later phase of calcite dissolution. 

Phosphatized skeletal fragments with moldic porosity later infilled by calcite, as well as 

detrital quartz and aluminosilicate grains, occur in close association with coated grains. Apatite 

grains and sometimes silicate grains, often have apatite authigenic overgrowths. Cement is 

predominantly composed of calcite. The nuclei of coated grains are most commonly composed of 

aluminosilicates or quartz, and less commonly detrital organic matter (kerogen) or partially 

phosphatized calcareous skeletal fragments. The phosphatic grain cortices may have a uniform Ca-

phosphate composition (Figure 4.8) or show a compositional banding of variable phosphate 

content (Figure 4.7). Truncation surfaces caused by reworking occur both internally to coated 

grains, and externally, in contact with the calcareous cement. Even in compositionally uniform 

grains, internal truncations caused by reworking are evident. Multiple episodes of reworking and 

phosphogenesis are also evident in grains with composite cores formed by the amalgamation of 

two apatite grains.  

Yttrium, which serves as a general proxy for REE enrichment (Greenwood & Earnshaw, 

1997), is disseminated homogeneously in phosphatic phases, including coated grains and 
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overgrowth rims (Figure 4.7). Solid bitumen, as detected by low density, habit, and the C signal 

from EDS, is concentrated as coatings on apatite grains and in fractures (Figure 4.8). Pyrite is 

present as relatively large euhedral crystals near the edges of coated grains (Figure 4.8) or small 

framboids of approximately 1 μm (Figure 4.9), frequently occurring in association with coated 

grains. The larger euhedral pyrite crystals are likely formed during later diagenesis (Wilkin et al., 

1996), while the internal small framboids are associated with pyritization syngenetic with 

phosphatization (Suits & Wilkin, 1998). 

 

 

Figure 4.9 – Detailed SEM image of sample CD13 centered on apatite coated grain (CG) with syngenetic framboidal 

microcrystalline pyrite (FPy), acquired with ET detector BSE mode, and SDD-EDS elemental maps of select major and trace 

elements. The grain to the left of the center has abundant internal framboidal pyrite, which also occurs around the upper edge of 

the grain to the right, interpreted as syngenetic. The larger pyrite crystal (Py) near the upper right corner of the image is likely 

formed during later diagenesis. Solid bitumen can be seen around grain contacts and in fractures. 

 

The phosphatic intraclasts are composed of silt-size aluminosilicates and quartz grains 

embedded in apatite (Figure 4.10 and Figure 4.11). Trace amounts of fluorine are detected and 

mapped in association with the apatite, which suggests that at least some are fluorapatite. 

Intraclasts often have an irregular but sharp contact, which can appear fuzzy by apatite 

overgrowths (Figure 4.10). Apatite rims also occur around other coated grains and siliciclastic 

grains. Multiple episodes of reworking are recorded by internal apatite mineralization rims, which 

is typically free from siliciclastic grains (Figure 4.11); the intraclast is later accreted by another 

layer of apatite with agglutinated siliciclastic grains. Solid bitumen is concentrated around 

intraclast edges, but also occurs within intraclasts, around siliciclastic grains, likely adsorbed onto 
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the crystal surface, as well as disseminated within the apatite. Pyrite is generally present as small 

crystals of approximately 1 μm, disseminated within intraclasts, or as larger euhedral crystals near 

internal intraclast borders. 

 

 

Figure 4.10 – Detailed SEM image of sample MH6 centered between the edge of a phosphatic intraclast (PI) and two apatite coated 

grains (CG), acquired with ET detector BSE mode, and SDD-EDS elemental maps of select major and trace elements. On the left 

side of the image is the edge of a phosphatic intraclast containing aluminosilicate and quartz silt-size grains. Organic matter can be 

seen within the intraclast around siliciclastic grains, likely adsorbed onto the crystal surface. The intraclast has an irregular but 

sharp contact with an apatite overgrowth rim (OR). A rim can also be seen in the other coated grains and quartz grains in this 

picture. A trace amount of fluorine is mapped in association with the apatite, suggesting fluorapatite. 
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Figure 4.11 – Detailed SEM image of sample MH6 centered on the contact of a phosphatic intraclast (PI) and the rock matrix and 

granular framework, acquired with ET detector BSE mode, and SDD-EDS elemental maps of select major and trace elements. The 

apatite intraclast includes silt-size aluminosilicates and quartz grains and records multiple episodes of reworking, as shown by the 

apatite mineralization internal rim (AR) without siliciclastic grains and the later episode of phosphatization and reincorporation of 

grains. On the outer edge, there is a large euhedral pyrite crystal (Py), as well as multiple smaller diagenetic pyrite crystals 

disseminated in the matrix. Solid bitumen is concentrated around the edge of the intraclast, but also occurs disseminated in apatite. 

A trace amount of fluorine is mapped in association with the apatite, suggesting fluorapatite. 

 

4.3.3 Lithogeochemistry 

4.3.3.1 Major Elements 

Relative to the average concentrations of major elements in shales (Wedepohl, 1971), the 

rocks from the DPZ are overall depleted in elements associated with siliciclastic facies (Si, Al, K, 

Na and Ti) and enriched in Ca and Mg. The Ca and Mg are associated with both carbonate bioclasts 

and cement. Relative to the concentration of 0.16 wt.% of phosphorus oxide (P2O5) in the average 

shale, all samples analyzed are enriched in P2O5, with a median value of 1.02 wt.%, and 90% of 

the samples having a concentration over 0.29 wt.% (Figure 4.12). The distribution of P2O5, 

however, is bimodal and its variance is one of the largest among the major elements, with the 

granular and intraclastic phosphorites containing up to 22.2 wt.% P2O5, while siliciclastic facies 

contain a background value of no more than 2.5 wt.%. The sulfur (S) content is significantly higher 

than that of the average shale, and iron (expressed as the oxide Fe2O3) has a wide range of values 

with a bimodal distribution. Organic carbon also has a wide distribution, ranging from less than 1 

wt.% to nearly 8 wt.%. The kerogen is of Type II and Type III, with HI ranging from 18 to 325 

mg HC/g TOC for thermal maturities ranging from Tmax values of 440 to 480 °C. 



   

 

142 

 

 

Figure 4.12 – Box plot of all the major elements and TOC from Rock-Eval pyrolysis for all samples analyzed. The box represents 

the range between the upper and lower quartiles, the whiskers represent the lower and upper limit of adjacent values, and outliers 

are represented by dots. The dotted white line represents the median. Crosses represent the global average concentration of elements 

(Wedepohl, 1971) and TOC (Hunt, 1961) in shales. 

 

The correlation between all major elements was evaluated using Spearman’s rank-order 

correlation coefficient (𝑟𝑠), which enables the simultaneous comparison of strength and direction 

of all linear and non-linear monotonic relationships. Correlations are described as very strong for 

absolute 𝑟𝑠 values larger than 0.85, strong for 𝑟𝑠 values between 0.75 and 0.85, moderate for 𝑟𝑠 

values between 0.5 and 0.75, and weak for 𝑟𝑠 values smaller than 0.5. Among the major elements, 

aluminum oxide (Al2O3) has the strongest positive correlations with potassium oxide (K2O), with 

𝑟𝑠 of 0.99, and titanium oxide (TiO2), with 𝑟𝑠 of 0.97 (Figure 4.13). These elements are strongly 

associated with each other in the siliciclastic components of the sediments, particularly feldspar 

and illite. The strongest negative correlation of major elements is between CaO and SiO2, followed 

by the other main elements associated with siliciclastic sediments, Al2O3, TiO2 and K2O. This is 

due to the low relative abundance of detrital grains in the phosphorites, which are Ca-rich due to 

the apatite and calcite cementation. 
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Figure 4.13 – Heat map of the Spearman correlation coefficients between all major elements and TOC from Rock-Eval pyrolysis. 

 

Titanium oxide (TiO2) is mostly strongly correlated to feldspar and to a lesser degree, 

plagioclase, and illite (Figure 4.14). Among other major elements, TiO2 has a strong positive 

correlation with K2O, Al2O3, and subordinately with Na2O. Although according to Smith (1974), 
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Ti is known to enter the structure of feldspars, the concentrations from various analyses of 

feldspars compiled by Smith (1974) are well below the bulk concentrations found in these 

mudrocks and in the average shale (Wedepohl, 1971). Therefore, in spite of the correlation, it is 

not reasonable to attribute TiO2 mainly to K-feldspars in a depositional context. The concentration 

of TiO2 may be related to the precipitation of titanium oxides in dissolution voids of detrital 

feldspars (Morad & Aldahan, 1987) during diagenesis. The positive correlation of TiO2 with illite 

is also likely due to the occurrence of Ti in the structure of illite, or as an associated oxide mineral 

phase (Dolcater et al., 1970). Illite, plagioclase, and K-feldspar also have a strong to moderate 

positive correlation with K2O and Al2O3 (Figure 4.14), both of which are related to the presence 

of these cations in their structure. 
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Figure 4.14 – Heat map of the Spearman correlation coefficients between mineralogy and major elements plus TOC from Rock-

Eval pyrolysis. 

 

Phosphorus oxide (P2O5) has a poor positive correlation with CaO. The correlation 

between P2O5 and CaO is not only due to the carbonate in the apatite structure, but also to the 

calcite cementation which fills the large interstitial voids between the apatite granules. The 

relationship between P2O5 and other elements, including Ca, is not monotonic and is obscured by 

the bimodality of P2O5, which occurs as a major constituent in phosphorites and as an accessory 
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in mudstone and siltstone beds. The correlation between P2O5 and CaO is stronger above a 

concentration of 8 wt.% P2O5, as the granular phosphorites allowed pervasive calcite cementation.  

There is a weak negative correlation between P2O5 and magnesium oxide (MgO) in the 

phosphate-poor samples. The phosphate-rich samples are particularly poor in MgO, and show a 

stronger negative correlation, which implies that there was no substitution of Ca2+ by Mg2+ in the 

apatite structure. The MgO concentration strongly correlates to and is predominantly due to the 

abundance of dolomite, which followed the calcite cementation in the diagenetic sequence. The 

low concentration of MgO in the phosphatic samples is likely a result of pervasive calcite 

cementation, which allowed little space for the precipitation of interstitial dolomite later in the 

diagenetic sequence. The only significant correlation of MgO with another major element is a 

weak negative correlation with CaO, which supports this hypothesis. Illite also has a moderate 

positive correlation with MgO due to the presence of Mg in its crystalline structure (Gaudette et 

al., 1964; Zviagina et al., 2020), although Mg may also be from other clay minerals present in trace 

amounts and undetected by XRD. 

Besides the moderate positive correlation of CaO with calcite and subordinately with 

apatite, due to the incorporation of Ca into their crystal lattice, CaO has a moderately high positive 

𝑟𝑠 with siderite. Although siderite is absent in most samples and only occurs in trace amounts in a 

few samples, it is noticeably associated with the reworked granular phosphate facies, where it can 

reach up to 0.6 wt.%. The facies in which siderite occurs have extensive calcite cementation, which 

produces the apparent positive correlation in relatively siderite-rich facies. The strongest negative 

correlations of CaO and any minerals are with feldspar, plagioclase, and to a lesser extent with 

illite. This is explained by the stronger affinity that calcite cementation and phosphatic clasts have 

with bioclasts and hence the relatively lower abundance of the detrital feldspar and plagioclase, 

while the negative correlation with illite has to do with the lower degree of calcite cementation in 

finer-grained clay-rich facies. 

There is a moderate positive correlation between P2O5 and S, which may be due to the 

association of pyrite with the phosphorite facies, but may also be related to the substitution of 

PO4
3- by SO4

2- in the structure of apatite (Jarvis et al., 1994). The strongest positive correlations 

of Fe2O3 are with pyrite and sulfur. The moderate positive correlation of Fe2O3 with illite and 

feldspar is attributed to the occurrence of Fe in the structure of illite, feldspars, and possibly other 

clay minerals, as a substitution cation (Kuehner & Joswiak, 1996; Shchipalkina et al., 2019). 
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4.3.3.2 Sulfur and Organic Carbon 

Sulfur only has a moderate positive correlation with TOC (Figure 4.13). When 

considering the amount of pyrite and Fe2O3 together with the sulfur and TOC relationship, a 

population of samples with higher pyrite and Fe2O3 content deviate from the normal marine trend 

of Raiswell & Berner (1985). The normal marine trend follows a linear trend between sulfur and 

TOC, with an extrapolated intercept near the origin (Figure 4.15). The formation of pyrite in 

samples that follow the normal marine trend is related to diagenesis. Some samples deviate from 

the normal marine trend, showing a poorer correlation between sulfur and TOC. If this trend is 

extrapolated, it yields a positive sulfur intercept, meaning the amount of sulfur and pyrite is higher 

than what would be expected for their respective value of organic carbon in the normal marine 

trend. This positive intercept is due to the formation of syngenetic pyrite, in addition to any pyrite 

that may have formed during later diagenetic phases. 
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Figure 4.15 – Crossplot of sulfur against TOC from Rock-Eval pyrolysis, with marker color by pyrite content, size by Fe2O3, and 

shape by rock type, showing two different populations according to pyrite content. Normal marine diagenetic pyrite trendline and 

a non-zero intercept trendline due to syngenetic pyrite (based on Raiswell & Berner, 1985) are shown. 

 

Samples that plot above the normal marine trend (Figure 4.15), with the additional 

syngenetic pyrite include the granular phosphatic facies and some samples from the siliciclastic 

facies. The intraclastic phosphorites, however, show no deviation from the diagenetic pyrite trend. 

Although initially considered to represent euxinic bottom-water conditions by Raiswell & Berner 

(1985), the diagenetic pyritization may not necessarily reflect oxygen levels in the water. Instead, 

the formation of pyrite associated with these phosphorites may be related to the production of 

sulfide in the sediment column along the ZOP. For example, Łukawska-Matuszewska et al. (2019)  

found that the maximum concentration of iron sulfide in the Baltic Sea shelf occurs 30 to 50 cm 

below the sediment-water interface. During episodes of phosphogenesis, the long exposure time 

and the alternation between euxinic conditions in the ZOP and enhanced oxidation (Canfield et al., 

1992; Sternbeck & Sohlenius, 1997) caused by removal and reworking, and accompanying 

migration of the ZOP towards the sediment-water interface, are the primary controls on the 

formation of pyrite and associated sulfides. The trace amounts of siderite associated with the 
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intraclastic phosphate-rich facies are likely sourced from the oxidation of pyrite during the 

reworking of the underlying granular phosphate beds. The narrow redox stability range of pyrite 

is bounded by a siderite stability region (Garrels & Christ, 1965). The higher energy environment 

which caused the reworking of the phosphate-rich beds may have caused the partial oxidation of 

pyrite and supplied Fe for carbonate precipitation. 

 

4.3.3.3 Trace Elements 

The Al-normalized enrichment factors (EF) of trace elements relative to the average shale 

values of Wedepohl (1971) were calculated according to the equation in Tribovillard et al. (2006). 

The relative enrichment of Ce compared to its neighboring lanthanides, La and Nd, was also 

calculated according to the equation of de Baar et al. (1985). This relative enrichment is known as 

the Ce anomaly, which is a consequence of the occurrence of the relatively insoluble oxidized 

Ce4+, in addition to the trivalent state in which most of the other REE are found (de Baar et al., 

1985). The value of the Ce anomaly is interpreted to reflect a record of oxygen levels in the water 

at the time of incorporation into the mineral, varying from less than unity (Ce-depleted) for 

oxygenated waters, to larger than unity (Ce-enriched) for anoxic conditions. Due to the low amount 

of Al in both the phosphorite and the siliciclastic facies of the DPZ, the EF of most elements are 

higher than unity (Figure 4.16). There are no significant differences in the EF of Cs, Ga, Hf, Li, 

Nb, Rb, Ta, W, and Zr between the siliciclastic and the phosphorite facies, and these elements 

correlate strongly with Al or Si (Figure 4.17).  
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Figure 4.16 – Average enrichment factors of trace elements relatively to the average shale values of Wedepohl (1971), for the 

phosphorite and the siliciclastic facies of the DPZ. 

 

 

Figure 4.17 – Heat map of the Spearman correlation coefficients between select trace elements and major elements plus TOC from 

Rock-Eval pyrolysis, organized by the association of element with the detrital fraction of the sediment, phosphate, sulfide, organic 

matter, and mixed or unclear influence. 
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The elements Cs, Ga, Nb, Rb, and Ta have a strong positive correlation with Al and 

feldspar, and subordinately with illite. The trace elements Li, Ta, and W also correlate well with 

Al, illite, and orthoclase, despite precision-related issues due to the presence of these trace 

elements in concentrations very close to the analytical resolution. The positive correlation of Al 

with Cr and Sc is also strong, suggesting these trace elements are also mostly related to the detrital 

fraction of the sediment. The trace elements Hf and Zr correlate with quartz instead of correlating 

with Al and aluminosilicates (Figure 4.17), and are also mostly associated with detrital components 

of the sediment. The relationship between Zr and Hf and quartz is likely due to the association of 

high specific gravity detrital zircon with the relatively coarser sand and silt-rich facies, since Hf 

can occupy the Zr-sites within the zircon structure (Wang et al., 2010). All samples, and especially 

the phosphorites, are poor in Co, which has a moderate relationship with Al, suggesting the low 

concentration of Co is mostly associated with detrital components of the sediment. 

The highest trace element EF observed in the DPZ, particularly in association with the 

phosphorite facies, are of Ag (EF>2000), U (EF>1000), Tl (EF>900) and Ba (EF>300), Cd and 

Mo (EF>200), As and Sr (EF>100). The EF of Cr, Cu, Mn, Sn, Ni, Pb, Th, V, and Zn are between 

10 and 60. The REE of the lanthanide series have EF between 50 and 100, while the EF for Y is 

180 and for Sc, 12. The EF of Sr correlates to apatite abundance and reflects the well-documented 

substitution of Sr2+ for Ca2+ (Jarvis et al., 1994; Pan & Fleet, 2019). With the exception of Ce, the 

lanthanides, as well as Y, have a strong to moderate positive correlation with apatite, due to the 

substitution of REE3+ at Ca2+ and P5+ sites in the apatite structure (Hughes et al., 1991; Jarvis et 

al., 1994; Owens et al., 2019; Pan & Fleet, 2019). The Ce anomaly (de Baar et al., 1985) relative 

to the average shale of both siliciclastics and phosphorites is less than unity, which implies that 

anoxic conditions were not prevalent. The average Ce anomaly for phosphorites is 0.28, lower than 

the average of 0.67 for the siliciclastic facies (Figure 4.18). 
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Figure 4.18 – Profiles of the average concentration of REE for the phosphorite and siliciclastic facies, and the average shale 

(Wedepohl, 1971), showing overall REE enrichment and relative Ce depletion in the phosphorites. 

 

In addition to the correlation with REE and Sr, apatite also has strong positive 

correlations with U and Ba; however, the interpretation is more complex. The substitution of U4+ 

at Ca2+ sites (Baumer et al., 1983; Gilinkskaya et al., 1993) accounts for the U anomaly in the 

phosphorite facies, although a distinct relationship with TOC is observed for concentrations of 

much lower magnitude, due to the chelation of U with organic matter. The solid solution between 

Ba2+ and Ca2+ in the structure of fluorapatite (Bigi et al., 1984) may account for its high EF in the 

granular phosphorite facies, but the average Ba concentration in the intraclastic phosphorites is 

much lower, without any apparent cause. While Th is largely related to detrital fractions of the 

sediment (Figure 4.17), as suggested by its positive correlation with Al, phosphorite facies samples 

have a separate trend, probably due to the substitution of Th4+ at Ca2+ sites (Baumer et al., 1983). 

The overall concentration of Sn is low and below the detection limit in most phosphorite samples, 

and there is no clear correlation with any mineral phases or other elements. The presence of Mn is 

most closely correlated to dolomite, and attributed to its occurrence as a trace element in this 

mineral, which has been theorized by Rosenberg & Foit (1979) and documented by Wen et al. 

(2014). 

Several chalcophile elements such as Ag, As, Cu, Pb, and Tl show strong to moderate 

positive correlation with S (Figure 4.17),) and pyrite. Although these elements have high EF in the 
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phosphorite facies, they have no correlation with apatite, and the concentration of Ag and Tl in the 

intraclastic phosphorite samples is below the method detectability threshold of 0.5 ppm. According 

to Jarvis (1994), Ag, As, Cu, and Sc are elements typically enriched in phosphorites relative to the 

average shale; however, their strong association with sulfur and the granular phosphorites, but not 

the intraclastic phosphorites, implies they are not directly associated with the phosphate. Instead, 

they may be a product of the long exposure times and sulfidic pore waters, which promoted their 

incorporation into the sulfide phase. The low concentration of Ag, As, Cu, and Sc in the intraclastic 

phosphorite facies may be due to winnowing out and remobilization during reworking and 

redeposition. Sulfur also correlates with Cd and Zn, although there are a few samples that deviate 

from this trend, with increasing S content while holding approximately the same low concentration 

of 1 to 2 ppm of Cd and 20 to 30 ppm of Zn. 

The concentrations of Mo, Ni, and V are largely correlated to TOC (Figure 4.17), and are 

the only trace elements that may be used as proxies of organic productivity and preservation in the 

DPZ; however, Ni also has a strong positive correlation with S, reflecting its partial incorporation 

into pyrite (Huerta-Diaz & Morse, 1992; Morse & Luther, 1999). Enrichment in Ni, hence, 

indicates a high organic matter flux, but also the long exposure time necessary for the trapping of 

released Ni from organometallic complexes and fixation within the sediments, which is usually 

linked to suboxic and euxinic conditions (Tribovillard et al., 2006). The difference in EF of Mo 

and V between siliciclastic and phosphorite facies is relatively small, and is mainly an Al-

normalization artifact due to the low Al content of phosphorites. The phosphorites are not 

particularly enriched in Mo and V in absolute terms, and thus these facies are not necessarily 

associated with enhanced primary productivity, or at least preservation of organic matter.  

Processes of scavenging from sea and pore waters and incorporation into sediment are 

responsible for the enrichment of Mo and V (Tribovillard et al., 2006). In the case of Mo, 

scavenging is promoted by organic detritus or Fe-Mo-S clusters nucleated from metal-rich 

particles (Helz et al., 1996; Tribovillard et al., 2004). Scavenging of V occurs as the reduced V4+ 

is adsorbed to the sediment surface or incorporated into organometallic ligands (Emerson & 

Huested, 1991; Morford et al., 2005). Owing to the long exposure time and multiple reworking 

episodes the phosphorite beds were subjected to, constant exposure to oxidizing waters may have 

prevented the concentration of organic matter and associated proxy metals in phosphorites. The 
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apatite-bearing siltstones interbedded with phosphorites, have higher concentrations of TOC and 

the organic matter proxy metals Mo, V, and Ni, than the phosphorite beds. 

 

4.4 DISCUSSION AND CONCLUSIONS 

Apatite occurrence in the DPZ is not evenly distributed, but concentrated in discrete 10 to 20 

cm-thick coated grain phosphate grainstone and intraclastic phosphorite beds, or sparsely scattered 

in interbedded bioturbated calcareous siltstone and mudstone beds. Phosphorite beds are located 

near the base of the DPZ, and their apatite content varies between 40% and 80% by weight. In the 

interbeds of siltstone and mudstone facies of the DPZ, apatite is present as grains in amounts of 

less than 7% by weight. Relative to the average concentrations of major elements in shales, all 

DPZ sediments are overall enriched in P, as well as Ca and Mg, due to bioclastic components and 

carbonate cementation. The phosphorite beds are records of condensation due to low sedimentation 

rates and repeated reworking episodes, which facilitate phosphogenesis by allowing the buildup 

of phosphate in the pore water. 

The DPZ was deposited during a major transgression and represents a period of stratigraphic 

condensation in the basin; however, the degree of stratigraphic condensation was laterally variable, 

as previously determined by biostratigraphic analysis (Golding et al., 2015), and as evidenced by 

the drastic lateral variation in thickness of the DPZ shown in this study. Paleotopographic lows, 

possibly caused by localized subsidence controlled by the transition of the basin towards a more 

tectonically-active setting, allowed the accumulation of thicker sedimentary sections in 

embayments in the southwestern and central-western portions of the basin. The occurrence of 

apatite grains throughout the entire lateral and stratigraphic range of the DPZ suggests that 

phosphogenesis was an active process across the basin. The concentration of apatite in phosphorite 

beds was controlled by the different sedimentation rates, and phosphogenesis only happened in 

areas where the sedimentation rate was low enough to allow phosphate buildup in the pore waters 

through multiple episodes of phosphogenesis and mechanical concentration by reworking. 

There is no unequivocal evidence for the origin of the phosphorous based on the findings of 

this study; however, it is likely associated with the coastal upwelling phenomenon suggested by 

Davies (1997) for the DPZ and often invoked to explain modern and ancient phosphorite deposits 

on continental shelves, such as the Permian Phosphoria Formation in the northwestern United 

States (Sheldon, 1981; Cook, 1984; Hein et al., 2004). Water anoxia, however, remains a point of 
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debate as it relates to phosphogenesis; while suboxic to anoxic conditions in the sediment pore 

waters appear to be a requirement for both microbially induced and inorganic phosphate release 

and precipitation (Glenn et al., 1994), global ocean anoxic events do not correlate with the 

distribution of phosphorites (Cook, 1984). Furthermore, various geochemical indicators in 

phosphorites suggest at least a partially oxidizing environment or alternating oxic and anoxic 

conditions (Sheldon, 1981). The Ce anomaly values do not support prevailing anoxic conditions 

for the DPZ, and instead, suggest the phosphorites may have been deposited under more 

oxygenated waters than the associated siltstones. Fragments of a diverse benthic fauna associated 

with phosphorites also dismiss anoxia. 

The apatite coated grains consist of irregular and erosionally-truncated cortices, which are 

interpreted to be a result of various phases of phosphatization, exhumation, erosion, and reburial. 

These processes are repeated through episodes of reworking, winnowing and redeposition in 

alternating quiescence and storms or bottom currents, forming unconformity-bounded apatite 

grains. Some grain truncation surfaces may be partially related to lower-order sequence 

stratigraphic surfaces within the transgressive phase of the third to fourth-order cycle (Gibson & 

Barclay, 1989; Edwards et al., 1994) during which the DPZ was deposited; however, the majority 

of individual grain truncation surfaces are likely related to higher frequency variations caused by 

seasonal storms and currents. Establishing the precise nature of grain truncations and defining 

sequence stratigraphic surfaces within the DPZ is further complicated by the condensed nature of 

the interval. The coated grains were nucleated from aluminosilicates and quartz grains, particles 

of organic matter, and skeletal fragments. Phosphatic intraclasts with silt-size aluminosilicates and 

quartz grains contain records of multiple episodes of phosphogenesis and reworking, as evidenced 

by internal rims and apatite overgrowths. Organic matter is not directly correlated with apatite, but 

in phosphorites, the organic matter often occurs as solid bitumen concentrated around apatite 

grains or disseminated within the apatite, as relicts of late-stage oil migration and later alteration 

to solid bitumen. 

Due to the low abundance of detrital components, the Al-normalized EF can be misleading 

as a representation of abundance in phosphorites and carbonate-rich mudstones. The 

lithogeochemistry of phosphorites and associated facies, especially of trace elements is influenced 

by a complex interplay between phosphatization, diagenesis, organic matter primary productivity 

and preservation, euxinic conditions in the ZOP, and detrital contribution. Rank-order correlation 
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coefficient analysis of major and trace elements allow disentangling of some of these influences. 

The trace elements Cs, Ga, Hf, Li, Nb, Rb, Ta, W, and Zr are hosted by minerals that are mainly 

detrital in origin. The elements associated with the apatite are Sr, which substitutes at Ca2+ sites, 

and the lanthanides and Y, which substitute at Ca2+ and P5+ sites. The phosphorites are also 

enriched in U, which likely substitutes at Ca2+ sites. The U abundance also has a relatively smaller 

association with the organic matter due to chelation. The relationships of Ba, Th, and Sn with 

apatite are less clear, due to the competing detrital and diagenetic influences and different trends 

for intraclastic versus granular phosphorite facies. 

Pyrite and the associated chalcophile elements Ag, As, Cu, Pb, and Tl are common near the 

base of the DPZ in both phosphorites and siltstones. Two different generations of pyrite are 

recognized by distinct relationships with TOC and crystal habits. Diagenetic pyrite is characterized 

by a more linear relationship between S and TOC with an intercept near the origin, and larger 

euhedral crystals surrounding the borders of apatite grains and intraclasts. Pyrite formed 

syngenetically with phosphatization is characterized by excess S for a given value of TOC, 

resulting in a non-zero intercept on a bivariate plot of S vs. TOC, and small framboidal crystals 

disseminated within grains. Pyrite and chalcophile trace element occurrences are not tied to 

phosphorite beds, but may instead, be related to the long exposure times and sulfidic pore waters 

during phosphatization. 

Due to the low clastic input during the deposition of the condensed section of the DPZ, there 

may have been insufficient Fe input to remove all the excess sulfur. The excess sulfur that is not 

removed by pyritization has the potential to be incorporated into kerogen, giving rise to the 

formation of sulfur-rich Type II-S kerogen (Peters et al., 2005). Part of the sulfur in the kerogen 

may be released as hydrogen sulfide during catagenesis, while a fraction remains in the oil 

generated (Orr, 1986). This is arguably related to the high reported H2S associated with gas 

production from the Doig Formation and implies a Type II-S kerogen Type for the basal section 

of the DPZ. Another important implication of the abundance of sulfur in the kerogen is that 

petroleum generation starts at lower temperatures than for S-poor kerogen (Martin, 1993). 

The concentrations of the trace elements Mo, Ni and V correlate mainly to TOC, and their 

use as proxies for organic productivity and preservation (Emerson & Huested, 1991; Helz et al., 

1996; Tribovillard et al., 2004; Morford et al., 2005; Tribovillard et al., 2006) is supported. The 

highest concentrations of Mo, V, Ni, and TOC occur in apatite-bearing siltstones interbedded with 
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phosphorites, rather than in the phosphorite facies. This implies that phosphorites are not 

associated with enhanced productivity and preservation of organic matter, possibly due to the 

extensive organic recycling promoted by biological activity during the long exposure times of 

these sediments. 

The phosphorites of the DPZ share features in common with many marine phosphorites. The 

unconformity-bounded coated grains of the DPZ are also documented in the Oligo-Miocene 

Timbabichi Formation in Mexico, the Cretaceous Alhisa Phosphorite Formation in Jordan and 

modern sediments offshore Peru (Pufahl & Grimm, 2003). Like the Permian Phosphoria Formation 

in the western United States and the Tertiary Bone Valley Formation in Florida, the Cretaceous 

and Paleogene Abu Tartur and Nile Valley deposits in Egypt, the Gafsa-Metlaoui Basin in Tunisia, 

and the Ganntour Basin in Morocco (Jarvis et al., 1994), the DPZ phosphorites are depleted in Ce, 

which are indicative of oxidizing open waters. The DPZ sediments were deposited under similar 

conditions common to other marine phosphorites, and well documented in the Phosphoria 

Formation; that is, on a western continental shelf with an open connection to the ocean, during a 

transgressive stage with little terrigenous input.  
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5. TIMING AND GENERATION OF HYDROCARBONS IN THE 

DOIG FORMATION 

5.1 INTRODUCTION 

A complete characterization of a petroleum system requires an understanding of the volumes 

and timing of hydrocarbons generated, as well as the fractions retained in and migrated from the 

source-rock. The Triassic Doig Formation of the Western Canada Sedimentary Basin (WCSB) has 

been recognized as both an important source for conventional Triassic and younger reservoirs, and 

as an unconventional self-sourced reservoir of gas and natural-gas-liquids (du Rouchet, 1985; 

Creaney & Allan, 1990; Riediger et al., 1990; Edwards et al., 1994; Schenk et al., 2019). The Doig 

Phosphate Zone (DPZ), an informal and laterally extensive phosphatic unit at the base of the Doig 

Formation, is an especially rich hydrocarbon source-rock (Faraj et al., 2002; Ibrahimbas & 

Riediger, 2004) and prospective unconventional reservoir. According to various estimates (Faraj 

et al., 2002; Walsh et al., 2006; US Energy Information Administration, 2015), total gas in-place 

resources in the Doig Formation range from 1.1 to 5.7 trillion m3 (40 to 200 Tcf). 

In this study, a petroleum systems model encompassing the entire extent of the Doig 

Formation is developed with the aim of reconstructing the basin burial history, constraining the 

timing of generation and migration of hydrocarbons, as well as estimating the volume and phases 

of hydrocarbons generated and retained in the source-rock. The model incorporates regional basin 

fill, geometry and geochronological data from the literature with detailed mapping of the lithology, 

total organic content (TOC), kerogen properties and determination of the reaction kinetics of the 

Doig Formation kerogen. The model uses published boundary condition constraints where these 

are available and match the data, and geologically plausible assumptions where there are gaps in 

knowledge. Assumptions are tested and parameters are adjusted iteratively by calibration to 

thermal maturity data from vitrine reflectance, Rock-Eval pyrolysis, present-day temperature 

measurements and porosity. 

A basin model is a deterministic reconstruction of the depositional and thermal history of a 

sedimentary basin, allowing the dynamic reconstruction over time of geological processes such as 

deposition, erosion, compaction, heat flow, petroleum generation, expulsion, migration and 

accumulation. Basin models are built to represent the basin present-day geometry, fill, 

geochronology, and paleo-boundary conditions, providing a framework for the integration of data 
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from the molecular level interactions taking place in the scale of pore systems to the regional scale 

of basin evolution (Poelchau et al., 1997; Welte et al., 1997; Hantschel & Kauerauf, 2009). The 

model is subsequently backstripped in a forward simulation of geological processes at incremental 

time steps, and the input parameters are adjusted iteratively until a plausible result that matches 

calibration data is achieved. 

Basin modeling was introduced by Tissot (1969) as a technique for evaluating source-rock 

maturity in one dimension. Commercial use of basin models began in the 1980s, and subsequent 

advancements came with increase in computer processing power, incorporation of three phase 

fluid flow in two dimensions, and multi-component hydrocarbon phase with three-dimensional 

hybrid flow simulation (Hantschel & Kauerauf, 2009). Since the 1980s, basin modeling has 

become a progressively more integral tool in hydrocarbon exploration, particularly in frontier 

basins. Modeling has been traditionally used for conventional hydrocarbon accumulations, where 

source, reservoir, seal and trap are separate elements. Mass balance equations and chemical 

kinetics of primary cracking of kerogen and secondary cracking of hydrocarbons have always been 

a central aspect of basin model simulation, so the potential to quantify source-rock retained 

hydrocarbons has existed long before source-rock reservoirs were of economic interest. Only 

recently, however, has the breadth of applications for basin modeling been extended to include the 

quantification of source-rock reservoir potential (Lorant & Jarvie, 2010; Littke et al., 2011; 

Gurgey, 2014; Hobbs, 2015; Alsalem et al., 2017; Johnson et al., 2019). 

Burial history reconstruction is achieved mainly by calibrating simulated thermal maturity 

reconstructions with measured thermal maturity indicators, such as vitrinite reflectance data. A 

calibrated basin model is a solution that fits the observed data, within reasonable constraints of 

geologic processes and boundary conditions. Due to overprinting through geologic history, past 

processes and conditions cannot be determined accurately, hence solutions are inherently non-

unique. Nevertheless, a basin model allows testing of multiple assumptions and sensitivities, and 

can provide reasonable estimates for ranges of parameters.  

Previous studies have made important contributions to the understanding of thermal history 

and organic maturation in the WCSB. England & Bustin (1986) and Bustin (1991) noted high 

degree of coalification at the surface and extrapolated thermal maturity gradients, presenting 

estimates of several kilometers of eroded strata in the basin. Ness (2001) presented a series of 1D 

models focused on Triassic strata in the Peace River region, constraining the amount of erosion 
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related to the Laramide Orogeny, establishing hydrocarbon generation and migration windows, 

and suggesting the thermal regime was variable across the region and through time. A large scale 

3D reconstruction of the WCSB burial history was presented by Higley et al. (2005), who 

estimated the onset and peak of hydrocarbon generation in various source-rock units, as well as 

the amount and timing of post-Laramide erosion. Using a 2D model, Ducros et al. (2018) estimated 

possible migration distances and pathways of hydrocarbons generated in the Doig and Montney 

formations. 

 

5.1.1 Geology 

The Doig Formation is a Lower to Middle Triassic fine-grained interval of the WCSB that 

extends continuously across northeast British Columbia (BC) and central western Alberta. The 

WCSB is a northeastward-tapering sedimentary wedge overlying the Precambrian crystalline 

rocks of the North American craton. This wedge thickens to the southeast from the zero edge along 

the crystalline shield to between three and five kilometers thick at the northeastern margin of the 

foreland fold and thrust belt. There are two main phases in the development of the WCSB. Between 

the Late Proterozoic and Permian, the basin was a passive margin. From the Late Jurassic to Early 

Eocene, the basin transition into a foreland basin (Price, 1994), which formed in response to the 

Klondike orogeny and the accretion of the western Yukon-Tanana terrane (Golding et al., 2016). 

During the Paleozoic passive margin stage, the basin fill was dominated by carbonate 

sediments deposited on a passive continental margin, with the main source of clastic sediment 

located on the North American Craton to the northeast. By Late Jurassic the basin began 

transitioning to a siliciclastic-dominated foreland basin, with a marked changed in sediment 

provenance from the eastern craton to a southwestern emerging Cordillera (Brack et al., 1987; 

Price, 1994). The continued collision of accreted terranes onto the margin of the North American 

craton induced a cycle of uplifting, subsidence and recycling of the foreland basin (Price, 1994; 

Ricketts, 2008). During the Triassic, volcanic arcs started approaching the continental margin, but 

the basin remained relatively far from the active plate margin; therefore, sedimentation occurred 

in a tectonically quiescent extensional or transtensional regime without major syndepositional 

deformation (Davies, 1997). Localized topographic highs formed in response to tectonism 

occurring further west, however, may have influenced the depositional geometry and 

sedimentation patterns of the basin during the Triassic (Zonneveld et al., 2010; Golding et al., 
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2016), and a fore-arc setting has been proposed for the Early through Middle Triassic (Rohais et 

al., 2016) 

Triassic strata in the WCSB currently extend for over 900 km parallel to an NNW–SSE 

trending paleo-depression that is 350 km wide, referred to as Peace River Basin (PRB). The 

Triassic depocenter is in the Peace River Embayment (PRE), located near Fort St. John in BC 

(Gibson & Barclay, 1989). The PRE formed as the result of the tectonic collapse and continued 

flexural subsidence of the lower Paleozoic Peace River Arch (PRA), which was a structural high 

during most of the Paleozoic, but began to collapse and subside during the Early Mississippian.  

(Eaton et al., 1999). Triassic sediment thickness and facies patterns were affected by 

paleotopography and localized subsidence caused by the reactivation of Paleozoic faults. The 

underlying Devonian Leduc and Swan Hills reefs exerted regional topographic control during the 

Triassic, while fault reactivation in the Dawson Creek Graben Complex (DCGC) caused local 

subsidence (Brack et al., 1987; Barclay et al., 1990; Davies, 1997; Eaton et al., 1999). The Hudson 

Hope Low, near the western edge of the DCGC, was a sag during the Triassic, and underwent 

structural inversion during the Laramide compressional phase (Berger et al., 2009). 

The Doig Formation is mature with respect to hydrocarbon generation across the entire 

WCSB (Riediger et al., 1990; Ibrahimbas & Riediger, 2004), and its lithology, mineralogy, and 

organic matter type and abundance are highly variable both stratigraphically and spatially. The 

basal DPZ, a laterally extensive phosphatic unit recognized by Creaney & Allan (1990), has total 

organic carbon (TOC) of up to 11 wt.% (Ibrahimbas & Riediger, 2004). Biomarkers indicate that 

the DPZ was a source for hydrocarbons hosted in conventional reservoirs in the basin, including 

in other Triassic strata of the Halfway and Charlie Lake formations, and sandstones of the Doig 

Formation (du Rouchet, 1985; Creaney & Allan, 1990; Riediger et al., 1990; Edwards et al., 1994). 

Migration from the DPZ is also thought to have occurred downwards through the Montney, 

charging the Permian Upper Belloy Formation (Creaney & Allan, 1990). The strong similarity in 

fluid compositions, especially natural gas liquids (NGL), between different Triassic strata suggests 

hydraulic connectivity at least at a geologic time scale. No extensive permeability barriers are 

recognized between Triassic strata, although the degree of vertical connectivity varies regionally 

(Kirste et al., 1997; Janicki, 2014). 

Peak hydrocarbon generation and migration in the WCSB are related to the rapid increase 

in burial depth that followed the Laramide Orogeny and consequent development of the thrust and 
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fold belt (Bustin, 1991; Higley et al., 2005; Berbesi et al., 2012). Higley et al. (2005) estimated an 

age for the onset of oil generation of 65 Ma for the Late Devonian Exshaw Formation, and of 60 

Ma for the Lower Cretaceous Ostracode zone in southwestern Alberta. Higley et al. (2005) 

determined that the greatest depth of burial occurred prior to 58 Ma, which was followed by post-

Laramide uplifting and exhumation. Westward steepening of maturity gradients and near-surface 

degrees of maturity are evidences of Paleogene sediment exhumation (Bustin, 1991). In northeast 

BC and adjacent areas of Alberta, maturation pre-dates structural deformation (Bustin, 1991), as a 

result of the diachronous nature of the fold and thrust front and associated subsidence. 

Various authors have attempted to estimate the amount of post-Laramide erosion using 

different methods. According to Hacquebard (1977) and Nurkowski (1984), who used coal 

equilibrium moisture content, between 900 and 1,900 m of Paleogene sediments were removed 

during the uplift. England & Bustin (1986) and Bustin (1991) used extrapolation of vitrinite 

reflectance maturity gradients to a zero maturity level of 0.15 %Ro, to estimate a maximum eroded 

thickness between 5,000 and 8,000 m. Zwach (1995) used sonic slowness compaction trends to 

arrive at an estimated sediment thickness removal in excess of 3,700 m towards the fold and thrust 

belt edge. Through burial history reconstruction in the PRE with 1D basin models, Ness (2001) 

estimating at a maximum amount of post-Laramide erosion of 3,000 m. Higley et al. (2005) 

reconstructed burial history with a 3D basin model of the entire WCSB, suggesting that the post-

Laramide erosion varies from 3,400 m near the fold and thrust belt to 400 m near the crystalline 

shield. 

Besides the post-Laramide unconformity, several other unconformities exist in the study 

area. The Mississippian Golata Member of the Stoddart Group rests locally on an unconformity 

on top of the Rundle Group in the PRE. Another subaerial unconformity separates the Golata and 

Taylor Flat Members of the Stoddart Group, and the boundary between the Carboniferous and the 

Permian Belloy Formation is unconformable in most of the PRE (Richards et al., 1994). Triassic 

strata rest unconformably on the Belloy throughout the entire WCSB (Edwards et al., 1994). 

Several intra-Triassic unconformities, also occur in the PRE (Dixon, 2009; Furlong et al., 2018), 

the most significant of which in terms of time and eroded thickness, is the Late Triassic Coplin 

unconformity within the Charlie Lake Formation. A regional sub-Cretaceous unconformity at the 

top of the Cadomin Formation, truncates strata from the Jurassic through the Permian throughout 

the PRE (Poulton et al., 1994). The Lower Cretaceous sub-Mannville angular unconformity had a 
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significant influence on hydrocarbon migration in basin, eroding up to 200 m of section and 

juxtaposing Paleozoic and Mesozoic sources with Cretaceous reservoir facies in the PRE, which 

allowed secondary migration across these strata (Higley et al., 2005; Roberts et al., 2005; Higley 

et al., 2009). 

 

5.2 MATERIALS AND METHODS 

The basin model in this study was built and simulated in the Schlumberger PetroMod® 

v.2020.1 petroleum systems modeling software, through the integration of a wide range of data, as 

described below. The horizontal grid cell spacing of the model is 350 by 350 m. There is a wide 

range of certainties in the model input and calibration data. Present-day conditions, such as heat 

flow and stratal geometry of the basin, are reasonably well constrained. On the other end of the 

spectrum, past events through the basin geologic history, such as paleo-heat flow and magnitude 

or erosion, have a large uncertainty.   

Parameters were adjusted iteratively by calibrating 1D extractions of the simulated 3D model 

at key well locations with their measured data. These 1D extractions are quick to create, simulate 

and adjust, and provide practical point sources of calibration for lithology, thermal and compaction 

properties, present-day temperature, thermal maturity, and estimation of heat flow and eroded 

section. The first round of iterations focused on present-day heat flow and lithology calibration to 

match corrected wellbore temperatures. In the second round of iterations, paleo heat flow and 

amount of post-Laramide erosion were changed to match measured thermal maturity data. The 

model was simulated with 3D pressure and temperature transfer and a combined Darcy and 

flowpath model of hydrocarbon transport. 

 

5.2.1 Calibration Data 

The basin model is calibrated with thermal maturity data from vitrinite reflectance, Rock-

Eval pyrolysis, as well as bottom-hole and wireline temperature data, and porosity from core 

(Figure 5.1). Simulated thermal maturity is calculated according to the Easy %Ro vitrinite 

maturation model (Sweeney & Burnham, 1990). As vitrinite reflectance represents the standard 

for thermal maturity calibration, approximately 180 points of publicly available vitrinite 

reflectance data ranging from Lower Devonian to Upper Cretaceous from 26 wells were used. An 
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additional 5,200 Rock-Eval pyrolysis Tmax data points from 42 wells were used to constrain the 

model, including 390 analyses generated for this study on core and cuttings samples. Due to the 

stratigraphic and spatial variation in kerogen type, three published correlations (Hatch et al., 1984; 

Petersen, 2003; Lewan & Pawlewicz, 2017) were used to convert Tmax into %Ro and establishing 

a range. These correlations capture the range of uncertainty in the conversion, which yields an 

average uncertainty in Ro of ±0.22 %Ro. 
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Figure 5.1 – Location of wellbores used for calibration of temperature and thermal maturity of the basin model, on a Tmax thermal 

maturity map of the Doig, and shaded relief topographic backdrop map. Contour interval is 5 °C. 
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Bottom-hole and wireline temperature logs from 65 wells were used for present-day 

temperature and heat flow calibration (Figure 5.2 and Figure 5.3). Most wells used for thermal 

maturity calibration also have temperature data, but additional wells with temperature only were 

included to the calibration data set. Temperature data were uncorrected and assumed to be a low 

estimate. A standard correction of 10% was applied to all temperatures as a reference case, and a 

20% increase was considered a high estimate, although in a few cases temperatures may still be 

underestimated (Waples & Ramly, 1994). Public domain thermal maturity data was obtained from 

publications (Kalkreuth & McMechan, 1991; Marchioni & Kalkreuth, 1992; Snowdon, 1997; 

Fowler & Snowdon, 1998; Fowler & Snowdon, 2001; Faraj et al., 2002; Obermajer et al., 2012; 

Ferri et al., 2013a) and core analysis reports from the databases of the Alberta Energy Regulator 

(AER) and the BC Oil and Gas Commission (BCO&GC). Core porosity data for lithology and 

mechanical compaction calibration were also obtained from the AER and BCO&GC databases. 

Public domain thermal maturity data were thoroughly reviewed for consistency. 

 

 

Figure 5.2 – Map of calibrated temperature at the base of the Ordovician with location of select wells used in the calibration process, 

and temperature (blue curve), vitrinite reflectance (black curve) and porosity (red curve) extracted from the model along select 

wells compared to calibration data (circle and bowtie symbols). Well profiles show age of layers in in the leftmost track, colored 

according to the International Commission on Stratigraphy color coding standard (Cohen et al., 2013) convention. Map contour 

interval is 10 °C. 
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Figure 5.3 – Map of calibrated present-day Easy %Ro (Sweeney & Burnham, 1990) thermal maturity on top of the DPZ with 

location of select wells used in the calibration process, and temperature (blue curve), vitrinite reflectance (black curve) and porosity 

(red curve) extracted from the model along select wells compared to calibration data (circle and bowtie symbols). Well profiles 

show age of layers in in the leftmost track, colored according to the International Commission on Stratigraphy color coding standard 

(Cohen et al., 2013) convention. Map contour interval is 0.25 %Ro. 

 

5.2.2 Present-Day Geometry and Stratigraphy 

A stratigraphic framework of the present-day basin structure was built for the entire extent 

of the Doig subcrop area from the top of the Pre-Cambrian basement to the present-day 

topography. The framework incorporates formation structural tops from Mossop & Shetsen 

(1994), a detailed subdivision of the Triassic and mapping of the Doig Formation, and a 30 arc-

second resolution digital elevation model (Earth Resources Observation and Science Center et al., 

1997) for the present-day topography (Figure 5.4). Most structural maps in Mossop & Shetsen 

(1994) use the stratigraphic terminology utilized in northeast BC and central western Alberta, and 

are adopted in this study. Other maps, however, use stratigraphic terminology for other subareas 

of the WCSB, and hence it was necessary to apply approximate stratigraphic equivalent units in 

preparation of the maps of this study. 
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Figure 5.4 – Overview of the present-day geometry and age assignment of the basin model layers, hiatuses and erosional events. 

Black circles represent layers containing facies designated as source rocks. 

 

Some maps in Mossop & Shetsen (1994) correspond to units that are lithologically 

heterogeneous enough or contain unconformities, thus warranting further subdivision of the layers. 

In these cases, layers were split using uniform thickness ratios, so that subdivided layers maintain 

proportional thicknesses throughout their entire lateral extent. Absolute ages were assigned to the 

boundaries between every layer based on Creaney & Allan (1992), Glass (1997) and Mossop & 

Shetsen (1994). Within each layer, a constant rate of deposition is assumed. The higher resolution 

stratigraphy of the Triassic has more refined ages based on the latest biostratigraphic dating work 

(Golding et al., 2015). 



   

 

169 

The Carboniferous was split in two intervals; a Lower Carboniferous layer representing the 

Banff and Exshaw interval and containing 30% of the total Carboniferous thickness, and the Upper 

Carboniferous strata. The Upper Carboniferous was further subdivided into three intervals; the 

Rundle Group containing 60% of the thickness, the lower Stoddard Group containing 10%, and 

the upper Stoddart Group the remaining 30%. The Permian corresponds to the Belloy Formation 

and equivalents. The Triassic was divided into Lower, Middle and Upper Triassic. The Middle 

Triassic was further subdivided into the DPZ, upper Doig and Halfway formations. The Lower 

Triassic represents the interval below the Doig Phosphate and includes the Sunset Prairie, the 

Lower Doig Siltstone and the Montney formations. The Upper Triassic was further subdivided 

equally into Charlie Lake and the uppermost Triassic, consisting of the Baldonnel and Pardonet 

formations. 

The Jurassic was split into three intervals that correspond to the following formations and 

their stratigraphic equivalents, based on assumed proportional thickness. The lowermost interval 

represents 20% of the thickness and corresponds to the Gordondale Member of the Fernie Group. 

The middle interval corresponds to another 20% of the thickness and represents the remaining 

portion of the lower Fernie Group, including the Red Deer, Poker Chip Shale and Rock Creek 

formations. The uppermost interval represents 60% of the Jurassic thickness and includes the upper 

Fernie Group and the basal Nikanassin Formation, extending into the Berriasian of Early 

Cretaceous. 

The Mannville top structure map is equivalent to the top of the Spirit River Formation and 

includes the Spirit River Formation and the Bullhead Group. The Manville interval was split into 

four intervals that correspond to the following formations and their stratigraphic equivalents, based 

on assumed proportional thickness. The uppermost interval corresponds to the Notikewin Member 

of the Spirit River Formation and corresponds to 20% of the thickness of the Manville equivalent 

interval. The interval below the Notikewin Member corresponds to the Falher and Wilrich 

Members of the Spirit River Formation and represents 30% of the Manville equivalent interval. 

Underlying the Wilrich Member are the Bluesky Formation of the Bullhead Group, which 

corresponds to 20% of the Manville equivalent interval. The lowermost section of this interval, 

representing 30% of this section thickness, are the Cadomin and Gething formations of the 

Bullhead Group. The top of Viking structure map interval was split into two uniform depth ratio 

intervals. The upper interval corresponds to the Viking Formation and represents 30% of the 
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interval thickness. The lower one corresponds to the Peace River Formation and represents 70% 

of the interval thickness. 

The interval below the top structure of the Dunvegan Formation and the base of the Fish 

Scales Zone was split into two uniform depth ratio intervals. The upper interval contains 60% of 

the thickness and represents the Dunvegan Formation. The lower interval contains 40% of the 

thickness and represents the upper portion of the Shaftesbury Formation. The interval between the 

base of the Fish Scale Zone and the top of the Viking Formation corresponds to the lower portion 

of the Shaftesbury Formation. The interval between the top of the Cardium Formation and the base 

of the Colorado Group was split into two uniform depth ratio intervals. The upper interval contains 

30% of the thickness and represents the Cardium Formation. The lower interval contains 70% of 

the thickness and represents the lower portion of the Colorado Group. 

The interval between the top of the Milk River and the base of the First White Specks 

formations was split into two uniform depth ratio intervals. The upper interval contains 20% of the 

thickness and represents the Milk River Formation. The lower interval contains 80% of the 

thickness and represents the First White Specks Formation. The interval between the land surface 

and the top of Lea Park and Pakowki formations was split into three uniform depth ratio intervals. 

The uppermost is assigned 10% of the thickness and represents the Quaternary. Underlying the 

Quaternary layer, with 40% of the thickness of is the interval representing the Paleocene Paskapoo 

and Coalspur formations. The lowermost interval, with 60% of the thickness represents the 

uppermost Cretaceous Belly River and Horseshoe Canyon formations. 

 

5.2.3 Basin Fill 

Except for the Doig Formation, regional facies distribution maps were created from 

paleogeographical maps published Kent (1994) for Cambrian to Lower Triassic, and Smith (1994) 

for Upper Triassic to Quaternary (Figure 5.5). Facies were created  based on lithological 

descriptions for their respective depositional environments (Figure 5.6) in the original source and 

facies models from Walker & James (1992). In addition to the Doig Formation, source rock 

properties were also assigned to basin and slope marine shale and carbonate, deep marine mud, 

and shallow shelf mud facies in the layers corresponding to the Duvernay (DC) and Banff and 

Exshaw (CA) formations, and Gordondale (JA) Member, and parts of the Mannville (KA3) and 

Colorado (KE1) Groups, as well as the Fish Scale Zone (KD1) in the Cretaceous (Figure 5.4). 
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Constant TOC, HI and kerogen types were assumed for these intervals based on literature (Creaney 

et al., 1994; Rokosh et al., 2008; Munson, 2015; US Energy Information Administration, 2015). 

Total organic carbon and hydrogen index (HI) were mapped independently in the upper Doig and 

the DPZ, as presented in Chapter 2. Cambrian and Lower Ordovician strata were assigned as 

underburden, whereas Milk River and overlying layers were assigned as overburden, so they do 

not behave as either reservoir or source. 

 

 

Figure 5.5 – Paleogeographic maps used for facies control for all the layers based on paleogeographical environments of Cambrian 

to Lower Triassic (Kent, 1994) and Upper Triassic to Quaternary (Smith, 1994). The boundary between BC and Alberta and the 

locations of Fort St. John, Dawson Creek and Grande Prairie are shown for reference, as a dashed line and black dots, respectively. 
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Figure 5.6 – Lithological mixing composition of facies based on paleogeographical environments of Cambrian to Lower Triassic 

(Kent, 1994) and Upper Triassic to Quaternary (Smith, 1994). 

 

Detailed facies maps were created for the upper Doig and the DPZ integrating the mapping 

of kerogen type and a well log-based mineralogy model calibrated to Rietveld (1967) modeled X-

ray diffraction (XRD) analysis (Figure 5.7). Four discrete facies were calculated based on average 

mineralogical composition of quartz, carbonate, illite and apatite maps (Table 5-1). Facies were 

determined at each location based on the mineralogical stratigraphic averages for the upper Doig 

and the DPZ. Pyrite content and ratios between dolomite and calcite in each facies are calculated 

based XRD averages and renormalized. 
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Figure 5.7 – Facies maps for the DPZ and upper Doig, combining lithology and kerogen type. Lithological definition and mineral 

mixing composition of facies shown in Table 5-1. 

. 

Table 5-1 – Criteria for the facies classification used to discretize mineral volumes into the facies maps shown in Figure 5.7, and 

respective mineral mixing proportions assigned based on the mean values of each facies. 

Facies 

Number 
Facies Name 

Classification Criteria (%)  Mineral Proportions (%) 

Apatite Carbonate Quartz Illite  Apatite Illite Calcite Dolomite Quartz Pyrite 

1 Phosphate Carbonate Mudstone >1.5 <20 - -  2.7 13.9 13.6 15.3 52.5 2 

2 Carbonate Mudstone =<1.5 =>20 - -  0.7 13 2.6 23.4 59.7 0.6 

3 Silty Mudstone =<1.5 <20 <=70 =>10  0.7 15.9 1.5 13.4 67.9 0.6 

4 Muddy Siltstone =<1.5 <20 >70 -  0.3 14.5 0.7 6.5 77.4 0.6 

 

Thermal, geomechanical, reservoir and seal properties are calculated for each facies 

according to their respective lithology mixing ratios (Table 5-2). Thermal conductivities, based on 

Sekiguchi (1984) and heat capacities, based on Waples & Waples (2004), are calculated as 

arithmetic averages of lithologies. Thermal conductivity and heat capacity do not vary significantly 

for most common lithologies and are largely a function of porosity. Radiogenic heat production 

was estimated from lithology using the Rybach (1973) model of radioactive element contributions. 
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The mechanical compaction model of Athy (1930) was used to determine porosity as a function 

of depth of burial, with parameters determined based on the lithology mixing and a minimum 

porosity of 1%. 

 

Table 5-2 – Key thermal and compaction properties for the facies used in the model. Thermal conductivity, heat capacity and 

density values are for the rock matrix component of each respective facies. 

Facies 

Thermal Conductivity 

(W/m/K) 

 Heat Capacity 

(kcal/kg/K) 

 
Compaction 

20 °C 100 °C  20 °C 100 °C  Density (g/cm3) Initial Porosity (%) 

Fluvial 1.94 1.92  0.20 0.24  2.69 45.6 

Shallow Shelf Muds 1.77 1.79  0.21 0.24  2.70 66.3 

Prograding Barrier 4.89 4.13  0.21 0.25  2.66 44.6 

Shallow Shelf Sands 5.51 4.56  0.21 0.25  2.64 42.0 

Alluvial 2.32 2.19  0.20 0.23  2.74 34.5 

Mixed Fluvial and Shoreline 2.62 2.44  0.21 0.24  2.67 43.0 

Prograding Deltaic 2.73 2.52  0.21 0.24  2.66 50.9 

Brackish Bay 2.04 2.02  0.21 0.25  2.67 56.8 

Continental Sabkha 2.47 2.36  0.23 0.26  2.49 23.6 

Coastal Sabkha 2.64 2.49  0.23 0.26  2.41 13.6 

Shallow Shelf Carbonates 3.43 3.01  0.20 0.23  2.76 39.8 

Slope Carbonates 2.88 2.62  0.20 0.24  2.69 60.0 

Deep Marine Muds 1.91 1.90  0.21 0.24  2.65 60.0 

Basin and Slope Marine Shales and Carbonates 1.96 1.95  0.21 0.24  2.68 56.3 

Shallow Shelf Carbonates and Reefs 3.21 2.85  0.20 0.23  2.75 44.6 

Coastal Plain 3.13 2.81  0.21 0.24  2.66 47.4 

Carbonate Reefs 3.43 3.01  0.20 0.23  2.76 23.6 

Doig Phosphate Carbonate Mudstone 3.04 3.13  0.19 0.21  2.75 22.0 

Doig Carbonate Mudstone 3.45 3.52  0.19 0.22  2.72 22.0 

Doig Silty Mudstone 3.20 3.37  0.18 0.21  2.70 22.0 

Doig Muddy Siltstone 3.45 3.59  0.18 0.21  2.68 22.0 

 

Permeability and capillary pressure are modeled according to the lithology mixing as a 

bilinear multipoint function of porosity for all facies except in the Doig Formation. In the Doig, 

the bilinear multipoint permeability and capillary pressure functions are modeled based on to the 

analyses presented in Chapter 3, as functions of porosity (Figure 5.8). Geomechanical properties 

for all facies are determined based on isotropic poro-elastic model, as a function of lithology and 

porosity. 
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Figure 5.8 – Vertical, horizontal and upscaled permeability functions for each the four facies of the Doig Formation (top two rows) 

and capillary pressure curve for mercury-air and petroleum-water (bottom row) used in the Doig. 

 

5.2.4 Reaction Kinetics Modeling 

Reliable petroleum system models require reaction kinetic parameters for the thermal 

decomposition of kerogen into hydrocarbons that are calibrated to the source-rock (Peters et al., 

2018). For a given thermal regime, kerogen of different compositions decomposes into 

hydrocarbons at different rates. Kerogen reaction kinetics can be described through global kinetics, 

or semi-empirical laws which lump related sequential and parallel reactions in a series and describe 

the net changes in a given chemical reaction (Burnham, 2017). Rate of reaction is thus described 

as a function of temperature, the universal gas constant, an activation energy 𝐸  that must be 

exceeded for a reaction to start, and a pre-exponential factor 𝐴𝑓, representing the frequency of 
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potential elementary molecular transformations per unit time (Hantschel & Kauerauf, 2009). 

Activation energy and frequency factors for the kerogen in the Duvernay, Exshaw, Gordondale 

and Colorado source rocks are from a Type II oil-gas kinetic model for the WCSB (Dieckmann et 

al., 2000). A Type III oil-gas kinetic model from the Dogger coal in the North Sea (Behar et al., 

1997) is used for the Mannville source rock. 

An oil-gas kinetic model was used for the Doig Formation, with activation energies and 

frequency factors determined experimentally by analyzing the reaction rate curves at three 

different constant heating rates (Kissinger, 1957; Sundararaman et al., 1992; Peters et al., 2015), 

which allows extrapolation to geologic conditions under heating rates orders of lower magnitude 

(Ungerer & Pelet, 1987). In this study, reaction kinetics parameters were determined through 

Rock-Eval pyrolysis on 23 core and cuttings samples, using approximately 70 mg of powdered 

bulk rock at heating rates of 5 °C, 25 °C and 45 °C per minute until 600-700 °C, following an 

isothermal plateau of up to 260-310 °C for purging free hydrocarbons. Raw signals were trimmed 

in the time domain and the flame ionization detector (FID) signal was baseline corrected, 

smoothed, integrated and processed using the commercial Kinetics2015 Version 6.130 software, 

according to methods outlined by Silva & Bustin (2020a), included in Appendix J. 

Reaction activation energies and pre-exponential factors were modeled through a 

distributed reactivity method (Ungerer & Pelet, 1987; Braun & Burnham, 1987) with a fixed 

discrete activation energy spacing of 1 kcal/mol. Based on the trends of median and standard 

deviation of activation energy distributions for kerogen Types II and III, synthetic activation 

energy Gaussian distributions were modeled for these two types of kerogen present in the Doig 

Formation (Figure 5.9). Type II kerogen has a lower median activation energy of 51.4 kcal/mol, 

and a narrower distribution than Type III, which has a median value of 53.6 kcal/mol. 
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Figure 5.9 – Relative and cumulative frequency of modeled activation energy for immature kerogen types II and III of the Doig 

Formation, based on samples of varying degrees of maturity after Silva & Bustin (2020). 

 

There is a correlation between pre-exponential factor and median activation energy (Figure 

5.10), which can be expressed as a power-law relationship. This relationship was used to calculate 

a pre-exponential factor for kerogen types II and III of the Doig Formation based on the median 

activation energy of their respective modeled distribution (Figure 5.9). According to this 

relationship, the 51.4 kcal/mol median activation energy of kerogen Type II yields a pre-

exponential factor of 8.875×1013 s-1 (2.799×1027 Ma-1), while the 53.6 kcal/mol median activation 

energy of kerogen Type III yields a pre-exponential factor of 1.058×1015 s-1 (3.338×1028 Ma-1).  
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The same activation energy distributions and pre-exponential factor were used for both the 

gas and the oil fractions. For kerogen Type II a ratio of 12.6% for gas versus 87.4% for oil was 

chosen, based on the Monterey Formation Type IIS kerogen, and for kerogen Type III, the ratio 

was 26.9% for gas versus 73.1% for oil, based on the Dogger coal (Behar et al., 1997). Gas 

adsorption on kerogen was modeled based on results of laboratory experiments conducted at 67 

°C, as described in Chapter 3. The Langmuir volume of a 6.5% TOC sample is 2.03 cm3/g (69 

ft3/ton), and the Langmuir pressure is 4.1 MPa (590 psi). A desorption energy of 10 kcal/mol is 

assumed and inert carbon is disregarded. A ratio of 0.7 conversion of oil to gas was assumed for 

secondary cracking. 

 

 

Figure 5.10 – Correlation between median activation energy and pre-exponential factors. The power-law relationship was used to 

calculate a pre-exponential factor for kerogen types II and III of the Doig Formation based on the median activation energy of their 

respective modeled distribution. 

 

5.2.5 Boundary Conditions and Paleogeometry 

The boundary conditions of a basin model must include either constant or time-varying 

thermal state at the upper and lower boundaries of the body of rock of interest (Yalçin et al., 1997), 

usually chosen as the interval between the economic basement and surface. The sediment-water 
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interface (SWIT) defines the upper boundary condition for thermal history, which is a function of 

bathymetry and the air temperature at sea level. The lower boundary is the heat flow from an 

arbitrary surface, chosen here at the basement for practical purposes (Hantschel & Kauerauf, 

2009). Paleobathymetric maps were created for seventeen geological periods from 500 Ma to 5 

Ma (Figure 5.11), representing major changes in relative sea-level caused by tectonics and eustatic 

variations. The paleo water depth values are semi-quantitative estimates based on paleogeographic 

reconstruction compilations of western North America by Blakey & Ranney (2018). 

 

 

Figure 5.11 – Paleo water depth models for different time intervals from 500 to 5 Ma based on Blake & Ranney (2018), used to 

constrain the upper boundary condition The boundary between BC and Alberta and the locations of Fort St. John, Dawson Creek 

and Grande Prairie are shown for reference, as a dashed line and black dots, respectively. 

 

The SWIT was calculated taking into account the estimate of air temperature at sea level 

from Wygrala (1989) for paleo-latitudes from the Carboniferous to recent (Figure 5.12). A present-

day average latitude of 56° N was assumed for the basin and the paleogeographical variations are 

back calculated from this starting point. The warmest temperature in the basin was 26 °C in the 

Middle Triassic, towards the end of the deposition of the Doig Formation, followed by a general 
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cooling trend since. Paleo water depth is accounted for with equations from Beardsmore & Cull 

(2001) and Hantschel & Kauerauf (2009).  

 

 

Figure 5.12 – Temperature of air at sea level used in estimating the sediment-water interface temperature from the Carboniferous 

to recent, after Wygrala (1989), and line representing the paleolatitude drift of the model area. 

 

Publicly available regional heat flow data (Majorowicz et al., 2005; Tuya Terra Geo Corp 

& Geothermal Management Company, 2016) were used as an initial assumptions for present-day 

heat flow. The present-day heat flow map (Figure 5.13) used in the model was the result of multiple 

iterations to match local variations in the recorded bottom-hole temperatures and wireline 

temperature logs in the wells used. The present-day heat flow in the region varies from 45 mW/m2 

in the areas adjacent to the southwestern edge of the fold and thrust belt and eastern portions of 

the Fort St. John Graben, to 75 mW/m2 in the north. 
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Figure 5.13 – Present day heat flow map used in the basin model, which was modified from Majorowicz et al. (2005) and Tuya 

Terra Geo Corp & Geothermal Management Company (2016). Contour interval is 2 mW/m2. 
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Constrains on paleo-heat flows are generally poor and dependent on conceptual tectonic 

models (Waples, 1998). The post-Laramide heat flow distribution (60 Ma) was calculated as 90% 

of the present-day heat flow, with a linearly increasing trend to present-day values, based on 

estimates by Bachu & Cao (1992). Paleo heat flow distribution estimates for ages older than 60 

Ma are not possible due to the overprint effects of the basin maximum temperature being reached 

in the Paleogene. Due to the stable tectonic configuration of the WCSB since the Precambrian 

rifting event (Kanasewich et al., 1969; Ross & Eaton, 1999), anomalous heat flow ranges are not 

expected. A constant heat flow of 55 mW/m2 was assumed for the Cambrian, based on an average 

for the North American continent (Allen & Allen, 1990), and was varied linearly through time to 

the map-based value at 60 Ma. 

Paleogeometric reconstruction of a basin requires estimates of original sediment thickness 

before exhumation, as well as the age and duration of the erosional events. Nine erosional events 

of significance were incorporated in the model (Figure 5.4). Age assignment and timing are based 

on Richards et al. (1994) for Paleozoic events, Edwards et al. (1994) for Triassic events, Poulton 

et al. (1994) for the sub-Cretaceous, and Hayes et al. (1994) for the Cretaceous sub-Mannville 

unconformities. Erosion maps for these unconformities (Figure 5.14) were created from estimates 

of eroded section by Ness (2001), who extrapolated thicknesses from regional correlations. The 

timing of the post-Laramide erosion, the most significant erosional event in the basin history, was 

based on Higley et al. (2005) and placed at 60 Ma. Estimates of post-Laramide eroded thickness 

were modified from Ness (2001) to match measured thermal maturity calibration data (Figure 

5.14). Post-Laramide eroded thickness varies from 1,500 to 2,500 m in the area. A constant rate of 

erosion is assumed within each event. Eroded section lithologies were assumed to be the same as 

the underlying unit. 

 



   

 

183 

 

Figure 5.14 – Eroded section maps on top of the Rundle Group (333.6 – 332.6 Ma), intra-Stoddart Group (330.2 – 327.2 Ma), top 

of the Stoddart Group (284 – 265 Ma), top of the Belloy Formation (263 – 247.1 Ma), Coplin unconformity within the Charlie 

Lake Formation (222.5 – 213 Ma), sub-Jurassic unconformity (210 – 191 Ma), sub-Mannville unconformity (145 – 115 Ma), top 

of the Peace River Group (104 – 102 Ma), and post-Laramide unconformity (60 – 2 Ma). Variable contour interval and color scale. 
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5.3 RESULTS 

5.3.1 Burial and Thermal History 

Burial history in the studied area is divisible into seven chronological phases during which 

net subsidence rates were similar (Figure 5.15 and Figure 5.16). There are regional variations in 

sedimentation and erosion patterns, as discussed next. The first phase, ranging from the Cambrian 

to the Middle Devonian, is characterized by very low subsidence rates in the order of 3 m/Ma. 

During this time, sedimentation was limited to the northern part of the basin (Figure 5.15), with 

little to no net deposition in the south (Figure 5.16). In the second phase, from the Upper Devonian 

through the Mississippian, subsidence rate associated with the development of a carbonate 

platform increased to a maximum of 30 m/Ma. The highest subsidence rates in this interval are in 

the north of the study area, with thinning of strata towards the south (Figure 5.15).  
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Figure 5.15 – Burial history plots (top) with temperature color and lithology pattern overlays of the basin at the locations of wells 

200/c-073-J 094-A-12/00 in northeast BC, and 100/08-19-066-12W6/00 in western Alberta. Strike cross-section connecting both 

wells (bottom left), illustrating stratal present-day geometry and facies, and map of maximum temperature at the top of the DPZ 

(bottom right). Facies keys are in Figure 5.5 and Figure 5.7. Arrows indicate the base of the Doig Formation. Map contour interval 

is 20 °C. 
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Figure 5.16 – Burial history plots (top) with temperature color and lithology pattern overlays of the basin at the locations of wells 

200/c-034-B 093-P-10/00 in northeast BC, and 100/07-36-077-09W6/00 in western Alberta. Dip cross-section connecting both 

wells, illustrating stratal present-day geometry and facies (bottom left), and map of maximum temperature at the top of the DPZ 

(bottom right). Facies keys are in Figure 5.5 and Figure 5.7.  Arrows indicate the base of the Doig Formation. Map contour interval 

is 20 °C. 
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In the third phase, after an uplift during the Pennsylvanian, sedimentation resumed from 

the Permian through most of the Early Cretaceous at steady but relatively low rates of between 3 

and 6 m/Ma (Figure 5.15 and Figure 5.16). A few erosional unconformities with generally less 

than 200 m of missing section, and hiatuses occur throughout this period across the entire region, 

but with very little impact to depth of burial. During this time, significant localized variations in 

relative subsidence rates occurred. With the collapse of the PRA and the DCGC faults reactivation 

in the Triassic (Brack et al., 1987; Barclay et al., 1990; Davies, 1997; Eaton et al., 1999), the PRE 

becomes the depocenter; net subsidence rates in the western central part of the basin are twice as 

high as towards the northern, southern and eastern edges (Figure 5.15). In the PRE depocenter, 

subsidence rates during the Triassic are as high as 15 m/Ma.  

The fourth phase occurred during the Albian stage of Early Cretaceous, during the 

deposition of the Mannville and Fort St. John Groups, when the entire region subsided at much 

increased rates of 50 to 90 m/Ma (Figure 5.15 and Figure 5.16). During this stage of the foreland, 

subsidence rates are relatively uniform across the region. In the fifth phase, during the earlier stages 

of Late Cretaceous the locus of sedimentation switched to the south, which continued subsiding at 

similar rates, while the north part of the basin was starved of sediments (Figure 5.15).  

In the sixth phase, between the Late Cretaceous and the Paleogene, the entire region 

underwent a marked further increase in burial rates associated with the foreland subsidence. Net 

subsidence rates in this phase vary from 140 m/Ma in the northern and eastern edges of the study 

area to 390 m/Ma in the southwest (Figure 5.15 and Figure 5.16). In the last phase, the basin has 

undergone exhumation at rates of 50 to 80 m/Ma, starting in the Paleogene with the post-Laramide 

uplift to Quaternary isostatic rebound from the removal of the ice sheets that covered much of the 

North America until the end of the Pleistocene (Figure 5.15 and Figure 5.16). 

The maximum paleo burial depth of the basin is located in the southwest near the eastern 

limit of the thrust and fold belt in BC, just west of the Elmworth field. In this region, the base of 

the thin layer of Ordovician sediments reached a depth of 9,100 m, prior to 60 Ma, when the post-

Laramide event began uplifting these strata to its present-day depth of 4,790 m. The maximum 

temperature of the basin during this time ranged from 230 to 260 °C, depending on regional 

variations in heat flow. The depocenter of the basin migrated southeast during the Late Cretaceous 

and Paleogene, towards its present location in central-western Alberta. The current maximum 
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temperature of the basin occurs at the base of the Ordovician, which is 160 °C in the area southwest 

of Fort St. John in BC. 

Maximum depth of burial for source rocks from Devonian through Cretaceous in the study 

area ranges from 8,860 to 5,870 m (Table 5-3). The maximum temperatures source rocks were 

exposed to range from 255 °C for the Duvernay Formation, to 176 °C for the Colorado Group. The 

source rock interval most deeply buried prior to the 60 Ma uplift was the Exshaw, whose base had 

a maximum burial depth of 8,860 m and a maximum temperature of 250 °C. Although the 

Duvernay is older than the Exshaw, the maximum burial occurred in the PRE, where the Duvernay 

shale is absent, grading laterally to the reefs of the Leduc Formation. The maximum depth of burial 

reached by the base of the Doig Formation ranges from 8,480 m in the southwest to 3,070 m near 

the present-day subcrop edge. The maximum temperatures experienced by the Doig in these 

locations were 250 °C and 100 °C, respectively (Table 5-3, Figure 5.15 and Figure 5.16), compared 

to the reconstructed present-day temperature, which ranges from 131 °C to 30 °C. 

 

Table 5-3 – Summary of maximum depth and temperature at present-day and at maximum depth of burial at 60Ma for the source 

rocks in the model, and their hydrocarbon generation windows based on Dow (1977) for Type II kerogen. Maximum depth, 

temperature and hydrocarbon generation windows referenced at the base of each source rock interval. 

Source Rock 

Maximum Burial  Present Day  Hydrocarbon Window (Ma) 

Depth 

(m) 

Temperature 

(°C) 

 Depth 

(m) 

Temperature 

(°C) 

 Oil Onset 

(0.6 %Ro) 

Peak Oil  

(0.8 %Ro) 

Wet Gas Onset 

(1.6 %Ro) 

Dry Gas Onset 

(2.0 %Ro) 

Late Dry Gas 

(2.5 %Ro)  

Colorado Gp. 5,870 176  3,160 103  60 60 - - - 

Shaftesbury Fm. 6,440 185  3,320 107  72 60 - - - 

Wilrich Mb. 7,060 198  3,650 117  85 60 50 - - 

Gordondale Mb. 8,010 213  4,230 123  94 72 60 50 - 

Doig Fm. 8,480 217  4,340 131  101 85 60 60 50 

Exshaw Fm. 8,860 250  5,180 150  308 111 97 92 60 

Duvernay Fm. 8,700 255  5,000 153  308 111 82 60 50 

             

 

5.3.2 Hydrocarbon Maturation, Generation and Migration 

The onset of hydrocarbon generation in the studied area of the WCSB occurred in the 

Pennsylvanian, when the Paleozoic Duvernay and Exshaw source rocks entered the oil window 

(Table 5-3, Figure 5.17 and Figure 5.18). Although they entered the window during the 

Pennsylvanian, the Duvernay and Exshaw formations did not reach peak hydrocarbon generation 

until the end of the Early Cretaceous, due to the low subsidence rates between the end of the 
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Paleozoic and the end of the Jurassic, which resulted from the migration of the basin depocenter 

after the collapse of the PRA. The Triassic Doig Formation and the Jurassic Gordondale Member 

source rocks started generating hydrocarbons at 101 and 94 Ma, respectively. The Cretaceous 

source rocks of the Wilrich Member, Shaftesbury Formation and Colorado Group entered the oil 

window at 85, 72 and 60 Ma, respectively (Figure 5.18). The basin reached the critical moment of 

hydrocarbon generation, as defined by a 50% transformation ratio of organic matter into 

hydrocarbons (Hantschel & Kauerauf, 2009), at 71 Ma (Figure 5.17). Thermal maturation of the 

Gordondale was then interrupted by the removal of Paleogene sediments (Figure 5.18). 

 

 

Figure 5.17 – Petroleum system elements plot of the basin in the studied area, showing the timing of formation of overburden, 

various sources, reservoirs and seals, trap, overburden, generation, migration, accumulation and preservation of hydrocarbons and 

the critical moment of the basin for hydrocarbon generation. 

 

 

Figure 5.18 – Petroleum generation history of the basin in the studied area, showing the cumulative hydrocarbon mass generation 

balance over time from the various source rocks present. 

 

The Duvernay Formation reached the oil and wet gas generation windows first in the area 

located north of the PRA (NTS mat areas 094A and 094H), where subsidence rates were relatively 
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higher during the Paleozoic and most of the Mesozoic. Due to the rapid foreland subsidence in the 

Paleocene, the Duvernay entered the dry gas window, simultaneously to the north and south of the 

PRA. As a result of the relatively high subsidence rate associated with the collapse of the PRA, 

the Exshaw Formation entered the wet and dry gas windows in the earliest Early Cretaceous, 

substantially earlier than the Duvernay (Table 5-3). 

Generation of oil in the Doig Formation started in the end of the Early Cretaceous at 111 

Ma, in the PRE depocenter (map area 093P). The Doig peak reached peak oil generation along 

most of the western boundary adjacent to the fold and thrust belt, at 85 Ma (Table 5-3 and Figure 

5.18). From the end of Cretaceous to Paleocene, between 72 and 60 Ma, due to the rapid foreland 

subsidence in the southwest, wet gas generation in the Doig started throughout most of southwest, 

and dry gas started in the deepest areas (Figure 5.19). During the Eocene, at approximately 50 Ma, 

a small portion of the Doig in the southwest reached the late dry gas window before thermal 

maturation was frozen by the rapid uplift and exhumation of Paleogene sediments. 
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Figure 5.19 – Maps of thermal maturity (contours) and transformation ratio (colors) of the kerogen on top of the DPZ at key time 

horizons from the onset of oil generation at 101 Ma to present day. 

 

The onset of the oil window in the Gordondale Member occurred in the earliest Late 

Cretaceous in the PRE depocenter, and as the basin depocenter shifted south, peak oil generation 

was only reached in the southwest of the study area (map areas 093P, 093I, 083L and southwestern 

map sheets of 083M) in the end of the Late Cretaceous (Table 5-3 and Figure 5.18). The wet and 

dry gas generation windows were reached by the Gordondale in the southwest in the Paleocene 

and Eocene, respectively. The Cretaceous source rocks of the Wilrich Member, Shaftesbury 

Formation and Colorado Group reached the oil window sequentially during the Late Cretaceous, 

starting with the Wilrich at 85 Ma (Table 5-3 and Figure 5.18). The Wilrich reached the oil window 

throughout most of the study area and entered the wet gas window in the southwest (map areas 
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093P, 093I, western map sheets of 083L and southwestern map sheets of 083M) during the Eocene. 

The Shaftesbury reached peak oil generation throughout most of the southwestern part of the study 

area by the Paleocene, and remained immature in the central eastern area (map area 084D). The 

Colorado reached peak oil generation throughout most of the southwestern portion of the modeled 

area, and remained immature along the eastern edge (map areas 084D and eastern map sheets of 

094A). 

Thermal maturity and transformation rates of all source rocks increase towards the west. 

An area of relatively lower thermal maturity occurs on all source rocks in the area east of Fort St. 

John, which is a product of significantly lower subsidence in this region during the Late Cretaceous 

and Paleogene foreland. Kerogen transformation ratios in this area vary from 30% to nearly 100% 

for Paleozoic source rocks, 3% to nearly 100% for Triassic and Jurassic source rocks, and 0 to 

90% for Cretaceous source rocks (Figure 5.20). The transformation ratio of the Duvernay is almost 

100% everywhere in the study area. The Exshaw transformation ratios are close to 100% 

throughout most of the western portion, falling sharply to 30% towards the central eastern edge.  

The Doig transformation ratio increases from 3% in the central eastern edge to over 90% 

west of Dawson Creek and Fort St. John, along most of the western edge (Figure 5.19 and Figure 

5.20). The Gordondale also increases, albeit more gradually, from 3% in the central east to 100% 

in the southwest, while it remains under 60% in the north. The Wilrich increases from 0 to 80% at 

its southwestern facies boundary, remaining under 50% in the north. The Shaftesbury is not 

bounded by facies change in the southwest, and increases from 0 to 95% towards the southwest, 

remaining under 10% in the north. In the Colorado, transformation ratio is under 10% throughout 

most the area, but ranges from 60 to 85% in the southwest (Figure 5.20). 
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Figure 5.20 – Strike (top left) and dip (bottom) cross-sections and burial history plot at the well 200/c-034-B 093-P-10/00 location, 

with transformation ratio overlay, showing the spatial variation in present-day maturity and change of maturity through time of all 

the source rocks modeled. Cross-section locations shown in Figure 5.15 and Figure 5.16. 

 

The model predicts that a total of approximately 69,000 million metric tons of 

hydrocarbons were generated by the Doig Formation (Table 5-4 and Figure 5.18), which retains 

further non-generated potential of approximately 14,000 million metric tons. Despite the lower 

organic content, the upper Doig Formation may have been responsible for generating more than 

half of the total amount of hydrocarbons generated by the Doig Formation, due to its much larger 

rock volume. Based on the two-phase kerogen reaction kinetic model used in this study, 

approximately 80% of the hydrocarbon mass generated by primary and secondary cracking is oil, 

disregarding biogenic methane production. A total of 64,000 million m3 (400,000 MMbbl) of oil 

and 16 trillion m3 (570 Tcf) of gas were generated by the Doig Formation. The proportion of 

hydrocarbons retained in the Doig source-rock was estimated by considering the volumes of 

hydrocarbons generated by the Doig according to the basin model simulation, and the original 

volumes of hydrocarbons in-place, estimated by reservoir modeling in Chapter 3, of 9,783 trillion 

m3 (61,531 MMbbl) of liquid hydrocarbons and 7.62 trillion m3 (269.1 Tcf) of dry gas. The 

proportion of hydrocarbons retained in the source-rock or migrated into tight and conventional 

Doig reservoirs is approximately 15% for liquids and 48% for gas. 



   

 

194 

Table 5-4 – Summary of mass and volumes of hydrocarbons generated by the upper Doig and DPZ. 

Interval 
Hydrocarbon Mass 

(million metric tons) 

 Oil Volume  Gas Volume 

 million m3 MMbbl %  trillion m3 Tcf % 

Upper Doig 38,127  35,257 221,757 44.4  9.0 319.1 11.2 

Doig Phosphate Zone 30,461  28,297 177,981 35.7  7.1 250.3 8.8 

Total 68,588  63,553 399,738 80.0  16 569 20 

 

Kerogen Type II and III contributed approximately equal amounts to total hydrocarbon 

mass generation. Although kerogen Type II is more oil-prone, the total oil yield from Type II was 

only slightly higher than from Type III, since the thickest and most thermally mature southwestern 

area is predominantly Type III. Kerogen type distribution also affected the timing and degree of 

thermal maturation in the Doig. The area along the northwestern edge of the basin, where Type II 

kerogen is predominant reached higher degrees of maturity slightly earlier and at burial depths 

approximately 500 m shallower than in the southwest, where kerogen Type III is predominant. 

The modeling of expulsion, retention and migration of petroleum is extremely sensitive to 

permeability, diffusivity and capillary pressure parameters of the source rock. In order to obtain 

retained hydrocarbon volumes compatible with the resources in-place estimated in the Doig 

Formation, a special diffusive expulsion option must be used in the simulation; otherwise, almost 

all petroleum generated by the Doig is expelled. Retention volumes most closely matching the 

independent in-place petroleum assessment of the Doig are achieved by using a diffusion 

coefficient of 1×10-22 m2/s, a sample length of 1 mm, and 1,000 iterations. Expulsion began 

approximately 10 Ma years after the onset of oil generation (Figure 5.21), increasing rapidly with 

the generation rate at 70 Ma. Net retention became negative at 50 Ma, as generation slowed down 

and expulsion and migration continued. The model predicts overpressure development in the Doig 

starts by 72 Ma due to the onset of petroleum generation. 
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Figure 5.21 – Petroleum generation and retention history of the Doig Formation, showing the cumulative hydrocarbon mass 

generated, the source rock retention balance over time and a schematic representation of the thermal sulfate reduction window. 

 

Most of the accumulations of oil and gas migrated from the Doig are in the Halfway, 

Charlie Lake, Baldonnel and Pardonet reservoirs. Initially secondary migration is predominantly 

from the deeper southwest to over 100 km towards the eastern edge of the study area around the 

Howard and Teepee fields. There are also significant volumes accumulated following shorter 

migration towards the north around the Monias and Attachie fields. Early generated and migrated 

wet gas accumulations follow migration pathways of typically 25 km or less in length. Multiple 

Jurassic and Cretaceous reservoirs of the Nikanassin, Cadomin, Bluesky, Peace River and Viking 

formations are charged with oil and gas generated from the Doig during this time. 

 

5.3.2.1 Thermal Sulfate Reduction 

As the concentration of hydrogen sulfide (H2S) present in the gas produced from the Doig 

is highly variable and can be as high as 28 vol.% (Silva & Bustin, 2021), the potential for 

thermochemical sulfate reduction (TSR) H2S generation in the Doig was assessed. Based on a 

lower temperature threshold for TSR of 120 °C (Goldstein & Aizenshtat, 1994; Mougin et al., 

2007), the central western portion of the Doig entered the TSR phase by approximately 95 Ma 

(Figure 5.22), at which time this area was located at the depocenter of the PRE. The TSR 

generation region expanded southeast until 75 Ma, until which time subsidence was virtually 
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restricted to the southwest of the area. From 75 to 60 Ma, the TSR region quickly extended east, 

covering almost the entire extent of the Doig.  

 

 

Figure 5.22 – Maps of entry (left) and exit (right) ages of the DPZ top into the thermal sulfate reduction temperature threshold of 

120 °C. Contour interval is 5 Ma. 

 

As the Paleogene sediments were eroded and the basin uplifted, most of the eastern area 

of the Doig remained in the TSR for less than 35 Ma (Figure 5.22). Exhumation rates were lower 

in the southwest, where the Doig had entered the TSR by 75 Ma and did not exit it until 20 Ma. 

Progressively deeper strata exited the TSR region towards the southwest, where a very small area 

currently remains at temperatures slightly above 120 °C. Portions of the southwestern region have 

stayed within the TSR region for a total of up to 80 Ma. 

The residence time of Charlie Lake Formation strata within the TSR region was also 

analyzed, since reduction of anhydrite may be a strong contributor to generation of H2S by TSR 

reactions (Machel et al., 1995; Heydari, 1997; Worden et al., 2000). The Charlie Lake Formation 

burial history through the TSR region follows a very similar pattern to the Doig, albeit passing 

through the TSR region later and exiting earlier than the Doig, due to its shallower burial depths 
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(Figure 5.23). The top of the Charlie Lake entered the TSR region by 90 Ma in the central western 

region initially, and started exiting the TSR region by 50 Ma along the eastern edge. 

 

 

Figure 5.23 – Maps of entry (left) and exit (right) ages of the Charlie Lake Formation top into the thermal sulfate reduction 

temperature threshold of 120 °C. Contour interval is 5 Ma. 

 

Considering sulfate reduction by oxidation of hydrocarbons generated in the source rock 

(Orr, 1974) and assuming seawater concentration of sulfate for pore waters and a sulfur content of 

1 wt.% in the petroleum generated by the Doig (Creaney et al., 1994), the Doig may have generated 

up to 450 mg of H2S per gram of hydrocarbon (Figure 5.24). In the southwestern region, where 

the Doig remained in the TSR region for at least 55 Ma, yields of H2S vary between 100 and 400 

mg/g, falling sharply towards the north and east to negligible values.  
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Figure 5.24 – Map of H2S yield from thermochemical sulfate reduction of petroleum generated in the Doig Formation with overlain 

bubble map of H2S volume in gas analysis from the Doig (left), and map of the first vertical derivative of the magnetic anomaly 

from Miles & Oneschuk (2016) showing discontinuities interpreted as faults (right). Faults, also displayed on the H2S yield map 

for reference, indicate possible updip migration pathways for the H2S generated at greater depths. 

 

The southwestern area of the Doig may have been almost solely responsible for 

generating a total mass of H2S of up to 5,500 million metric tons. Based on the H2S distribution in 

the Doig presented in Chapter 2, and the gas in-place estimates in Chapter 3, a total volume of 54 

billion m3 (1.9 Tcf) of H2S may be currently hosted in Doig conventional and unconventional 

reservoirs. This volume corresponds to 75 million metric tons of H2S at normal temperature and 

pressure (NTP) of 20 °C and 1 atm, which means that only approximately 0.1% of the H2S 

generated in the Doig remained in the source rock. The majority of sour gas in the Doig is found 

the regions north of Fort St. John and east of Dawson Creek (Figure 5.24), updip of the area with 

significant TSR. If the source of the Doig H2S is TSR from Triassic strata, this implies that H2S 

migrated updip from the area that actively generated H2S between 95 and 75 Ma through the 

network of faults that connect these areas. During the time of most active TSR, only approximately 

a quarter of the total amount of hydrocarbons generated from the Doig had been generated, most 

of which had not undergone secondary migration by that time (Figure 5.21).  
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5.3.3 Sensitivity Analysis 

An uncertainty analysis using Monte Carlo simulation with 100 realizations was conducted 

to test the sensitivity of the model to various parameters and their influence on simulated thermal 

maturity (Figure 5.25). The parameters tested were heat flow and SWIT from 540 to 60 Ma and 

from 60 to 2 Ma, post-Laramide eroded thickness, and thermal conductivity of the mixed fluvial 

and shoreline facies, which corresponds to the bulk of the eroded sediment thickness during the 

Paleogene. The reference case against which the simulation runs are compared corresponds to 

calibrated model at the top of the DPZ on well 200/c-034-B 093-P-10/00, which has a maturity of 

2.43 %Ro. Heat flow, SWIT and thermal conductivity of the mixed fluvial and shoreline facies 

were assigned triangular probability distributions with ranges of ±5 mW/m2, ±5 °C, and ±0.5 

W/m/K, respectively. Erosion was assigned a uniform probability distribution in which eroded 

thickness may be within ±50% of the reference case. 
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Figure 5.25 – Tornado diagram (top) of the main uncertainties of the model and their impact on thermal maturity on the top of the 

DPZ at the 200/c-034-B 093-P-10/00 well location, and nomograms showing the variation of thermal maturity as a function of 

erosion and thermal conductivity of the mixed fluvial and shoreline facies (bottom left), and as a function of erosion and heat flow 

between 60 and 2 Ma (bottom right). Tornado diagram red bars represent a negative correlation and blue bars represent a positive 

correlation with thermal maturity. Erosion expressed as a percentage of eroded thickness in the reference case, where 100% 

corresponds to the reference case value of 3,500 m. Nomograms isolines correspond to %Ro and crosshairs represent the reference 

case. Dashed lines illustrate an example of how much thermal conductivity or heat flow would have to be adjusted by for a 20% 

reduction in erosion, or vice-versa. 

 

Among the variables considered and within the assumed uncertainty ranges, Paleogene 

erosion has the largest effect on thermal maturity, causing a variation of up to ±0.6 %Ro (Figure 

5.25). Thermal conductivity of the eroded sediments and heat flow from 60 to 2 Ma also have a 

significant impact on thermal maturity, causing a shift in %Ro between ±0.3 and 0.5. Thermal 

conductivity has a negative correlation with thermal maturity, since less thermally conductive 

sediments have a higher efficiency in trapping the basal heat flow within the subsurface. Thermal 

maturity is not very sensitive to SWIT between 60 and 2 Ma, which causes an uncertainty of just 

over ±0.1 %Ro. Heat flow and SWIT from 540 to 60 Ma are the least impactful parameters, 

changing maturity by less than ±0.05 %Ro. The uncertainty analysis also reveals the 
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compensational relationship that exists between parameters, and the possibility of reaching the 

same result with different combinations. The same thermal maturity at the top of the DPZ on well 

200/c-034-B 093-P-10/00 can be achieved with 20% less eroded thickness, if the thermal 

conductivity of the eroded lithology is reduced by 0.28 W/m/K, or the heat flow from 60 to 2 Ma 

is increased by 3.1 mW/m2 (Figure 5.25). 

 

5.4 DISCUSSION 

5.4.1 Subsidence and Erosion Rates 

Throughout the Paleozoic, during the passive continental margin phase of the basin (Brack 

et al., 1987; Davies, 1997), net subsidence rates in the area did not exceed 30 m/Ma. Average 

subsidence rates over the Paleozoic remained in the 3 to 6 m/Ma range, and deposition was mostly 

restricted to the northern part of the basin. With the collapse of the PRA and DCGC fault 

reactivation in the Triassic (Eaton et al., 1999), the PRE becomes the depocenter of the basin. 

Within the PRE, the basin subsided up to 15 m/Ma during the Triassic. Through the Jurassic and 

most of Early Cretaceous, subsidence rates remained low and locally were negative with uplift and 

erosion of Triassic strata, as noted by Poulton et al. (1994). Towards the end of the Early 

Cretaceous, the transition of the basin into a foreland caused the entire region to start subsiding at 

a much higher rate of up to 90 m/Ma. At the end of the Late Cretaceous and Paleogene, subsidence 

increased further to between 140 m/Ma in the north and 390 m/Ma in the south towards the center 

of the foredeep. 

The duration of the rapid foreland subsidence, with deposition of thick Upper Cretaceous 

and Paleogene sediments, corresponds to approximately 12 Ma, which is within the 10 to 30 Ma 

range estimated by Allen & Allen (1990) for the duration of foreland subsidence. The maximum 

subsidence rate of 390 m/Ma considers the maximum reconstructed sediment thickness of 4,670 

m for these strata and assumes a constant sedimentation rate for this 12 Ma interval. This rate is 

comparable to subsidence rates estimated in foreland basins elsewhere, such as the Catalan Basin 

between 130 and 380 m/Ma (Vergés et al., 1998), the Sonoma foreland in the United States 

Cordillera between 150 and 650 m/Ma (Caravaca et al., 2018), the Peruvian Altiplano in the 

Bolivian Andes  of 800 m/Ma (Sundell et al., 2018), and the general subsidence rate for foreland 

basins between 150 and 400 m/Ma (Allen & Allen, 1990). 
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A maximum of 4,500 m of Paleogene are estimated to have been eroded in the study area. 

Assuming a constant rate of erosion over 58 Ma, the maximum calculated post-Laramide erosion 

rate in the study area is approximately 80 m/Ma, which is relatively low when compared to other 

foreland estimated exhumation rates such as in the Sevier fold and thrust belt in the United States 

Cordillera between 100 and 300 m/Ma (Yonkee et al., 2019), the Bolivian Andes foreland of at 

least 400 m/Ma (Barnes & Heins, 2009), the eastern Pyrenees foreland of 500 m/Ma (Mascle & 

Puigdefàbregas, 1998), and the Alps foreland of 600 m/Ma (Baran et al., 2014). The comparatively 

slow foreland rates in the study area may indicate that post-Laramide erosion rates were not 

constant throughout the Cenozoic, but instead may have varied according to episodic crustal 

loading associated with thrust sheet emplacement. 

 

5.4.2 Thermal Maturation and Hydrocarbon Generation History 

Hydrocarbon generation history in this part of the WCSB started during the Pennsylvanian, 

when the Duvernay and Exshaw reached the oil window. This finding differs substantially from 

the findings of Bachu & Cao (1992), who proposed that petroleum generation by Paleozoic source 

rocks started in Late Cretaceous, and Higley et al. (2005), who concluded that the onset of 

hydrocarbon generation from the Exshaw was at 65 Ma. An earlier age for the onset of 

hydrocarbon generation in the WCSB is aligned with results obtained by Ducros et al. (2018), who 

proposed that hydrocarbon generation in the Montney Formation began in Early Cretaceous, and  

with Creaney and Allan (1990) and Creaney et al. (1994), who acknowledged that minor petroleum 

generation may have occurred prior to Late Cretaceous. 

Although Paleozoic source rocks may have entered the oil window as early as the 

Pennsylvanian, slow subsidence rates from the Permian through Jurassic prevented these source 

rocks from generating significant quantities of petroleum until the end of the Early Cretaceous. 

Only approximately 8% of the total mass of petroleum generated by the Duvernay and Exshaw 

source rocks had been generated by Albian time. Due to the increased subsidence associated with 

the foreland, the Paleozoic source rocks reached peak oil in the Albian stage, almost 

simultaneously with the entry of the Doig Formation in the oil window. As burial rates started 

increasing rapidly since then, Jurassic and Cretaceous source rocks all entered the oil window 

during the Late Cretaceous, culminating with the basin critical moment of hydrocarbon generation 

at 71 Ma. Petroleum generation continued at very high rates through the Late Cretaceous and 
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Paleocene. The rate of generation sharply declined in the Eocene, when 99% of the total 

hydrocarbons had been generated. 

Thermal maturity of all source rocks generally increases towards the western fold and 

thrust belt, reflecting the increasing maximum depth of burial in the direction of the center of the 

foredeep. Triassic, Jurassic and Cretaceous source rocks are also more thermally mature in the 

southern than in the northern edge of the study area, due to the thicker accumulation of Paleogene 

sediments, most of which were subsequently eroded. Thus, paleo depth of burial is the main control 

on source rock maturity. Regional variations in heat flow exert subordinate control, as noted by 

other authors (Bustin, 1991; Pollack & Cercone, 1994), and kerogen type distribution may explain 

differences in hydrocarbon distributions. For instance, in the regions around the Altares and Inga 

fields in northeastern BC, the Doig is currently in the wet gas window (1.4 to 1.5 %Ro) due to 

higher paleo heat flow, as reflected by present heat flow in the range between 70 and 72 mW/m2, 

compared to surrounding areas of 62 to 66 mW/m2. Adjacent areas of lower heat flow are still in 

the oil window, despite having been subjected to similar depths of burial. Owing to the earlier 

onset of dry gas for kerogen Type III than Type II (Petersen, 2003), a higher proportion of Type 

III kerogen in the southwest may explain the sharp transition from wet to dry gas in this region. 

Although the Doig Formation is mature across the entire study area, along the eastern edge, 

where maximum burial depths were shallower, transformation ratios are very low and no 

significant amounts of hydrocarbons were thermally generated. This implies that the dry gas in 

this region is either derived from biogenic sources or migrated from downdip, as suggested by 

Desrocher (1997) and Kirste et al. (1997). Transformation ratios also help explain the regions of 

highest gas wetness ratios north of Fort St. John and northwest of Grande Prairie, which cannot be 

explained by thermal maturity alone. These areas of high gas wetness ratios coincide with 

transformation ratios of between 20 and 40% and heat flow lower than adjacent areas. In these 

areas, liquid petroleum expulsion may have also been enhanced by rapid burial rates, which favor 

the saturation of pore space with hydrocarbons and subsequent expulsion before longer 

hydrocarbon chains are cracked into methane (Bordenave et al., 1993). 

Approximately 15% of liquids and 50% of gas were retained in the source-rock or migrated 

into tight and conventional Doig reservoirs based on a comparison of the independently assessed 

in-place hydrocarbon volumes and the generated volumes predicted by the basin model. These 

results are close to those obtained by Ducros et al (2018), who suggested that almost half of the 
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hydrocarbon volume generated in the Doig is retained in the source. Migration pathways of more 

than 100 km towards the east, during the initial stages of generation also agree with results obtained 

by Ducros et al (2018), based on 2D basin modeling. Most accumulations sourced from the Doig 

are hosted in reservoirs of the Halfway, Charlie Lake, Baldonnel and Pardonet formations. Kirste 

et al. (1997) suggested the Triassic is a self-contained hydraulic unit, based on water and gas 

chemistry; and oils hosted in the Halfway, Charlie Lake and Doig Formation sandstones, all have 

biomarkers consistent with kerogen from the DPZ (Creaney & Allan, 1990; Riediger et al., 1990; 

Creaney et al., 1994). 

Using basin modeling as an independent method for predicting volumes retained in the 

source versus those migrated is unreliable, since the model requires adjustment of parameters that 

are poorly constrained and not well understood, such as diffusion coefficients, relative 

permeability and capillary pressures. Due to the strong adsorption by kerogen and the breakdown 

of hydrodynamics at the nanoscale of source rock pore systems Darcy law is not appropriate for 

simulating mass transport in source rocks (Falk et al., 2015). Instead, transport of hydrocarbon 

molecules may be dominated by diffusion, so that a diffusive migration option must be used in the 

simulation order to obtain realistic volumes of retained petroleum in the source.  

Diffusion is scale-dependent (Cui et al., 2009) and complex to characterize. Etminan et al. 

(2014) measured methane diffusion coefficients in shales on the order of 10-20 m2/s. According to 

Falk et al. (2015), longer alkanes, such as dodecane, may have diffusion coefficients up to two 

orders of magnitude lower than methane. Considering these values, the diffusion coefficient of 

1×10-22 m2/s used in the simulation, is not unreasonable; however, the sensitivity of petroleum 

migration to this single parameter poses a challenge to the reliability of basin models for the 

estimation of retained volumes. 

 

5.4.3 Model Uncertainty 

Organic thermal maturation depends on several parameters, of which temperature is one of 

the most sensitive (Hermanrud et al., 1990). The two parameters that are usually considered to 

influence temperature the most are the thermal boundary conditions and depth of burial. While 

some authors (Gallagher & Morrow, 1998) have argued that that basal heat flow is more important, 

others (Zwach, 1995; Shegg & Leu, 1998) favor erosion, and its impact on burial depth, as a more 

significant factor; however, whether heat flow or erosion is more important depends on the basin 
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and may vary even within the basin. Heat flow and erosion can also affect oil biodegradation and 

biogenic methane generation, which are not considered in this study. 

Present-day heat flow in the WCSB is relatively well constrained, although available maps 

(Bachu & Burwash, 1994; Tuya Terra Geo Corp & Geothermal Management Company, 2016) 

show considerable differences. Nonetheless, the variation of heat flow across the studied area is 

relatively small, and the absence of rifting events throughout the basin history suggests that heat 

flow variation through time would be minor. Subsurface fluid movement influence on paleo heat 

flow was also ruled out as a significant factor by Bachu & Cao (1992), who argued that aquifer 

convection is severely limited by permeability barriers. When considering erosion, there are 

multiple sources of evidence that vast sections of sediment were eroded due to uplifting associated 

with the Laramide Orogeny (Hacquebard, 1977; England & Bustin, 1986; Bustin, 1991; Zwach, 

1995; Ness, 2001; Higley et al., 2005). 

The non-uniqueness of basin modeling solutions means that the same degree of thermal 

maturity may be obtained with a lower amount of erosion and a higher heat flow; however, within 

geologically reasonable heat flow ranges, the observed degrees and gradients of thermal maturity 

cannot be achieved without eroded thicknesses in the order of several kilometers. There are other 

erosional events, such as the sub-Jurassic unconformity, which may have removed significant 

sedimentary sections (Poulton et al., 1994), potentially delaying the onset of thermal maturation 

and petroleum generation; however, the sensitivity of thermal maturation due to the uncertainty of 

older erosional events is relatively low, since they occurred too early to significantly influence 

maturation of most of the source-rocks in the area. The impact of paleo heat flow in thermal 

maturation also diminishes with geologic age, as the burial depth and temperature of source rocks 

were lower, and some may not even have been deposited. 

An important factor in determining thermal maturation, which is often overlooked, is the 

thermal conductivity of sediments, particularly that of thick eroded sections. The lithology used in 

the model represents the best available data, but it is still an upscaling that does not take into 

account local spatial and stratigraphic variations. More detailed mapping of Cretaceous and 

Paleogene facies, in particular, as well as calibrated compaction trends, may help mitigate this 

uncertainty. Thermal conductivity is also especially sensitive to organic content. 

A minor source of uncertainty is the SWIT, which is reasonably well constrained, 

especially throughout the Paleogene, when most of the maturation occurred. During this period the 
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basin was continental, and thus water depth has no influence in the SWIT. Sensitivity of 

depositional and erosional events age assignment was not assessed here, but uncertainty in the age 

of events affect the burial and exhumation rates, which affect heating and maturation rates. 

Calibration data also carry uncertainties, such as vitrine reflectance data, which can be affected by 

suppression and wellbore caving contamination (Wilkins et al., 1992; Carr, 2000), and borehole 

temperature measurements, which are difficult to correct to true temperatures.  

Kinetic models are generally not very robust, especially regarding secondary cracking 

(Waples, 1998). Furthermore, kinetic parameters for the Doig Formation were obtained by 

extrapolating trends from samples of varying degrees of maturity, rather than in immature samples. 

Finally, the model does not incorporate any faults, so migration rates and pathways are inadequate 

in representing the actual geological processes.  

 

5.5 CONCLUSIONS 

The basin model presented here is calibrated to the best available data and utilized values for 

unknown parameters within geologically reasonable boundaries. Through the reconstruction and 

backstripping of the basin in three dimensions, constraints on the timing of petroleum generation 

and migration for various source rocks are established, and generated hydrocarbon volumes are 

estimated. The model also describes the basin burial history, providing estimates for eroded strata, 

spatial and temporal variations in subsidence rates, allowing comparison with similar basins 

worldwide. 

The basin subsidence history is divisible into seven phases based on subsidence rates. During 

the Paleozoic passive margin stage net subsidence rates were low (between 3 and 6 m/Ma) and 

deposition was mostly restricted to the northern part of the basin. In the Triassic, after the collapse 

of the PRA, the PRE becomes the depocenter of the basin, and subsidence rates reach up to 15 

m/Ma. In the third phase, through the Jurassic and most of Early Cretaceous, subsidence rates were 

low, with significant erosion of Triassic strata. Towards the end of the Early Cretaceous, average 

subsidence rate accelerated initially to 90 m/Ma, then up to a maximum of 390 m/Ma by the end 

of the Late Cretaceous. Then throughout the Cenozoic, several kilometers of Upper Cretaceous 

and Paleogene strata were removed at average rates of 80 m/Ma. 

Thermal maturity of all source rocks increases from east to west towards the fold and thrust 

belt. Paleo depth of burial is the main control on source rock maturity, while regional variations in 
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heat flow have a secondary control. The Doig Formation is mature with respect to hydrocarbon 

generation across its entire extension; however, along the eastern edge, transformation ratios are 

very low and no significant amounts of hydrocarbons could have been thermally generated. The 

dry gas hosted in the Doig in this region is either biogenic or migrated from deeper portions of the 

basin. 

The onset of hydrocarbon generation in the study area was in the Pennsylvanian, when the 

Duvernay and Exshaw source rocks reached the oil window; however, slow subsidence rates from 

the Permian through Jurassic prevented these source rocks from generating significant quantities 

of petroleum until the end of the Early Cretaceous. Paleozoic source rocks reached peak oil during 

the Albian, followed by the Doig, which entered the oil window later in the Albian. Due to the 

drastic increase in subsidence rates towards the end of the Early Cretaceous, Jurassic and 

Cretaceous source rocks all entered the oil window during the Late Cretaceous. The basin critical 

moment of hydrocarbon generation occurred at 71 Ma. Petroleum generation rate declined sharply 

in the beginning of the Cenozoic, with the erosion of Upper Cretaceous and Paleogene strata, and 

by the Eocene, 99% of the total hydrocarbons had been generated.  

The Doig Formation is estimated to have generated a mass of 69,000 million metric tons of 

hydrocarbons, and to have a remaining generation potential of 14,000 million metric tons. 

Combining the volumes of petroleum generated from the basin model and an independent 

assessment of hydrocarbons in-place in the Doig, it is estimated that approximately 15% of liquids 

and 50% of the gas generated from the Doig were retained in the source-rock or migrated into tight 

and conventional Doig reservoirs. 

The use of basin modeling as an independent method for predicting volumes retained in the 

source-rock reservoir versus migrated is unreliable, since it requires the input of loosely 

constrained and poorly understood parameters for diffusion of generated hydrocarbons through 

kerogen. Simulated thermal maturity is most sensitive to the amount of post-Laramide erosion, 

followed by the thermal conductivity of the eroded sediments and Cenozoic heat flow. The 

influence of Mesozoic and Paleozoic heat flow, and SWIT on thermal maturity is very limited. 

The calibrated model is one representation of reality, among an infinite combination of parameters 

that could produce the same end result. Should more detailed or accurate data become available, 

the model must be revisited and all parameters reevaluated. 
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6. CONCLUSION 

6.1 OVERVIEW 

The goal of this research was to characterize the source-rock and reservoir properties of the 

Doig Formation and evaluate its potential as a self-contained petroleum system. A petroleum 

system analysis approach was used in this investigation, which consisted of characterizing the 

variation and mapping the distribution of various geological and petrophysical properties, 

estimating the total resources in-place, investigating the origin and significance of the apatite in 

the Doig Phosphate Zone (DPZ), and determining the thermal hydrocarbon generation history and 

volumes generated. Mapping included organic content and kerogen type, thermal maturity, gas 

composition, mineralogy, porosity, gas per unit area, adsorbed gas fraction, and liquid to gas ratio. 

Petrophysical properties characterized include porosity, pore size distribution, permeability, and 

methane adsorption capacity. 

 

6.2 KEY FINDINGS 

In this study, the upper Doig was decoupled from the Halfway Formation and the DPZ, 

providing greater insight into sedimentation patterns, such as highlighting two separate 

depocenters and a tectonically-influenced paleotopography in the DPZ, and a single depocenter 

with large-scale subsidence pattern in the upper Doig. Most of the Doig is in the early oil 

generation window, and the southwestern area is in the dry gas window. The region with the 

highest liquid yield, in the center of the subcrop area, is flanked on both sides by dry gas regions; 

this pattern suggests either preferential updip migration of thermogenic methane generated at 

greater depths to the west, or mixing with biogenic gas generated along the shallower eastern edge. 

The Doig has a fair to good source-rock generative potential, with kerogen Type II and III. The 

DPZ has higher total organic carbon (TOC), and a higher proportion of kerogen Type II than the 

upper Doig, and hence higher liquid potential. 

The Doig mineralogy is primarily composed of detrital quartz, diagenetic dolomite and 

calcite, in proportions that are highly variable spatially and stratigraphically. Clay content is low, 

and apatite is an important mineral in phosphorite beds found in the basal DPZ. Apatite occurs as 

intraclasts and coated grains, which are interpreted to be a result of various phases of 

phosphatization, exhumation, erosion, and reburial. Thus, phosphorite beds are records of 
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condensation due to low sedimentation rates and repeated reworking episodes, which facilitate 

phosphogenesis by allowing the buildup of phosphate in the pore water. The TOC is higher in the 

DPZ; however, organic matter is not correlated with apatite, and occurs in higher concentrations 

within mudstone beds, instead of in phosphorites. Organic matter also often occurs as solid 

bitumen disseminated within apatite intraclasts or concentrated around apatite grains. The trace 

elements Mo, Ni and V are correlated to TOC, and can be used as proxies for organic productivity 

and organic matter preservation in the Doig. 

The distributions of TOC, kerogen type and mineralogy in the Doig Formation suggest a 

fore-arc basin setting with a southwestern source of terrigenous sediment, and a connection to an 

open marine environment to the north. Porosity in the Doig ranges from 0.3 to 14.6%, and it is 

controlled by compaction on a regional scale, although mineralogy and diagenesis also play an 

important role. Matrix permeability ranges from 8×10-6 to 14 mD at in-situ stress conditions, and 

it is controlled primarily by pore throat size. Coarse siltstones have the highest porosities and 

permeabilities, due to their intergranular porosity enhanced by grain dissolution. Carbonate is 

detrimental to porosity and permeability, as it occurs mainly as cement. Total gas in-place ranges 

from 6.2 and 9.7 trillion m3 (220 and 342 Tcf), and the relative contribution of adsorbed and free 

gas varies significantly across the basin. 

The Doig Formation is mature with respect to hydrocarbon generation across its entire 

extension; however, along the eastern edge, transformation ratios are low and no significant 

amounts of hydrocarbons were generated. Paleo depth of burial is the main control on source rock 

maturity, while regional variations in heat flow have a secondary control. Paleozoic source rocks 

entered the oil generation window in the Pennsylvanian, but due to low subsidence rates from the 

Permian through Jurassic these source rocks did not generate significant quantities of petroleum 

until the end of the Early Cretaceous. Due to the drastic increase in subsidence rates during the 

foreland stage of the basin, the Doig also entered the oil window in the Early Cretaceous. Jurassic 

and Cretaceous source rocks in the study area, entered the oil window during the Late Cretaceous. 

During the Cenozoic, several kilometers of sediments were eroded. The Doig generated a total 

mass of 69,000 million metric tons of petroleum, out of which approximately 50% of the gas may 

have been retained in the source-rock or migrated into tight and conventional Doig reservoirs. 
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6.3 FUTURE RESEARCH 

This thesis further advances the understanding of the geology and the petrophysical 

properties of the Doig Formation, and its potential as a source-rock reservoir; however, several 

aspects could benefit from additional research in order to test hypotheses and reduce uncertainties. 

The main topics for future research, as well as suggested potential methods and techniques are 

highlighted below. 

In northeast British Columbia (BC), the base of the DPZ corresponds to the top of the Sunset 

Prairie Formation, which has a high gamma ray signature, but it becomes progressively less 

radioactive to the east. In Alberta, the base of the DPZ corresponds to the top of the Lower Doig 

Siltstone (LDS), a low gamma ray unit. Based on well log correlations, the Sunset Prairie 

Formation and the LDS may be at least partly equivalent. Further sedimentological work and 

biostratigraphy could help validate or reject this hypothesis. 

The hypothesis of a fore-arc basin setting during the Middle Triassic, with a southwestern 

paleo-high and open marine conditions to the north, is supported by the distributions of TOC, 

kerogen type and mineralogy. Geochronological, isotopic and geochemical analysis of heavy 

minerals could help clarify the relative contributions as sediment sources from the craton to the 

east, and a volcanic arc to the west. The location of the connection to open sea may be further 

resolved by micropaleontology. Although Triassic micropaleontology is challenging due to the 

two mass extinction events that bound this period, research with groups such as chraophytes, 

ostracods, conchostracans, and palynofossils may be possible. 

The diagenetic control on porosity and permeability is complex and not very well understood. 

Dolomitization and calcite cementation for example, generally occlude the pore space, but these 

phases are also associated with enhanced grain dissolution in high permeability siltstones and 

granular phosphorites. Albeit weak and unclear, the slightly negative correlation between TOC 

and porosity suggests that organic porosity from transformation of kerogen did not create 

significant pore volume; however, this hypothesis needs to be further investigated with scanning 

electron microscopy of kerogen at different degrees of thermal maturity. 

The main uncertainties in the estimated gas in-place in the Doig are effective porosity and 

water saturation. Effective porosity uncertainty could be narrowed down by detailed clay 

mineralogy studies that include cation exchange capacity. Another key uncertainty in the 

assessment of liquid hydrocarbons are the measurements of pyrolyzable hydrocarbons from Rock-
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Eval pyrolysis and water saturation on unpreserved core. Water saturation from well logs in 

source-rock and fine-grained reservoirs is highly empirical and problematic. Preserved core 

analyses are essential for more reliable measurements of water saturation, oil saturation and clay 

bound water. 

Further investigation into the different modes of occurrence of apatite in the DPZ, high-

resolution lithogeochemistry of single phosphorite beds, and detailed investigation of the coated 

grain truncations may help correlate sequence stratigraphic surfaces across, and elucidate the 

relationship of coated grain truncations with these sequence stratigraphic surfaces. Sulfur isotopes 

and further scanning electron microscopy of pyrite in the DPZ may be useful for distinguishing 

pyrite formed syngenetically with phosphatization and associated with bacterial sulfate reduction, 

versus diagenetic pyrite. This research concludes that phosphorite beds are not related to anoxia, 

and were instead deposited under more oxic conditions than the adjacent siltstone beds. Further 

geochemical work, such as U and Sr isotopic analysis and investigation of trace element ratios, are 

needed to validate this hypothesis. 

In basin modeling studies, emphasis is most often placed in heat flow and amount of erosion. 

This research shows that an important and often overlooked factor affecting simulated thermal 

maturation, is the thermal conductivity of sediments, particularly that of thick eroded sections. For 

basin modeling studies of source-rocks in the Western Canada Sedimentary Basin (WCSB), a more 

detailed mapping of Upper Cretaceous and Paleogene facies would increase model reliability and 

decrease uncertainty. A more robust kinetic model of the different types of kerogen in the Doig 

would also decrease the uncertainty in the timing and volume of petroleum generated. 
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APPENDIX A.1:  ROCK-EVAL PYROLYSIS - CORE
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Sample Depth S1 S2 S3 PC PI S2/S3 S1/TOC TOC  HI OI Tmax  Tmax  

 (m) (mg/g) (mg/g) (mg/g) (%)    (wt.%) (mg HC/g TOC) (mg CO2/g TOC) (°C) Quality 

AM1 1839.85 0.57 1.41 0.77 0.16 0.29 1.83 0.15 3.92 35 19 475 OK 

AM2 1836.70 0.42 0.44 0.52 0.07 0.49 0.85 0.23 1.82 23 28 463 OK 

AM3 1832.90 0.59 1.39 0.95 0.16 0.30 1.46 0.15 4.00 34 23 473 OK 

AM5 1842.10 0.42 1.03 0.93 0.12 0.29 1.11 0.14 3.10 33 29 476 poor 

AM6 1844.10 0.38 0.83 0.95 0.10 0.31 0.87 0.16 2.40 34 39 476 no good 

AM7 1846.50 0.46 1.73 0.89 0.18 0.21 1.94 0.11 4.27 40 20 484 OK 

AM8 1849.50 0.54 3.09 1.04 0.30 0.15 2.97 0.08 6.48 47 15 492 OK 

AM9 1852.00 0.33 0.74 0.98 0.09 0.31 0.76 0.12 2.76 26 35 469 OK 

AM10 1855.20 0.49 1.25 1.02 0.14 0.28 1.23 0.11 4.42 28 23 472 OK 

AM11 1858.50 0.28 0.60 0.59 0.07 0.32 1.02 0.12 2.25 26 26 468 OK 

AM12 1862.10 0.54 2.25 0.87 0.23 0.19 2.59 0.08 6.48 34 13 481 OK 

AM13 1864.90 0.32 0.20 0.46 0.04 0.62 0.43 0.27 1.17 17 39 452 poor 

AM14 1867.50 0.30 0.25 0.54 0.05 0.55 0.46 0.19 1.59 15 34 459 poor 

AA1 1660.00 1.42 1.09 0.34 0.21 0.57 3.21 0.93 1.53 71 22 464 no good 

AA2 1656.80 2.64 4.81 0.68 0.62 0.35 7.07 0.55 4.81 100 14 461 good 

AA3 1653.20 1.53 1.83 0.48 0.28 0.46 3.81 0.56 2.71 67 17 464 poor 

AA4 1653.00 4.34 6.75 0.62 0.92 0.39 10.89 0.70 6.16 109 10 461 OK 

AA5 1650.00 1.73 0.80 0.31 0.21 0.68 2.58 1.25 1.38 57 22 471 no good 

AA6 1646.60 3.09 4.91 0.46 0.66 0.39 10.67 0.62 4.95 99 9 462 OK 

AA7 1643.70 2.75 5.59 0.59 0.69 0.33 9.47 0.48 5.69 98 10 458 good 

AA8 1638.90 0.47 0.37 0.51 0.07 0.56 0.73 0.58 0.81 45 63 453 poor 

AA9 1636.70 1.05 0.63 0.42 0.14 0.63 1.50 0.94 1.12 55 37 460 poor 

AA10 1634.50 0.40 0.21 0.56 0.05 0.66 0.38 0.69 0.58 35 96 442 no good 

AA11 1632.20 1.64 1.59 0.46 0.27 0.51 3.46 0.84 1.95 81 23 451 no good 

AA12 1639.50 2.37 5.81 0.72 0.68 0.29 8.07 0.35 6.68 86 10 454 good 

AI1 1678.40 0.21 0.11 0.52 0.03 0.66 0.21 0.36 0.58 19 88 435 no good 

AI2 1673.80 0.29 0.09 0.41 0.03 0.76 0.22 0.63 0.46 18 87 452 no good 

AI3 1669.40 0.23 0.14 0.44 0.03 0.62 0.32 0.42 0.55 25 79 420 no good 

AI4 1665.10 0.12 0.06 0.52 0.01 0.67 0.12 0.26 0.46 12 113 430 no good 

AI5 1662.80 0.17 0.09 0.43 0.02 0.65 0.21 0.31 0.54 16 78 459 no good 

AS4 2942.60 0.33 0.02 0.40 0.03 0.94 0.05 0.80 0.41 5 97 326 no good 

AS18 2927.20 0.08 0.02 0.53 0.01 0.80 0.04 0.26 0.31 5 170 385 no good 

AS19 2928.30 0.19 0.02 0.38 0.02 0.90 0.05 0.61 0.31 7 120 418 no good 

AS20 2914.50 2.78 0.17 0.45 0.24 0.94 0.38 2.40 1.16 14 38 412 no good 

CB1 1344.80 0.95 6.11 0.26 0.59 0.13 23.50 0.49 1.92 317 13 444 best 

CB2 1341.70 1.22 2.99 0.47 0.35 0.29 6.36 1.03 1.18 252 39 438 good 

CB3 1336.30 1.26 2.07 0.36 0.28 0.38 5.75 1.01 1.25 165 28 441 good 

CB4 1334.10 1.10 0.78 0.45 0.16 0.59 1.73 2.16 0.51 153 88 431 OK 

CB5 1331.00 1.04 2.66 0.41 0.31 0.28 6.49 0.76 1.36 195 30 439 good 

CB6 1329.00 0.19 0.13 0.65 0.03 0.59 0.20 0.56 0.34 37 192 428 poor 

CB7 1327.60 0.31 0.19 0.63 0.04 0.62 0.30 0.94 0.33 55 190 443 OK 

CB8 1322.70 0.13 0.11 0.36 0.02 0.54 0.31 0.36 0.36 31 99 422 poor 

CD1 1047.70 1.37 3.33 0.29 0.39 0.29 11.48 0.80 1.72 193 17 443 excellent 

CD2 1046.80 0.22 0.25 0.50 0.04 0.47 0.50 0.67 0.33 75 150 431 no good 

CD3 1048.50 0.55 1.32 0.36 0.16 0.29 3.67 0.65 0.85 156 41 448 good 

CD4 1049.20 2.66 4.00 0.32 0.55 0.40 12.50 1.39 1.91 209 16 444 good 

CD5 1050.00 1.56 3.31 0.30 0.40 0.32 11.03 1.02 1.53 217 19 442 excellent 

CD6 1052.20 3.61 6.26 0.34 0.82 0.37 18.41 1.32 2.74 228 12 442 good 

CD7 1049.40 1.89 2.38 0.41 0.35 0.44 5.80 1.32 1.43 166 28 440 good 

CD8 1052.00 2.91 5.90 0.21 0.73 0.33 28.10 1.17 2.48 237 8 439 good 

CD9 1045.60 1.16 0.65 0.33 0.15 0.64 1.97 2.19 0.53 123 63 419 poor 

CD10 1058.80 1.26 3.65 0.33 0.41 0.26 11.06 0.85 1.49 245 22 441 excellent 

CD11 1053.30 1.34 8.80 0.20 0.84 0.13 44.00 0.45 2.95 298 6 445 best 

CD12 1052.80 1.01 6.97 0.43 0.66 0.13 16.21 0.42 2.42 287 17 444 best 

CD13 1054.50 1.50 5.53 0.39 0.58 0.21 14.18 0.88 1.70 325 22 411 no good 

CD14 1054.10 1.55 4.46 0.27 0.50 0.26 16.52 0.68 2.29 194 11 441 good 

CD15 1055.00 1.57 6.32 0.57 0.65 0.20 11.09 0.67 2.34 269 24 414 no good 

CD16 1063.10 1.52 2.02 0.33 0.29 0.43 6.12 1.62 0.94 215 35 436 OK 

CH1 1209.30 1.14 11.67 0.35 1.06 0.09 33.34 0.33 3.41 342 10 439 best 

CH2 1208.10 0.79 5.69 0.35 0.54 0.12 16.26 0.39 2.03 279 17 442 best 

CH3 1206.10 0.39 1.06 0.52 0.12 0.27 2.04 0.58 0.67 158 77 439 excellent 
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Sample Depth S1 S2 S3 PC PI S2/S3 S1/TOC TOC  HI OI Tmax  Tmax  

 (m) (mg/g) (mg/g) (mg/g) (%)    (wt.%) (mg HC/g TOC) (mg CO2/g TOC) (°C) Quality 

CH4 1203.60 0.04 0.03 0.56 0.01 0.57 0.05 0.12 0.33 9 167 413 no good 

CH5 1198.40 0.07 0.06 0.48 0.01 0.54 0.13 0.21 0.34 17 141 422 poor 

CH6 1196.80 0.05 0.04 0.63 0.01 0.56 0.06 0.12 0.42 10 150 321 no good 

CH7 1194.10 0.11 0.05 0.70 0.01 0.69 0.07 0.28 0.39 12 180 411 poor 

CP1 1851.50 1.43 1.21 0.38 0.22 0.54 3.18 1.79 0.80 151 47 438 OK 

CP2 1845.60 1.40 3.15 0.27 0.38 0.31 11.67 0.97 1.44 219 18 440 good 

CP3 1840.50 0.94 2.03 0.24 0.25 0.32 8.46 0.67 1.40 145 17 443 good 

CP4 1835.60 0.24 0.36 0.34 0.05 0.40 1.06 0.47 0.51 70 65 455 OK 

CP5 1831.70 1.74 3.13 0.27 0.40 0.36 11.59 0.94 1.86 168 14 444 good 

CP6 1829.40 2.41 9.46 0.34 0.99 0.20 27.82 0.56 4.32 218 7 443 excellent 

CP7 1823.00 1.68 4.48 0.20 0.51 0.27 22.40 0.80 2.11 212 9 442 good 

CP8 1821.30 1.77 12.37 0.51 1.17 0.13 24.25 0.33 5.42 228 9 444 best 

CS1 1610.80 3.52 5.28 0.45 0.73 0.40 11.73 0.65 5.44 97 8 454 good 

CS2 1607.60 1.36 1.15 0.44 0.21 0.54 2.61 0.94 1.45 79 29 448 poor 

CS3 1604.50 0.22 0.12 0.56 0.03 0.65 0.21 0.49 0.45 27 124 438 no good 

CS4 1601.40 0.41 0.34 0.35 0.06 0.55 0.97 0.63 0.65 53 54 461 no good 

CS5 1596.20 0.33 0.17 0.46 0.04 0.66 0.37 0.69 0.48 34 94 445 poor 

CS6 1594.30 0.66 0.45 0.37 0.09 0.59 1.22 0.77 0.86 52 43 448 poor 

CTP1 1572.90 8.22 15.79 0.26 1.99 0.34 60.73 1.61 5.09 310 5 438 good 

CTP2 1574.80 1.11 2.85 0.35 0.33 0.28 8.14 0.86 1.29 220 26 441 excellent 

CTP3 1580.40 1.25 1.56 0.30 0.23 0.44 5.20 1.74 0.72 215 41 431 OK 

CTP4 1583.70 0.21 0.14 0.59 0.03 0.60 0.24 0.43 0.49 29 122 435 poor 

CTP5 1584.20 0.25 0.30 0.58 0.05 0.45 0.52 0.42 0.60 49 96 442 OK 

CTP6 1585.20 0.58 1.18 0.62 0.15 0.33 1.90 0.46 1.26 93 49 443 good 

CTP7 1589.50 0.63 1.44 0.49 0.17 0.30 2.94 0.51 1.24 116 39 442 excellent 

CT1 958.90 2.48 4.42 0.31 0.57 0.36 14.26 0.79 3.15 140 9 449 excellent 

CT2 955.50 2.98 4.69 0.32 0.64 0.39 14.66 1.10 2.71 172 11 447 good 

CT3 950.30 1.02 1.51 0.32 0.21 0.40 4.72 0.94 1.09 137 28 444 good 

CT4 947.50 3.00 5.89 0.24 0.74 0.34 24.54 0.89 3.38 174 7 450 excellent 

CT5 944.40 2.74 2.55 0.17 0.44 0.52 15.00 1.79 1.53 166 11 446 OK 

CT6 943.10 2.77 3.71 0.27 0.54 0.43 13.74 1.19 2.33 159 11 446 good 

CZ1 1254.00 1.58 2.98 0.36 0.38 0.35 8.28 1.08 1.46 203 24 442 good 

CZ2 1250.90 1.88 5.34 0.17 0.60 0.26 31.41 0.73 2.59 205 6 444 good 

CZ3 1249.30 1.72 8.27 0.31 0.83 0.17 26.68 0.59 2.92 283 10 446 best 

CZ4 1247.00 1.32 3.91 0.26 0.43 0.25 15.04 0.83 1.60 244 15 444 excellent 

CZ5 1245.10 1.31 1.41 0.20 0.23 0.48 7.05 1.56 0.84 168 24 431 poor 

CZ6 1244.50 0.45 0.45 0.55 0.07 0.50 0.82 0.75 0.60 75 91 427 poor 

CZ7 1239.90 0.20 0.09 0.49 0.02 0.69 0.18 0.67 0.30 29 165 435 poor 

GG1 1962.20 0.02 0.03 0.41 0.00 0.40 0.07 0.08 0.24 12 173 374 no good 

GG2 1963.60 0.03 0.03 0.52 0.00 0.50 0.06 0.11 0.28 11 186 361 no good 

GG3 1965.80 0.06 0.05 0.59 0.01 0.55 0.08 0.21 0.29 17 202 335 no good 

GG4 1970.60 0.04 0.04 0.57 0.01 0.50 0.07 0.11 0.37 9 153 363 no good 

HE1 3096.70 1.72 0.38 0.43 0.17 0.82 0.88 1.15 1.49 25 29 367 no good 

HE2 3100.60 2.02 0.37 0.54 0.20 0.85 0.69 1.20 1.68 22 32 325 no good 

HE3 3104.80 2.27 0.48 0.48 0.23 0.83 1.00 1.03 2.21 21 21 331 no good 

HE4 3110.60 1.38 0.17 0.49 0.13 0.89 0.35 1.68 0.82 21 59 382 no good 

HE5 3112.80 1.73 0.29 0.57 0.17 0.86 0.51 1.27 1.36 21 42 376 no good 

HE6 3116.30 1.33 0.47 0.57 0.15 0.74 0.82 0.48 2.79 16 20 328 no good 

HE7 3119.80 1.67 0.46 0.42 0.18 0.78 1.10 0.63 2.65 17 15 327 no good 

HE8 3122.70 0.41 0.11 0.47 0.04 0.79 0.23 0.62 0.66 16 70 375 no good 

HE9 3129.90 1.35 0.21 0.39 0.13 0.87 0.54 1.26 1.07 19 36 331 no good 

HM1 1691.00 0.89 1.20 0.44 0.17 0.43 2.73 0.71 1.26 95 34 440 good 

HM2 1689.30 2.86 0.49 0.35 0.28 0.85 1.40 4.85 0.59 82 59 412 no good 

HM3 1684.70 1.58 1.04 0.64 0.22 0.60 1.63 1.61 0.98 105 64 430 poor 

MH1 2420.70 0.96 1.53 1.05 0.21 0.39 1.46 0.13 7.59 20 13 587 no good 

MH2 2420.20 1.92 0.44 0.55 0.20 0.81 0.80 0.98 1.95 22 28 420 no good 

MH3 2422.00 0.63 0.17 0.45 0.07 0.79 0.38 1.05 0.60 28 75 429 no good 

MH4 2421.50 1.12 0.85 0.99 0.16 0.57 0.86 0.24 4.58 18 21 582 no good 

MH5 2423.80 2.29 0.37 0.50 0.22 0.86 0.74 1.85 1.24 29 40 444 no good 

MH6 2423.10 4.20 0.99 0.44 0.43 0.81 2.25 1.60 2.62 37 16 319 no good 

MH7 2424.10 2.65 0.37 0.56 0.25 0.88 0.66 2.09 1.27 29 44 430 no good 
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Sample Depth S1 S2 S3 PC PI S2/S3 S1/TOC TOC  HI OI Tmax  Tmax  

 (m) (mg/g) (mg/g) (mg/g) (%)    (wt.%) (mg HC/g TOC) (mg CO2/g TOC) (°C) Quality 

MH8 2425.80 1.83 0.27 0.41 0.17 0.87 0.66 1.89 0.97 28 41 423 no good 

MH9 2427.20 1.74 0.27 0.54 0.17 0.87 0.50 1.49 1.17 22 45 427 no good 

NK1 2204.60 0.86 0.62 0.46 0.12 0.58 1.35 0.65 1.32 46 34 454 OK 

NK2 2203.90 0.88 0.59 0.32 0.12 0.60 1.84 0.83 1.06 56 30 458 poor 

NK3 2199.40 1.72 1.05 0.20 0.23 0.62 5.25 1.17 1.47 71 13 446 no good 

NK4 2196.40 0.94 0.53 0.33 0.12 0.64 1.61 1.02 0.92 58 35 438 no good 

NK5 2194.90 0.93 0.70 0.25 0.14 0.57 2.80 0.96 0.97 72 25 442 no good 

NK6 2191.90 1.25 1.39 0.41 0.22 0.47 3.39 0.61 2.04 68 20 452 good 

NK7 2190.10 0.98 1.03 0.34 0.17 0.49 3.03 0.74 1.33 77 25 444 OK 

RD1 2182.60 0.05 0.07 0.49 0.01 0.42 0.14 0.13 0.39 18 127 427 poor 

RD2 2184.30 0.04 0.03 0.49 0.01 0.57 0.06 0.12 0.34 8 143 375 no good 

RD3 2189.20 0.10 0.11 0.48 0.02 0.48 0.23 0.30 0.33 34 147 417 poor 

RD4 2194.80 0.20 0.15 0.44 0.03 0.57 0.34 0.51 0.39 39 111 426 poor 

SS3 2066.20 2.76 1.56 0.48 0.36 0.64 3.25 1.46 1.89 82 25 440 no good 

SS4 2064.10 2.99 4.02 0.72 0.58 0.43 5.58 0.64 4.66 86 15 461 good 

SS5 2061.30 1.11 0.76 0.32 0.16 0.59 2.38 0.99 1.12 67 28 443 no good 

SS6 2058.30 1.59 1.51 0.45 0.26 0.51 3.36 0.79 2.01 75 22 461 OK 

SS7 2056.00 3.54 4.69 0.36 0.68 0.43 13.03 0.62 5.72 81 6 459 good 

SS8 2054.00 1.75 2.44 0.36 0.35 0.42 6.78 0.62 2.84 85 12 458 OK 

SS9 2050.70 1.45 0.80 0.31 0.19 0.64 2.58 1.15 1.26 63 24 442 no good 

SS10 2048.60 1.42 0.75 0.50 0.18 0.65 1.50 1.18 1.20 62 41 445 no good 

SS11 2045.10 1.07 0.97 0.25 0.17 0.52 3.88 0.77 1.39 69 17 453 poor 

TB1 1311.20 0.74 0.45 0.26 0.10 0.62 1.73 0.85 0.87 51 29 452 poor 

TB2 1306.40 0.56 0.37 0.44 0.08 0.60 0.84 0.93 0.60 61 72 459 poor 

TG1 2618.90 0.36 0.12 0.65 0.04 0.75 0.18 0.46 0.78 15 83 383 no good 

TG2 2615.30 0.70 0.23 0.57 0.08 0.75 0.40 0.60 1.17 19 48 321 no good 

TG3 2614.00 0.25 0.05 0.47 0.02 0.83 0.11 0.66 0.38 13 122 419 no good 

TG4 2612.50 0.39 0.15 0.70 0.04 0.72 0.21 0.37 1.05 13 66 520 no good 

TG5 2611.40 0.70 0.40 0.46 0.09 0.64 0.87 0.34 2.07 19 22 473 no good 

TG6 2584.10 0.09 0.02 0.38 0.01 0.82 0.05 0.36 0.25 8 151 360 no good 

TG7 2582.60 0.03 0.02 0.58 0.00 0.60 0.03 0.09 0.35 4 166 364 no good 

TG8 2579.10 0.13 0.03 0.64 0.01 0.81 0.05 0.34 0.38 7 167 419 no good 

TG9 2575.60 0.06 0.02 0.55 0.01 0.75 0.04 0.19 0.31 6 179 417 poor 

TG10 2571.50 0.08 0.02 0.60 0.01 0.80 0.03 0.31 0.26 8 233 421 no good 

TG11 2568.80 0.09 0.03 0.35 0.01 0.75 0.09 0.33 0.27 9 128 419 poor 

TG12 2561.80 0.07 0.02 0.46 0.01 0.78 0.04 0.23 0.31 6 147 420 poor 

TG13 2558.40 0.10 0.02 0.47 0.01 0.83 0.04 0.40 0.25 7 189 413 no good 

TG14 2554.50 0.54 0.34 0.63 0.07 0.61 0.54 0.64 0.84 40 74 439 no good 

TG15 2551.00 1.03 0.69 0.52 0.14 0.60 1.33 0.36 2.87 24 18 479 no good 

TG16 2547.30 0.12 0.05 0.53 0.01 0.71 0.09 0.33 0.36 12 147 421 poor 

TG17 2543.60 0.08 0.02 0.50 0.01 0.80 0.04 0.29 0.28 6 181 416 no good 

TG18 2542.20 0.32 0.08 0.55 0.03 0.80 0.15 0.60 0.53 14 103 439 no good 

TG19 2539.60 0.10 0.03 0.46 0.01 0.77 0.07 0.33 0.30 9 152 418 no good 
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APPENDIX A.2:  ROCK-EVAL PYROLYSIS - CUTTINGS
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Sample Depth S1 S2 S3 PC PI S2/S3 S1/TOC TOC  HI OI Tmax  Tmax  

 (m) (mg/g) (mg/g) (mg/g) (%)    (wt.%) (mg HC/g TOC) (mg CO2/g TOC) (°C) Quality 

AA1555 1555 2.08 1.26 0.54 0.28 0.62 2.33 2.19 0.95 132 57 436 poor 

AA1565 1565 2.03 1.21 0.47 0.27 0.63 2.57 2.07 0.98 122 48 434 poor 

AA1575 1575 2.67 1.13 0.43 0.32 0.70 2.63 2.84 0.94 120 45 434 poor 

AA1585 1585 4.45 1.62 0.57 0.50 0.73 2.84 3.84 1.16 139 49 437 poor 

AA1595 1595 5.16 1.88 0.49 0.58 0.73 3.84 3.04 1.7 110 28 439 poor 

AA1605 1605 10.76 2.83 0.51 1.13 0.79 5.55 4.14 2.6 108 19 442 poor 

AA1615 1615 12.85 3.56 0.50 1.36 0.78 7.12 3.68 3.49 101 14 446 poor 

AA1625 1625 18.05 4.59 0.62 1.88 0.80 7.40 4.23 4.27 107 14 445 poor 

AA1635 1635 9.14 2.80 0.58 0.99 0.77 4.83 3.89 2.35 118 24 443 poor 

AA1645 1645 10.50 3.42 0.46 1.16 0.75 7.43 3.28 3.2 106 14 449 poor 

AI1660 1660 0.33 0.55 0.56 0.07 0.38 0.98 0.45 0.74 73 75 422 no good 

AI1670 1670 0.58 1.26 0.58 0.15 0.32 2.17 0.63 0.92 137 63 431 OK 

AI1680 1680 0.42 1.17 0.74 0.13 0.26 1.58 0.40 1.04 113 71 434 OK 

AI1690 1690 0.92 1.39 0.51 0.19 0.40 2.73 0.54 1.69 82 30 441 poor 

AI1700 1700 1.31 1.53 0.54 0.24 0.46 2.83 0.68 1.94 78 27 459 poor 

AI1710 1710 1.24 1.65 0.65 0.24 0.43 2.54 0.63 1.96 84 33 448 poor 

AI1720 1720 1.46 2.04 0.57 0.29 0.42 3.58 0.53 2.78 73 20 456 OK 

AI1730 1730 1.19 1.93 0.54 0.26 0.38 3.57 0.47 2.53 76 21 457 OK 

AI1740 1740 1.65 3.32 0.51 0.41 0.33 6.51 0.45 3.68 90 13 461 OK 

AM1630 1630 0.07 0.23 0.41 0.02 0.23 0.56 0.15 0.48 47 84 446 OK 

AM1640 1640 0.07 0.24 0.48 0.03 0.23 0.50 0.18 0.38 62 126 452 OK 

AM1650 1650 0.06 0.24 0.42 0.02 0.20 0.57 0.15 0.39 62 107 449 good 

AM1660 1660 0.05 0.20 0.44 0.02 0.20 0.45 0.17 0.3 65 147 447 poor 

AM1670 1670 0.07 0.22 0.50 0.02 0.24 0.44 0.15 0.48 45 104 447 poor 

AM1680 1680 0.08 0.26 0.53 0.03 0.24 0.49 0.11 0.7 37 75 444 poor 

AM1690 1690 0.13 0.36 0.51 0.04 0.27 0.71 0.19 0.67 54 76 455 good 

AM1700 1700 0.15 0.30 0.57 0.04 0.33 0.53 0.28 0.54 55 105 449 OK 

AM1710 1710 0.14 0.29 0.59 0.04 0.33 0.49 0.24 0.58 50 101 451 OK 

AM1720 1720 0.13 0.46 0.57 0.05 0.22 0.81 0.15 0.88 52 64 440 good 

AM1730 1730 0.07 0.22 0.46 0.02 0.24 0.48 0.12 0.57 38 80 445 no good 

AM1740 1740 0.17 0.33 0.50 0.04 0.34 0.66 0.27 0.63 52 78 452 OK 

AM1750 1750 0.20 0.41 0.67 0.05 0.33 0.61 0.27 0.74 54 90 449 OK 

AM1760 1760 0.31 0.56 0.53 0.07 0.36 1.06 0.22 1.41 39 37 456 OK 

AM1770 1770 0.28 0.63 0.77 0.08 0.31 0.82 0.19 1.45 43 53 455 OK 

AM1780 1780 0.23 0.49 0.37 0.06 0.32 1.32 0.19 1.21 40 30 453 OK 

AM1790 1790 0.11 0.35 0.58 0.04 0.24 0.60 0.12 0.89 39 64 449 good 

AM1800 1800 0.18 0.36 0.55 0.04 0.33 0.65 0.20 0.88 41 62 451 OK 

AM1810 1810 0.17 0.52 0.45 0.06 0.25 1.16 0.12 1.4 36 32 458 good 

AM1820 1820 0.24 0.86 0.53 0.09 0.22 1.62 0.09 2.58 33 20 460 good 

AM1830 1830 0.16 0.46 0.60 0.05 0.26 0.77 0.11 1.43 32 41 461 good 

AM1840 1840 0.07 0.26 0.75 0.03 0.21 0.35 0.03 2.15 11 35 516 no good 

AM1850 1850 0.29 1.42 0.59 0.14 0.17 2.41 0.07 4.25 33 13 477 OK 

AM1860 1860 0.25 1.63 0.66 0.16 0.13 2.47 0.04 6.18 26 10 475 OK 

AM1870 1870 0.42 2.56 0.53 0.25 0.14 4.83 0.06 6.96 36 7 487 no good 

AM1880 1880 0.10 0.55 0.76 0.05 0.15 0.72 0.03 3.87 14 19 614 OK 

AM1890 1890 0.17 1.30 0.91 0.12 0.12 1.43 0.03 6.4 20 14 596 OK 

AS2905 2905 2.15 0.71 0.56 0.24 0.75 1.27 3.58 0.6 118 92 444 no good 

AS2915 2915 2.10 0.66 0.60 0.23 0.76 1.10 2.96 0.71 93 84 441 no good 

AS2925 2925 2.03 1.31 0.50 0.28 0.61 2.62 1.92 1.06 123 47 439 poor 

AS2935 2935 1.92 1.04 0.63 0.25 0.65 1.65 2.43 0.79 131 79 438 poor 

AS2945 2945 0.68 0.63 0.57 0.11 0.52 1.11 1.26 0.54 116 105 435 poor 

AS2955 2955 17.03 2.21 0.55 1.60 0.89 4.02 5.77 2.95 74 18 432 no good 

AS2965 2965 9.69 1.83 0.73 0.96 0.84 2.51 4.07 2.38 76 30 435 no good 

AS2975 2975 15.17 2.11 0.86 1.43 0.88 2.45 4.83 3.14 67 27 426 no good 

AS2985 2985 14.55 2.16 0.69 1.39 0.87 3.13 5.14 2.83 76 24 430 no good 

AS2995 2995 19.19 2.75 0.77 1.82 0.87 3.57 5.35 3.59 76 21 430 no good 

AS3005 3005 14.14 2.35 0.80 1.37 0.86 2.94 4.34 3.26 72 24 429 no good 

AS3015 3015 29.13 2.69 0.84 2.64 0.92 3.20 5.79 5.03 53 16 435 no good 

AS3025 3025 24.82 3.08 0.67 2.32 0.89 4.60 4.35 5.71 54 11 435 no good 

CB1330 1330 0.29 2.38 0.87 0.22 0.11 2.74 0.19 1.5 158 58 439 excellent 

CB1340 1340 0.66 3.40 0.42 0.34 0.16 8.10 0.46 1.45 234 29 439 good 
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Sample Depth S1 S2 S3 PC PI S2/S3 S1/TOC TOC  HI OI Tmax  Tmax  

 (m) (mg/g) (mg/g) (mg/g) (%)    (wt.%) (mg HC/g TOC) (mg CO2/g TOC) (°C) Quality 

CB1350 1350 0.35 6.53 0.37 0.57 0.05 17.65 0.16 2.24 291 16 445 excellent 

CB1360 1360 0.56 7.25 0.36 0.65 0.07 20.14 0.19 2.99 242 12 441 excellent 

CB1370 1370 1.48 5.36 0.25 0.57 0.22 21.44 0.69 2.13 251 11 441 good 

CD1045 1045 0.38 1.88 0.36 0.19 0.17 5.22 0.30 1.25 151 29 435 good 

CD1050 1050 0.43 2.79 0.48 0.27 0.13 5.81 0.26 1.64 170 29 440 good 

CD1055 1055 0.59 4.24 0.57 0.40 0.12 7.44 0.27 2.22 191 25 440 good 

CG2060 2060 8.35 1.64 0.60 0.83 0.84 2.73 5.88 1.42 115 42 442 no good 

CG2070 2070 4.16 0.91 0.60 0.42 0.82 1.52 4.24 0.98 92 61 437 no good 

CG2080 2080 4.12 1.10 0.57 0.43 0.79 1.93 4.48 0.92 119 61 438 no good 

CG2090 2090 6.99 1.56 0.83 0.71 0.82 1.88 3.15 2.22 70 37 435 no good 

CG2100 2100 16.16 2.28 0.57 1.53 0.88 4.00 4.70 3.44 66 16 440 no good 

CG2110 2110 8.15 1.30 0.54 0.78 0.86 2.41 4.50 1.81 71 29 440 no good 

CG2120 2120 11.84 1.79 0.57 1.13 0.87 3.14 6.13 1.93 92 29 440 no good 

CG2130 2130 18.20 2.31 0.72 1.70 0.89 3.21 6.15 2.96 78 24 449 no good 

CG2140 2140 14.73 2.28 0.70 1.41 0.87 3.26 5.28 2.79 81 24 445 no good 

CG2150 2150 23.85 2.77 0.73 2.21 0.90 3.79 5.46 4.37 63 16 445 no good 

CG2160 2160 35.77 4.10 0.96 3.31 0.90 4.27 4.91 7.28 56 13 446 no good 

CG2170 2170 25.83 3.46 0.72 2.43 0.88 4.81 4.27 6.05 57 11 442 no good 

CG2180 2180 26.48 4.19 0.61 2.55 0.86 6.87 3.95 6.71 62 9 444 no good 

CH1200 1200 0.76 5.24 1.76 0.50 0.13 2.98 0.30 2.54 206 69 434 best 

CH1210 1210 0.85 7.16 1.06 0.66 0.11 6.75 0.31 2.74 260 38 434 excellent 

CH1220 1220 1.33 6.33 0.40 0.64 0.17 15.83 0.60 2.2 287 18 438 best 

CH1230 1230 0.73 2.28 0.50 0.25 0.24 4.56 0.74 0.98 233 51 438 best 

CS1555 1555 0.17 0.44 0.46 0.05 0.28 0.96 0.40 0.43 101 107 442 OK 

CS1565 1565 0.26 0.92 0.66 0.10 0.22 1.39 0.33 0.79 115 83 439 good 

CS1575 1575 0.38 0.94 0.64 0.11 0.29 1.47 0.40 0.94 100 67 441 good 

CS1585 1585 0.52 0.94 0.56 0.12 0.36 1.68 0.58 0.9 104 62 437 OK 

CS1595 1595 0.57 1.59 0.78 0.18 0.26 2.04 0.48 1.19 132 65 437 good 

CS1605 1605 0.92 2.13 0.75 0.25 0.30 2.84 0.65 1.42 150 53 437 good 

CS1615 1615 1.30 2.24 0.71 0.29 0.37 3.15 0.63 2.06 108 34 446 OK 

CT965 965 17.75 6.33 0.31 2.00 0.74 20.42 3.96 4.48 141 6 448 poor 

CT970 970 12.78 5.84 0.30 1.55 0.69 19.47 3.11 4.11 142 7 449 OK 

CTP1580 1580 0.56 4.35 0.46 0.41 0.11 9.46 0.29 1.94 223 23 436 excellent 

CTP1582 1582 0.65 5.03 0.48 0.47 0.11 10.48 0.31 2.07 242 23 433 excellent 

CTP1595 1595 0.77 5.29 0.51 0.50 0.13 10.37 0.36 2.11 251 24 438 excellent 

CTP1600 1600 0.58 4.03 0.57 0.38 0.13 7.07 0.29 1.97 204 29 433 excellent 

CTP1605 1605 0.57 2.50 0.54 0.25 0.19 4.63 0.46 1.25 200 43 434 excellent 

CZ1260 1260 0.64 4.93 0.55 0.46 0.11 8.96 0.27 2.37 207 23 442 excellent 

CZ1270 1270 0.55 3.56 0.76 0.34 0.13 4.68 0.31 1.8 197 42 438 good 

GG1975 1975 0.55 2.29 0.25 0.24 0.19 9.16 0.44 1.26 181 20 443 excellent 

GG1985 1985 0.58 3.49 0.58 0.34 0.14 6.02 0.35 1.68 207 34 442 excellent 

GG1995 1995 0.96 6.45 0.33 0.62 0.13 19.55 0.35 2.73 236 12 443 best 

GG2005 2005 0.59 3.70 0.43 0.36 0.14 8.60 0.27 2.21 167 19 442 excellent 

HE3030 3030 7.05 1.43 0.45 0.70 0.83 3.18 2.94 2.4 59 18 437 no good 

HE3040 3040 5.28 1.19 0.52 0.54 0.82 2.29 2.51 2.1 56 24 427 no good 

HE3050 3050 10.53 1.72 0.74 1.02 0.86 2.32 3.24 3.25 53 22 437 no good 

HE3060 3060 7.29 1.51 0.67 0.73 0.83 2.25 2.65 2.75 54 24 417 no good 

HE3070 3070 5.48 1.35 0.63 0.57 0.80 2.14 2.87 1.91 70 32 444 poor 

HE3080 3080 6.50 1.37 0.53 0.65 0.83 2.58 3.78 1.72 79 30 429 no good 

HE3090 3090 3.24 1.12 0.49 0.36 0.74 2.29 2.33 1.39 80 35 430 no good 

HE3100 3100 2.03 1.41 0.84 0.29 0.59 1.68 1.15 1.77 79 47 434 poor 

HE3110 3110 4.52 1.04 0.52 0.46 0.81 2.00 2.19 2.06 50 25 328 no good 

HE3120 3120 2.97 0.80 0.42 0.31 0.79 1.90 1.87 1.59 50 26 420 no good 

HE3130 3130 5.96 1.74 0.45 0.64 0.77 3.87 3.09 1.93 89 23 433 poor 

HE3140 3140 7.15 1.60 0.39 0.73 0.82 4.10 2.74 2.61 61 14 430 no good 

HM1640 1640 0.41 0.89 0.60 0.11 0.32 1.48 0.43 0.95 92 62 453 OK 

HM1650 1650 0.25 0.67 0.64 0.08 0.27 1.05 0.38 0.65 103 99 448 OK 

HM1660 1660 0.16 0.59 0.57 0.06 0.21 1.04 0.18 0.91 65 62 452 OK 

HM1670 1670 0.37 0.93 0.94 0.11 0.28 0.99 0.38 0.97 96 97 452 poor 

HM1680 1680 0.36 0.91 0.55 0.11 0.28 1.65 0.42 0.85 106 64 439 poor 

HM1690 1690 0.48 1.88 1.07 0.20 0.20 1.76 0.38 1.28 146 83 434 excellent 
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Sample Depth S1 S2 S3 PC PI S2/S3 S1/TOC TOC  HI OI Tmax  Tmax  

 (m) (mg/g) (mg/g) (mg/g) (%)    (wt.%) (mg HC/g TOC) (mg CO2/g TOC) (°C) Quality 

HM1700 1700 0.20 2.04 0.64 0.19 0.09 3.19 0.14 1.4 145 45 440 best 

HM1710 1710 0.18 1.59 0.69 0.15 0.10 2.30 0.12 1.45 109 47 441 best 

HM1720 1720 0.53 2.74 0.55 0.27 0.16 4.98 0.31 1.73 158 32 444 best 

MH2340 2340 11.52 1.78 0.54 1.10 0.87 3.30 6.23 1.85 96 29 432 no good 

MH2350 2350 2.07 0.93 0.54 0.25 0.69 1.72 2.33 0.89 104 60 427 poor 

MH2360 2360 1.82 1.14 0.45 0.25 0.61 2.53 2.17 0.84 135 54 430 poor 

MH2370 2370 4.25 1.34 0.43 0.46 0.76 3.12 2.80 1.52 88 28 425 poor 

MH2380 2380 13.16 1.69 0.61 1.23 0.89 2.77 5.33 2.47 68 24 426 no good 

MH2390 2390 9.68 1.92 0.70 0.96 0.83 2.74 3.47 2.79 68 25 427 no good 

MH2400 2400 9.75 1.78 0.54 0.96 0.85 3.30 3.98 2.45 72 21 426 no good 

MH2410 2410 11.49 1.92 0.50 1.11 0.86 3.84 4.09 2.81 68 17 430 no good 

MH2420 2420 10.90 1.51 0.41 1.03 0.88 3.68 4.82 2.26 67 17 429 no good 

NK2170 2170 0.68 2.57 0.62 0.27 0.21 4.15 0.41 1.66 154 37 440 OK 

NK2180 2180 0.71 1.81 0.62 0.21 0.28 2.92 0.39 1.84 98 33 446 OK 

NK2190 2190 0.82 1.90 0.63 0.23 0.30 3.02 0.43 1.9 99 33 447 OK 

NK2210 2210 0.93 2.56 0.52 0.29 0.27 4.92 0.52 1.78 143 28 442 good 

NK2220 2220 0.94 2.20 0.30 0.26 0.30 7.33 0.50 1.87 117 15 448 good 

NK2230 2230 1.03 2.35 0.68 0.28 0.30 3.46 0.41 2.52 93 27 444 OK 

NK2240 2240 1.00 2.32 0.38 0.28 0.30 6.11 0.40 2.52 92 15 452 good 

NK2250 2250 0.83 1.59 0.50 0.20 0.34 3.18 0.48 1.74 91 28 452 good 

PA2105 2105 1.79 4.25 1.66 0.50 0.30 2.56 0.92 1.95 217 84 330 no good 

PA2115 2115 2.64 6.45 2.25 0.75 0.29 2.87 1.13 2.34 275 96 332 no good 

PA2125 2125 2.91 7.59 3.17 0.87 0.28 2.39 0.95 3.05 248 104 332 no good 

PA2135 2135 0.56 1.32 0.88 0.16 0.30 1.50 0.49 1.14 116 77 457 poor 

PA2145 2145 1.56 4.44 2.50 0.50 0.26 1.78 0.48 3.26 136 76 332 no good 

PA2155 2155 0.91 4.41 2.10 0.44 0.17 2.10 0.44 2.06 213 101 348 no good 

PA2165 2165 8.52 21.00 8.20 2.45 0.29 2.56 1.23 6.92 303 118 332 no good 

PA2175 2175 1.22 3.16 1.64 0.36 0.28 1.93 0.97 1.26 250 129 330 no good 

PA2185 2185 4.93 11.93 4.05 1.40 0.29 2.95 1.26 3.9 305 103 333 no good 

PA2195 2195 1.60 4.49 2.10 0.51 0.26 2.14 0.80 2 223 104 331 no good 

PA2205 2205 1.16 3.14 1.90 0.36 0.27 1.65 0.57 2.05 153 92 329 no good 

PA2215 2215 0.58 1.54 1.08 0.18 0.27 1.43 0.44 1.32 116 81 331 no good 

PA2225 2225 0.56 1.17 0.90 0.14 0.32 1.30 0.62 0.9 128 100 330 no good 

PA2235 2235 0.65 1.65 1.19 0.19 0.28 1.39 0.45 1.44 114 82 328 no good 

PA2245 2245 1.04 2.61 0.79 0.30 0.28 3.30 0.17 6.16 42 12 490 OK 

PA2255 2255 0.77 2.29 1.12 0.25 0.25 2.04 0.25 3.06 74 36 487 poor 

PA2265 2265 0.82 2.21 0.39 0.25 0.27 5.67 0.13 6.2 35 6 488 good 

PA2275 2275 0.65 1.62 1.07 0.19 0.29 1.51 0.20 3.19 50 33 474 OK 

PA2285 2285 0.66 1.18 0.82 0.15 0.36 1.44 0.24 2.76 42 29 474 OK 

PA2295 2295 0.87 2.15 1.49 0.25 0.29 1.44 0.28 3.11 69 48 475 poor 

PA2305 2305 0.85 2.20 1.13 0.25 0.28 1.95 0.24 3.57 61 31 484 poor 

PA2315 2315 0.87 1.01 1.02 0.16 0.46 0.99 0.61 1.43 70 70 437 no good 

PA2325 2325 0.65 1.05 0.89 0.14 0.38 1.18 0.33 1.97 53 45 465 poor 

PA2335 2335 0.62 1.14 0.84 0.15 0.35 1.36 0.19 3.19 35 26 458 poor 

PA2345 2345 0.50 0.72 0.33 0.10 0.41 2.18 0.21 2.41 29 13 458 poor 

PA2355 2355 0.35 0.45 0.36 0.07 0.44 1.25 0.27 1.32 34 26 452 poor 

PA2365 2365 0.29 0.38 0.38 0.06 0.43 1.00 0.27 1.06 36 35 450 poor 

PA2375 2375 0.43 0.59 0.46 0.08 0.42 1.28 0.22 1.97 29 23 458 poor 

PA2385 2385 0.35 0.60 0.44 0.08 0.37 1.36 0.16 2.16 28 20 457 poor 

PA2395 2395 0.47 1.03 0.36 0.12 0.31 2.86 0.13 3.52 29 10 465 OK 

PA2405 2405 0.47 1.07 0.56 0.13 0.31 1.91 0.13 3.67 29 15 465 OK 

PA2415 2415 0.33 0.56 0.56 0.07 0.37 1.00 0.16 2.04 27 27 454 poor 

PA2425 2425 0.23 0.46 0.60 0.06 0.33 0.77 0.17 1.34 34 44 457 poor 

PA2435 2435 0.29 0.41 0.58 0.06 0.41 0.71 0.26 1.13 36 51 448 no good 

PA2445 2445 0.40 0.60 0.48 0.08 0.40 1.25 0.26 1.52 39 31 439 no good 

PA2455 2455 0.42 0.67 0.60 0.09 0.39 1.12 0.28 1.48 45 40 446 no good 

PA2465 2465 0.35 0.47 0.41 0.07 0.43 1.15 0.24 1.48 31 27 444 no good 

PA2475 2475 0.24 0.40 0.43 0.05 0.38 0.93 0.15 1.65 24 26 456 poor 

PA2485 2485 0.20 0.41 0.29 0.05 0.33 1.41 0.12 1.64 24 17 457 poor 

PA2495 2495 0.23 0.45 0.32 0.06 0.34 1.41 0.13 1.82 24 17 459 poor 

PA2505 2505 0.22 0.36 0.50 0.05 0.38 0.72 0.15 1.51 23 33 457 poor 
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Sample Depth S1 S2 S3 PC PI S2/S3 S1/TOC TOC  HI OI Tmax  Tmax  

 (m) (mg/g) (mg/g) (mg/g) (%)    (wt.%) (mg HC/g TOC) (mg CO2/g TOC) (°C) Quality 

PA2515 2515 0.21 0.37 0.47 0.05 0.36 0.79 0.15 1.42 26 32 451 no good 

PA2525 2525 0.22 0.42 0.35 0.05 0.34 1.20 0.15 1.48 28 23 450 no good 

PA2535 2535 0.21 0.43 0.57 0.05 0.33 0.75 0.15 1.39 30 40 420 no good 

PA2545 2545 0.24 0.46 0.48 0.06 0.34 0.96 0.17 1.43 32 33 390 no good 

PA2555 2555 0.50 0.82 0.53 0.11 0.38 1.55 0.29 1.7 48 31 414 no good 

PA2565 2565 0.24 0.63 0.39 0.07 0.28 1.62 0.11 2.28 27 17 390 no good 

PA2575 2575 0.22 0.67 0.58 0.07 0.25 1.16 0.09 2.57 25 22 401 no good 

PG1805 1805 0.52 0.56 0.48 0.09 0.48 1.17 0.40 1.3 43 36 454 poor 

PG1815 1815 0.25 0.47 0.78 0.06 0.35 0.60 0.24 1.03 45 75 453 poor 

PG1825 1825 0.33 0.49 0.31 0.07 0.40 1.58 0.32 1.04 47 30 447 poor 

PG1835 1835 0.15 0.30 0.44 0.04 0.33 0.68 0.15 1.02 29 42 448 poor 

PG1845 1845 0.17 0.41 0.62 0.05 0.29 0.66 0.10 1.75 23 35 456 OK 

PG1855 1855 0.20 0.56 0.60 0.06 0.26 0.93 0.09 2.32 23 25 464 no good 

PG1865 1865 0.28 0.89 0.62 0.10 0.24 1.44 0.07 3.85 23 16 473 no good 

PG1875 1875 0.21 0.87 0.48 0.09 0.19 1.81 0.06 3.32 26 14 467 no good 

PJ2055 2055 0.07 0.24 0.68 0.03 0.23 0.35 0.15 0.47 51 145 403 no good 

PJ2065 2065 0.07 0.23 0.72 0.02 0.23 0.32 0.11 0.61 37 118 395 no good 

PJ2075 2075 0.08 0.22 0.54 0.02 0.27 0.41 0.16 0.49 44 109 585 no good 

PJ2085 2085 0.10 0.22 0.70 0.03 0.31 0.31 0.18 0.55 41 127 365 no good 

PJ2095 2095 0.13 0.24 0.51 0.03 0.35 0.47 0.18 0.71 33 71 372 no good 

PJ2105 2105 0.12 0.27 0.52 0.03 0.31 0.52 0.17 0.7 38 74 457 no good 

PJ2115 2115 0.12 0.25 0.55 0.03 0.32 0.45 0.23 0.52 49 107 452 no good 

PJ2125 2125 0.10 0.24 0.97 0.03 0.29 0.25 0.11 0.93 25 103 466 no good 

RD2185 2185 0.58 2.38 0.53 0.25 0.20 4.49 0.23 2.54 93 20 448 good 

RD2195 2195 0.77 2.91 0.25 0.31 0.21 11.64 0.34 2.25 129 10 446 good 

RD2205 2205 0.40 1.45 0.69 0.15 0.22 2.10 0.28 1.42 102 48 444 good 

RD2215 2215 0.55 2.31 0.73 0.24 0.19 3.16 0.31 1.78 129 40 444 good 

RD2225 2225 0.86 2.64 0.55 0.29 0.25 4.80 0.45 1.9 138 28 445 good 

RD2235 2235 0.68 2.77 0.52 0.29 0.20 5.33 0.30 2.23 124 23 443 excellent 

RD2245 2245 0.81 2.87 0.62 0.31 0.22 4.63 0.24 3.33 86 18 445 good 

SS1945 1945 4.81 4.31 1.31 0.76 0.53 3.29 3.03 1.59 270 82 436 poor 

SS1955 1955 5.90 2.51 0.83 0.70 0.70 3.02 3.78 1.56 160 53 439 poor 

SS1965 1965 4.68 2.67 1.09 0.61 0.64 2.45 3.49 1.34 199 81 439 poor 

SS1975 1975 3.71 2.79 1.18 0.54 0.57 2.36 2.97 1.25 223 94 439 poor 

SS1985 1985 1.95 1.81 0.78 0.31 0.52 2.32 2.29 0.85 212 91 437 poor 

SS1995 1995 4.60 2.18 0.84 0.56 0.68 2.60 2.79 1.65 131 50 443 poor 

SS2005 2005 4.07 1.99 0.67 0.50 0.67 2.97 3.08 1.32 150 50 443 poor 

SS2015 2015 8.39 3.08 0.75 0.95 0.73 4.11 4.24 1.98 155 37 441 poor 

SS2025 2025 7.58 2.08 0.89 0.80 0.78 2.34 3.72 2.04 102 43 438 no good 

SS2035 2035 10.47 2.62 0.92 1.09 0.80 2.85 4.33 2.42 108 38 439 no good 

SS2045 2045 17.22 5.31 0.74 1.87 0.76 7.18 5.19 3.32 159 22 440 poor 

SS2055 2055 8.77 3.76 0.79 1.04 0.70 4.76 3.36 2.61 143 30 441 poor 

TB1305 1305 0.42 1.65 0.59 0.17 0.20 2.80 0.34 1.23 134 48 436 good 

TB1315 1315 0.55 1.34 0.44 0.16 0.29 3.05 0.50 1.1 121 39 442 poor 

TB1325 1325 0.58 2.38 0.67 0.25 0.20 3.55 0.39 1.5 158 44 435 good 

TB1335 1335 0.70 1.59 0.39 0.19 0.31 4.08 0.53 1.31 121 29 447 OK 

TB1345 1345 0.97 1.90 0.58 0.24 0.34 3.28 0.56 1.72 110 33 448 OK 

TB1355 1355 1.46 6.27 0.51 0.64 0.19 12.29 0.33 4.42 141 11 450 good 

TG2510 2510 3.48 1.47 0.90 0.41 0.70 1.63 2.30 1.51 97 59 427 no good 

TG2520 2520 3.62 1.58 0.81 0.43 0.70 1.95 2.60 1.39 114 58 427 no good 

TG2530 2530 0.50 0.61 0.48 0.09 0.45 1.27 0.88 0.57 107 83 438 poor 

TG2540 2540 2.75 4.88 1.00 0.63 0.36 4.88 1.19 2.32 210 43 396 no good 

TG2550 2550 1.81 2.22 0.80 0.33 0.45 2.78 1.20 1.51 146 52 443 poor 

TG2560 2560 1.86 2.51 0.80 0.36 0.43 3.14 1.46 1.27 198 63 440 no good 

TG2570 2570 1.00 2.15 0.49 0.26 0.32 4.39 1.19 0.84 254 58 397 no good 

TG2580 2580 2.17 5.12 1.18 0.61 0.30 4.34 1.17 1.86 274 63 396 no good 

TG2590 2590 2.94 7.61 0.96 0.88 0.28 7.93 1.32 2.22 343 43 397 no good 

TG2600 2600 1.69 1.08 0.67 0.23 0.61 1.61 2.19 0.77 141 87 437 poor 

TG2610 2610 14.86 3.65 0.79 1.54 0.80 4.62 3.47 4.28 85 18 435 no good 

TG2620 2620 2.56 3.72 0.84 0.52 0.41 4.43 1.25 2.04 182 41 400 no good 

TG2630 2630 1.71 1.04 0.69 0.23 0.62 1.51 1.90 0.9 115 76 432 poor 
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Sample Depth S1 S2 S3 PC PI S2/S3 S1/TOC TOC  HI OI Tmax  Tmax  

 (m) (mg/g) (mg/g) (mg/g) (%)    (wt.%) (mg HC/g TOC) (mg CO2/g TOC) (°C) Quality 

TG2640 2640 2.67 1.27 0.66 0.33 0.68 1.92 2.70 0.99 128 66 432 poor 

TG2650 2650 2.06 1.41 0.86 0.29 0.59 1.64 1.66 1.24 113 69 434 poor 

TG2660 2660 7.74 2.55 0.80 0.85 0.75 3.19 2.77 2.79 91 28 434 no good 

TG2670 2670 6.21 1.81 0.75 0.67 0.77 2.41 3.15 1.97 91 38 433 no good 

TG2680 2680 8.43 2.17 0.86 0.88 0.80 2.52 2.42 3.49 62 24 432 no good 

TG2690 2690 9.41 2.44 0.75 0.98 0.79 3.25 2.46 3.83 63 19 435 no good 

TG2700 2700 14.67 3.66 0.66 1.52 0.80 5.55 2.33 6.3 58 10 434 no good 

TG2710 2710 17.70 5.18 0.71 1.90 0.77 7.30 2.07 8.55 60 8 434 no good 
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Sample Depth Quartz Feldspar Plagioclase Illite Chlorite Calcite Dolomite Ankerite Siderite Apatite Pyrite Anhydrite Gypsum 

 (m) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) 

AM1 1839.85 15.4 7.3 8.3 5.1 0.0 52.6 8.4 0.0 0.9 0.0 1.9 0.0 0.0 

AM2 1836.70 21.4 6.8 10.0 2.0 0.0 45.1 13.6 0.0 0.0 0.0 1.2 0.0 0.0 

AM3 1832.90 25.4 11.5 12.6 5.7 0.0 24.2 18.5 0.0 0.0 0.0 2.0 0.0 0.0 

AM5 1842.10 13.9 6.7 7.4 4.3 0.0 59.3 7.0 0.0 0.0 0.0 1.5 0.0 0.0 

AM6 1844.10 10.7 5.8 5.9 2.3 0.0 71.7 2.7 0.0 0.0 0.0 1.0 0.0 0.0 

AM7 1846.50 24.4 10.1 7.1 3.6 0.0 29.2 23.3 0.0 0.0 0.0 2.2 0.0 0.0 

AM8 1849.50 26.0 10.5 12.1 6.3 0.0 36.3 6.7 0.0 0.0 0.0 2.0 0.0 0.0 

AM9 1852.00 17.9 6.4 8.0 2.1 0.0 48.6 15.4 0.0 0.0 0.0 1.7 0.0 0.0 

AM10 1855.20 30.2 16.4 17.4 7.6 0.0 16.3 9.6 0.0 0.0 0.0 2.4 0.0 0.0 

AM11 1858.50 13.9 4.9 5.5 0.9 0.0 17.7 56.3 0.0 0.0 0.0 0.7 0.0 0.0 

AM12 1862.10 32.8 16.2 15.1 8.8 0.0 15.2 8.5 0.0 0.0 0.0 3.6 0.0 0.0 

AM13 1864.90 15.2 7.8 5.5 0.8 0.0 29.7 40.2 0.0 0.0 0.0 0.8 0.0 0.0 

AM14 1867.50 21.3 12.3 15.7 3.0 0.0 23.7 16.2 0.0 0.0 6.8 1.1 0.0 0.0 

AA1 1660.00 35.5 10.2 14.2 7.1 0.0 13.6 16.3 0.0 0.0 1.1 2.0 0.0 0.0 

AA2 1656.80 26.4 11.1 7.0 13.4 0.0 18.4 15.4 0.0 0.0 4.3 3.9 0.0 0.0 

AA3 1653.20 28.2 7.5 4.8 4.9 0.0 32.5 17.2 0.0 0.0 3.4 1.6 0.0 0.0 

AA4 1653.00 25.3 12.1 10.9 13.7 0.0 18.3 12.0 0.0 0.0 3.9 3.8 0.0 0.0 

AA5 1650.00 38.4 7.7 4.9 2.8 0.0 14.4 29.7 0.0 0.0 1.1 0.9 0.0 0.0 

AA6 1646.60 20.9 9.1 7.4 10.1 0.0 19.9 23.9 0.0 0.0 7.2 1.6 0.0 0.0 

AA7 1643.70 22.5 10.1 5.5 12.4 0.0 14.0 30.6 0.0 0.0 1.8 3.1 0.0 0.0 

AA8 1638.90 34.4 4.7 3.9 2.7 0.0 38.2 14.4 0.0 0.0 0.0 1.6 0.0 0.0 

AA9 1636.70 56.5 7.5 4.5 2.8 0.0 13.8 12.9 0.0 0.0 1.3 0.8 0.0 0.0 

AA10 1634.50 27.1 4.7 3.6 4.6 0.0 33.5 18.8 0.0 0.0 2.7 5.1 0.0 0.0 

AA11 1632.20 23.8 14.4 19.8 9.6 0.0 11.9 14.6 0.0 0.0 4.0 2.0 0.0 0.0 

AA12 1639.50 28.4 16.7 15.1 13.2 0.0 7.6 8.7 0.0 0.0 3.1 7.2 0.0 0.0 

AI1 1678.40 56.4 7.3 3.6 1.6 0.0 11.7 16.5 0.0 0.0 2.3 0.7 0.0 0.0 

AI2 1673.80 64.8 8.8 4.5 1.4 0.0 2.1 16.4 0.0 0.0 2.0 0.0 0.0 0.0 

AI3 1669.40 57.8 4.3 14.1 3.1 0.0 0.0 18.9 0.0 0.0 1.9 0.0 0.0 0.0 

AI4 1665.10 62.9 9.1 2.4 1.6 0.0 7.6 14.0 0.0 0.0 2.5 0.0 0.0 0.0 

AI5 1662.80 54.7 5.3 4.0 11.2 0.0 7.5 10.2 0.0 0.0 7.2 0.0 0.0 0.0 

AS4 2942.60 68.9 3.9 3.9 0.0 0.0 0.4 15.9 0.0 0.0 7.1 0.0 0.0 0.0 

AS18 2927.20 67.4 5.2 5.6 0.0 0.0 0.3 16.8 0.0 0.0 4.7 0.0 0.0 0.0 

AS19 2928.30 83.7 0.0 1.8 0.0 0.0 0.8 12.0 0.0 0.0 1.7 0.0 0.0 0.0 

AS20 2914.50 78.4 0.0 1.3 0.0 0.0 1.0 16.3 0.0 0.0 2.9 0.0 0.0 0.0 

CB1 1344.80 19.7 22.1 4.3 9.1 0.0 14.9 24.6 0.0 0.0 3.3 2.0 0.0 0.0 

CB2 1341.70 31.3 12.9 6.4 4.8 0.0 10.8 28.0 0.0 0.0 4.4 1.4 0.0 0.0 

CB3 1336.30 28.6 10.3 5.7 8.3 0.0 1.0 38.8 0.0 0.0 5.5 1.9 0.0 0.0 

CB4 1334.10 34.4 10.6 5.4 11.2 0.0 0.1 29.9 0.0 0.0 8.4 0.0 0.0 0.0 

CB5 1331.00 37.1 17.4 4.1 4.7 0.0 0.5 30.8 0.0 0.0 4.2 1.2 0.0 0.0 

CB6 1329.00 39.9 10.0 0.6 1.2 0.0 24.1 24.3 0.0 0.0 0.0 0.0 0.0 0.0 

CB7 1327.60 43.9 8.3 4.8 10.3 0.0 0.5 28.0 0.0 0.0 4.2 0.0 0.0 0.0 

CB8 1322.70 22.2 0.0 1.0 0.0 0.0 0.0 55.6 0.0 0.0 0.0 0.0 21.2 0.0 

CD1 1047.70 24.0 14.8 8.4 14.5 0.0 0.6 29.9 0.0 0.0 3.6 4.1 0.0 0.0 

CD2 1046.80 39.2 9.2 5.2 7.4 0.0 15.0 2.8 0.0 0.0 5.8 15.5 0.0 0.0 

CD3 1048.50 42.9 13.1 10.1 18.4 0.0 5.1 6.1 0.0 0.0 3.5 0.8 0.0 0.0 

CD4 1049.20 43.6 9.2 6.2 5.1 0.0 0.2 34.3 0.0 0.0 1.2 0.2 0.0 0.0 

CD5 1050.00 41.8 9.9 6.9 9.4 0.0 3.3 22.2 0.0 0.0 2.6 3.8 0.0 0.0 

CD6 1052.20 50.9 8.4 6.6 4.3 0.0 0.4 24.7 0.0 0.0 2.4 2.3 0.0 0.0 

CD7 1049.40 33.9 9.3 5.9 5.7 0.0 3.9 39.1 0.0 0.0 1.0 1.1 0.0 0.0 

CD8 1052.00 33.1 8.4 5.9 6.6 0.0 1.3 35.5 0.0 0.0 2.0 7.3 0.0 0.0 

CD9 1045.60 47.0 6.8 8.8 4.6 0.0 6.1 25.4 0.0 0.0 1.3 0.0 0.0 0.0 

CD10 1058.80 50.1 8.2 9.2 11.9 0.0 1.0 9.9 0.0 0.0 4.7 5.0 0.0 0.0 

CD11 1053.30 29.0 18.0 10.2 19.4 0.0 0.0 10.3 0.0 0.0 6.4 6.8 0.0 0.0 

CD12 1052.80 28.6 15.7 9.5 17.3 0.0 0.3 14.8 0.0 0.0 7.5 6.3 0.0 0.0 

CD13 1054.50 0.9 1.0 3.2 1.3 0.0 10.1 0.8 0.0 0.0 80.1 2.7 0.0 0.0 

CD14 1054.10 34.0 0.0 3.6 11.0 0.0 13.0 31.9 0.0 0.0 2.8 3.7 0.0 0.0 

CD15 1055.00 3.8 1.9 2.9 2.8 0.0 5.1 1.0 0.0 0.0 70.7 9.8 0.0 2.2 

CD16 1063.10 46.6 17.9 12.1 10.0 0.0 6.2 4.5 0.0 0.0 0.0 2.8 0.0 0.0 

CH1 1209.30 13.7 10.4 2.0 7.7 0.0 0.0 59.9 0.0 0.0 4.0 2.4 0.0 0.0 

CH2 1208.10 15.1 10.3 2.2 10.2 0.0 0.0 55.2 0.0 0.0 4.6 2.3 0.0 0.0 

CH3 1206.10 15.5 3.7 1.6 3.2 0.0 0.0 71.5 0.0 0.0 3.9 0.6 0.0 0.0 
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Sample Depth Quartz Feldspar Plagioclase Illite Chlorite Calcite Dolomite Ankerite Siderite Apatite Pyrite Anhydrite Gypsum 

 (m) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) 

CH4 1203.60 22.2 2.5 1.7 2.6 0.0 0.0 66.2 0.0 0.0 4.6 0.3 0.0 0.0 

CH5 1198.40 20.3 3.1 1.5 5.2 0.0 0.0 65.2 0.0 0.0 4.4 0.0 0.0 0.0 

CH6 1196.80 23.3 13.5 5.8 10.2 0.0 0.0 44.2 0.0 0.0 0.2 2.8 0.0 0.0 

CH7 1194.10 32.6 9.1 4.7 2.4 0.0 0.0 50.6 0.0 0.0 0.0 0.5 0.0 0.0 

CP1 1851.50 43.9 12.7 19.5 2.8 4.6 0.0 15.5 0.0 0.0 0.0 1.1 0.0 0.0 

CP2 1845.60 37.7 11.8 20.5 3.2 3.3 0.0 21.8 0.0 0.0 0.0 1.7 0.0 0.0 

CP3 1840.50 40.8 16.1 18.7 4.1 1.5 0.0 16.3 0.0 0.0 0.0 2.5 0.0 0.0 

CP4 1835.60 69.7 4.6 2.7 0.3 0.0 0.7 7.1 0.0 0.0 2.4 0.2 12.4 0.0 

CP5 1831.70 39.5 5.3 3.1 1.3 0.0 0.0 49.6 0.0 0.0 0.0 1.2 0.0 0.0 

CP6 1829.40 21.7 7.6 25.7 5.1 0.0 0.0 37.7 0.0 0.0 0.0 2.2 0.0 0.0 

CP7 1823.00 40.1 9.2 6.2 2.6 0.0 0.1 37.8 1.3 0.0 0.0 0.0 2.8 0.0 

CP8 1821.30 18.4 17.0 6.0 14.2 0.0 0.4 37.2 0.0 0.0 2.4 3.5 0.8 0.0 

CS1 1610.80 23.2 15.1 5.4 13.1 0.0 12.7 19.3 0.0 0.0 6.8 4.5 0.0 0.0 

CS2 1607.60 40.2 7.9 3.6 2.9 0.0 19.6 24.6 0.0 0.0 0.0 1.3 0.0 0.0 

CS3 1604.50 34.5 2.3 2.0 1.9 0.0 45.5 13.2 0.0 0.0 0.0 0.6 0.0 0.0 

CS4 1601.40 68.5 5.5 3.9 0.0 0.0 7.2 14.2 0.0 0.0 0.0 0.7 0.0 0.0 

CS5 1596.20 48.6 2.6 2.3 0.0 0.0 32.9 9.1 0.0 0.0 3.7 0.9 0.0 0.0 

CS6 1594.30 19.8 6.5 3.7 1.3 0.0 44.1 12.1 6.7 0.0 4.6 1.2 0.0 0.0 

CTP1 1572.90 35.8 5.6 3.2 0.5 0.0 0.0 55.0 0.0 0.0 0.0 0.0 0.0 0.0 

CTP2 1574.80 43.9 12.1 6.8 4.6 0.0 0.0 32.7 0.0 0.0 0.0 0.0 0.0 0.0 

CTP3 1580.40 23.1 3.2 1.2 2.8 0.0 1.2 68.5 0.0 0.0 0.0 0.0 0.0 0.0 

CTP4 1583.70 22.9 5.4 3.0 10.0 0.0 15.2 39.8 0.0 0.0 3.7 0.0 0.0 0.0 

CTP5 1584.20 11.9 2.5 1.3 4.4 0.0 62.6 15.1 0.0 0.0 2.4 0.0 0.0 0.0 

CTP6 1585.20 26.1 7.4 5.3 10.5 0.0 10.4 37.2 0.0 0.0 3.2 0.0 0.0 0.0 

CTP7 1589.50 24.0 14.0 3.3 9.8 0.0 19.4 25.8 0.0 0.0 3.7 0.0 0.0 0.0 

CT1 958.90 37.4 4.5 4.5 8.6 0.0 29.3 13.4 0.0 0.0 0.0 2.3 0.0 0.0 

CT2 955.50 40.6 5.3 7.0 10.6 0.0 13.0 20.9 0.0 0.0 0.0 2.6 0.0 0.0 

CT3 950.30 24.4 3.9 5.1 14.7 0.0 28.6 16.5 0.0 0.0 4.3 2.6 0.0 0.0 

CT4 947.50 17.3 4.3 3.5 21.3 0.0 37.4 8.8 0.0 0.0 4.2 3.2 0.0 0.0 

CT5 944.40 37.9 1.9 4.7 8.6 0.0 15.8 29.7 0.0 0.0 0.0 1.4 0.0 0.0 

CT6 943.10 35.3 3.2 3.4 15.6 0.0 10.2 25.1 0.0 0.0 2.5 4.7 0.0 0.0 

CZ1 1254.00 37.2 15.2 4.2 15.3 0.0 12.8 8.4 0.0 0.0 3.9 3.1 0.0 0.0 

CZ2 1250.90 45.0 8.4 1.9 8.7 0.0 25.8 7.4 0.0 0.0 0.8 2.2 0.0 0.0 

CZ3 1249.30 26.2 21.8 2.5 21.4 0.0 16.6 4.0 0.0 0.0 2.6 5.1 0.0 0.0 

CZ4 1247.00 29.7 15.5 2.7 14.3 0.0 14.2 15.1 0.0 0.0 4.2 4.4 0.0 0.0 

CZ5 1245.10 42.5 13.0 3.0 12.4 0.0 20.8 7.6 0.0 0.0 0.0 0.7 0.0 0.0 

CZ6 1244.50 24.8 22.8 1.7 26.6 0.0 0.1 15.8 0.0 0.0 5.8 2.5 0.0 0.0 

CZ7 1239.90 93.6 0.0 1.9 0.0 0.0 3.3 1.3 0.0 0.0 0.0 0.0 0.0 0.0 

GG1 1962.20 35.1 1.8 1.4 0.0 0.0 0.0 58.5 0.0 0.0 3.2 0.0 0.0 0.0 

GG2 1963.60 23.6 3.9 1.6 0.0 0.0 0.0 66.2 0.0 0.0 4.6 0.0 0.0 0.0 

GG3 1965.80 22.3 8.2 2.8 22.7 0.0 0.0 36.9 0.0 0.0 7.0 0.0 0.0 0.0 

GG4 1970.60 30.0 5.1 3.0 17.0 0.0 0.0 40.4 0.0 0.0 4.5 0.0 0.0 0.0 

HE1 3096.70 37.9 17.0 13.4 7.7 0.0 5.9 15.4 0.0 0.0 0.6 2.1 0.0 0.0 

HE2 3100.60 36.1 14.2 14.5 7.3 0.0 5.1 16.5 3.5 0.0 0.9 2.0 0.0 0.0 

HE3 3104.80 44.4 9.3 17.9 9.2 0.0 5.5 9.4 0.0 0.0 1.6 2.7 0.0 0.0 

HE4 3110.60 46.3 7.0 18.4 2.2 0.0 7.0 17.1 0.0 0.0 1.3 0.7 0.0 0.0 

HE5 3112.80 37.7 9.5 20.5 2.8 0.0 4.5 22.7 0.0 0.0 1.4 0.9 0.0 0.0 

HE6 3116.30 43.3 12.6 19.2 4.1 0.0 4.5 12.7 0.0 0.0 1.3 2.4 0.0 0.0 

HE7 3119.80 44.7 10.3 19.6 7.6 0.0 1.8 11.3 0.0 0.0 1.2 3.5 0.0 0.0 

HE8 3122.70 18.5 5.5 6.0 3.7 0.0 26.9 38.9 0.0 0.0 0.0 0.5 0.0 0.0 

HE9 3129.90 43.3 16.5 16.8 6.2 0.0 2.5 13.6 0.0 0.0 0.0 1.1 0.0 0.0 

HM1 1691.00 25.7 13.6 4.8 8.1 0.0 0.0 40.7 0.0 0.0 4.4 2.6 0.0 0.0 

HM2 1689.30 50.9 1.9 1.9 0.0 0.0 0.0 42.3 0.0 0.0 2.8 0.2 0.0 0.0 

HM3 1684.70 29.0 4.4 5.6 2.0 0.0 0.0 51.6 0.0 0.0 6.8 0.6 0.0 0.0 

MH1 2420.70 25.7 11.6 7.4 29.6 0.0 3.0 19.9 0.0 0.0 0.0 2.8 0.0 0.0 

MH2 2420.20 34.8 7.1 3.1 11.2 0.0 26.6 15.7 0.0 0.0 0.0 1.5 0.0 0.0 

MH3 2422.00 19.7 2.9 5.1 5.9 0.0 56.2 9.9 0.0 0.0 0.0 0.3 0.0 0.0 

MH4 2421.50 25.6 13.4 9.6 23.0 0.0 7.3 17.8 0.0 0.0 0.0 3.3 0.0 0.0 

MH5 2423.80 6.3 2.3 3.3 0.0 0.0 35.1 2.1 0.0 0.4 49.7 0.9 0.0 0.0 

MH6 2423.10 17.1 3.4 4.8 0.0 0.0 30.3 5.5 0.0 0.5 37.8 0.6 0.0 0.0 

MH7 2424.10 2.7 1.4 2.5 0.0 0.0 34.9 0.9 0.0 0.6 57.0 0.0 0.0 0.0 
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Sample Depth Quartz Feldspar Plagioclase Illite Chlorite Calcite Dolomite Ankerite Siderite Apatite Pyrite Anhydrite Gypsum 

 (m) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) 

MH8 2425.80 28.5 9.2 6.5 25.6 0.0 5.6 23.5 0.0 0.0 0.0 1.2 0.0 0.0 

MH9 2427.20 31.9 11.5 5.1 28.7 0.0 5.0 15.5 0.0 0.0 0.0 2.3 0.0 0.0 

NK1 2204.60 50.8 7.0 0.0 11.3 0.0 0.0 28.3 0.0 0.0 0.0 2.6 0.0 0.0 

NK2 2203.90 39.1 6.4 0.0 9.2 0.0 0.0 43.9 0.0 0.0 0.0 1.3 0.0 0.0 

NK3 2199.40 67.2 7.9 3.2 5.3 0.0 0.0 6.2 0.0 0.0 0.0 1.2 8.9 0.0 

NK4 2196.40 69.8 6.0 2.7 1.4 0.0 0.0 19.1 0.0 0.0 0.0 1.0 0.0 0.0 

NK5 2194.90 51.6 7.2 2.9 5.2 0.0 0.0 22.3 0.0 0.0 0.0 1.9 8.9 0.0 

NK6 2191.90 13.4 11.7 29.5 9.6 0.0 0.0 32.5 0.0 0.0 0.0 3.3 0.0 0.0 

NK7 2190.10 23.8 10.4 3.6 4.9 0.0 0.0 52.5 0.0 0.0 3.0 1.9 0.0 0.0 

RD1 2182.60 23.8 11.5 3.7 7.3 0.0 0.0 44.3 0.0 0.0 4.5 5.0 0.0 0.0 

RD2 2184.30 29.0 5.1 2.5 1.4 0.0 0.0 54.8 0.0 0.0 6.9 0.3 0.0 0.0 

RD3 2189.20 78.3 3.3 1.2 0.0 0.0 0.2 14.2 0.0 0.0 0.0 0.0 2.8 0.0 

RD4 2194.80 36.5 9.8 4.8 3.9 0.0 0.0 35.9 0.0 0.0 0.0 2.3 6.8 0.0 

SS3 2066.20 27.4 26.0 9.7 4.3 0.0 6.4 19.2 0.0 0.0 3.2 3.8 0.0 0.0 

SS4 2064.10 14.4 9.4 9.1 13.3 0.0 30.0 22.0 0.0 0.0 0.0 1.8 0.0 0.0 

SS5 2061.30 35.2 6.7 5.5 5.6 0.0 25.0 16.5 0.0 0.0 4.0 1.5 0.0 0.0 

SS6 2058.30 23.5 7.1 6.1 7.2 0.0 39.5 11.8 0.0 0.0 4.0 0.9 0.0 0.0 

SS7 2056.00 22.8 13.9 8.7 26.3 0.0 8.0 15.2 0.0 0.0 0.6 4.6 0.0 0.0 

SS8 2054.00 5.4 2.9 2.4 5.9 0.0 76.0 5.9 0.0 0.0 0.6 1.0 0.0 0.0 

SS9 2050.70 35.1 5.7 3.3 4.9 0.0 26.9 21.1 0.0 0.0 1.3 1.8 0.0 0.0 

SS10 2048.60 35.4 5.9 3.0 6.3 0.0 25.1 21.4 0.0 0.0 1.6 1.4 0.0 0.0 

SS11 2045.10 22.0 13.5 4.9 13.1 0.0 17.7 23.1 0.0 0.0 3.4 2.4 0.0 0.0 

TB1 1311.20 68.8 4.7 4.6 0.0 0.0 0.0 11.5 0.0 2.3 0.0 8.1 0.0 0.0 

TB2 1306.40 61.0 5.4 2.9 11.4 0.0 0.0 15.7 0.0 2.8 0.0 0.8 0.0 0.0 

TG1 2618.90 50.5 6.7 5.6 1.7 0.0 12.2 18.1 0.0 0.0 4.6 0.7 0.0 0.0 

TG2 2615.30 43.4 10.5 5.5 4.3 0.0 18.2 13.3 0.0 0.0 3.5 1.4 0.0 0.0 

TG3 2614.00 28.4 2.2 7.3 0.0 0.0 56.2 3.2 0.0 0.0 2.7 0.0 0.0 0.0 

TG4 2612.50 32.5 7.5 5.2 2.5 0.0 15.2 24.6 8.9 0.0 2.7 0.8 0.0 0.0 

TG5 2611.40 31.4 5.0 6.3 27.8 0.0 13.2 11.4 0.0 0.0 2.3 2.6 0.0 0.0 

TG6 2584.10 91.3 2.3 2.1 0.0 0.0 1.7 2.7 0.0 0.0 0.0 0.0 0.0 0.0 

TG7 2582.60 81.9 3.6 2.6 0.0 0.0 6.7 5.3 0.0 0.0 0.0 0.0 0.0 0.0 

TG8 2579.10 54.4 4.0 2.0 0.0 0.0 5.9 33.7 0.0 0.0 0.0 0.0 0.0 0.0 

TG9 2575.60 81.8 3.5 2.3 0.0 0.0 8.2 4.2 0.0 0.0 0.0 0.0 0.0 0.0 

TG10 2571.50 86.3 0.0 3.4 0.0 0.0 5.2 5.1 0.0 0.0 0.0 0.0 0.0 0.0 

TG11 2568.80 70.2 4.1 3.2 0.1 0.0 9.5 11.8 0.0 0.7 0.0 0.4 0.0 0.0 

TG12 2561.80 72.9 0.0 2.5 0.0 0.0 17.7 7.0 0.0 0.0 0.0 0.0 0.0 0.0 

TG13 2558.40 80.3 2.9 2.1 0.0 0.0 6.8 7.9 0.0 0.0 0.0 0.0 0.0 0.0 

TG14 2554.50 46.2 0.0 2.3 2.3 0.0 1.5 44.2 0.0 0.0 3.4 0.0 0.0 0.0 

TG15 2551.00 41.3 23.0 9.2 16.6 0.0 1.2 2.9 0.0 2.5 0.0 3.3 0.0 0.0 

TG16 2547.30 81.2 3.5 2.0 0.0 0.0 5.3 8.1 0.0 0.0 0.0 0.0 0.0 0.0 

TG17 2543.60 88.3 0.0 1.8 0.0 0.0 4.8 5.1 0.0 0.0 0.0 0.0 0.0 0.0 

TG18 2542.20 72.4 0.0 3.0 12.2 0.0 2.2 4.8 0.0 0.0 4.8 0.0 0.0 0.5 

TG19 2539.60 88.3 0.0 3.3 0.0 0.0 3.5 4.0 0.0 0.0 0.0 0.0 0.0 0.9 
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APPENDIX C: DENSITY AND POROSITY
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Sample Depth Hg ρb He ρg Dried He ρg As Received  He φ Dried He φ As Received MIP ρg @ In Situ NCS MIP φ @ In Situ NCS 

 (m) (g/cm3) (g/cm3) (g/cm3) (%) (%) (g/cm3) (%) 

AM1 1839.85 2.5593 2.638 2.636 2.99 2.90 2.552 2.29 

AM2 1836.70 2.6270 2.698 2.693 2.62 2.43 2.637 1.61 

AM3 1832.90 2.5529 2.643 2.635 3.42 3.10 2.564 2.36 

AM5 1842.10 2.5765 2.652 2.654 2.85 2.91 2.599 2.24 

AM6 1844.10 2.6132 2.662 2.653 1.82 1.51 2.552 1.03 

AM7 1846.50 2.5521 2.621 2.627 2.62 2.86 2.527 2.14 

AM8 1849.50 2.4186 2.522 2.515 4.12 3.84 2.428 2.37 

AM9 1852.00 2.6008 2.670 2.672 2.60 2.66 2.601 2.15 

AM10 1855.20 2.4932 2.610 2.611 4.49 4.51 2.556 3.78 

AM11 1858.50 2.6498 2.747 2.736 3.53 3.14 2.656 2.61 

AM12 1862.10 2.4066 2.529 2.527 4.85 4.78 2.469 4.05 

AM13 1864.90 2.6280 2.747 2.740 4.32 4.10 2.695 3.55 

AM14 1867.50 2.6010 2.714 2.713 4.17 4.13 2.669 3.56 

AA1 1660.00 2.5722 2.699 2.692 4.68 4.44 2.633 3.75 

AA2 1656.80 2.5451 2.624 2.618 2.99 2.80 2.564 1.94 

AA3 1653.20 2.6354 2.682 2.675 1.74 1.49 2.617 1.03 

AA4 1653.00 2.4954 2.565 2.551 2.71 2.18 2.523 1.63 

AA5 1650.00 2.6303 2.708 2.706 2.88 2.81 2.622 2.02 

AA6 1646.60 2.5375 2.605 2.599 2.58 2.38 2.565 1.69 

AA7 1643.70 2.5333 2.595 2.588 2.37 2.10 2.549 1.45 

AA8 1638.90 2.6726 2.724 2.714 1.90 1.54 2.160 0.66 

AA9 1636.70 2.6416 2.700 2.692 2.16 1.87 2.636 1.45 

AA10 1634.50 2.7479 2.793 2.768 1.60 0.72 3.372 0.36 

AA11 1632.20 2.6187 2.702 2.689 3.09 2.61 2.623 1.77 

AA12 1639.50 2.5341 2.585 2.572 1.98 1.49 2.503 1.00 

AI1 1678.40 2.6503 2.735 2.735 3.10 3.10 2.648 2.21 

AI2 1673.80 2.5127 2.699 2.699 6.90 6.90 2.586 5.75 

AI3 1669.40 2.5022 2.712 2.714 7.75 7.81 2.624 7.13 

AI4 1665.10 2.6313 2.716 2.723 3.13 3.37 2.640 2.18 

AI5 1662.80 2.6743 2.748 2.751 2.67 2.80 2.680 1.90 

AS4 2942.60 2.6332 2.744 2.750 4.04 4.24 2.695 3.76 

AS18 2927.20 2.5525 2.721 2.732 6.20 6.58 2.718 6.11 

AS19 2928.30 2.5832 2.719 2.710 4.99 4.69 2.663 4.10 

AS20 2914.50 2.3698 2.725 2.696 13.04 12.09 2.811 10.47 

CB1 1344.80 2.6205 2.684 2.675 2.37 2.03 2.587 1.38 

CB2 1341.70 2.5983 2.707 2.710 4.02 4.14 2.644 3.57 

CB3 1336.30 2.5893 2.734 2.728 5.29 5.09 2.681 4.41 

CB4 1334.10 2.6001 2.735 2.721 4.95 4.44 2.539 4.03 

CB5 1331.00 2.6185 2.719 2.714 3.68 3.53 2.647 3.16 

CB6 1329.00 2.6244 2.717 2.722 3.40 3.58 2.649 2.78 

CB7 1327.60 2.5180 2.742 2.744 8.16 8.22 3.196 7.01 

CB8 1322.70 2.7376 2.840 2.848 3.60 3.88 2.781 2.70 

CD1 1047.70 2.6382 2.745 2.729 3.91 3.32 2.646 2.89 

CD2 1046.80 2.5907 2.765 2.751 6.29 5.82 2.745 5.28 

CD3 1048.50 2.5681 2.706 2.681 5.11 4.21 2.642 3.78 

CD4 1049.20 2.4914 2.687 2.687 7.28 7.27 3.077 5.37 

CD5 1050.00 2.5976 2.717 2.711 4.40 4.18 2.646 3.75 

CD6 1052.20 2.4922 2.659 2.647 6.27 5.85 3.187 4.94 

CD7 1049.40 2.5394 2.720 2.713 6.64 6.39 2.554 6.08 

CD8 1052.00 2.5225 2.723 2.712 7.37 7.00 2.690 6.55 

CD9 1045.60 2.5460 2.718 2.716 6.32 6.26 3.188 5.91 

CD10 1058.80 2.6058 2.745 2.721 5.06 4.23 2.673 3.89 

CD11 1053.30 2.5652 2.688 2.649 4.57 3.17 2.585 2.95 

CD12 1052.80 2.6007 2.721 2.684 4.41 3.09 2.597 2.79 

CD13 1054.50 2.5096 3.010 2.994 16.63 16.19 3.869 14.63 

CD14 1054.10 2.5951 2.714 2.703 4.39 3.99 2.662 3.66 

CD15 1055.00 2.6355 3.036 3.026 13.20 12.91 2.937 12.07 

CD16 1063.10 2.4990 2.691 2.686 7.14 6.96 3.139 6.59 

CH1 1209.30 2.6313 2.673 2.672 1.54 1.54 2.617 0.82 

CH2 1208.10 2.6634 2.725 2.718 2.27 2.00 2.667 1.31 

CH3 1206.10 2.6422 2.791 2.796 5.34 5.51 2.686 5.16 
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Sample Depth Hg ρb He ρg Dried He ρg As Received  He φ Dried He φ As Received MIP ρg @ In Situ NCS MIP φ @ In Situ NCS 

 (m) (g/cm3) (g/cm3) (g/cm3) (%) (%) (g/cm3) (%) 

CH4 1203.60 2.5915 2.807 2.814 7.68 7.91 2.671 7.28 

CH5 1198.40 2.5341 2.811 2.819 9.84 10.12 2.734 8.71 

CH6 1196.80 2.5798 2.774 2.763 6.99 6.64 2.680 6.18 

CH7 1194.10 2.3709 2.732 2.731 13.22 13.18 2.586 12.57 

CP1 1851.50 2.4919 2.698 2.700 7.63 7.70 2.567 5.74 

CP2 1845.60 2.6151 2.704 2.703 3.30 3.27 2.621 2.78 

CP3 1840.50 2.5774 2.711 2.711 4.94 4.92 2.659 4.41 

CP4 1835.60 2.4870 2.748 2.753 9.51 9.65 2.836 8.94 

CP5 1831.70 2.6442 2.720 2.728 2.77 3.07 2.656 1.28 

CP6 1829.40 2.5418 2.624 2.623 3.15 3.08 2.584 1.46 

CP7 1823.00 2.6336 2.691 2.692 2.12 2.17 2.620 1.75 

CP8 1821.30 2.5814 2.621 2.605 1.52 0.89 2.541 0.59 

CS1 1610.80 2.4651 2.629 2.611 6.25 5.61 2.584 4.84 

CS2 1607.60 2.6198 2.706 2.702 3.19 3.04 2.630 2.69 

CS3 1604.50 2.6419 2.724 2.725 3.01 3.04 2.666 2.35 

CS4 1601.40 2.4146 2.704 2.708 10.69 10.83 2.994 10.26 

CS5 1596.20 2.6412 2.732 2.727 3.32 3.13 2.660 2.25 

CS6 1594.30 2.6667 2.727 2.726 2.23 2.19 2.686 1.36 

CTP1 1572.90 2.2516 2.604 2.592 13.53 13.13 2.526 11.76 

CTP2 1574.80 2.5517 2.704 2.699 5.64 5.47 2.555 3.67 

CTP3 1580.40 2.4612 2.777 2.775 11.37 11.32 2.691 9.83 

CTP4 1583.70 2.6568 2.772 2.766 4.16 3.94 2.718 3.48 

CTP5 1584.20 2.6484 2.721 2.722 2.68 2.72 2.674 2.12 

CTP6 1585.20 2.6448 2.735 2.723 3.29 2.88 2.667 2.47 

CTP7 1589.50 2.5994 2.705 2.697 3.90 3.62 2.702 2.96 

CT1 958.90 2.5935 2.651 2.636 2.17 1.60 2.557 1.33 

CT2 955.50 2.5528 2.654 2.632 3.80 3.00 2.570 2.61 

CT3 950.30 2.6401 2.730 2.713 3.28 2.68 2.619 2.36 

CT4 947.50 2.5997 2.667 2.643 2.52 1.65 2.552 1.42 

CT5 944.40 2.5401 2.692 2.683 5.65 5.31 3.277 4.83 

CT6 943.10 2.6194 2.722 2.703 3.76 3.10 2.623 2.80 

CZ1 1254.00 2.5813 2.692 2.695 4.10 4.21 2.643 3.65 

CZ2 1250.90 2.6032 2.631 2.630 1.06 1.03 2.557 0.81 

CZ3 1249.30 2.5644 2.663 2.636 3.69 2.71 2.590 2.14 

CZ4 1247.00 2.6253 2.722 2.715 3.56 3.30 2.702 2.97 

CZ5 1245.10 2.5810 2.685 2.683 3.87 3.79 2.624 3.43 

CZ6 1244.50 2.6342 2.740 2.746 3.85 4.08 2.648 3.84 

CZ7 1239.90 2.2571 2.699 2.697 16.37 16.31 2.199 0.53 

GG1 1962.20 2.6095 2.783 2.789 6.23 6.43 2.704 4.94 

GG2 1963.60 2.6724 2.792 2.814 4.29 5.05 3.449 4.23 

GG3 1965.80 2.7432 2.797 2.816 1.92 2.59 2.718 2.27 

GG4 1970.60 2.6953 2.786 2.786 3.27 3.27 2.727 2.70 

HE1 3096.70 2.6128 2.706 2.701 3.44 3.25 2.634 2.93 

HE2 3100.60 2.6089 2.707 2.709 3.61 3.69 2.658 3.17 

HE3 3104.80 2.6038 2.680 2.673 2.85 2.58 2.607 2.01 

HE4 3110.60 2.6103 2.707 2.701 3.56 3.37 2.632 2.63 

HE5 3112.80 2.6329 2.718 2.711 3.12 2.89 2.653 2.39 

HE6 3116.30 2.5982 2.673 2.673 2.80 2.80 2.599 1.80 

HE7 3119.80 2.6164 2.676 2.672 2.21 2.08 2.592 1.53 

HE8 3122.70 2.6966 2.764 2.772 2.44 2.71 2.722 1.79 

HE9 3129.90 2.5655 2.685 2.682 4.46 4.36 2.617 3.89 

HM1 1691.00 2.6882 2.756 2.744 2.47 2.04 2.670 1.46 

HM2 1689.30 2.2490 2.737 2.732 17.83 17.67 2.596 14.35 

HM3 1684.70 2.5598 2.762 2.742 7.32 6.63 2.668 6.07 

MH1 2420.70 2.4895 2.547 2.545 2.24 2.18 2.497 1.33 

MH2 2420.20 2.6018 2.722 2.682 4.43 3.00 2.637 2.40 

MH3 2422.00 2.6655 2.716 2.717 1.88 1.88 2.654 1.15 

MH4 2421.50 2.5678 2.634 2.635 2.53 2.57 2.591 1.81 

MH5 2423.80 2.5850 2.834 2.823 8.77 8.42 2.719 7.96 

MH6 2423.10 2.6205 2.759 2.760 5.03 5.06 2.706 4.43 

MH7 2424.10 2.5583 2.901 2.877 11.82 11.09 3.543 10.23 
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Sample Depth Hg ρb He ρg Dried He ρg As Received  He φ Dried He φ As Received MIP ρg @ In Situ NCS MIP φ @ In Situ NCS 

 (m) (g/cm3) (g/cm3) (g/cm3) (%) (%) (g/cm3) (%) 

MH8 2425.80 2.5655 2.719 2.712 5.65 5.39 2.553 4.13 

MH9 2427.20 2.5630 2.708 2.703 5.37 5.17 3.231 4.20 

NK1 2204.60 2.6630 2.713 2.715 1.85 1.93 2.650 1.36 

NK2 2203.90 2.6698 2.727 2.728 2.11 2.15 2.688 1.73 

NK3 2199.40 2.5760 2.663 2.658 3.27 3.09 2.559 2.60 

NK4 2196.40 2.5515 2.680 2.684 4.81 4.94 2.581 4.59 

NK5 2194.90 2.6389 2.714 2.714 2.76 2.77 2.653 2.31 

NK6 2191.90 2.6917 2.737 2.732 1.64 1.49 2.679 0.65 

NK7 2190.10 2.6866 2.748 2.740 2.24 1.94 2.690 1.36 

RD1 2182.60 2.7222 2.837 2.821 4.03 3.50 2.675 4.49 

RD2 2184.30 2.6953 2.805 2.816 3.93 4.27 2.812 2.77 

RD3 2189.20 2.5664 2.708 2.717 5.21 5.56 2.774 3.57 

RD4 2194.80 2.7179 2.826 2.825 3.82 3.79 2.632 4.44 

SS3 2066.20 2.6237 2.715 2.703 3.38 2.92 3.157 2.31 

SS4 2064.10 2.5447 2.624 2.617 3.03 2.78 2.581 1.69 

SS5 2061.30 2.6315 2.723 2.725 3.34 3.43 2.663 2.56 

SS6 2058.30 2.6337 2.684 2.675 1.88 1.56 2.623 0.65 

SS7 2056.00 2.5636 2.600 2.596 1.41 1.25 2.521 0.78 

SS8 2054.00 2.6340 2.660 2.654 0.97 0.75 2.590 0.26 

SS9 2050.70 2.6551 2.727 2.711 2.63 2.06 2.660 1.59 

SS10 2048.60 2.5978 2.705 2.696 3.96 3.66 2.664 3.29 

SS11 2045.10 2.6495 2.724 2.714 2.74 2.38 2.653 1.45 

TB1 1311.20 2.3893 2.781 2.774 14.08 13.87 3.396 13.20 

TB2 1306.40 2.4204 2.720 2.713 11.01 10.79 2.617 10.32 

TG1 2618.90 2.6827 2.728 2.732 1.67 1.80 2.662 1.05 

TG2 2615.30 2.6501 2.707 2.712 2.09 2.30 2.643 1.16 

TG3 2614.00 2.6575 2.712 2.709 2.01 1.90 2.691 0.94 

TG4 2612.50 2.7061 2.752 2.757 1.66 1.84 2.698 0.81 

TG5 2611.40 2.6547 2.696 2.691 1.52 1.36 2.637 0.96 

TG6 2584.10 2.4923 2.683 2.672 7.10 6.73 2.552 5.54 

TG7 2582.60 2.4923 2.669 2.676 6.63 6.85 2.592 5.80 

TG8 2579.10 2.5676 2.745 2.750 6.46 6.62 2.578 4.51 

TG9 2575.60 2.5240 2.667 2.677 5.35 5.72 2.611 4.41 

TG10 2571.50 2.5786 2.687 2.694 4.05 4.30 2.593 3.16 

TG11 2568.80 2.4731 2.700 2.697 8.39 8.31 3.244 6.48 

TG12 2561.80 2.5852 2.701 2.705 4.29 4.42 2.644 2.95 

TG13 2558.40 2.5132 2.681 2.673 6.26 5.96 3.169 4.48 

TG14 2554.50 2.5290 2.770 2.765 8.71 8.52 2.557 6.08 

TG15 2551.00 2.5942 2.671 2.671 2.89 2.88 2.614 2.46 

TG16 2547.30 2.5987 2.683 2.684 3.13 3.19 2.641 2.51 

TG17 2543.60 2.5119 2.693 2.674 6.71 6.05 2.549 4.39 

TG18 2542.20 2.6062 2.689 2.687 3.08 3.02 3.277 2.02 

TG19 2539.60 2.5046 2.681 2.668 6.59 6.14 3.179 4.76 
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APPENDIX D: METHANE ADSORPTION
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Sample Depth Langmuir Volume Langmuir Pressure Langmuir Fit R2 

 (m) (cm3/g) (MPa)  

AA11 1632.20 0.598 4.207 0.994 

AA3 1653.20 0.386 1.900 0.995 

AA7 1643.70 1.517 5.839 0.870 

AI4 1665.10 0.786 12.642 0.893 

AM6 1844.10 0.789 3.294 0.979 

AM8 1849.50 2.036 3.912 0.977 

CD5 1050.00 0.470 3.722 0.969 

MH4 2421.50 1.645 2.265 0.999 

MH6 2423.10 0.438 4.591 0.992 

MH8 2425.80 0.188 5.243 0.877 

SS4 2064.10 1.549 6.673 0.889 

SS9 2050.70 0.409 3.391 0.975 

TG11 2568.80 0.231 3.931 0.976 

TG5 2611.40 0.928 4.831 0.900 
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APPENDIX E: PERMEABILITY



   

 

267 

Sample Depth Type Method Length Diameter Mass φ k (σc) = m × σc + b  

 (m)   (cm) (cm) (g) (%) m b Fit R2 

AA3A 1653.20 Horizontal Pulse Decay 2.563 2.903 44.6836 1.49 -6.64E-04 5.56E-02 0.997 

AA3X 1653.20 Vertical Pulse Decay 3.260 2.991 60.8417 1.49 -4.32E-04 6.68E-04 0.977 

AA5A 1650.00 Horizontal Pulse Decay 3.095 2.908 54.3910 2.81 -3.26E-04 9.76E-04 0.996 

AA5B 1650.00 Horizontal Pulse Decay 2.905 2.906 51.6092 2.81 -3.29E-04 1.26E-03 0.995 

AA5X 1650.00 Vertical Pulse Decay 3.955 2.907 69.6697 2.81 -3.29E-04 9.32E-04 0.996 

AA8A 1638.90 Horizontal Pulse Decay 2.549 2.967 47.6073 1.54 -4.79E-04 9.51E-04 0.999 

AA8X 1638.90 Vertical Pulse Decay 4.095 2.972 76.3067 1.54 -4.71E-04 1.01E-03 0.998 

AA9A 1636.70 Horizontal Pulse Decay 2.689 2.894 47.6006 1.87 -4.81E-04 7.39E-04 0.905 

AA9X 1636.70 Vertical Pulse Decay 2.749 2.906 48.4702 1.87 -3.15E-04 7.29E-04 0.992 

AA10A 1634.50 Horizontal Pulse Decay 2.634 2.968 49.8914 0.72 -2.59E-04 2.86E-03 0.984 

AA10X 1634.50 Vertical Pulse Decay 3.414 2.965 64.6569 0.72 -2.36E-04 1.34E-03 0.991 

AI1A 1678.40 Horizontal Pulse Decay 3.618 2.904 64.2364 3.10 -2.49E-04 1.40E-03 0.989 

AI1B 1678.40 Horizontal Pulse Decay 3.627 2.907 64.1074 3.10 -2.09E-04 1.72E-03 1.000 

AI1X 1678.40 Vertical Pulse Decay 3.910 2.905 69.6895 3.10 -2.04E-04 1.28E-03 0.973 

AI1Y 1678.40 Vertical Pulse Decay 3.479 2.918 62.1483 3.10 -1.19E-04 4.19E-03 0.991 

AI2A 1673.80 Horizontal Pulse Decay 3.526 2.905 59.2429 6.90 -1.97E-04 1.96E-02 0.987 

AI2X 1673.80 Vertical Pulse Decay 4.455 2.916 75.6374 6.90 -1.82E-04 1.82E-02 0.999 

AI3A 1669.40 Horizontal Pulse Decay 3.812 2.878 63.0652 7.81 -1.46E-04 1.02E-02 0.969 

AI3B 1669.40 Horizontal Pulse Decay 3.409 2.897 56.3020 7.81 -2.10E-04 2.03E-02 0.999 

AI3X 1669.40 Vertical Pulse Decay 3.186 2.912 53.7828 7.81 -1.69E-04 1.31E-02 0.997 

AI4A 1665.10 Horizontal Pulse Decay 3.142 2.898 55.9355 3.37 -1.86E-04 2.31E-03 0.985 

AI4B 1665.10 Horizontal Pulse Decay 3.547 2.909 62.6042 3.37 -1.69E-04 6.33E-03 0.999 

AI4C 1665.10 Horizontal Pulse Decay 3.330 2.914 58.5820 3.37 -1.96E-04 1.74E-02 0.990 

AI4X 1665.10 Vertical Pulse Decay 4.302 2.919 76.0771 3.37 -1.76E-04 3.97E-03 0.995 

AI5A 1662.80 Horizontal Pulse Decay 3.514 2.893 62.7820 2.80 -2.29E-04 2.29E-03 0.988 

AI5B 1662.80 Horizontal Pulse Decay 3.109 2.902 55.3088 2.80 -2.89E-04 3.66E-03 0.998 

AI5X 1662.80 Vertical Pulse Decay 4.108 2.901 73.4919 2.80 -2.28E-04 1.28E-03 0.986 

AM2A 1836.70 Horizontal Pulse Decay 3.078 2.972 56.6674 2.43 -3.56E-04 7.86E-04 0.999 

AM5A 1842.10 Horizontal Pulse Decay 3.035 2.987 55.5460 2.91 -3.65E-04 1.44E-03 0.998 

AM6X 1844.10 Vertical Pulse Decay 2.817 2.969 50.7018 1.51 -3.15E-04 2.85E-04 0.997 

AM7A 1846.50 Horizontal Pulse Decay 2.834 2.978 50.8458 2.86 -7.34E-04 2.08E-01 0.993 

AM8A 1849.50 Horizontal Pulse Decay 2.607 2.985 44.3850 3.84 -7.11E-04 2.73E-01 0.998 

CB1A 1344.80 Horizontal Pulse Decay 3.928 2.971 73.2692 2.03 -5.36E-04 3.93E-04 0.951 

CB1X 1344.80 Vertical Pulse Decay 3.625 2.980 66.2077 2.03 -4.24E-04 1.82E-04 0.999 

CB2A 1341.70 Horizontal Pulse Decay 4.012 2.974 73.5480 4.14 -4.46E-04 8.62E-04 0.999 

CB2X 1341.70 Vertical Pulse Decay 4.729 2.970 86.2574 4.14 -2.89E-04 9.84E-04 0.983 

CB3A 1336.30 Horizontal Pulse Decay 4.050 2.966 73.5915 5.09 -3.71E-04 1.25E-03 0.997 

CB3X 1336.30 Vertical Pulse Decay 4.030 2.969 72.1631 5.09 -3.17E-04 1.38E-03 1.000 

CB4A 1334.10 Horizontal Pulse Decay 3.677 2.959 65.6804 4.44 -2.04E-04 4.68E-02 0.992 

CB4X 1334.10 Vertical Pulse Decay 3.500 2.986 62.4074 4.44 -3.21E-04 5.41E-04 0.997 

CB5A 1331.00 Horizontal Pulse Decay 3.658 2.972 66.4584 3.53 -4.70E-04 3.43E-01 0.993 

CB5B 1331.00 Horizontal Pulse Decay 3.510 2.981 64.1816 3.53 -3.63E-04 3.16E-04 0.967 

CB5X 1331.00 Vertical Pulse Decay 2.306 2.991 42.5861 3.53 -6.93E-04 2.98E-04 0.979 

CB6A 1329.00 Horizontal Pulse Decay 3.466 2.986 63.9423 3.58 -3.45E-04 6.64E-04 0.999 

CB6X 1329.00 Vertical Pulse Decay 4.013 2.962 72.9673 3.58 -2.06E-04 4.86E-04 0.974 

CB7A 1327.60 Horizontal Pulse Decay 3.739 2.969 66.0818 8.22 -1.29E-04 2.96E-01 0.973 

CB7A 1327.60 Horizontal Steady State 3.739 2.969 66.0818 8.22 -5.14E-05 4.79E-01 1.000 

CB8A 1322.70 Horizontal Pulse Decay 3.952 2.973 76.6801 3.88 -4.12E-04 1.29E-03 0.989 

CB8X 1322.70 Vertical Pulse Decay 2.817 2.989 53.8478 3.88 -5.42E-04 6.95E-03 0.989 

CD1A 1047.70 Horizontal Pulse Decay 4.713 2.972 86.6188 3.32 -3.52E-04 7.21E-04 0.978 

CD2A 1046.80 Horizontal Pulse Decay 4.039 2.969 73.9640 5.82 -2.63E-04 1.25E-03 0.996 

CD2X 1046.80 Vertical Pulse Decay 3.208 2.974 58.0813 5.82 -2.62E-04 1.84E-03 0.994 

CD3A 1048.50 Horizontal Pulse Decay 5.154 2.972 91.6649 4.21 -3.42E-04 1.73E-03 1.000 

CD4A 1049.20 Horizontal Pulse Decay 5.093 2.977 84.4733 7.27 -1.36E-04 1.45E-01 0.999 

CD4X 1049.20 Vertical Pulse Decay 4.348 2.976 71.4482 7.27 -6.36E-05 9.52E-02 0.944 

CD5A 1050.00 Horizontal Pulse Decay 4.150 2.965 74.5657 4.18 -3.91E-04 9.76E-04 0.999 

CD5X 1050.00 Vertical Pulse Decay 5.131 2.972 92.2718 4.18 -4.50E-04 8.20E-04 0.991 

CD6A 1052.20 Horizontal Pulse Decay 4.352 2.972 77.4406 5.85 -2.37E-04 9.59E-04 0.997 

CD6X 1052.20 Vertical Pulse Decay 5.265 2.970 93.6886 5.85 -4.94E-04 7.35E-04 0.997 

CD7A 1049.40 Horizontal Pulse Decay 5.237 2.975 93.6781 6.39 -2.23E-04 7.59E-04 0.980 

CD7X 1049.40 Vertical Pulse Decay 4.787 2.971 84.0227 6.39 -2.56E-04 1.48E-03 0.984 
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Sample Depth Type Method Length Diameter Mass φ k (σc) = m × σc + b  

 (m)   (cm) (cm) (g) (%) m b Fit R2 

CD8A 1052.00 Horizontal Pulse Decay 5.280 2.972 96.2462 7.00 -3.87E-04 5.73E-04 0.976 

CD8X 1052.00 Vertical Pulse Decay 4.991 2.968 88.0932 7.00 -3.40E-04 7.89E-04 0.999 

CD9A 1045.60 Horizontal Pulse Decay 4.172 2.974 76.0656 6.26 -2.28E-04 5.47E-04 0.995 

CD9X 1045.60 Vertical Pulse Decay 4.462 2.973 78.9742 6.26 -1.66E-04 1.20E-03 0.983 

CD10A 1058.80 Horizontal Pulse Decay 4.863 2.980 88.9102 4.23 -1.53E-04 9.46E-04 0.998 

CD14A 1054.10 Horizontal Pulse Decay 5.437 2.965 98.0571 3.99 -6.29E-04 3.45E-03 0.960 

CD14X 1054.10 Vertical Pulse Decay 2.794 2.968 50.8227 3.99 -5.10E-04 8.25E-04 0.994 

CD15A 1055.00 Horizontal Pulse Decay 4.530 2.965 83.6449 12.91 -3.16E-04 1.69E-01 0.998 

CD15X 1055.00 Vertical Pulse Decay 4.267 2.966 78.0701 12.91 -1.46E-04 2.83E-02 1.000 

CD16A 1063.10 Horizontal Pulse Decay 4.813 2.968 83.2658 6.96 -3.41E-04 3.02E-01 0.983 

CD16X 1063.10 Vertical Pulse Decay 5.503 2.963 94.9226 6.96 -3.37E-04 2.90E-03 0.995 

CH1X 1209.30 Vertical Pulse Decay 3.915 2.929 70.4432 1.54 -6.94E-04 6.17E-04 0.979 

CH2X 1208.10 Vertical Pulse Decay 4.224 2.933 76.2080 2.00 -8.72E-04 3.42E-04 0.991 

CH3A 1206.10 Horizontal Pulse Decay 4.960 2.923 85.6067 5.51 -9.82E-05 5.62E-03 0.991 

CH3X 1206.10 Vertical Pulse Decay 5.020 2.915 87.7228 5.51 -1.89E-04 4.33E-04 0.949 

CH4A 1203.60 Horizontal Pulse Decay 4.875 2.909 80.8277 7.91 -9.67E-05 8.52E-02 0.993 

CH4X 1203.60 Vertical Pulse Decay 3.323 2.903 57.2908 7.91 -3.55E-04 1.03E-03 0.999 

CH5X 1198.40 Vertical Pulse Decay 3.848 2.921 67.9775 10.12 -2.66E-04 1.32E-03 0.992 

CH6A 1196.80 Horizontal Pulse Decay 5.873 2.910 101.6862 6.64 -2.14E-04 5.77E-04 0.963 

CH6X 1196.80 Vertical Pulse Decay 5.058 2.925 87.5646 6.64 -4.57E-04 9.32E-04 0.995 

CH7A 1194.10 Horizontal Pulse Decay 5.222 2.904 81.1002 13.18 -4.69E-05 3.85E-01 0.944 

CH7A 1194.10 Horizontal Steady State 5.222 2.904 81.1002 12.93 -1.08E-05 3.58E-01 1.000 

CH7X 1194.10 Vertical Steady State 4.977 2.894 77.4880 12.93 -9.06E-06 2.59E-01 1.000 

CP1A 1851.50 Horizontal Pulse Decay 5.296 2.931 90.1939 7.70 -1.37E-04 6.79E-03 0.971 

CP1X 1851.50 Vertical Pulse Decay 4.726 2.935 80.7329 7.70 -1.60E-04 2.39E-03 0.999 

CP2A 1845.60 Horizontal Pulse Decay 5.106 2.917 88.3333 3.27 -2.73E-04 1.81E-03 0.993 

CP2X 1845.60 Vertical Pulse Decay 4.714 2.927 83.0960 3.27 -2.46E-04 5.10E-04 0.997 

CP4A 1835.60 Horizontal Pulse Decay 5.219 2.929 93.0456 9.65 -1.73E-04 1.48E-02 0.999 

CP4X 1835.60 Vertical Pulse Decay 3.808 2.933 69.2442 9.65 -2.28E-04 4.98E-03 0.904 

CP5A 1831.70 Horizontal Pulse Decay 4.179 2.933 75.3024 3.07 -4.80E-04 1.73E-03 0.997 

CP5X 1831.70 Vertical Pulse Decay 5.903 2.933 105.9849 3.07 -7.31E-04 2.02E-04 0.975 

CP6A 1829.40 Horizontal Pulse Decay 5.232 2.922 91.3352 3.08 -9.62E-04 2.03E-03 0.932 

CP6X 1829.40 Vertical Pulse Decay 4.776 2.942 84.0904 3.08 -1.28E-03 4.04E-04 0.980 

CP7A 1823.00 Horizontal Pulse Decay 4.505 2.932 80.4488 2.17 -5.47E-04 8.17E-04 0.994 

CP7X 1823.00 Vertical Pulse Decay 5.636 2.944 102.0662 2.17 -4.86E-04 4.19E-04 0.975 

CP8A 1821.30 Horizontal Pulse Decay 4.343 2.930 77.7656 0.89 -7.99E-04 2.18E-02 0.945 

CP8X 1821.30 Vertical Pulse Decay 4.468 2.936 80.8650 0.89 -5.67E-04 3.26E-04 0.983 

CS2A 1607.60 Horizontal Pulse Decay 3.732 2.966 68.1100 3.04 -3.09E-04 1.68E-03 0.963 

CS2X 1607.60 Vertical Pulse Decay 4.368 2.975 79.7344 3.04 -5.03E-04 2.43E-04 0.994 

CS3A 1604.50 Horizontal Pulse Decay 3.732 2.966 69.0527 3.04 -7.58E-04 7.98E-01 0.972 

CS3X 1604.50 Vertical Pulse Decay 3.534 2.968 66.2042 3.04 -1.81E-04 4.04E-04 0.993 

CS4X 1601.40 Vertical Pulse Decay 4.348 2.964 73.4674 10.83 -1.13E-04 4.79E-01 0.958 

CS4X 1601.40 Vertical Steady State 4.348 2.964 73.4674 10.83 -2.39E-05 5.12E-01 1.000 

CS5A 1596.20 Horizontal Pulse Decay 3.654 2.957 67.1198 3.13 -1.73E-04 1.58E-03 0.943 

CS5B 1596.20 Horizontal Pulse Decay 3.309 2.966 61.3337 3.13 -2.58E-04 1.09E-03 0.994 

CS5X 1596.20 Vertical Pulse Decay 4.048 2.974 75.9021 3.13 -2.52E-04 5.49E-04 0.970 

CS6A 1594.30 Horizontal Pulse Decay 4.041 2.955 74.9080 2.19 -2.95E-04 7.30E-04 0.965 

CS6B 1594.30 Horizontal Pulse Decay 3.708 2.964 69.3805 2.19 -5.14E-04 6.59E-02 0.996 

CT1A 958.90 Horizontal Pulse Decay 3.678 2.970 66.4191 1.60 -5.50E-04 3.50E-02 0.982 

CT1X 958.90 Vertical Pulse Decay 3.845 2.965 67.7311 1.60 -3.76E-04 6.05E-04 0.985 

CT2A 955.50 Horizontal Pulse Decay 4.089 2.972 72.9918 3.00 -5.14E-04 5.92E-04 0.996 

CT2X 955.50 Vertical Pulse Decay 4.396 2.965 78.1820 3.00 -3.76E-04 5.43E-04 0.985 

CT2Y 955.50 Vertical Pulse Decay 4.944 2.969 87.9612 3.00 -3.89E-04 5.18E-04 0.988 

CT3A 950.30 Horizontal Pulse Decay 4.206 2.965 78.3420 2.68 -4.80E-04 3.53E-04 0.999 

CT5A 944.40 Horizontal Pulse Decay 3.984 2.970 69.7031 5.31 -2.20E-04 1.04E-03 0.995 

CT5X 944.40 Vertical Pulse Decay 4.036 2.966 70.8678 5.31 -3.09E-04 8.88E-04 0.998 

CT5Y 944.40 Vertical Pulse Decay 4.295 2.969 75.2226 5.31 -1.97E-04 7.68E-04 0.993 

CTP1A 1572.90 Horizontal Steady State 3.435 2.917 53.0073 12.83 -2.92E-05 1.21E+00 1.000 

CTP3A 1580.40 Horizontal Pulse Decay 6.005 2.922 103.5873 11.32 -1.85E-04 6.99E-03 0.972 

CTP3X 1580.40 Vertical Pulse Decay 2.799 2.938 48.2372 11.32 -2.23E-04 1.97E-03 0.991 

CTP4A 1583.70 Horizontal Pulse Decay 3.572 2.922 64.7652 3.94 -3.84E-04 3.75E-04 0.987 



   

 

269 

Sample Depth Type Method Length Diameter Mass φ k (σc) = m × σc + b  

 (m)   (cm) (cm) (g) (%) m b Fit R2 

CTP7A 1589.50 Horizontal Pulse Decay 3.651 2.938 64.5436 3.62 -8.27E-04 7.53E-04 0.994 

CZ1A 1254.00 Horizontal Pulse Decay 4.117 2.974 74.7252 4.21 -4.48E-04 7.59E-04 0.981 

CZ2A 1250.90 Horizontal Pulse Decay 3.239 2.963 58.6840 1.03 -4.08E-04 1.12E-03 0.997 

CZ2X 1250.90 Vertical Pulse Decay 6.404 2.965 114.4096 1.03 -6.14E-04 1.11E-03 0.999 

CZ4X 1247.00 Vertical Pulse Decay 2.987 2.974 55.9573 3.30 -5.08E-04 7.01E-04 0.983 

CZ5A 1245.10 Horizontal Pulse Decay 3.927 2.978 70.6288 3.79 -4.12E-04 1.20E-03 0.985 

CZ5X 1245.10 Vertical Pulse Decay 4.691 2.961 84.0077 3.79 -3.62E-04 6.03E-04 0.999 

CZ7A 1239.90 Horizontal Steady State 3.774 2.963 60.3139 16.03 -8.71E-04 1.89E+01 1.000 

CZ7X 1239.90 Vertical Steady State 5.759 2.964 88.5739 16.03 -2.82E-04 1.91E+01 1.000 

GG1A 1962.20 Horizontal Pulse Decay 3.287 2.942 60.2140 6.43 -2.71E-04 9.94E-03 0.990 

GG4A 1970.60 Horizontal Pulse Decay 4.554 2.921 82.4182 3.27 -3.26E-04 9.14E-04 0.998 

GG4X 1970.60 Vertical Pulse Decay 4.248 2.946 78.1052 3.27 -3.55E-04 6.20E-04 0.967 

HE4X 3110.60 Vertical Pulse Decay 4.835 2.935 86.1323 3.37 -2.63E-04 1.51E-03 0.994 

HE5A 3112.80 Horizontal Pulse Decay 4.431 2.941 79.1477 2.89 -3.59E-04 1.44E-03 0.988 

HE5X 3112.80 Vertical Pulse Decay 2.268 2.942 40.9399 2.89 -4.10E-04 9.09E-04 0.999 

HE7A 3119.80 Horizontal Pulse Decay 3.924 2.924 69.0442 2.08 -4.01E-04 2.11E-01 0.975 

HE7X 3119.80 Vertical Pulse Decay 4.300 2.941 76.9436 2.08 -3.26E-04 4.03E-04 0.996 

HE8A 3122.70 Horizontal Pulse Decay 4.599 2.926 84.2960 2.71 -3.11E-04 5.01E-04 0.996 

HE8X 3122.70 Vertical Pulse Decay 4.078 2.933 73.7772 2.71 -3.91E-04 7.99E-04 0.915 

HE9A 3129.90 Horizontal Pulse Decay 5.605 2.931 99.5749 4.36 -1.41E-04 1.98E-03 0.985 

HM1X 1691.00 Vertical Pulse Decay 4.303 2.970 80.9453 2.04 -1.04E-03 2.28E-04 0.990 

HM2A 1689.30 Horizontal Steady State 3.214 2.954 50.6201 17.39 -5.84E-05 1.78E+01 1.000 

HM2B 1689.30 Horizontal Steady State 3.073 2.958 49.081 17.39 -5.24E-05 1.56E+01 1.000 

HM2X 1689.30 Vertical Steady State 4.311 2.965 70.3668 17.39 -1.42E-05 3.43E-01 1.000 

HM3A 1684.70 Horizontal Pulse Decay 3.578 2.975 65.1496 6.63 -1.16E-04 1.63E-03 0.994 

HM3B 1684.70 Horizontal Pulse Decay 3.371 2.971 60.3426 6.63 -7.60E-05 4.57E-03 0.999 

HM3X 1684.70 Vertical Pulse Decay 2.997 2.972 54.1784 6.63 -3.26E-04 8.55E-04 0.998 

MH1A 2420.70 Horizontal Pulse Decay 4.645 2.974 80.6471 2.18 -6.58E-04 7.17E-03 0.990 

MH1B 2420.70 Horizontal Pulse Decay 4.810 2.961 86.5527 2.18 -6.06E-04 1.11E-03 0.998 

MH2A 2420.20 Horizontal Pulse Decay 4.928 2.964 90.8420 3.00 -4.09E-04 1.70E-03 0.993 

MH2X 2420.20 Vertical Pulse Decay 4.979 2.966 91.6718 3.00 -4.59E-04 1.41E-03 0.994 

MH3X 2422.00 Vertical Pulse Decay 2.973 2.978 55.5373 6.63 -3.43E-04 8.02E-04 0.987 

MH4A 2421.50 Horizontal Pulse Decay 4.379 2.969 79.9551 2.57 -4.66E-04 2.50E-03 0.992 

MH4B 2421.50 Horizontal Pulse Decay 4.866 2.972 87.9917 2.57 -5.67E-04 6.66E-03 0.988 

MH5A 2423.80 Horizontal Pulse Decay 4.603 2.973 90.3866 8.42 -2.56E-04 2.79E-04 1.000 

MH6A 2423.10 Horizontal Pulse Decay 4.852 2.962 89.2772 5.06 -3.35E-04 1.22E-03 0.998 

MH6X 2423.10 Vertical Pulse Decay 3.599 2.962 66.3262 5.06 -2.68E-04 1.01E-03 0.997 

MH7A 2424.10 Horizontal Pulse Decay 4.694 2.971 84.9086 11.09 -1.67E-04 9.32E-03 0.999 

MH7B 2424.10 Horizontal Pulse Decay 4.847 2.978 89.9333 11.09 -1.53E-04 2.14E-02 1.000 

MH8A 2425.80 Horizontal Pulse Decay 5.217 2.963 93.0824 5.39 -2.68E-04 2.11E-03 0.999 

MH8X 2425.80 Vertical Pulse Decay 4.164 2.967 74.5145 5.39 -2.37E-04 5.91E-04 0.979 

MH9A 2427.20 Horizontal Pulse Decay 4.806 2.981 85.2709 5.17 -2.09E-04 8.70E-04 0.967 

NK1A 2204.60 Horizontal Pulse Decay 5.313 2.962 96.7538 1.93 -3.14E-04 2.06E-01 0.979 

NK2A 2203.90 Horizontal Pulse Decay 5.214 2.972 96.8560 2.15 -2.92E-04 1.41E-03 0.993 

NK2X 2203.90 Vertical Pulse Decay 6.482 2.964 120.7010 2.15 -3.93E-04 9.38E-04 0.999 

NK3A 2199.40 Horizontal Pulse Decay 5.029 2.963 89.5740 3.09 -8.50E-05 4.53E-01 0.996 

NK3A 2199.40 Horizontal Steady State 5.029 2.963 89.574 3.09 -5.93E-05 6.62E-01 1.000 

NK3X 2199.40 Vertical Pulse Decay 5.859 2.959 105.4170 3.09 -2.13E-04 3.02E-03 0.997 

NK4A 2196.40 Horizontal Pulse Decay 4.972 2.960 87.5522 4.94 -2.38E-04 1.42E-02 0.994 

NK4X 2196.40 Vertical Pulse Decay 4.066 2.966 71.2995 4.94 -1.39E-04 1.01E-02 0.939 

NK5A 2194.90 Horizontal Pulse Decay 5.155 2.968 93.1182 2.77 -3.00E-04 1.62E-03 0.968 

NK6A 2191.90 Horizontal Pulse Decay 3.566 2.971 66.8036 1.49 -5.49E-04 6.54E-03 0.972 

NK6X 2191.90 Vertical Pulse Decay 2.459 2.968 46.2513 1.49 -7.94E-04 6.22E-04 0.984 

RD1A 2182.60 Horizontal Pulse Decay 4.838 2.937 89.0281 3.50 -2.98E-04 1.29E-02 0.977 

RD2A 2184.30 Horizontal Pulse Decay 4.309 2.959 80.4949 4.27 -3.80E-04 1.03E-03 0.981 

RD2X 2184.30 Vertical Pulse Decay 2.846 2.954 52.8513 4.27 -4.05E-04 3.97E-04 0.972 

RD3A 2189.20 Horizontal Pulse Decay 4.961 2.932 91.3451 5.56 -1.85E-04 2.17E-03 0.978 

RD4A 2194.80 Horizontal Pulse Decay 4.100 2.937 75.8406 3.79 -4.70E-04 8.14E-04 0.964 

RD4X 2194.80 Vertical Pulse Decay 4.747 2.953 86.8473 3.79 -2.93E-04 4.37E-04 0.993 

SS3X 2066.20 Vertical Pulse Decay 4.467 2.985 82.5446 2.92 -1.71E-04 3.89E-03 0.989 

SS4A 2064.10 Horizontal Pulse Decay 3.312 2.963 59.1908 2.78 -8.49E-04 5.34E-02 0.997 



   

 

270 

Sample Depth Type Method Length Diameter Mass φ k (σc) = m × σc + b  

 (m)   (cm) (cm) (g) (%) m b Fit R2 

SS4X 2064.10 Vertical Pulse Decay 3.098 2.967 55.0341 2.78 -4.52E-04 8.12E-04 0.991 

SS5A 2061.30 Horizontal Pulse Decay 3.463 2.978 64.4706 3.43 -2.72E-04 7.92E-04 0.966 

SS5X 2061.30 Vertical Pulse Decay 4.331 2.960 80.2961 3.43 -3.12E-04 1.16E-03 0.998 

SS6A 2058.30 Horizontal Pulse Decay 3.682 2.973 67.7453 1.56 -5.05E-04 1.91E-01 0.992 

SS8A 2054.00 Horizontal Pulse Decay 2.673 2.983 49.2983 0.75 -5.85E-04 3.67E-01 0.992 

SS9A 2050.70 Horizontal Pulse Decay 3.591 2.973 66.6748 2.06 -3.74E-04 9.42E-04 0.998 

SS10A 2048.60 Horizontal Pulse Decay 3.149 2.984 58.0651 3.66 -2.52E-04 3.87E-04 0.996 

SS10B 2048.60 Horizontal Pulse Decay 3.250 2.982 59.3983 3.66 -3.60E-04 9.28E-04 0.998 

SS10X 2048.60 Vertical Pulse Decay 3.620 2.970 65.7440 3.66 -2.34E-04 1.03E-03 0.999 

SS11A 2045.10 Horizontal Pulse Decay 3.548 2.973 65.0957 2.38 -4.76E-04 1.36E-01 0.979 

TB1A 1311.20 Horizontal Pulse Decay 2.981 2.972 49.9621 13.87 -4.74E-04 7.60E-01 0.941 

TB1B 1311.20 Horizontal Pulse Decay 2.859 2.981 48.2429 13.87 -2.98E-05 1.17E-01 0.955 

TB1X 1311.20 Vertical Pulse Decay 3.590 2.970 64.2307 13.87 -4.99E-05 5.83E-02 0.978 

TB2A 1306.40 Horizontal Pulse Decay 2.718 2.988 46.9056 10.79 -5.17E-05 1.16E-01 0.965 

TG1A 2618.90 Horizontal Pulse Decay 3.267 2.958 60.3848 1.80 -3.43E-04 3.30E-04 0.996 

TG1B 2618.90 Horizontal Pulse Decay 3.298 2.908 59.1705 1.80 -4.84E-04 1.10E-03 0.997 

TG1X 2618.90 Vertical Pulse Decay 4.243 2.903 75.8468 1.80 -3.64E-04 5.41E-04 0.996 

TG2B 2615.30 Horizontal Pulse Decay 3.184 2.968 59.0526 2.30 -7.25E-04 1.81E-02 0.979 

TG3A 2614.00 Horizontal Pulse Decay 3.133 2.921 56.6636 1.90 -5.71E-04 2.52E-02 0.989 

TG5A 2611.40 Horizontal Pulse Decay 3.715 2.976 69.4291 1.36 -3.37E-04 9.18E-04 0.992 

TG5X 2611.40 Vertical Pulse Decay 3.558 2.970 65.0632 1.36 -4.46E-04 6.33E-04 0.996 

TG6A 2584.10 Horizontal Pulse Decay 4.502 2.974 79.0886 6.73 -1.22E-04 1.64E-02 0.996 

TG7A 2582.60 Horizontal Pulse Decay 3.036 2.921 51.8318 6.85 -1.01E-04 2.84E-02 0.982 

TG7B 2582.60 Horizontal Pulse Decay 3.880 2.967 67.5949 6.85 -1.10E-04 2.99E-02 0.925 

TG7X 2582.60 Vertical Pulse Decay 3.008 2.969 52.5293 6.85 -9.07E-05 4.73E-02 0.991 

TG8A 2579.10 Horizontal Pulse Decay 3.654 2.957 64.1106 6.62 -2.83E-05 1.33E-01 0.929 

TG8B 2579.10 Horizontal Pulse Decay 3.058 2.971 55.2070 6.62 -8.99E-05 1.74E-02 0.977 

TG8X 2579.10 Vertical Steady State 3.522 2.98 65.0495 6.62 -1.24E-05 9.26E-01 1.000 

TG9A 2575.60 Horizontal Pulse Decay 2.769 2.969 49.0840 5.72 -1.63E-04 3.76E-03 0.981 

TG9X 2575.60 Vertical Pulse Decay 3.328 2.977 60.1311 5.72 -1.87E-04 2.57E-03 0.981 

TG10A 2571.50 Horizontal Pulse Decay 4.205 2.977 76.3228 4.30 -2.38E-04 3.30E-03 0.999 

TG10X 2571.50 Vertical Pulse Decay 3.669 2.974 65.0272 4.30 -2.02E-04 4.19E-03 0.995 

TG11A 2568.80 Horizontal Pulse Decay 3.386 2.965 60.3667 8.31 -1.05E-04 1.05E-02 0.986 

TG11B 2568.80 Horizontal Pulse Decay 3.455 2.968 60.4493 8.31 -8.81E-05 4.45E-02 0.943 

TG11X 2568.80 Vertical Pulse Decay 3.839 2.974 66.2636 8.31 -5.45E-05 8.41E-02 0.951 

TG12A 2561.80 Horizontal Pulse Decay 4.033 2.942 72.3176 4.42 -1.90E-04 3.35E-03 0.995 

TG12X 2561.80 Vertical Pulse Decay 5.626 2.957 101.3178 4.42 -2.08E-04 3.33E-03 0.996 

TG13A 2558.40 Horizontal Pulse Decay 3.036 2.965 52.6448 5.96 -6.24E-05 6.46E-02 0.948 

TG13X 2558.40 Vertical Pulse Decay 3.304 2.976 58.8541 5.96 -1.11E-04 1.43E-02 0.988 

TG16A 2547.30 Horizontal Pulse Decay 2.713 2.965 49.0857 3.19 -1.34E-04 2.94E-03 0.976 

TG16X 2547.30 Vertical Pulse Decay 4.379 2.976 79.7504 3.19 -1.67E-04 3.66E-03 0.998 

TG17A 2543.60 Horizontal Pulse Decay 4.257 2.912 72.5523 6.05 -1.71E-04 1.58E-02 0.991 

TG17X 2543.60 Vertical Pulse Decay 4.786 2.958 83.8345 6.05 -1.30E-04 1.27E-02 0.993 

TG18A 2542.20 Horizontal Pulse Decay 2.742 2.970 50.2413 3.02 -2.19E-04 2.19E-03 0.997 

TG19A 2539.60 Horizontal Pulse Decay 4.001 2.964 69.7233 6.14 -1.37E-04 2.20E-02 0.997 

TG19X 2539.60 Vertical Pulse Decay 5.542 2.970 97.8820 6.14 -1.17E-04 1.29E-02 1.000 
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APPENDIX F.1:  GEOCHEMISTRY - MAJOR ELEMENTS
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Sample Depth SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 MnO P2O5 S TOC 

 (m) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) 

AA2 1656.80 43.40 9.12 3.76 13.90 3.07 0.77 3.35 0.54 0.02 1.85 2.40 4.81 

AA3 1653.20 37.40 4.62 2.19 24.00 3.69 0.60 1.83 0.33 0.04 1.23 1.14 2.71 

AA4 1653.00 44.30 6.74 4.47 15.45 3.33 0.69 2.59 0.43 0.03 1.04 2.40 6.16 

AA5 1650.00 47.70 3.44 2.06 17.40 5.64 0.64 1.42 0.30 0.05 0.55 0.86 1.38 

AA6 1646.60 33.60 5.42 1.64 21.60 5.68 0.54 2.18 0.35 0.03 1.87 1.11 4.95 

AA7 1643.70 38.20 7.24 3.49 16.15 5.40 0.52 2.68 0.42 0.02 0.62 2.06 5.69 

AA8 1638.90 42.80 2.52 1.93 25.00 3.23 0.30 1.04 0.18 0.02 0.31 0.75 0.81 

AA9 1636.70 59.70 2.81 1.92 16.10 2.65 0.21 1.32 0.18 0.02 0.88 0.88 1.12 

AA10 1634.50 40.30 1.84 4.07 26.40 3.12 0.28 0.83 0.15 0.03 1.02 2.14 0.58 

AA11 1632.20 45.50 8.76 2.88 16.65 2.95 0.51 3.84 0.52 0.03 2.28 1.31 1.95 

AA12 1639.50 47.30 10.60 4.52 8.77 2.81 0.68 4.11 0.59 0.01 1.12 3.25 6.68 

CD1 1047.70 40.20 8.23 3.99 13.90 7.46 0.25 3.23 0.50 0.03 1.12 1.82 1.72 

CD2 1046.80 57.00 6.69 2.82 15.10 1.49 0.28 2.90 0.38 0.02 2.39 1.51 0.33 

CD3 1048.50 60.80 8.52 1.51 11.00 2.37 0.31 3.20 0.56 0.02 1.03 0.30 0.85 

CD4 1049.20 54.50 3.13 1.53 12.85 7.02 0.24 1.48 0.21 0.04 0.28 0.28 1.91 

CD5 1050.00 55.50 4.93 3.11 12.65 5.26 0.17 1.98 0.29 0.03 0.77 1.54 1.53 

CD6 1052.20 59.10 3.44 1.99 10.85 5.18 0.21 1.56 0.22 0.03 1.23 1.19 2.74 

CD7 1049.40 48.60 3.47 1.85 15.25 7.39 0.24 1.57 0.24 0.04 0.28 0.47 1.43 

CD8 1052.00 44.10 3.49 4.30 14.65 7.72 0.16 1.48 0.21 0.06 0.51 2.88 2.48 

CD9 1045.60 56.20 3.44 1.45 15.15 5.52 0.16 1.62 0.22 0.04 0.33 0.17 0.53 

CD10 1058.80 61.40 7.33 4.19 7.96 2.95 0.23 2.95 0.46 0.02 1.89 2.85 1.49 

CD11 1053.30 49.30 12.80 4.40 7.76 3.56 0.30 5.06 0.62 0.03 2.08 2.83 2.95 

CD12 1052.80 47.30 11.35 4.90 10.60 4.39 0.30 4.46 0.62 0.03 2.60 2.94 2.42 

CD13 1054.50 1.99 0.24 4.08 49.10 0.20 0.27 0.15 0.02 0.05 16.00 3.52 1.70 

CD14 1054.10 39.00 3.58 3.56 20.10 6.02 0.19 1.64 0.24 0.05 0.77 1.97 2.29 

CD15 1055.00 5.50 0.83 6.20 46.00 0.29 0.35 0.29 0.05 0.03 22.20 5.22 2.34 

CD16 1063.10 61.00 8.09 2.38 8.51 2.77 1.25 2.95 0.54 0.05 0.24 1.02 0.94 

CS1 1610.80 39.90 9.10 3.67 14.20 3.33 0.42 3.70 0.43 0.02 2.12 2.66 5.44 

CS2 1607.60 44.60 4.43 2.09 20.00 4.93 0.33 1.99 0.26 0.03 0.45 0.96 1.45 

MH1 2420.70 42.30 8.27 2.81 10.45 5.86 0.57 3.20 0.51 0.02 0.40 2.12 7.59 

MH2 2420.20 41.50 2.83 1.45 24.10 3.78 0.32 1.27 0.21 0.03 0.63 0.73 1.95 

MH3 2422.00 24.80 1.94 0.60 36.90 2.87 0.46 0.65 0.17 0.04 0.77 0.21 0.60 

MH4 2421.50 43.30 7.63 3.23 12.10 4.90 0.67 3.01 0.48 0.02 0.32 2.08 4.58 

MH5 2423.80 10.40 1.09 0.75 45.30 0.83 0.49 0.38 0.08 0.02 15.20 0.71 1.24 

MH6 2423.10 25.00 1.37 0.76 34.50 1.89 0.42 0.55 0.11 0.03 9.15 0.65 2.62 

MH7 2424.10 5.61 0.52 0.51 50.70 0.58 0.43 0.19 0.03 0.02 19.20 0.52 1.27 

MH8 2425.80 55.10 7.53 2.38 10.75 4.47 1.31 2.77 0.54 0.04 0.33 0.92 0.97 

MH9 2427.20 60.50 8.31 2.49 8.70 3.27 1.48 3.05 0.53 0.03 0.41 1.18 1.17 

SS3 2066.20 53.70 8.25 4.17 9.93 3.21 1.38 3.17 0.58 0.03 1.04 2.55 1.89 

SS4 2064.10 30.40 4.73 2.45 23.40 6.27 0.41 2.14 0.29 0.03 0.64 1.34 4.66 

SS5 2061.30 47.10 2.98 2.16 20.00 3.34 0.59 1.28 0.25 0.04 1.88 1.03 1.12 

SS6 2058.30 33.00 3.49 1.32 29.00 3.53 0.59 1.39 0.26 0.04 1.12 0.65 2.01 

SS7 2056.00 48.00 9.75 4.10 9.47 3.63 0.83 3.75 0.59 0.02 0.29 2.85 5.72 

SS8 2054.00 18.10 3.16 1.48 37.90 1.73 0.37 1.17 0.20 0.02 0.36 0.83 2.84 

SS9 2050.70 42.80 2.24 3.77 20.90 5.25 0.24 1.05 0.15 0.04 0.63 0.94 1.26 

SS10 2048.60 47.60 2.38 1.73 20.20 4.21 0.27 1.11 0.17 0.02 0.63 0.49 1.20 

SS11 2045.10 40.90 7.00 2.45 18.50 4.51 0.44 3.29 0.38 0.04 1.34 0.98 1.39 
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APPENDIX F.2:  GEOCHEMISTRY - BASE METALS 
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Sample Depth Ag As Cd Co Cu Li Mo Ni Pb Sc Tl Zn 

 (m) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

AA2 1656.80 0.8 15 <0.5 8 88 40 14 105 19 10 <10 30 

AA3 1653.20 <0.5 14 0.9 4 48 20 28 41 10 4 <10 39 

AA4 1653.00 1.5 26 0.5 3 87 40 50 110 13 7 <10 36 

AA5 1650.00 <0.5 8 <0.5 3 24 10 3 15 4 3 <10 9 

AA6 1646.60 0.7 16 0.6 <1 58 30 77 217 11 6 20 65 

AA7 1643.70 0.7 32 0.6 8 83 40 159 449 13 7 20 63 

AA8 1638.90 <0.5 7 <0.5 2 18 10 23 45 8 2 10 12 

AA9 1636.70 <0.5 20 5.6 1 18 10 87 61 4 3 <10 444 

AA10 1634.50 <0.5 <5 <0.5 1 22 10 3 8 4 2 <10 11 

AA11 1632.20 <0.5 8 <0.5 4 21 20 5 34 14 9 <10 24 

AA12 1639.50 2.2 37 58.2 2 76 30 410 682 15 9 50 3450 

CD1 1047.70 2.9 30 <0.5 26 93 30 4 130 17 10 <10 37 

CD2 1046.80 <0.5 12 <0.5 1 24 20 10 39 8 6 <10 57 

CD3 1048.50 <0.5 8 <0.5 <1 44 30 1 28 9 8 <10 17 

CD4 1049.20 0.6 <5 0.5 <1 46 20 2 24 18 3 <10 26 

CD5 1050.00 3.9 30 16 2 42 20 55 67 28 5 <10 465 

CD6 1052.20 1.2 23 0.5 1 37 20 24 106 31 3 10 19 

CD7 1049.40 2.4 12 1.3 8 186 20 49 36 79 3 <10 71 

CD8 1052.00 0.8 51 <0.5 5 25 20 76 54 32 4 10 17 

CD9 1045.60 <0.5 <5 <0.5 <1 9 20 3 8 8 3 <10 20 

CD10 1058.80 5.8 64 116 3 45 20 27 73 37 7 10 6000 

CD11 1053.30 0.8 40 1.5 7 34 40 44 55 53 14 10 79 

CD12 1052.80 <0.5 26 39.2 5 30 40 42 41 41 12 10 2160 

CD13 1054.50 2.6 37 <0.5 <1 78 <10 27 214 58 7 20 19 

CD14 1054.10 <0.5 30 40.7 <1 24 10 44 78 19 4 10 1520 

CD15 1055.00 6.5 82 0.9 <1 163 <10 36 456 98 10 60 33 

CD16 1063.10 <0.5 11 <0.5 6 18 20 17 22 15 7 <10 21 

CS1 1610.80 1.5 19 42 5 54 30 123 236 14 9 20 1850 

CS2 1607.60 <0.5 5 0.5 3 32 20 32 36 8 4 <10 22 

MH1 2420.70 0.8 25 46.2 1 46 60 219 406 12 7 20 2390 

MH2 2420.20 <0.5 10 4.1 2 24 20 39 83 4 3 10 246 

MH3 2422.00 <0.5 <5 0.5 <1 10 10 4 17 4 2 <10 43 

MH4 2421.50 0.9 33 <0.5 9 53 40 139 206 16 7 20 24 

MH5 2423.80 <0.5 8 <0.5 <1 14 10 4 17 7 3 <10 40 

MH6 2423.10 <0.5 <5 52.7 <1 17 10 2 36 2 2 <10 2450 

MH7 2424.10 <0.5 5 0.6 <1 10 <10 2 12 4 2 <10 27 

MH8 2425.80 <0.5 10 <0.5 5 23 20 6 23 10 6 <10 18 

MH9 2427.20 <0.5 11 <0.5 6 25 20 5 21 13 7 <10 13 

SS3 2066.20 <0.5 67 <0.5 12 37 20 23 38 15 8 <10 17 

SS4 2064.10 0.9 26 0.6 2 49 30 40 84 15 5 10 16 

SS5 2061.30 <0.5 13 0.6 2 25 10 4 24 8 2 <10 17 

SS6 2058.30 <0.5 5 13.2 1 24 10 24 45 7 3 <10 573 

SS7 2056.00 0.8 30 <0.5 10 87 40 157 384 22 9 20 34 

SS8 2054.00 <0.5 14 0.5 <1 46 10 117 103 8 3 <10 21 

SS9 2050.70 <0.5 9 0.5 4 233 10 34 97 12 2 <10 25 

SS10 2048.60 <0.5 6 <0.5 <1 17 10 23 38 7 2 <10 12 

SS11 2045.10 <0.5 6 <0.5 4 29 20 12 38 11 7 <10 19 
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APPENDIX F.3:  GEOCHEMISTRY - RARE EARTH 

ELEMENTS  
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Sample Depth La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

 (m) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

AA2 1656.80 36.1 51 8.19 33.9 6.92 1.46 6.47 1.12 6.35 1.38 3.85 0.54 3.21 0.51 

AA3 1653.20 21.9 33.2 4.88 19.1 4.53 0.76 3.34 0.59 3.81 0.79 2.22 0.3 2.01 0.34 

AA4 1653.00 16.8 27.2 3.88 16.1 3.37 0.75 2.85 0.46 2.81 0.69 1.68 0.26 2.07 0.34 

AA5 1650.00 19.4 34.6 4.75 18.3 3.83 0.69 3.41 0.56 3.27 0.72 2.01 0.3 2.07 0.33 

AA6 1646.60 40.3 64.1 11.5 47.4 9.87 1.73 8.77 1.38 7.31 1.53 3.96 0.52 3.06 0.43 

AA7 1643.70 27.3 38.4 5.84 22.9 4.51 1.03 4.41 0.7 4.18 0.89 2.76 0.39 2.3 0.37 

AA8 1638.90 12.5 19.1 2.6 10.6 2.42 0.4 2.05 0.31 1.88 0.33 1.07 0.16 1.22 0.13 

AA9 1636.70 14.6 20.6 3.2 12.6 2.76 0.47 2.63 0.41 2.38 0.52 1.7 0.2 1.21 0.21 

AA10 1634.50 10.5 17.3 2.39 9.5 2.22 0.4 1.74 0.28 1.54 0.38 1.05 0.19 1.12 0.18 

AA11 1632.20 32.6 47.1 6.61 26.4 5.27 0.99 4.73 0.74 4.34 1.13 2.91 0.42 2.82 0.41 

AA12 1639.50 43.8 57.4 9.43 38.7 7.34 1.69 6.97 1.18 7.33 1.52 4.26 0.61 3.4 0.53 

CD1 1047.70 30.1 46.5 6.04 24.8 4.87 0.93 3.86 0.66 3.94 0.82 2.45 0.32 2.44 0.38 

CD2 1046.80 30.9 42.3 5.93 24.7 5.11 0.99 4.35 0.65 3.79 0.84 2.48 0.37 2.28 0.4 

CD3 1048.50 32.5 52.4 6.99 25.3 5.42 1.02 4.53 0.7 3.96 0.89 2.51 0.37 2.49 0.36 

CD4 1049.20 12.9 22.4 3.11 12.4 2.43 0.59 2.24 0.35 2.19 0.47 1.29 0.19 1.21 0.2 

CD5 1050.00 17.4 28.3 3.84 14.6 2.88 0.53 2.69 0.35 2.65 0.55 1.46 0.2 1.44 0.23 

CD6 1052.20 23.3 31.9 4.8 19.1 3.75 0.7 3.76 0.55 3.55 0.75 2.34 0.31 1.96 0.28 

CD7 1049.40 13.2 23.3 3.24 12.3 2.55 0.51 2.35 0.39 2.25 0.47 1.28 0.21 1.39 0.23 

CD8 1052.00 15 23.4 3.23 12.8 2.28 0.48 2.09 0.33 2.2 0.52 1.16 0.17 1.24 0.2 

CD9 1045.60 12.1 19.1 2.69 10.2 2.2 0.41 1.87 0.26 1.87 0.39 1.07 0.18 1.29 0.19 

CD10 1058.80 30.4 46 6.29 24.2 4.47 1 4.52 0.74 4.3 0.92 2.5 0.37 2.55 0.38 

CD11 1053.30 41 61.3 8.54 33.1 5.83 1.19 5 0.85 4.74 1.09 3.09 0.46 3.14 0.45 

CD12 1052.80 41.9 63.6 8.48 32 6.25 1.27 5.84 0.82 5.34 1.11 3.24 0.46 2.9 0.45 

CD13 1054.50 139.5 77.2 23.4 97.5 19.2 4.64 21.9 3.36 20 4.84 13.35 1.72 9.57 1.25 

CD14 1054.10 19.8 31.6 4.73 18.2 3.72 0.75 3.72 0.52 3.28 0.71 2.1 0.27 1.76 0.23 

CD15 1055.00 235 128 40.7 171 32.5 7.76 38.2 5.65 35.7 8.26 23.4 2.95 15.4 2.22 

CD16 1063.10 25.6 47.6 6.01 24 4.97 1.02 4.36 0.7 4.16 0.9 2.63 0.42 2.43 0.44 

CS1 1610.80 39.1 49.1 7.74 31.7 6.26 1.19 5.84 0.96 5.98 1.37 3.99 0.54 3.34 0.51 

CS2 1607.60 16.8 29.5 3.99 14.6 3.16 0.63 2.74 0.43 2.56 0.58 1.45 0.19 1.61 0.25 

MH1 2420.70 24 32.4 4.37 16.7 3.48 0.62 2.9 0.57 3.06 0.69 2.29 0.32 2.31 0.38 

MH2 2420.20 18.3 22.4 3.71 15.4 3.14 0.66 2.68 0.46 2.82 0.68 1.63 0.25 1.7 0.28 

MH3 2422.00 16.2 21.5 2.9 11.6 2.21 0.41 2.54 0.37 2.09 0.4 1.39 0.22 1.56 0.23 

MH4 2421.50 25.4 41.5 6 23.4 4.74 0.84 4.76 0.66 4.28 0.88 2.52 0.35 2.19 0.35 

MH5 2423.80 75.7 46.7 13.95 58.7 10.65 2.89 13.8 1.9 12.7 2.96 8.36 1 5.48 0.73 

MH6 2423.10 48.6 35.4 9.41 39.3 7.2 1.66 9.13 1.35 7.95 1.89 5.04 0.62 3.61 0.52 

MH7 2424.10 74.4 42.9 12.85 50.9 9 2.76 12.45 1.67 11.45 2.62 8.06 1.01 5.31 0.73 

MH8 2425.80 24.8 45.1 5.64 20.3 3.81 0.8 3.73 0.68 4.07 0.79 2.76 0.37 2.74 0.44 

MH9 2427.20 27.8 54.2 7.16 28.6 5.73 1.15 5.72 0.88 5.39 0.98 2.53 0.39 2.87 0.43 

SS3 2066.20 28.5 36.3 5.76 23.2 4.7 1.01 4.43 0.71 4.43 0.89 2.49 0.41 2.83 0.43 

SS4 2064.10 19.5 24.6 4.22 16.3 3.43 0.68 3.48 0.56 3.33 0.72 2.21 0.31 1.98 0.36 

SS5 2061.30 28.3 43.4 7.12 28.4 5.09 1.04 5.07 0.84 5.05 1.03 3.02 0.38 2.44 0.39 

SS6 2058.30 20.4 26.9 4.81 19.2 3.46 0.78 3.51 0.54 3.32 0.7 2.1 0.3 2.08 0.31 

SS7 2056.00 23.1 39.3 5.42 21.3 4.06 0.88 4.06 0.7 3.83 0.79 2.5 0.38 2.49 0.4 

SS8 2054.00 20.6 25 4.53 18.7 3.36 0.69 2.99 0.44 2.63 0.54 1.68 0.22 1.32 0.2 

SS9 2050.70 13.8 20.8 3.01 12.1 2.34 0.57 2.43 0.35 2.28 0.46 1.3 0.16 1.37 0.16 

SS10 2048.60 15.3 25.4 3.53 14.4 2.85 0.55 2.83 0.48 2.72 0.51 1.4 0.2 1.57 0.2 

SS11 2045.10 23.8 38.8 5.21 20.6 4.01 0.71 3.61 0.54 3.45 0.76 2.28 0.27 1.9 0.33 
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APPENDIX F.4:  GEOCHEMISTRY - TRACE ELEMENTS  



   

 

278 

Sample Depth Ba Cr Cs Ga Hf Nb Rb Sn Sr Ta Th U V W Y Zr 

 (m) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

AA2 1656.80 377 150 5.77 12.8 6.5 10.6 89.7 2 170 0.8 8.84 10.6 498 2 51.5 260 

AA3 1653.20 241 40 2.07 6.3 6.7 6.7 44.3 1 183.5 0.4 5.65 16.05 184 1 26.6 272 

AA4 1653.00 243 140 3.79 9.5 6.3 8.3 66 6 153.5 0.7 6.39 9.84 1015 2 22.8 236 

AA5 1650.00 1775 30 0.71 3.9 12.2 6 27.8 1 253 0.5 5.23 3.95 32 1 21.9 479 

AA6 1646.60 203 80 3.45 8 6 6.6 59.2 13 196 0.5 6.44 36.9 2070 2 59.2 233 

AA7 1643.70 230 90 4.88 11.2 5.6 8.4 80.2 1 154 0.6 7.36 26 2060 1 32 224 

AA8 1638.90 144 30 1.22 3.3 5.5 3.2 26.7 1 168 0.3 2.97 5.89 220 1 13.2 228 

AA9 1636.70 197 40 1.5 3.7 5.7 3.1 31.3 1 162 0.2 3.01 21.1 285 1 19.4 241 

AA10 1634.50 233 30 0.68 2.1 8 2.9 18.3 9 259 0.3 2.56 2.16 30 1 13.7 319 

AA11 1632.20 272 150 5.73 11.9 4.1 9.1 87.8 2 284 0.7 7.43 3.91 109 2 40.3 154 

AA12 1639.50 340 190 6.36 15.6 7.8 10.9 119.5 5 151.5 0.8 9.28 79.5 3240 2 61 317 

CD1 1047.70 269 80 5.67 11.1 4.2 8.7 82.6 2 168 0.6 6.97 9.91 192 2 29.2 157 

CD2 1046.80 269 80 4.76 8.4 5.9 7 70.8 1 232 0.5 6.38 6.49 136 2 35.7 228 

CD3 1048.50 370 80 6.54 11.1 6.6 9.7 89.2 1 167.5 0.8 7.95 4.94 110 2 29.1 260 

CD4 1049.20 397 30 1.29 4.1 7.2 4 34.2 1 96.7 0.4 3.59 2.52 45 1 13.8 286 

CD5 1050.00 203 40 2.98 5.9 5.6 5.2 50.2 1 127 0.4 4.26 6.76 54 1 17.8 229 

CD6 1052.20 504 40 1.55 4.8 7.6 4.1 37.5 1 129 0.3 3.95 9.17 174 1 31.2 302 

CD7 1049.40 250 30 1.61 8.6 7 4.5 36.9 2 103 0.4 3.83 3.15 47 2 14 279 

CD8 1052.00 193 30 2.1 4.8 6.1 4 37.3 1 115.5 0.3 3.65 15.3 91 1 16.8 252 

CD9 1045.60 236 30 1.69 4.4 6.4 3.9 37.9 1 131 0.3 3.59 3 108 1 12.8 261 

CD10 1058.80 273 80 5.25 10.7 5.5 7.9 76.5 8 185.5 0.6 6.96 6.08 101 2 33.4 214 

CD11 1053.30 329 130 10.75 17.7 5.1 10.4 133.5 2 232 0.7 9.39 17.6 195 2 43.1 189 

CD12 1052.80 320 130 9.89 15.1 4.7 10.2 121 2 269 0.7 8.85 12.3 180 2 43.9 174 

CD13 1054.50 >10000 30 0.11 1.3 0.4 0.3 2.2 <1 1325 <0.1 4.35 175.5 181 1 269 31 

CD14 1054.10 353 50 1.91 4.5 4.9 4.6 38.2 1 138 0.3 4.02 12.3 652 2 26.1 195 

CD15 1055.00 8420 130 0.42 3 1.5 0.9 8.6 1 1315 0.1 7.85 293 832 1 458 108 

CD16 1063.10 333 40 1.98 10.2 9.7 10.3 63.5 1 121 0.8 7.29 5.72 82 2 26.7 367 

CS1 1610.80 252 190 7.79 12.6 4.3 7.8 99.8 2 243 0.6 7.16 22.9 832 2 63.3 163 

CS2 1607.60 203 50 2.47 5.7 5.8 4.6 44.5 1 165 0.4 4.46 4.71 186 1 18.5 241 

MH1 2420.70 512 160 7.3 13.9 7.7 9.9 99.4 1 120.5 0.7 8.68 16.85 4750 2 24.1 314 

MH2 2420.20 293 40 1.39 3.5 5.7 3.8 29.4 1 168.5 0.3 3.74 9.47 336 1 23.2 227 

MH3 2422.00 679 30 0.43 2.2 7.5 3.5 14.4 1 211 0.3 3 3.18 40 1 16.9 297 

MH4 2421.50 309 70 4.67 11.6 7.4 10 79.2 1 117 0.6 7.76 22.6 858 2 28.9 296 

MH5 2423.80 712 40 0.44 1.7 1.7 1.6 9.9 <1 429 0.2 3.5 38.1 128 1 168.5 72 

MH6 2423.10 2320 30 0.39 2 4.4 2.2 12.7 <1 806 0.2 2.95 65.8 149 1 101 192 

MH7 2424.10 864 30 0.28 1.2 0.7 0.6 4.8 <1 587 0.1 1.67 40 84 1 162 38 

MH8 2425.80 499 50 2.05 8.6 12 11 58.5 1 104 0.8 7.59 3.87 125 2 26.9 473 

MH9 2427.20 476 50 2.17 10.4 10.1 11.1 64.5 2 109.5 0.9 7.29 4.69 96 2 31.2 385 

SS3 2066.20 870 50 2.91 10.7 11.1 12.6 66.8 7 129 0.9 7.91 8.47 115 2 31.3 412 

SS4 2064.10 212 100 2.58 6.1 5.3 6.2 49.5 1 172.5 0.6 4.65 11.5 1090 2 30.4 211 

SS5 2061.30 8060 40 0.62 2.6 11.9 5.5 24.4 9 549 0.5 4.36 10.75 137 2 41.6 466 

SS6 2058.30 581 50 1.03 4.1 6.9 5.2 28.7 10 207 0.5 4.12 12.3 306 2 25.8 282 

SS7 2056.00 351 110 5.95 14.3 8.4 11.6 99.2 2 111 0.9 9.28 18.75 2460 3 26.6 310 

SS8 2054.00 371 60 1.85 5 3.2 3.9 32.2 1 233 0.3 3.24 23.1 1640 2 22.3 135 

SS9 2050.70 224 170 0.93 3 5 4.3 23.4 1 147 0.3 2.34 6.55 352 1 18.4 209 

SS10 2048.60 1215 40 0.85 3.2 7.9 3.5 24.3 5 134.5 0.3 3.12 5.68 288 1 18.7 314 

SS11 2045.10 397 80 4.03 9.2 5.3 7.3 67.1 2 184 0.6 5.4 4.03 189 2 28 198 
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APPENDIX F.5:  GEOCHEMISTRY – MEASUREMENT 

RANGES 



   

 

280 

Method Analyte Range  Method Analyte Range 

Oxides by ICP-AES Al2O3 

 

0.01-100% 

 

 Trace Elements by ICP-MS Ba 

 

0.5-10,000 ppm 

  Fe2O3 

 

0.01-100% 

% 

  Hf 

 

0.2-10,000 ppm 

  Na2O 

 

0.01-100% 

 

  Sn 

 

1-10,000 ppm 

  TiO2 

 

0.01-100% 

 

  Y 

 

0.1-10,000 ppm 

  BaO 

 

0.01-100% 

 

  Ce 

 

0.1-10,000 ppm 

  K2O 

 

0.01-100% 

 

  Ho 

 

0.01-1,000 ppm 

  P2O5 

 

0.01-100% 

 

  Sr 

 

0.1-10,000 ppm 

  CaO 

 

0.01-100% 

 

  Yb 

 

0.03-1,000 ppm 

  MgO 

 

0.01-100% 

 

  Cr 

 

10-10,000 ppm 

  SiO2 

 

0.01-100% 

 

  La 

 

0.1-10,000 ppm 

  Cr2O3 

 

0.002-100% 

 

  Ta 

 

0.1-2,500 ppm 

  MnO 

 

0.01-100% 

 

  Zr 

 

2-10,000 ppm 

  SrO 

 

0.01-100% 

 

  Cs 

 

0.01-10,000 ppm 

 LECO Combustion C 

 

0.01-50% 

 

  Lu 

 

0.01-1,000 ppm 

  S 

 

0.01-50% 

 

  Tb 

 

0.01-1,000 ppm 

 Loss on Ignition Volatiles 

 

0.01-100% 

 

  Dy 

 

0.05-1,000 ppm 

 Base Metals from ICP-AES Ag 

 

0.5-100 ppm 

 

  Nb 

 

0.2-2,500 ppm 

  Co 

 

1-10,000 ppm 

 

  Th 

 

0.05-1,000 ppm 

  Mo 

 

1-10,000 ppm 

 

  Er 

 

0.03-1,000 ppm 

  Sc 

 

1-10,000 ppm 

 

  Nd 

 

0.1-10,000 ppm 

  As 

 

5-10,000 ppm 

 

  Tm 0.01-1,000 ppm 

  Cu 

 

1-10,000 ppm 

 

  Eu 

 

0.03-1,000 ppm 

  Ni 

 

1-10,000 ppm 

 

  Pr 

 

0.03-1,000 ppm 

  TI 

 

10-10,000 ppm 

 

  U 

 

0.05-1,000 ppm 

  Cd 

 

0.5-1,000 ppm 

 

  Ga 

 

0.1-1,000 ppm 

  Li 

 

10-10,000 ppm   Rb 

 

0.2-10,000 ppm 

  Pb 

 

2-10,000 ppm 

 

  V 

 

5-10,000 ppm 

  Zn 

 

2-10,000 ppm 

 

  Gd 

 

0.05-1,000 ppm 

      Sm 

 

0.03-1,000 ppm 

      W 

 

1-10,000 ppm 
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APPENDIX G: WELL AND SAMPLE CODES
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Unique Well Identifier Sample Code Province Field 

100/01-32-083-25W6/00 PA British Columbia Altares 

100/04-09-084-22W6/00 AA British Columbia Attachie 

200/b-046-E 094-A-15/00 TB British Columbia Beavertail 

100/05-04-088-14W6/00 CB British Columbia Boundary Lake North 

100/08-28-071-07W6/00 RD Alberta Dimsdale 

200/c-082-F 094-H-01/00 CD British Columbia Drake 

102/15-05-071-12W6/00 HE Alberta Elmworth 

100/06-03-070-04W6/00 GG Alberta Elmworth/Gold Creek 

100/09-33-079-21W6/00 TG British Columbia Groundbirch 

200/a-063-A 093-P-09/00 MH British Columbia Heritage Montney 

100/04-10-079-05W6/00 CH Alberta Howard 

200/c-073-J 094-A-12/00 AI British Columbia Inga 

100/08-36-081-14W6/00 HM British Columbia Mica 

100/01-10-082-23W6/00 AM British Columbia Monias 

100/03-22-078-10W6/00 CP Alberta Progress 

100/12-04-086-20W6/00 CS British Columbia Stoddart West 

200/a-070-A 093-P-10/00 AS British Columbia Sundown 

100/15-34-080-18W6/00 SS British Columbia Sunset Prairie 

100/15-01-074-04W6/00 CTP Alberta Teepee 

200/c-075-A 094-G-16/00 CT British Columbia Tommy Lakes 

100/06-22-074-10W6/00 NK Alberta Wembley/Knopcik 

200/b-008-L 094-H-07/00 CZ British Columbia Zaremba 
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APPENDIX H: HALFWAY, DOIG AND DPZ WELL TOPS
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Unique Well Identifier Halfway (m TVDss) Doig (m TVDss) Doig Phosphate Zone (m TVDss) 

100/01-02-078-17W6/00 1,549.3 1,587.7 1,669.9 

100/01-03-070-06W6/00 1,503.4 1,510.2 1,545.5 

100/01-04-078-07W6/00 814.6 818.4 837.3 

100/01-04-079-18W6/00 1,485.4 1,524.0 1,612.8 

100/01-05-081-06W6/00 567.3 574.8 583.3 

100/01-09-085-18W6/00 772.3 802.9 839.3 

100/01-10-082-23W6/00 810.2 920.8 1,054.2 

100/01-12-086-16W6/00 698.7 714.2 757.9 

100/01-14-076-12W6/00 1,357.5 1,366.7 1,423.3 

100/01-14-083-10W6/00 642.5 658.4 678.1 

100/01-14-084-11W6/00 658.0 677.0 690.1 

100/01-14-084-19W6/00 773.0 798.7 860.7 

100/01-15-087-09W6/00 412.1 412.7 414.2 

100/01-16-076-09W6/00 1,091.1 1,100.3 1,134.8 

100/01-16-080-08W6/00 704.1 722.4 737.5 

100/01-18-086-21W6/00 826.1 843.0 903.6 

100/01-19-087-23W6/00 903.3 939.3 1,005.6 

100/01-21-075-12W6/00 1,487.2 1,500.7 1,561.1 

100/01-21-087-09W6/00 408.5 409.0 410.9 

100/01-22-081-04W6/00 448.2 449.3 460.0 

100/01-25-079-14W6/00 1,143.1 1,163.3 1,220.6 

100/01-25-084-11W6/00 651.9 657.4 677.4 

100/01-25-084-18W6/00 774.1 803.2 850.7 

100/01-26-086-16W6/00 670.2 682.7 713.8 

100/01-27-072-05W6/00 1,118.0 1,122.8 1,139.3 

100/01-28-084-23W6/00 934.8 989.8 1,061.1 

100/01-29-083-09W6/00 580.9 585.1 604.3 

100/01-30-087-09W6/00 420.4 421.3 423.1 

100/01-31-083-24W6/00 1,111.4 1,149.6 1,264.3 

100/01-32-070-09W6/00 1,759.9 1,769.9 1,810.7 

100/01-32-083-25W6/00 1,265.3 1,315.1 1,447.8 

100/01-33-073-05W6/00 1,029.8 1,042.8 1,068.4 

100/01-33-085-18W6/00 741.9 768.9 817.5 

100/01-34-082-12W6/00 846.8 857.9 889.6 

100/02-03-071-10W6/00 1,868.8 1,881.6 1,903.1 

100/02-07-077-16W6/00 1,665.5 1,694.5 1,775.9 

100/02-13-082-09W6/00 550.3 560.4 579.6 

100/02-17-077-06W6/00 833.3 836.7 860.7 

100/02-20-061-07W6/00 2,748.9 2,756.9 2,792.6 

100/02-21-077-18W6/00 1,770.2 1,802.0 1,906.1 

100/02-24-076-09W6/00 1,054.5 1,061.0 1,098.8 

100/02-25-084-18W6/00 779.1 809.4 860.3 

100/02-30-075-09W6/00 1,215.1 1,218.8 1,264.6 

100/02-31-076-07W6/00 971.5 977.6 998.7 

100/02-32-085-18W6/00 748.7 775.9 802.5 

100/02-32-085-19W6/00 774.4 800.5 838.5 

100/02-33-062-04W6/00 2,154.7 2,157.6 2,171.4 

100/02-34-086-13W6/00 542.9 552.7 567.1 

100/02-36-068-04W6/00 1,410.5 1,411.9 1,432.7 

100/03-01-086-13W6/00 612.2 629.3 657.3 

100/03-03-078-07W6/00 808.9 812.5 828.1 

100/03-03-084-10W6/00 660.4 661.6 662.9 

100/03-06-078-22W6/00 2,151.6 2,248.0 2,388.4 

100/03-10-085-19W6/00 780.4 811.4 855.8 

100/03-12-084-10W6/00 628.7 630.5 632.2 

100/03-15-079-19W6/00 1,496.5 1,531.5 1,640.1 

100/03-15-085-23W6/00 915.0 957.7 1,021.0 

100/03-17-080-08W6/00 730.5 734.8 754.7 

100/03-19-073-11W6/00 1,667.9 1,683.4 1,734.3 

100/03-19-082-10W6/00 751.8 767.2 791.1 

100/03-21-067-02W6/00 1,411.8 1,412.8 1,431.9 
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Unique Well Identifier Halfway (m TVDss) Doig (m TVDss) Doig Phosphate Zone (m TVDss) 

100/03-22-078-10W6/00 972.7 977.6 1,028.2 

100/03-22-085-22W6/00 878.9 906.6 965.9 

100/03-24-083-16W6/00 835.8 859.8 918.4 

100/03-25-084-18W6/00 780.3 811.8 864.0 

100/03-28-064-04W6/02 1,920.1 1,924.2 1,942.4 

100/03-30-063-02W6/03 1,833.8 1,834.4 1,844.5 

100/03-30-080-08W6/00 717.0 721.1 737.4 

100/03-30-080-14W6/00 1,058.7 1,086.2 1,144.1 

100/03-36-088-22W6/00 758.2 777.4 835.6 

100/04-01-088-10W6/00 398.1 403.0 416.4 

100/04-03-088-22W6/00 818.0 835.7 891.2 

100/04-06-087-11W6/00 524.9 532.2 548.6 

100/04-07-070-05W6/00 1,477.9 1,484.0 1,517.3 

100/04-08-085-18W6/00 773.2 805.8 846.6 

100/04-08-088-24W6/00 878.8 921.9 984.3 

100/04-09-084-22W6/00 866.2 902.1 985.5 

100/04-10-079-05W6/00 594.0 595.4 623.3 

100/04-11-081-21W6/00 1,150.8 1,193.1 1,339.9 

100/04-11-083-17W6/00 854.3 875.9 964.0 

100/04-14-079-14W6/00 1,178.1 1,206.0 1,260.8 

100/04-14-084-23W6/00 910.8 966.8 1,045.4 

100/04-15-085-19W6/00 780.3 812.4 851.9 

100/04-15-085-23W6/00 920.3 964.5 1,027.9 

100/04-19-069-05W6/00 - 1,523.5 1,551.7 

100/04-19-075-12W6/00 1,528.6 1,560.4 1,581.4 

100/04-20-084-24W6/00 1,064.7 1,113.5 1,215.1 

100/04-22-084-15W6/00 742.0 764.0 808.4 

100/04-23-069-08W6/00 1,804.0 1,810.5 1,839.5 

100/04-25-082-11W6/00 736.7 753.9 770.4 

100/04-26-066-01W6/00 1,407.5 1,408.5 1,416.7 

100/04-26-076-10W6/00 1,122.9 1,135.3 1,173.4 

100/04-27-075-09W6/00 1,157.6 1,162.4 1,206.9 

100/04-29-083-18W6/00 791.8 817.6 906.0 

100/04-30-072-09W6/00 1,592.9 1,606.4 1,657.3 

100/04-30-077-16W6/00 1,577.9 1,602.6 1,696.6 

100/04-30-083-10W6/00 673.5 678.0 714.6 

100/04-35-081-10W6/00 703.0 715.6 740.2 

100/04-35-084-18W6/00 764.7 797.4 845.1 

100/04-36-075-09W6/00 1,110.3 1,116.2 1,163.3 

100/04-36-080-07W6/00 600.4 610.5 622.1 

100/05-02-064-03W6/00 1,851.2 1,859.1 1,881.3 

100/05-03-082-18W6/00 993.9 1,007.6 1,129.6 

100/05-04-087-12W6/00 535.3 540.2 563.6 

100/05-04-088-14W6/00 506.8 519.3 540.2 

100/05-06-081-07W6/00 610.6 614.9 638.3 

100/05-08-084-09W6/00 609.1 611.3 613.0 

100/05-09-076-13W6/00 1,484.1 1,521.6 1,554.0 

100/05-09-084-10W6/00 675.9 677.3 678.2 

100/05-16-077-20W6/00 2,055.2 2,074.0 2,197.6 

100/05-19-080-05W6/00 567.1 568.3 580.5 

100/05-21-085-15W6/00 702.0 720.6 758.2 

100/05-22-087-10W6/00 444.2 451.8 458.0 

100/05-23-077-15W6/00 1,473.8 1,492.3 1,551.1 

100/05-24-073-08W6/00 1,291.3 1,296.7 1,349.1 

100/05-24-082-09W6/00 547.2 550.1 570.2 

100/05-25-083-11W6/00 672.6 682.6 719.1 

100/05-26-080-13W6/00 1,003.4 1,021.6 1,067.6 

100/05-27-082-10W6/00 681.4 695.2 719.1 

100/05-29-071-09W6/00 1,694.4 1,700.3 1,743.3 

100/06-02-086-13W6/00 600.0 616.2 631.1 

100/06-03-070-04W6/00 1,312.4 1,314.3 1,343.7 
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Unique Well Identifier Halfway (m TVDss) Doig (m TVDss) Doig Phosphate Zone (m TVDss) 

100/06-03-072-04W6/00 1,131.6 1,135.2 1,156.5 

100/06-03-076-09W6/00 1,121.3 1,127.8 1,169.7 

100/06-03-087-12W6/00 535.5 539.6 553.2 

100/06-04-065-03W6/00 1,758.8 1,761.8 1,790.4 

100/06-04-068-04W6/00 1,540.8 1,543.5 1,564.0 

100/06-04-072-03W6/00 1,071.4 1,073.2 1,093.2 

100/06-04-079-09W6/00 914.5 923.1 960.1 

100/06-05-072-04W6/00 1,158.6 1,161.2 1,189.5 

100/06-05-083-09W6/00 561.6 563.9 580.9 

100/06-06-069-09W6/00 2,052.1 2,066.1 2,088.3 

100/06-06-085-11W6/00 634.4 652.6 666.7 

100/06-07-071-06W6/00 1,419.0 1,424.1 1,454.8 

100/06-07-084-10W6/00 698.4 699.4 700.9 

100/06-07-087-14W6/00 542.6 568.7 590.6 

100/06-08-081-09W6/00 706.8 720.5 743.1 

100/06-09-078-07W6/00 814.5 819.1 838.6 

100/06-10-077-14W6/00 1,458.5 1,472.5 1,533.5 

100/06-10-084-10W6/00 633.3 634.9 652.7 

100/06-11-083-18W6/00 858.5 881.8 982.4 

100/06-12-085-10W6/00 544.7 546.1 563.9 

100/06-13-070-05W6/00 1,332.1 1,337.3 1,373.3 

100/06-19-074-07W6/00 1,165.3 1,177.9 1,211.0 

100/06-20-081-12W6/00 940.7 960.9 991.4 

100/06-22-074-10W6/00 1,389.6 1,403.4 1,444.8 

100/06-23-068-08W6/00 1,929.5 1,936.0 1,977.9 

100/06-23-076-09W6/00 1,050.9 1,053.6 1,108.5 

100/06-25-075-12W6/00 1,408.0 1,433.0 1,473.7 

100/06-26-078-11W6/00 1,043.5 1,050.0 1,094.1 

100/06-26-084-18W6/00 748.9 776.6 818.1 

100/06-26-087-21W6/00 802.0 829.0 884.3 

100/06-28-077-07W6/00 859.5 862.3 879.3 

100/06-28-084-18W6/00 767.3 797.8 853.9 

100/06-28-086-13W6/00 600.2 604.9 615.3 

100/06-29-084-22W6/00 890.3 925.7 998.7 

100/06-32-065-07W6/00 2,183.8 2,188.8 2,224.4 

100/06-32-077-07W6/00 864.7 868.6 886.3 

100/06-32-082-10W6/00 691.8 701.9 726.7 

100/06-33-067-04W6/00 1,545.1 1,547.7 1,579.0 

100/06-34-067-08W6/00 2,001.6 2,029.0 2,060.3 

100/06-34-083-21W6/00 817.3 837.7 926.6 

100/06-35-085-15W6/00 688.4 712.0 742.6 

100/07-03-081-04W6/00 470.8 472.3 476.6 

100/07-04-087-16W6/00 660.6 683.7 716.2 

100/07-05-067-07W6/00 2,027.9 2,038.8 2,079.1 

100/07-05-069-09W6/00 2,014.2 2,030.6 2,068.3 

100/07-06-086-11W6/00 574.2 591.8 604.5 

100/07-11-078-07W6/00 791.7 797.5 811.8 

100/07-12-080-09W6/00 769.0 777.0 804.2 

100/07-13-079-15W6/00 1,235.2 1,265.8 1,330.3 

100/07-14-077-07W6/00 858.0 861.3 877.4 

100/07-14-083-21W6/00 791.9 807.2 932.6 

100/07-14-086-21W6/00 793.2 824.2 866.2 

100/07-15-074-06W6/00 1,054.0 1,065.1 1,093.7 

100/07-15-078-18W6/00 1,590.2 1,630.6 1,714.4 

100/07-17-077-07W6/00 887.9 891.6 911.0 

100/07-18-062-07W6/00 2,708.1 2,714.0 2,749.9 

100/07-18-063-09W6/00 2,812.4 2,829.5 2,877.9 

100/07-19-084-10W6/00 682.7 683.5 685.0 

100/07-20-085-18W6/00 760.0 787.5 816.7 

100/07-20-087-22W6/00 828.4 858.8 914.5 

100/07-21-079-08W6/00 795.6 803.4 825.8 
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Unique Well Identifier Halfway (m TVDss) Doig (m TVDss) Doig Phosphate Zone (m TVDss) 

100/07-23-082-11W6/00 761.5 772.5 804.9 

100/07-23-084-11W6/00 655.9 663.4 690.9 

100/07-23-084-18W6/00 777.8 810.4 865.0 

100/07-24-084-11W6/00 639.9 647.4 673.7 

100/07-25-065-07W6/02 2,090.1 2,104.6 2,133.0 

100/07-25-080-16W6/00 1,096.9 1,125.6 1,201.1 

100/07-25-087-17W6/00 633.2 642.0 691.2 

100/07-26-084-22W6/00 857.8 885.0 951.3 

100/07-27-078-07W6/00 774.1 775.4 789.5 

100/07-27-083-21W6/00 822.5 845.6 952.1 

100/07-30-078-04W6/00 606.9 608.5 620.6 

100/07-31-077-17W6/00 1,631.1 1,667.3 1,760.0 

100/07-32-087-09W6/00 398.1 398.6 403.9 

100/07-35-063-03W6/00 1,863.8 1,865.6 1,886.2 

100/07-35-068-07W6/00 1,740.1 1,752.8 1,776.9 

100/08-06-075-08W6/00 1,190.4 1,195.3 1,235.5 

100/08-08-076-07W6/00 998.4 1,006.3 1,035.7 

100/08-08-081-19W6/00 1,138.8 1,186.6 1,296.0 

100/08-08-082-10W6/00 757.1 768.7 795.1 

100/08-09-078-07W6/00 803.8 807.5 825.1 

100/08-09-085-14W6/00 631.9 645.1 688.6 

100/08-13-082-23W6/00 820.0 889.8 1,043.7 

100/08-13-088-19W6/00 663.9 680.5 707.9 

100/08-14-080-08W6/00 690.1 695.5 716.7 

100/08-15-086-11W6/00 535.7 555.2 564.2 

100/08-16-077-11W6/00 1,124.9 1,132.7 1,163.1 

100/08-16-085-15W6/00 695.7 718.0 754.6 

100/08-17-079-07W6/00 721.7 732.4 765.6 

100/08-18-080-17W6/00 1,225.0 1,258.6 1,342.7 

100/08-18-081-15W6/00 1,012.7 1,040.9 1,107.3 

100/08-19-064-03W6/00 1,857.5 1,860.4 1,877.5 

100/08-20-087-09W6/00 411.6 412.0 413.6 

100/08-20-088-10W6/00 397.9 398.4 403.8 

100/08-21-078-07W6/00 787.0 788.5 820.3 

100/08-23-078-07W6/00 766.0 767.5 785.8 

100/08-23-087-10W6/00 424.9 428.4 443.1 

100/08-25-070-07W6/00 1,491.5 1,498.2 1,536.8 

100/08-26-077-19W6/00 1,798.4 1,822.0 1,937.9 

100/08-28-071-07W6/00 1,425.1 1,432.7 1,473.0 

100/08-29-086-12W6/00 553.0 558.5 584.9 

100/08-30-080-06W6/00 572.3 576.1 599.5 

100/08-30-082-20W6/00 810.3 837.4 985.2 

100/08-30-084-21W6/00 845.4 872.3 940.4 

100/08-33-078-07W6/00 768.9 770.5 785.2 

100/08-33-079-13W6/00 1,077.4 1,091.8 1,146.4 

100/08-33-086-09W6/00 442.7 443.6 447.4 

100/08-34-074-13W6/00 1,634.8 1,647.4 1,700.2 

100/08-34-078-07W6/00 729.2 736.9 769.6 

100/08-36-075-11W6/00 1,308.0 1,322.3 1,357.3 

100/08-36-081-14W6/00 983.7 996.4 1,055.4 

100/09-07-066-02W6/00 - 1,577.0 1,587.2 

100/09-07-068-06W6/00 1,778.3 1,784.0 1,816.7 

100/09-07-085-25W6/00 1,101.4 1,145.3 1,235.3 

100/09-09-084-15W6/00 720.1 743.0 785.3 

100/09-13-084-11W6/00 651.5 666.1 689.0 

100/09-13-088-15W6/00 512.0 529.8 547.5 

100/09-16-083-10W6/00 663.1 680.0 701.8 

100/09-17-085-18W6/00 764.3 792.2 823.3 

100/09-17-087-13W6/00 481.4 489.4 501.5 

100/09-20-082-10W6/00 714.2 729.4 751.3 

100/09-21-085-16W6/00 716.3 731.9 782.3 
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Unique Well Identifier Halfway (m TVDss) Doig (m TVDss) Doig Phosphate Zone (m TVDss) 

100/09-22-088-10W6/00 390.6 391.9 393.9 

100/09-23-081-12W6/00 899.0 917.4 949.6 

100/09-23-085-18W6/00 745.4 768.4 817.1 

100/09-25-081-10W6/00 682.8 689.5 721.0 

100/09-30-068-05W6/00 1,576.7 1,578.7 1,619.9 

100/09-31-069-04W6/00 1,366.0 1,372.4 1,396.3 

100/09-33-074-11W6/00 1,461.3 1,473.6 1,513.6 

100/09-33-079-21W6/00 1,531.1 1,559.0 1,745.8 

100/09-33-083-17W6/00 803.2 832.2 897.7 

100/09-34-082-09W6/00 556.5 560.3 572.0 

100/10-02-082-08W6/00 560.2 563.0 583.6 

100/10-08-070-09W6/00 1,844.4 1,857.6 1,880.9 

100/10-10-075-08W6/00 1,118.3 1,129.0 1,164.3 

100/10-11-078-07W6/00 787.5 792.6 809.0 

100/10-13-070-06W6/00 1,454.2 1,466.8 1,493.7 

100/10-14-083-11W6/00 723.0 731.0 764.1 

100/10-15-076-04W6/00 736.8 738.2 759.9 

100/10-17-078-07W6/00 803.7 808.3 826.6 

100/10-17-083-08W6/00 507.6 514.6 529.8 

100/10-19-066-09W6/00 2,384.1 2,391.2 2,432.6 

100/10-19-068-03W6/00 1,420.0 1,421.8 1,449.0 

100/10-19-079-08W6/00 815.2 819.2 837.6 

100/10-21-075-12W6/00 1,482.7 1,493.6 1,554.5 

100/10-26-077-07W6/00 821.0 824.7 841.4 

100/10-27-070-12W6/00 2,118.0 2,127.2 2,161.9 

100/10-28-076-10W6/00 1,132.3 1,145.3 1,193.5 

100/10-28-077-07W6/00 850.3 853.9 873.6 

100/10-29-085-12W6/00 633.6 650.5 667.5 

100/10-29-088-20W6/00 707.9 737.9 767.9 

100/10-30-066-07W6/00 2,056.5 2,070.5 2,101.9 

100/10-32-082-15W6/00 916.4 943.4 1,011.1 

100/10-32-085-25W6/00 1,064.9 1,107.9 1,197.6 

100/10-33-077-07W6/00 832.2 836.1 848.8 

100/10-35-071-13W6/00 2,068.2 2,081.2 2,150.4 

100/10-35-084-18W6/00 767.7 796.0 842.9 

100/10-36-063-08W6/00 2,519.8 2,538.0 2,570.7 

100/11-01-083-10W6/00 628.4 643.3 664.3 

100/11-03-073-07W6/00 1,282.0 1,284.9 1,331.9 

100/11-04-071-13W6/00 2,232.6 2,246.6 2,301.0 

100/11-04-074-05W6/00 1,037.1 1,046.7 1,065.7 

100/11-04-079-20W6/00 1,670.7 1,737.0 1,825.3 

100/11-05-068-05W6/00 1,656.0 1,659.7 1,699.9 

100/11-06-070-06W6/00 1,570.3 1,580.6 1,620.8 

100/11-07-078-08W6/00 917.5 924.9 951.3 

100/11-07-078-20W6/00 1,870.3 1,901.3 2,031.4 

100/11-08-083-08W6/00 517.7 524.4 541.4 

100/11-10-077-08W6/00 965.6 968.9 992.0 

100/11-10-086-20W6/00 771.5 797.7 845.3 

100/11-11-080-17W6/00 1,203.8 1,227.6 1,310.1 

100/11-11-085-19W6/00 771.7 798.9 843.4 

100/11-13-085-16W6/00 715.9 727.4 776.8 

100/11-15-068-02W6/00 1,319.6 1,320.6 1,332.8 

100/11-15-071-05W6/00 1,291.4 1,296.4 1,324.7 

100/11-17-078-18W6/00 1,612.0 1,641.3 1,740.5 

100/11-17-083-16W6/00 858.5 920.5 966.7 

100/11-17-084-12W6/02 699.5 722.9 744.2 

100/11-19-064-01W6/00 1,646.8 1,647.8 1,652.1 

100/11-19-084-18W6/00 774.5 801.9 859.7 

100/11-21-065-09W6/00 2,442.9 2,451.8 2,489.4 

100/11-21-082-10W6/00 701.5 710.7 737.3 

100/11-22-085-21W6/00 820.6 844.5 898.0 
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Unique Well Identifier Halfway (m TVDss) Doig (m TVDss) Doig Phosphate Zone (m TVDss) 

100/11-23-084-18W6/00 779.5 810.1 868.0 

100/11-25-066-07W6/00 1,969.8 1,984.0 2,017.2 

100/11-26-087-11W6/00 463.0 469.2 483.3 

100/11-27-080-14W6/00 1,048.8 1,073.9 1,126.0 

100/11-27-085-12W6/00 614.8 630.4 645.1 

100/11-28-063-03W6/00 1,925.9 1,938.1 1,955.1 

100/11-28-074-10W6/00 1,373.9 1,383.4 1,427.6 

100/11-28-078-19W6/00 1,614.9 1,658.8 1,757.4 

100/11-28-082-10W6/00 691.1 708.2 733.1 

100/11-30-066-07W6/00 2,052.5 2,064.8 2,098.1 

100/11-30-084-14W6/00 682.9 704.5 744.6 

100/11-31-084-15W6/00 722.0 733.7 781.6 

100/11-33-083-08W6/00 495.3 498.4 514.3 

100/11-33-088-16W6/00 555.6 575.5 601.8 

100/11-35-080-15W6/00 1,076.3 1,097.2 1,147.1 

100/11-35-084-18W6/00 764.4 795.8 841.4 

100/11-36-084-16W6/00 710.9 720.0 774.3 

100/12-02-084-10W6/00 644.6 646.5 647.9 

100/12-04-086-20W6/00 790.7 819.4 865.9 

100/12-05-081-07W6/00 606.7 609.5 625.0 

100/12-07-072-11W6/00 1,862.0 1,874.1 1,933.6 

100/12-09-071-09W6/00 1,721.1 1,730.8 1,778.1 

100/12-12-077-09W6/00 1,009.9 1,026.0 1,060.2 

100/12-15-079-12W6/00 1,071.2 1,085.6 1,139.0 

100/12-15-085-18W6/00 763.6 793.1 822.0 

100/12-16-086-21W6/00 819.9 837.3 895.5 

100/12-18-068-09W6/00 2,129.6 2,136.1 2,190.3 

100/12-18-074-11W6/00 1,559.9 1,570.0 1,621.8 

100/12-20-065-03W6/00 1,726.9 1,732.4 1,762.2 

100/12-23-077-08W6/00 927.6 930.5 952.2 

100/12-29-073-05W6/00 1,078.3 1,089.7 1,113.2 

100/12-29-078-18W6/00 1,557.0 1,585.4 1,686.3 

100/12-34-063-05W6/00 2,145.7 2,154.2 2,183.6 

100/12-35-080-09W6/00 733.0 736.5 757.6 

100/12-36-083-25W6/00 1,131.5 1,213.7 1,330.3 

100/13-01-074-06W6/00 1,072.2 1,077.2 1,104.2 

100/13-01-077-15W6/00 1,509.5 1,531.5 1,596.0 

100/13-02-067-02W6/00 1,530.0 1,531.5 1,538.3 

100/13-03-085-18W6/00 771.8 804.3 840.8 

100/13-03-088-12W6/00 455.0 459.9 468.2 

100/13-05-086-21W6/00 830.2 846.2 913.2 

100/13-09-081-18W6/00 1,102.1 1,124.1 1,231.1 

100/13-10-085-19W6/00 776.0 806.1 849.7 

100/13-10-087-09W6/00 412.9 413.3 419.4 

100/13-11-081-20W6/00 1,113.0 1,144.6 1,285.7 

100/13-11-083-15W6/00 875.3 892.6 964.6 

100/13-12-068-10W6/00 2,170.6 2,181.5 2,222.5 

100/13-12-078-11W6/00 1,070.2 1,079.4 1,121.4 

100/13-14-080-18W6/00 1,220.6 1,243.5 1,353.9 

100/13-14-082-10W6/00 677.0 687.2 710.3 

100/13-14-083-10W6/00 647.6 660.9 680.3 

100/13-15-074-11W6/00 1,506.0 1,517.1 1,575.2 

100/13-15-086-16W6/00 652.7 677.5 709.7 

100/13-17-080-13W6/00 1,042.4 1,061.1 1,117.1 

100/13-17-082-06W6/00 489.6 490.8 500.5 

100/13-19-083-15W6/00 826.6 844.6 899.8 

100/13-21-084-18W6/00 768.1 800.5 856.1 

100/13-22-085-18W6/00 743.0 774.0 799.3 

100/13-23-068-05W6/00 1,543.0 1,546.2 1,575.9 

100/13-26-086-10W6/00 504.3 505.0 507.1 

100/13-27-082-10W6/00 678.2 688.9 718.1 
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Unique Well Identifier Halfway (m TVDss) Doig (m TVDss) Doig Phosphate Zone (m TVDss) 

100/13-27-085-19W6/00 766.9 797.5 833.1 

100/13-31-079-13W6/00 1,105.3 1,128.5 1,181.2 

100/13-33-078-17W6/00 1,392.5 1,428.6 1,508.8 

100/13-33-082-17W6/00 851.5 893.9 968.8 

100/13-34-078-12W6/00 1,113.4 1,126.1 1,178.2 

100/13-36-078-18W6/00 1,457.0 1,494.1 1,586.9 

100/13-36-085-15W6/00 683.1 709.3 734.4 

100/14-02-063-06W6/00 2,374.1 2,378.3 2,410.8 

100/14-04-078-07W6/00 813.4 816.3 835.7 

100/14-04-085-12W6/00 660.4 668.6 702.9 

100/14-07-082-09W6/00 655.8 658.3 678.7 

100/14-09-086-09W6/00 469.9 470.6 471.5 

100/14-11-077-10W6/00 1,088.5 1,093.9 1,135.5 

100/14-13-074-10W6/00 1,370.8 1,380.0 1,425.6 

100/14-14-080-07W6/00 628.9 633.8 647.5 

100/14-18-086-21W6/00 830.1 848.6 908.8 

100/14-19-066-04W6/00 1,723.0 1,725.3 1,762.7 

100/14-19-079-06W6/00 677.6 684.4 707.5 

100/14-20-082-10W6/00 721.0 734.0 756.3 

100/14-21-062-06W6/00 2,442.9 2,448.2 2,482.6 

100/14-23-077-17W6/00 1,619.2 1,642.6 1,740.3 

100/14-24-079-07W6/00 676.5 681.3 703.1 

100/14-24-083-16W6/00 808.4 836.4 891.1 

100/14-27-067-08W6/00 2,005.5 2,029.4 2,058.9 

100/14-28-077-07W6/00 852.2 855.8 873.2 

100/14-30-082-09W6/00 598.3 605.9 633.4 

100/14-32-073-08W6/00 1,285.3 1,292.5 1,351.6 

100/14-32-077-07W6/00 856.5 860.2 872.8 

100/14-33-082-09W6/00 561.8 569.4 589.2 

100/14-33-086-12W6/00 527.2 535.3 563.7 

100/14-34-075-09W6/00 1,123.2 1,130.1 1,171.0 

100/14-36-070-07W6/00 1,483.9 1,486.6 1,524.4 

100/14-36-078-12W6/00 1,087.1 1,094.9 1,145.0 

100/15-01-074-04W6/00 880.5 882.4 909.0 

100/15-02-070-11W6/00 2,047.3 2,060.5 2,094.9 

100/15-03-083-10W6/00 673.1 680.5 707.2 

100/15-04-083-09W6/00 544.5 547.1 566.3 

100/15-05-086-16W6/00 675.5 705.2 744.6 

100/15-06-076-03W6/00 736.3 737.3 744.4 

100/15-06-083-08W6/00 533.7 537.5 557.2 

100/15-06-086-21W6/00 834.1 852.9 916.3 

100/15-06-088-21W6/00 785.5 801.7 857.7 

100/15-07-074-08W6/00 1,262.2 1,273.7 1,326.5 

100/15-07-085-18W6/00 771.2 801.3 838.0 

100/15-08-083-11W6/00 769.1 784.1 809.9 

100/15-09-074-12W6/00 1,653.0 1,674.8 1,733.2 

100/15-11-079-12W6/00 1,050.2 1,062.0 1,118.9 

100/15-11-082-09W6/00 565.0 573.3 589.4 

100/15-11-088-13W6/00 470.3 472.9 487.5 

100/15-12-077-17W6/00 1,649.7 1,676.9 1,768.0 

100/15-12-086-21W6/00 799.2 833.4 872.1 

100/15-14-078-07W6/00 771.4 774.6 795.6 

100/15-15-082-09W6/00 556.8 569.3 594.3 

100/15-15-083-09W6/00 560.0 567.2 586.4 

100/15-20-067-05W6/00 1,678.9 1,687.1 1,727.1 

100/15-23-075-10W6/00 1,251.7 1,260.2 1,306.5 

100/15-25-068-11W6/00 2,215.2 2,228.9 2,267.8 

100/15-28-082-10W6/00 688.4 703.4 728.7 

100/15-30-085-12W6/00 633.8 650.5 676.6 

100/15-31-077-10W6/00 1,087.3 1,096.8 1,138.3 

100/15-34-080-18W6/00 1,148.6 1,181.5 1,272.7 
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Unique Well Identifier Halfway (m TVDss) Doig (m TVDss) Doig Phosphate Zone (m TVDss) 

100/15-35-075-06W6/00 891.7 893.0 931.6 

100/15-35-085-15W6/00 687.2 708.9 740.0 

100/16-01-078-18W6/00 1,590.1 1,627.6 1,725.5 

100/16-02-074-06W6/00 1,076.0 1,082.8 1,109.8 

100/16-02-078-22W6/00 2,026.6 2,097.0 2,227.7 

100/16-04-078-15W6/00 1,403.5 1,422.0 1,483.2 

100/16-05-074-06W6/00 1,125.6 1,131.5 1,164.7 

100/16-05-084-24W6/00 968.1 1,030.1 1,137.7 

100/16-07-084-10W6/00 688.1 691.5 692.4 

100/16-09-078-07W6/00 807.0 811.1 826.2 

100/16-11-087-13W6/00 533.8 542.3 555.3 

100/16-12-085-17W6/00 736.2 758.0 807.9 

100/16-15-077-09W6/00 1,001.1 1,018.1 1,053.2 

100/16-16-082-10W6/00 686.2 702.3 727.5 

100/16-17-083-25W6/00 1,242.3 1,288.5 1,444.6 

100/16-21-088-10W6/00 345.2 348.8 354.1 

100/16-22-075-07W6/00 1,009.0 1,012.4 1,033.3 

100/16-22-076-07W6/00 947.1 951.2 967.2 

100/16-22-076-12W6/00 1,333.7 1,352.0 1,391.6 

100/16-22-079-09W6/00 812.2 820.4 847.6 

100/16-22-081-22W6/00 846.4 917.3 1,049.4 

100/16-23-078-07W6/00 741.1 744.6 778.7 

100/16-24-083-11W6/00 679.8 686.0 706.0 

100/16-26-086-12W6/00 533.4 537.0 558.6 

100/16-27-070-05W6/00 1,310.6 1,315.8 1,332.5 

100/16-27-085-19W6/00 759.2 790.6 823.3 

100/16-28-066-02W6/00 1,473.7 1,475.2 1,494.0 

100/16-28-074-08W6/00 1,178.8 1,183.4 1,222.2 

100/16-28-075-07W6/00 988.6 998.6 1,022.8 

100/16-28-077-07W6/00 848.7 850.6 860.6 

100/16-28-085-19W6/00 767.1 792.3 831.6 

100/16-29-079-20W6/00 1,493.3 1,544.6 1,664.2 

100/16-30-075-08W6/00 1,083.8 1,103.1 1,135.4 

100/16-33-084-21W6/00 837.5 859.1 921.1 

100/16-34-085-18W6/00 730.5 752.2 801.1 

100/16-35-078-21W6/00 1,727.9 1,752.2 1,889.9 

100/16-35-082-10W6/00 633.3 642.5 670.8 

100/16-36-083-25W6/00 1,018.7 1,093.7 1,204.0 

100/16-36-087-10W6/00 404.1 404.7 406.3 

102/01-12-084-23W6/00 868.7 921.3 1,016.2 

102/03-31-085-13W6/00 625.5 638.5 661.1 

102/04-06-086-11W6/00 576.6 590.5 610.1 

102/04-20-077-08W6/00 963.5 969.0 1,000.7 

102/05-26-083-25W6/00 1,201.1 1,263.0 1,392.6 

102/05-31-079-07W6/00 732.0 736.5 765.0 

102/05-32-084-17W6/00 764.3 788.4 832.7 

102/05-35-077-04W6/00 633.7 634.8 639.4 

102/06-05-083-19W6/00 890.5 909.3 1,027.5 

102/06-13-085-21W6/00 821.4 846.5 898.2 

102/06-16-084-08W6/00 501.2 502.5 505.2 

102/06-20-084-08W6/00 497.5 498.6 502.0 

102/06-28-082-09W6/00 563.9 569.1 597.5 

102/06-32-081-09W6/00 663.8 669.0 696.1 

102/07-05-082-19W6/00 990.6 1,014.6 1,150.6 

102/07-07-078-10W6/00 1,057.3 1,068.1 1,117.9 

102/07-08-074-11W6/00 1,560.4 1,569.1 1,628.6 

102/07-11-085-18W6/00 761.9 789.9 829.6 

102/07-27-085-15W6/00 691.4 709.5 748.5 

102/07-31-085-13W6/00 615.8 634.2 651.3 

102/08-07-085-18W6/00 777.8 810.3 848.5 

102/08-30-075-09W6/00 1,204.7 1,208.9 1,251.7 
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Unique Well Identifier Halfway (m TVDss) Doig (m TVDss) Doig Phosphate Zone (m TVDss) 

102/08-35-063-07W6/00 2,394.6 2,402.2 2,440.7 

102/09-29-087-09W6/00 405.3 405.9 408.2 

102/10-18-085-15W6/00 708.6 721.6 765.6 

102/10-30-083-15W6/00 816.1 847.6 890.4 

102/11-25-084-16W6/00 716.5 730.9 784.9 

102/12-06-087-24W6/00 998.2 1,037.8 1,116.3 

102/12-35-079-17W6/00 1,251.8 1,288.0 1,358.6 

102/13-11-083-15W6/00 878.1 894.0 967.4 

102/14-06-064-03W6/00 1,919.7 1,923.0 1,937.3 

102/14-15-083-18W6/00 816.0 839.2 934.8 

102/14-19-082-08W6/00 569.5 572.1 593.6 

102/15-05-071-12W6/00 2,122.9 2,132.7 2,173.7 

102/15-08-077-07W6/00 892.7 897.5 916.1 

102/15-33-063-04W6/00 2,018.2 2,022.0 2,036.7 

102/16-04-076-08W6/00 1,036.1 1,040.2 1,080.2 

102/16-04-076-11W6/00 1,303.8 1,313.7 1,355.1 

102/16-12-086-24W6/00 952.6 1,005.4 1,063.9 

102/16-22-078-07W6/00 764.4 768.8 792.9 

102/16-26-083-09W6/00 531.1 541.3 558.5 

102/16-29-069-10W6/00 2,034.1 2,067.6 2,093.5 

102/16-30-085-12W6/00 633.5 648.1 666.1 

103/04-06-088-09W6/00 399.3 400.0 409.6 

103/06-17-086-18W6/00 742.3 766.3 815.0 

103/11-33-075-07W6/00 985.4 995.1 1,023.0 

103/12-16-077-07W6/00 884.1 887.9 909.0 

104/04-06-088-09W6/00 404.3 405.1 408.3 

104/08-11-075-12W6/00 1,484.4 1,498.5 1,544.4 

1S0/01-29-061-06W6/02 2,598.0 2,604.5 2,637.4 

200/a-003-I 094-G-09/00 378.3 390.1 429.2 

200/a-006-F 094-H-11/00 335.9 345.1 353.0 

200/a-008-B 094-H-10/00 257.6 258.9 263.0 

200/a-009-D 094-G-08/00 611.4 663.9 721.1 

200/a-010-A 093-P-10/00 2,055.6 2,085.3 2,195.2 

200/a-010-E 094-H-08/00 242.1 243.5 248.0 

200/a-012-L 094-G-08/00 551.3 585.3 624.6 

200/a-015-A 094-B-16/00 853.3 906.9 967.2 

200/a-015-E 094-H-11/00 342.3 348.9 364.1 

200/a-015-H 094-H-07/00 236.9 240.5 247.1 

200/a-018-D 094-A-13/00 895.4 941.8 1,001.2 

200/a-020-H 094-G-01/00 693.8 734.3 779.8 

200/a-025-F 094-H-11/00 322.9 328.6 339.6 

200/a-026-I 094-G-07/00 426.7 460.0 510.1 

200/a-028-A 093-P-09/00 1,639.2 1,672.5 1,716.6 

200/a-037-K 093-P-01/00 2,452.2 2,482.2 2,584.2 

200/a-040-J 093-P-01/00 2,379.7 2,402.5 2,501.0 

200/a-044-H 094-H-07/00 216.0 223.0 227.4 

200/a-044-J 093-P-01/00 2,287.8 2,306.9 2,404.8 

200/a-045-F 093-P-07/00 2,505.1 2,551.0 2,665.2 

200/a-045-F 094-H-11/00 313.0 319.6 329.2 

200/a-062-K 094-H-02/00 330.5 333.5 357.0 

200/a-063-A 093-P-09/00 1,562.4 1,576.9 1,642.3 

200/a-070-A 093-P-10/00 1,952.3 1,981.3 2,073.3 

200/a-077-G 094-G-08/00 515.5 545.5 587.6 

200/a-078-L 094-H-07/00 330.7 336.7 346.8 

200/a-080-C 094-G-01/00 734.8 776.8 838.9 

200/a-080-E 094-H-01/00 308.2 311.9 319.6 

200/a-083-B 094-H-11/00 325.3 328.7 340.8 

200/a-083-D 094-H-10/00 283.8 290.4 297.9 

200/a-088-J 094-H-04/00 549.6 582.4 600.8 

200/a-091-J 093-P-07/00 2,100.3 2,132.9 2,229.0 

200/a-096-B 093-P-09/00 1,622.2 1,645.2 1,709.3 
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Unique Well Identifier Halfway (m TVDss) Doig (m TVDss) Doig Phosphate Zone (m TVDss) 

200/b-002-K 094-G-01/00 679.2 732.2 783.8 

200/b-004-L 093-P-07/00 2,469.6 2,521.2 2,656.8 

200/b-008-L 094-H-07/00 351.7 358.7 370.8 

200/b-015-A 094-H-11/00 334.5 339.5 349.0 

200/b-020-B 094-G-08/00 567.3 602.0 638.4 

200/b-024-B 094-H-10/00 250.5 250.9 253.2 

200/b-026-A 094-A-13/00 732.8 752.3 821.2 

200/b-031-F 094-G-01/00 662.0 700.3 748.4 

200/b-033-E 094-G-01/00 719.1 759.1 823.3 

200/b-043-E 093-P-09/00 1,687.4 1,721.6 1,796.5 

200/b-045-C 094-H-10/00 272.2 272.7 278.5 

200/b-045-I 094-A-09/00 474.6 482.3 500.3 

200/b-046-E 094-A-15/00 575.8 585.5 617.4 

200/b-047-F 093-P-09/00 1,654.4 1,694.9 1,748.0 

200/b-048-H 094-H-12/00 372.5 379.8 401.3 

200/b-049-D 094-A-05/00 1,269.4 1,320.0 1,435.1 

200/b-051-G 094-G-01/00 683.5 728.5 775.5 

200/b-054-C 094-A-15/00 573.6 580.3 622.3 

200/b-057-G 094-H-07/00 293.5 295.4 298.6 

200/b-057-J 094-B-09/00 989.8 1,044.9 1,109.2 

200/b-062-H 094-H-11/00 271.5 279.0 287.1 

200/b-063-B 093-P-10/00 1,995.9 2,020.0 2,133.5 

200/b-066-C 094-H-06/00 502.5 505.0 510.2 

200/b-069-A 094-B-16/00 827.5 879.1 932.7 

200/b-069-E 093-P-09/00 1,704.5 1,738.2 1,821.5 

200/b-069-I 094-H-02/00 300.2 311.1 320.5 

200/b-069-J 093-P-01/00 2,329.6 2,352.8 2,447.3 

200/b-072-L 094-A-15/00 497.8 507.6 548.3 

200/b-074-D 094-G-01/00 893.1 938.7 1,003.7 

200/b-074-H 094-H-07/00 233.7 234.3 236.9 

200/b-075-I 094-A-12/00 769.4 793.4 849.3 

200/b-076-I 094-A-15/00 405.6 414.5 446.4 

200/b-083-D 094-H-03/00 593.6 610.3 634.5 

200/b-087-I 094-H-05/00 426.4 433.5 455.9 

200/b-095-H 094-H-07/00 243.4 245.0 246.3 

200/b-098-F 094-A-15/00 533.4 541.3 573.6 

200/c-003-A 094-A-15/00 537.0 549.7 575.3 

200/c-004-F 094-G-08/00 590.1 623.8 665.9 

200/c-005-H 094-H-01/00 260.0 261.4 267.2 

200/c-014-J 093-P-01/00 2,330.8 2,352.1 2,446.1 

200/c-017-C 094-A-14/00 688.7 709.8 754.9 

200/c-018-H 094-A-14/00 604.8 619.7 651.3 

200/c-021-E 094-H-11/00 329.9 332.9 346.0 

200/c-021-L 094-A-13/00 749.0 788.5 836.9 

200/c-025-F 094-B-16/00 950.9 1,003.0 1,068.9 

200/c-025-G 094-A-14/00 623.9 639.3 676.6 

200/c-025-I 094-G-10/00 287.3 316.1 369.8 

200/c-027-B 094-B-16/00 926.5 970.6 1,038.8 

200/c-029-G 094-B-09/00 1,125.5 1,161.4 1,255.5 

200/c-038-F 094-H-11/00 317.8 324.3 334.5 

200/c-039-E 094-H-03/00 597.1 615.2 638.1 

200/c-046-E 094-H-03/00 580.6 590.6 619.7 

200/c-054-J 094-B-09/00 982.8 1,037.4 1,100.6 

200/c-057-I 094-B-08/00 1,167.2 1,201.7 1,297.9 

200/c-070-B 094-G-01/00 706.5 754.2 804.6 

200/c-073-J 094-A-12/00 799.6 838.1 900.9 

200/c-074-E 094-G-01/00 691.5 728.7 788.5 

200/c-074-G 094-B-09/00 958.9 1,003.1 1,081.7 

200/c-078-A 094-H-06/00 414.5 423.3 433.7 

200/c-078-B 094-H-01/00 303.3 305.0 308.5 

200/c-082-F 094-G-01/00 675.0 717.2 760.8 



   

 

294 

Unique Well Identifier Halfway (m TVDss) Doig (m TVDss) Doig Phosphate Zone (m TVDss) 

200/c-082-F 094-H-01/00 250.5 251.5 255.5 

200/c-085-I 094-B-01/00 1,360.3 1,391.2 1,524.9 

200/c-091-E 094-G-01/00 705.2 747.2 797.1 

200/c-095-B 093-P-01/00 2,519.5 2,543.8 2,627.7 

200/c-097-E 093-P-08/00 2,114.8 2,140.3 2,235.8 

200/c-098-B 094-A-14/00 634.4 663.2 690.5 

200/c-100-C 094-H-03/00 584.3 605.0 627.0 

200/d-002-G 094-B-09/00 961.1 996.1 1,086.4 

200/d-004-E 094-G-08/00 659.0 692.8 728.5 

200/d-006-H 093-P-10/00 1,833.5 1,852.5 1,950.1 

200/d-011-B 093-P-09/00 1,685.1 1,708.1 1,766.8 

200/d-013-I 094-H-02/00 302.5 308.2 317.3 

200/d-022-C 093-P-10/00 2,164.2 2,180.1 2,296.4 

200/d-022-G 094-B-08/00 1,328.0 1,371.7 1,495.7 

200/d-022-G 094-H-01/00 257.8 259.4 267.3 

200/d-023-B 094-B-16/00 853.8 904.5 960.2 

200/d-029-E 093-P-08/00 2,252.9 2,276.4 2,379.9 

200/d-036-D 094-H-10/00 298.1 311.1 314.9 

200/d-037-D 094-A-14/00 769.9 788.6 831.6 

200/d-038-K 094-H-01/00 250.5 251.7 257.6 

200/d-040-L 093-P-07/00 2,475.3 2,535.2 2,656.8 

200/d-042-G 094-H-01/00 252.7 255.0 261.7 

200/d-043-K 094-A-13/00 686.0 753.5 794.0 

200/d-046-G 094-H-01/00 250.7 253.0 263.7 

200/d-048-A 094-H-07/00 278.4 285.3 292.5 

200/d-048-H 094-H-01/00 245.9 247.1 250.2 

200/d-054-B 093-P-09/00 1,651.8 1,672.8 1,735.0 

200/d-054-F 094-A-16/00 408.1 418.9 435.0 

200/d-054-G 094-H-03/00 519.0 526.2 552.8 

200/d-056-A 094-H-11/00 313.6 320.5 328.9 

200/d-057-G 094-B-16/00 847.8 896.5 954.3 

200/d-059-H 093-P-10/00 1,792.1 1,816.1 1,910.0 

200/d-061-I 093-P-07/00 2,031.6 2,057.6 2,149.7 

200/d-063-J 094-H-04/00 539.4 563.8 583.0 

200/d-065-G 093-P-08/00 1,976.3 1,988.3 2,081.4 

200/d-067-J 094-B-09/00 987.4 1,039.2 1,110.7 

200/d-068-B 093-P-09/00 1,672.0 1,690.8 1,755.8 

200/d-072-E 094-H-02/00 411.8 419.4 445.1 

200/d-075-F 093-P-08/00 2,037.3 2,056.0 2,144.4 

200/d-078-A 094-H-12/00 391.0 401.0 417.9 

200/d-085-A 093-P-10/00 1,866.5 1,887.5 1,980.7 

200/d-088-F 094-G-01/00 681.8 719.0 767.1 

200/d-091-K 094-A-14/00 590.2 605.6 638.8 

202/b-022-C 094-H-04/00 674.9 709.9 746.9 

202/b-049-C 094-G-01/00 743.7 792.2 839.9 

202/b-082-L 094-G-01/00 586.6 636.6 690.8 

202/c-063-D 094-A-13/00 793.9 831.1 890.6 

202/c-087-B 094-A-14/00 628.6 650.4 684.8 

202/d-010-G 094-G-08/00 585.5 612.9 637.7 

202/d-069-A 094-G-08/00 553.3 587.3 616.6 

202/d-083-C 094-H-11/00 322.0 331.6 349.0 
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APPENDIX I: BASIN MATURITY 



   

 

296 

Sample 

Code 
Sample Type 

Depth 

(m) 
Formation 

Tmax 

(°C) 

TOC 

(wt.%) 

S1 

(mg / g) 

S2 

(mg / g) 

S3 

(mg / g) 

S2 Peak 

Quality 

AA740 Cuttings 740.0 Notikewin 445 2.04 1.1 2.87 0.77 good 

AA790 Cuttings 790.0 Bluesky 443 2.73 4.28 3.73 0.4 OK 

AA840 Cuttings 840.0 Gething 449 2.53 1.49 3.04 0.52 good 

AA940 Cuttings 940.0 Cadomin 452 1.66 3.2 2.62 0.42 OK 

AA1040 Cuttings 1040.0 Fernie 450 2.49 4.84 3.66 0.22 OK 

AA12 Core 1639.5 Doig Phosphate 454 6.68 2.37 5.81 0.72 good 

AA7 Core 1643.7 Doig Phosphate 458 5.69 2.75 5.59 0.59 good 

AA6 Core 1646.6 Doig Phosphate 462 4.95 3.09 4.91 0.46 OK 

AA4 Core 1653.0 Doig Phosphate 461 6.16 4.34 6.75 0.62 OK 

AA2 Core 1656.8 Sunset Prairie 461 4.81 2.64 4.81 0.68 good 

AI1130 Cuttings 1130.0 Fort St. John Group 449 2.33 0.55 3.82 0.56 excellent 

AI1180 Cuttings 1180.0 Fort St. John Group 449 1.71 1.01 2.98 0.39 OK 

AI1230 Cuttings 1230.0 Gething 454 2.59 1.25 3.72 0.57 good 

AI1280 Cuttings 1280.0 Fernie 463 3.38 1.02 3.78 0.36 good 

AI1330 Cuttings 1330.0 Gordondale 463 5.67 2.47 5.14 0.38 good 

AI1380 Cuttings 1380.0 Charlie Lake 461 1.34 0.34 0.82 0.5 poor 

AM565 Cuttings 565.0 Fort St. John Group 452 2.1 0.33 2.27 0.43 excellent 

AM600 Cuttings 600.0 Gething 453 2.57 0.28 2.47 0.49 excellent 

AM650 Cuttings 650.0 Gething 455 6.48 0.43 6.66 0.6 excellent 

AM700 Cuttings 700.0 Gething 453 1.01 0.2 1.06 0.44 good 

AM750 Cuttings 750.0 Cadomin 460 0.52 0.1 0.39 0.51 OK 

AM800 Cuttings 800.0 Cadomin 459 0.52 0.09 0.36 0.43 OK 

AM900 Cuttings 900.0 Cadomin 467 0.79 0.14 0.61 0.45 good 

AM950 Cuttings 950.0 Cadomin 459 1.95 0.31 1.98 0.42 excellent 

AM1000 Cuttings 1000.0 Cadomin 457 0.65 0.11 0.56 0.37 good 

AM1050 Cuttings 1050.0 Fernie 464 1.95 0.4 1.82 0.33 excellent 

AM1100 Cuttings 1100.0 Gordondale 463 3.82 1.11 3.21 0.36 good 

AM1150 Cuttings 1150.0 Baldonnel 465 0.76 0.14 0.42 0.56 poor 

AM3 Core 1832.9 Doig Phosphate 473 4 0.59 1.39 0.95 OK 

AM1 Core 1839.9 Doig Phosphate 475 3.92 0.57 1.41 0.77 OK 

AM5 Core 1842.1 Doig Phosphate 476 3.1 0.42 1.03 0.93 poor 

AS570 Cuttings 570.0 Smoky Group 434 1.2 0.47 1.44 0.69 good 

AS620 Cuttings 620.0 Doe Creek 435 1.31 4.19 1.73 0.63 poor 

AS670 Cuttings 670.0 Dunvegan 439 1.29 1.01 1.65 0.41 OK 

AS720 Cuttings 720.0 Dunvegan 441 1.62 0.82 2.3 0.73 good 

AS770 Cuttings 770.0 Dunvegan 435 1.5 1.13 2.07 0.6 good 

AS820 Cuttings 820.0 Dunvegan 439 1.28 1.63 1.59 0.7 OK 

AS870 Cuttings 870.0 Dunvegan 441 0.88 0.6 1.04 0.75 OK 

AS1020 Cuttings 1020.0 Shaftesbury 445 2.59 8.18 4.43 0.28 poor 

AS1070 Cuttings 1070.0 Shaftesbury 447 2.13 3.82 3.5 0.6 OK 

AS1120 Cuttings 1120.0 Shaftesbury 440 2.14 3.81 2.31 0.51 poor 

AS1170 Cuttings 1170.0 Shaftesbury 445 2.61 6.93 4.09 0.32 OK 

AS1220 Cuttings 1220.0 Shaftesbury 444 2.77 10.66 3.62 0.37 poor 

AS1270 Cuttings 1270.0 Shaftesbury 451 1.95 3.6 2.27 0.45 poor 

AS1320 Cuttings 1320.0 Shaftesbury 453 2.4 7.67 2.99 0.43 poor 

AS1370 Cuttings 1370.0 Shaftesbury 449 2.81 11.22 4.13 0.6 poor 

AS1420 Cuttings 1420.0 Shaftesbury 453 3.07 7.73 3.69 0.54 poor 

AS1470 Cuttings 1470.0 Paddy 451 1.42 1.84 1.44 0.8 OK 

AS1520 Cuttings 1520.0 Harmon 457 1.55 2.73 1.77 0.4 OK 

AS1620 Cuttings 1620.0 Harmon 452 1.95 5.02 2.15 0.54 poor 

AS2170 Cuttings 2170.0 Nikanassin 481 4.27 7.87 4.16 0.35 poor 

CB1100 Cuttings 1100.0 Falher 438 1.75 0.22 2.2 0.49 best 

CB1150 Cuttings 1150.0 Fernie 446 2.04 0.69 3.27 0.38 excellent 

CB1200 Cuttings 1200.0 Charlie Lake 438 0.75 0.62 1.41 0.47 OK 

CB1250 Cuttings 1250.0 Charlie Lake 444 0.39 0.08 0.39 0.5 good 

CB7 Core 1327.6 Halfway 443 0.33 0.31 0.19 0.63 OK 

CB1330 Cuttings 1330.0 Doig 439 1.5 0.29 2.38 0.87 excellent 

CB5 Core 1331.0 Halfway 439 1.36 1.04 2.66 0.41 good 

CB3 Core 1336.3 Doig 441 1.25 1.26 2.07 0.36 good 

CB1340 Cuttings 1340.0 Doig 439 1.45 0.66 3.4 0.42 good 

CB2 Core 1341.7 Doig 438 1.18 1.22 2.99 0.47 good 
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Sample 

Code 
Sample Type 

Depth 

(m) 
Formation 

Tmax 

(°C) 

TOC 

(wt.%) 

S1 

(mg / g) 

S2 

(mg / g) 

S3 

(mg / g) 

S2 Peak 

Quality 

CB1 Core 1344.8 Doig 444 1.92 0.95 6.11 0.26 best 

CB1350 Cuttings 1350.0 Doig 445 2.24 0.35 6.53 0.37 excellent 

CB1360 Cuttings 1360.0 Doig Phosphate 441 2.99 0.56 7.25 0.36 excellent 

CB1370 Cuttings 1370.0 Doig Phosphate 441 2.13 1.48 5.36 0.25 good 

CB1390 Cuttings 1390.0 Montney 440 1.38 1.31 3.66 0.25 good 

CB1400 Cuttings 1400.0 Montney 441 0.8 0.43 1.64 0.54 excellent 

CB1410 Cuttings 1410.0 Montney 441 0.72 0.24 1.27 0.41 excellent 

CD500 Cuttings 500.0 Fort St. John Group 427 2.24 0.26 2.94 0.6 best 

CD550 Cuttings 550.0 Fort St. John Group 435 1.83 0.23 1.88 0.62 best 

CD600 Cuttings 600.0 Fort St. John Group 435 1.71 0.18 2.04 0.59 best 

CD650 Cuttings 650.0 Fort St. John Group 434 1.62 0.15 1.77 0.53 best 

CD700 Cuttings 700.0 Fort St. John Group 429 2.21 0.15 2.11 0.67 best 

CD750 Cuttings 750.0 Spirit River 436 2.25 0.26 3.27 0.69 best 

CD800 Cuttings 800.0 Spirit River 434 1.78 0.18 1.91 0.69 best 

CD850 Cuttings 850.0 Spirit River 436 1.9 0.14 2.27 0.46 best 

CD900 Cuttings 900.0 Spirit River 436 1.82 0.27 2.42 0.53 excellent 

CD950 Cuttings 950.0 Spirit River 435 1.7 0.22 1.6 0.54 excellent 

CD1000 Cuttings 1000.0 Gething 439 9.27 2.47 18.82 0.57 good 

CD1 Core 1047.7 Doig Phosphate 443 1.72 1.37 3.33 0.29 excellent 

CD3 Core 1048.5 Doig Phosphate 448 0.85 0.55 1.32 0.36 good 

CD4 Core 1049.2 Doig Phosphate 444 1.91 2.66 4 0.32 good 

CD7 Core 1049.4 Doig Phosphate 440 1.43 1.89 2.38 0.41 good 

CD1050 Cuttings 1050.0 Doig 440 1.64 0.43 2.79 0.48 good 

CD5 Core 1050.0 Doig Phosphate 442 1.53 1.56 3.31 0.3 excellent 

CD8 Core 1052.0 Doig Phosphate 439 2.48 2.91 5.9 0.21 good 

CD6 Core 1052.2 Doig Phosphate 442 2.74 3.61 6.26 0.34 good 

CD12 Core 1052.8 Doig Phosphate 444 2.42 1.01 6.97 0.43 best 

CD11 Core 1053.3 Doig Phosphate 445 2.95 1.34 8.8 0.2 best 

CD14 Core 1054.1 Doig Phosphate 441 2.29 1.55 4.46 0.27 good 

CD1055 Cuttings 1055.0 Doig 440 2.22 0.59 4.24 0.57 good 

CD10 Core 1058.8 Doig 441 1.49 1.26 3.65 0.33 excellent 

CD16 Core 1063.1 Doig 436 0.94 1.52 2.02 0.33 OK 

CD1100 Cuttings 1100.0 Montney 434 1.24 1.14 3.63 0.46 OK 

CD1150 Cuttings 1150.0 Montney 437 0.96 0.43 1.78 0.48 good 

CD1200 Cuttings 1200.0 Montney 439 1.02 0.35 1.76 0.58 good 

CD1250 Cuttings 1250.0 Montney 433 0.67 0.26 0.7 0.48 OK 

CD1300 Cuttings 1300.0 Debolt 437 0.85 0.2 0.9 0.64 good 

CH525 Cuttings 525.0 Shaftesbury 432 1.43 0.34 1.53 0.7 excellent 

CH575 Cuttings 575.0 Paddy 431 1.53 0.43 1.55 0.53 excellent 

CH625 Cuttings 625.0 Harmon 433 1.59 0.39 1.68 0.71 excellent 

CH675 Cuttings 675.0 Spirit River 433 1.61 0.44 1.68 0.63 best 

CH725 Cuttings 725.0 Falher 432 1.64 0.47 1.59 0.68 best 

CH775 Cuttings 775.0 Falher 430 1.59 0.75 1.7 0.63 good 

CH825 Cuttings 825.0 Falher 434 1.54 0.32 1.52 0.81 excellent 

CH875 Cuttings 875.0 Falher 431 1.71 0.56 1.8 0.72 best 

CH925 Cuttings 925.0 Falher 433 1.44 0.37 1.2 0.88 good 

CH975 Cuttings 975.0 Falher 432 1.45 0.62 1.45 0.85 good 

CH1025 Cuttings 1025.0 Gething 431 3.3 1.14 5.2 0.63 best 

CH1075 Cuttings 1075.0 Fernie 436 3.38 0.92 3.1 0.77 excellent 

CH1125 Cuttings 1125.0 Poker Chip Shale 434 1.56 1.05 3.05 0.82 good 

CH1175 Cuttings 1175.0 Gordondale 436 9.79 2.08 44.76 0.51 best 

CH1200 Cuttings 1200.0 Doig 434 2.54 0.76 5.24 1.76 best 

CH3 Core 1206.1 Doig 439 0.67 0.39 1.06 0.52 excellent 

CH2 Core 1208.1 Doig 442 2.03 0.79 5.69 0.35 best 

CH1 Core 1209.3 Doig 439 3.41 1.14 11.67 0.35 best 

CH1210 Cuttings 1210.0 Doig 434 2.74 0.85 7.16 1.06 excellent 

CH1220 Cuttings 1220.0 Doig 438 2.2 1.33 6.33 0.4 best 

CH1230 Cuttings 1230.0 Doig 438 0.98 0.73 2.28 0.5 best 

CH1250 Cuttings 1250.0 Montney 439 0.49 0.34 0.96 0.48 good 

CH1300 Cuttings 1300.0 Montney 439 0.42 0.28 0.7 0.68 good 

CH1350 Cuttings 1350.0 Montney 435 0.87 0.5 1.47 0.5 good 



   

 

298 

Sample 

Code 
Sample Type 

Depth 

(m) 
Formation 

Tmax 

(°C) 

TOC 

(wt.%) 

S1 

(mg / g) 

S2 

(mg / g) 

S3 

(mg / g) 

S2 Peak 

Quality 

CH1400 Cuttings 1400.0 Montney 439 0.53 0.39 0.87 0.54 good 

CH1450 Cuttings 1450.0 Montney 440 0.94 0.86 2.61 0.61 good 

CH1500 Cuttings 1500.0 Belloy 433 0.34 0.1 0.29 0.48 OK 

CH1600 Cuttings 1600.0 Kiskatinaw 435 0.51 0.29 0.51 0.52 poor 

CH1700 Cuttings 1700.0 Debolt 443 0.54 0.24 0.51 0.45 OK 

CH1750 Cuttings 1750.0 Debolt 437 0.72 0.3 0.7 0.83 OK 

CH1800 Cuttings 1800.0 Debolt 443 0.65 0.3 0.75 0.73 OK 

CH1850 Cuttings 1850.0 Debolt 445 0.51 0.23 0.64 0.51 OK 

CH1900 Cuttings 1900.0 Elkton 439 0.48 0.22 0.48 0.66 poor 

CH1950 Cuttings 1950.0 Shunda 444 0.49 0.2 0.56 0.64 OK 

CH2000 Cuttings 2000.0 Shunda 434 0.51 0.26 0.52 0.97 poor 

CH2050 Cuttings 2050.0 Pekisko 443 0.54 0.27 0.54 0.69 OK 

CH2100 Cuttings 2100.0 Banff 443 0.36 0.14 0.3 0.57 poor 

CH2150 Cuttings 2150.0 Banff 443 0.4 0.17 0.35 0.68 poor 

CH2250 Cuttings 2250.0 Banff 439 0.49 0.32 0.59 0.67 poor 

CP8 Core 1821.3 Doig Phosphate 444 5.42 1.77 12.37 0.51 best 

CP7 Core 1823.0 Doig Phosphate 442 2.11 1.68 4.48 0.2 good 

CP6 Core 1829.4 Doig Phosphate 443 4.32 2.41 9.46 0.34 excellent 

CP5 Core 1831.7 Doig Phosphate 444 1.86 1.74 3.13 0.27 good 

CP3 Core 1840.5 Doig 443 1.4 0.94 2.03 0.24 good 

CP2 Core 1845.6 Doig 440 1.44 1.4 3.15 0.27 good 

CP1 Core 1851.5 Doig 438 0.8 1.43 1.21 0.38 OK 

CTP1290 Cuttings 1290.0 Spirit River 427 1.64 1.1 2.11 0.51 good 

CTP1340 Cuttings 1340.0 Spirit River 426 2.09 1.26 2.15 0.7 good 

CTP1390 Cuttings 1390.0 Gething 429 2.32 0.9 2.07 0.95 good 

CTP1440 Cuttings 1440.0 Gething 430 1.84 0.51 1.89 0.62 excellent 

CTP1490 Cuttings 1490.0 Cadomin 430 1.6 0.63 1.69 0.52 excellent 

CTP1540 Cuttings 1540.0 Gordondale 437 3.64 0.8 13.91 0.57 best 

CTP1 Core 1572.9 Doig 438 5.09 8.22 15.79 0.26 good 

CTP2 Core 1574.8 Doig 441 1.29 1.11 2.85 0.35 excellent 

CTP1580 Cuttings 1580.0 Doig 436 1.94 0.56 4.35 0.46 excellent 

CTP3 Core 1580.4 Doig 431 0.72 1.25 1.56 0.3 OK 

CTP1582 Cuttings 1582.0 Doig 433 2.07 0.65 5.03 0.48 excellent 

CTP4 Core 1583.7 Doig 435 0.49 0.21 0.14 0.59 poor 

CTP5 Core 1584.2 Doig 442 0.6 0.25 0.3 0.58 OK 

CTP6 Core 1585.2 Doig 443 1.26 0.58 1.18 0.62 good 

CTP7 Core 1589.5 Doig 442 1.24 0.63 1.44 0.49 excellent 

CTP1595 Cuttings 1595.0 Doig 438 2.11 0.77 5.29 0.51 excellent 

CTP1600 Cuttings 1600.0 Doig 433 1.97 0.58 4.03 0.57 excellent 

CTP1605 Cuttings 1605.0 Doig 434 1.25 0.57 2.5 0.54 excellent 

CTP1628 Cuttings 1628.0 Montney 436 1.35 0.55 2.79 0.53 excellent 

CZ275 Cuttings 275.0 Smoky Group 429 5.69 0.23 7.98 1.57 best 

CZ325 Cuttings 325.0 Dunvegan 430 1.19 0.16 1.18 0.95 good 

CZ375 Cuttings 375.0 Shaftesbury 434 1.33 0.17 0.94 0.74 excellent 

CZ425 Cuttings 425.0 Shaftesbury 434 1.52 0.17 1.24 0.64 excellent 

CZ480 Cuttings 480.0 Shaftesbury 431 1.84 0.14 3.25 0.84 best 

CZ525 Cuttings 525.0 Shaftesbury 426 2.58 0.2 5.9 0.68 best 

CZ580 Cuttings 580.0 Fort St. John Group 429 2.07 0.23 3.89 0.52 best 

CZ630 Cuttings 630.0 Fort St. John Group 434 1.8 0.2 2.16 0.66 best 

CZ680 Cuttings 680.0 Fort St. John Group 434 1.72 0.17 1.85 0.68 best 

CZ735 Cuttings 735.0 Fort St. John Group 434 1.63 0.17 2.14 0.74 best 

CZ790 Cuttings 790.0 Fort St. John Group 437 2.02 0.22 2.7 0.56 best 

CZ835 Cuttings 835.0 Fort St. John Group 436 1.88 0.15 2.32 0.8 best 

CZ885 Cuttings 885.0 Fort St. John Group 435 2.42 0.29 4 0.72 best 

CZ935 Cuttings 935.0 Fort St. John Group 437 2.36 0.21 3.7 0.48 best 

CZ985 Cuttings 985.0 Spirit River 438 2.33 0.2 3.4 0.52 best 

CZ1035 Cuttings 1035.0 Spirit River 436 1.99 0.21 2.33 0.79 best 

CZ1085 Cuttings 1085.0 Spirit River 437 2.3 0.22 2.7 0.88 best 

CZ1135 Cuttings 1135.0 Spirit River 438 2.01 0.28 2.68 0.69 excellent 

CZ1185 Cuttings 1185.0 Bluesky 438 1.53 0.47 2.42 0.42 good 

CZ1225 Cuttings 1225.0 Charlie Lake 440 1.84 0.38 2.53 0.51 good 
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Sample 

Code 
Sample Type 

Depth 

(m) 
Formation 

Tmax 

(°C) 

TOC 

(wt.%) 

S1 

(mg / g) 

S2 

(mg / g) 

S3 

(mg / g) 

S2 Peak 

Quality 

CZ1235 Cuttings 1235.0 Charlie Lake 441 1.31 0.38 2.07 0.55 good 

CZ7 Core 1239.9 Halfway 435 0.3 0.2 0.09 0.49 poor 

CZ4 Core 1247.0 Doig 444 1.6 1.32 3.91 0.26 excellent 

CZ3 Core 1249.3 Doig 446 2.92 1.72 8.27 0.31 best 

CZ2 Core 1250.9 Doig 444 2.59 1.88 5.34 0.17 good 

CZ1 Core 1254.0 Doig 442 1.46 1.58 2.98 0.36 good 

CZ1260 Cuttings 1260.0 Doig Phosphate 442 2.37 0.64 4.93 0.55 excellent 

CZ1270 Cuttings 1270.0 Doig Phosphate 438 1.8 0.55 3.56 0.76 good 

CZ1290 Cuttings 1290.0 Montney 442 0.73 0.43 1.43 0.55 good 

GG1310 Cuttings 1310.0 Shaftesbury 429 1.74 0.37 2.34 0.79 good 

GG1360 Cuttings 1360.0 Cadotte 433 1.62 0.4 1.94 0.58 best 

GG1410 Cuttings 1410.0 Notikewin 432 2.09 0.34 1.9 0.67 best 

GG1460 Cuttings 1460.0 Notikewin 440 0.61 0.18 0.56 0.35 OK 

GG1510 Cuttings 1510.0 Notikewin 433 0.67 0.19 0.62 0.9 good 

GG1560 Cuttings 1560.0 Notikewin 437 1.56 0.25 1.27 0.96 good 

GG1610 Cuttings 1610.0 Notikewin 431 2.45 0.34 3.07 0.6 best 

GG1660 Cuttings 1660.0 Notikewin 439 1.29 0.18 0.95 0.58 excellent 

GG1710 Cuttings 1710.0 Bluesky 436 1.09 0.21 0.85 0.72 excellent 

GG1760 Cuttings 1760.0 Gething 436 1.79 0.33 2.01 0.68 excellent 

GG1810 Cuttings 1810.0 Gething 438 3.44 0.45 3.64 0.51 best 

GG1860 Cuttings 1860.0 Nikanassin 440 2.92 0.47 2.98 0.61 best 

GG1910 Cuttings 1910.0 Fernie 440 1.85 0.51 2.42 0.73 excellent 

GG1975 Cuttings 1975.0 Doig 443 1.26 0.55 2.29 0.25 excellent 

GG1985 Cuttings 1985.0 Doig 442 1.68 0.58 3.49 0.58 excellent 

GG1995 Cuttings 1995.0 Doig 443 2.73 0.96 6.45 0.33 best 

GG2005 Cuttings 2005.0 Doig 442 2.21 0.59 3.7 0.43 excellent 

GG2050 Cuttings 2050.0 Montney 439 0.86 0.24 0.76 0.54 good 

GG2100 Cuttings 2100.0 Montney 439 1.58 0.48 2.49 0.61 excellent 

GG2150 Cuttings 2150.0 Montney 441 1.71 0.66 2.72 0.48 excellent 

GG2200 Cuttings 2200.0 Montney 440 1.21 0.93 1.79 0.45 OK 

GG2235 Cuttings 2235.0 Belloy 441 0.45 0.19 0.46 0.51 good 

HE2500 Cuttings 2500.0 Nikanassin 487 5.65 3.93 4.36 0.42 OK 

HE2600 Cuttings 2600.0 Nikanassin 485 2.13 1.41 1.6 0.68 OK 

HM675 Cuttings 675.0 Fort St. John Group 432 2.47 0.16 3.83 0.85 best 

HM725 Cuttings 725.0 Cadotte 434 1.39 0.13 1.24 0.74 best 

HM775 Cuttings 775.0 Notikewin 436 1.05 0.11 1.15 0.41 best 

HM825 Cuttings 825.0 Notikewin 438 1.79 0.10 1.41 0.63 best 

HM875 Cuttings 875.0 Falher 434 1.52 0.08 0.72 0.58 best 

HM925 Cuttings 925.0 Falher 439 1.19 0.11 1.12 0.54 best 

HM975 Cuttings 975.0 Falher 436 1.29 0.10 0.66 0.50 excellent 

HM1025 Cuttings 1025.0 Wilrich 439 1.48 0.08 0.79 0.62 best 

HM1075 Cuttings 1075.0 Wilrich 437 1.6 0.12 1.56 0.75 best 

HM1125 Cuttings 1125.0 Bluesky 431 0.36 0.08 0.30 0.45 OK 

HM1175 Cuttings 1175.0 Gething 438 16.66 0.59 17.06 1.25 best 

HM1225 Cuttings 1225.0 Gething 438 4.62 0.32 5.03 0.75 best 

HM1275 Cuttings 1275.0 Nikanassin 442 2.17 0.12 1.00 0.82 excellent 

HM1325 Cuttings 1325.0 Fernie 441 2.21 0.12 1.46 0.94 best 

HM1375 Cuttings 1375.0 Gordondale 443 2.55 0.99 6.65 0.56 excellent 

HM1425 Cuttings 1425.0 Baldonnel 445 0.64 0.41 1.06 0.33 good 

HM1475 Cuttings 1475.0 Charlie Lake 440 0.54 0.09 0.49 0.61 OK 

HM1525 Cuttings 1525.0 Charlie Lake 436 0.42 0.08 0.37 0.36 poor 

HM1575 Cuttings 1575.0 Charlie Lake 438 0.29 0.07 0.30 0.53 good 

HM1680 Cuttings 1680.0 Doig 439 0.85 0.36 0.91 0.55 poor 

HM1 Core 1691.0 Doig 440 1.26 0.89 1.20 0.44 good 

HM1700 Cuttings 1700.0 Doig 440 1.4 0.20 2.04 0.64 best 

HM1710 Cuttings 1710.0 Doig Phosphate 441 1.45 0.18 1.59 0.69 best 

HM1720 Cuttings 1720.0 Doig Phosphate 444 1.73 0.53 2.74 0.55 best 

HM1750 Cuttings 1750.0 Montney 438 0.83 0.35 0.84 0.92 OK 

MH600 Cuttings 600.0 Doe Creek 431 1.68 1.21 2.73 0.51 good 

MH650 Cuttings 650.0 Doe Creek 433 1.42 1.01 1.79 0.55 good 

MH700 Cuttings 700.0 Dunvegan 436 1.5 2.55 1.83 0.43 poor 
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MH750 Cuttings 750.0 Dunvegan 433 1.63 1.65 2.12 0.48 OK 

MH800 Cuttings 800.0 Dunvegan 436 1.58 2.43 2.04 0.51 OK 

MH850 Cuttings 850.0 Dunvegan 435 1.46 2.16 1.84 0.48 OK 

MH900 Cuttings 900.0 Shaftesbury 437 1.67 1.15 2.23 0.49 good 

MH950 Cuttings 950.0 Shaftesbury 442 2.24 2.46 4.83 0.33 excellent 

MH1000 Cuttings 1000.0 Shaftesbury 441 2.67 4.36 5.37 0.4 good 

MH1100 Cuttings 1100.0 Fort St. John Group 442 1.97 1.54 2.78 0.51 good 

MH1150 Cuttings 1150.0 Fort St. John Group 441 1.7 1.25 2.3 0.48 good 

MH1200 Cuttings 1200.0 Paddy 446 1.36 1.75 2.03 0.52 OK 

MH1250 Cuttings 1250.0 Cadotte 436 0.93 2.64 1.38 0.72 poor 

MH1300 Cuttings 1300.0 Notikewin 437 1.33 3.59 1.87 0.29 poor 

MH1350 Cuttings 1350.0 Notikewin 442 1.24 2.55 1.41 0.4 poor 

MH1400 Cuttings 1400.0 Falher 447 1.4 1.43 1.39 0.58 OK 

MH1600 Cuttings 1600.0 Wilrich 443 1.15 1.6 1.17 0.5 poor 

MH1650 Cuttings 1650.0 Wilrich 439 1.41 1.34 1.69 0.37 poor 

NK1220 Cuttings 1220.0 Shaftesbury 433 1.58 0.49 2.32 0.63 good 

NK1270 Cuttings 1270.0 Cadotte 435 1.55 0.56 2.22 0.48 good 

NK1320 Cuttings 1320.0 Harmon 438 1.86 0.47 3.06 0.37 excellent 

NK1370 Cuttings 1370.0 Spirit River 436 2.85 0.49 3.41 0.54 excellent 

NK1420 Cuttings 1420.0 Spirit River 435 1.33 0.41 1.59 0.41 good 

NK1470 Cuttings 1470.0 Spirit River 436 1.86 0.49 2.34 0.6 excellent 

NK1520 Cuttings 1520.0 Spirit River 435 1.78 0.37 1.83 0.53 excellent 

NK1570 Cuttings 1570.0 Spirit River 435 1.56 0.3 1.23 0.65 good 

NK1620 Cuttings 1620.0 Spirit River 436 1.51 0.35 1.68 0.62 excellent 

NK1670 Cuttings 1670.0 Bluesky 434 1.5 0.27 1.77 0.59 best 

NK1720 Cuttings 1720.0 Gething 441 10.33 0.83 11.78 0.76 excellent 

NK1770 Cuttings 1770.0 Gething 440 2.29 0.42 2.34 0.6 excellent 

NK1820 Cuttings 1820.0 Cadomin 441 1.54 0.32 1.44 0.4 good 

NK1870 Cuttings 1870.0 Fernie 438 1.45 0.45 1.77 0.43 good 

NK1920 Cuttings 1920.0 Rock Creek  439 2.6 0.47 2.4 0.48 good 

NK1970 Cuttings 1970.0 Gordondale 450 3.61 1.44 5.86 0.39 excellent 

NK2020 Cuttings 2020.0 Charlie Lake 445 1.28 0.29 1.09 0.49 good 

NK2070 Cuttings 2070.0 Charlie Lake 442 0.7 0.36 0.74 0.47 OK 

NK2120 Cuttings 2120.0 Charlie Lake 444 0.85 0.3 0.98 0.55 OK 

NK2170 Cuttings 2170.0 Doig 440 1.66 0.68 2.57 0.62 OK 

NK2180 Cuttings 2180.0 Doig 446 1.84 0.71 1.81 0.62 OK 

NK2190 Cuttings 2190.0 Doig 447 1.9 0.82 1.9 0.63 OK 

NK7 Core 2190.1 Doig 444 1.33 0.98 1.03 0.34 OK 

NK6 Core 2191.9 Doig 452 2.04 1.25 1.39 0.41 good 

NK2 Core 2203.9 Doig Phosphate 458 1.06 0.88 0.59 0.32 poor 

NK1 Core 2204.6 Doig Phosphate 454 1.32 0.86 0.62 0.46 OK 

NK2210 Cuttings 2210.0 Doig 442 1.78 0.93 2.56 0.52 good 

NK2220 Cuttings 2220.0 Doig 448 1.87 0.94 2.2 0.3 good 

NK2230 Cuttings 2230.0 Doig 444 2.52 1.03 2.35 0.68 OK 

NK2240 Cuttings 2240.0 Doig 452 2.52 1 2.32 0.38 good 

NK2250 Cuttings 2250.0 Doig 452 1.74 0.83 1.59 0.5 good 

NK2270 Cuttings 2270.0 Montney 458 0.9 0.44 0.78 0.53 good 

PA1515 Cuttings 1515.0 Gordondale 469 5.72 2.92 6.04 0.37 good 

PA2245 Cuttings 2245.0 Doig Phosphate 490 6.16 1.04 2.61 0.79 OK 

PA2265 Cuttings 2265.0 Doig Phosphate 488 6.2 0.82 2.21 0.39 good 

RD650 Cuttings 650.0 Badheart 422 1.74 0.96 2.94 0.83 good 

RD700 Cuttings 700.0 Kaskapau 422 0.69 0.24 0.58 1.1 OK 

RD750 Cuttings 750.0 Kaskapau 422 1.04 0.31 0.74 0.88 good 

RD800 Cuttings 800.0 Kaskapau 424 1.88 0.35 2.09 0.58 best 

RD850 Cuttings 850.0 Kaskapau 425 2.08 0.98 4.33 0.45 best 

RD900 Cuttings 900.0 Kaskapau 424 1.83 0.67 2.84 0.67 excellent 

RD950 Cuttings 950.0 Kaskapau 420 4.95 1.85 20 0.85 best 

RD1010 Cuttings 1010.0 Kaskapau 429 2.43 0.98 3.26 0.6 good 

RD1050 Cuttings 1050.0 Dunvegan 436 1.44 0.37 0.65 0.8 OK 

RD1100 Cuttings 1100.0 Dunvegan 430 1.21 0.4 1.14 0.69 good 

RD1150 Cuttings 1150.0 Dunvegan 430 0.97 0.56 0.99 0.62 OK 
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RD1200 Cuttings 1200.0 Shaftesbury 438 1.45 0.35 1.21 0.52 good 

RD1250 Cuttings 1250.0 Shaftesbury 434 1.73 0.45 2.58 0.55 best 

RD1300 Cuttings 1300.0 Shaftesbury 433 2.16 0.66 4.37 0.48 best 

RD1350 Cuttings 1350.0 Shaftesbury 435 1.68 0.42 2.29 0.44 best 

RD1400 Cuttings 1400.0 Shaftesbury 437 1.96 0.37 2.33 0.56 best 

RD1450 Cuttings 1450.0 Cadotte 432 0.54 0.15 0.36 0.53 OK 

RD1500 Cuttings 1500.0 Notikewin 437 1.7 0.44 1.7 0.69 good 

RD1550 Cuttings 1550.0 Falher 436 1.41 0.47 1.64 0.67 excellent 

RD1600 Cuttings 1600.0 Falher 439 9.96 1.18 13.97 0.98 excellent 

RD1650 Cuttings 1650.0 Falher 439 1.5 0.36 1.63 0.59 excellent 

RD1700 Cuttings 1700.0 Wilrich 441 2.05 0.43 2.66 0.51 best 

RD1750 Cuttings 1750.0 Wilrich 439 2.07 0.37 1.92 0.5 excellent 

RD1800 Cuttings 1800.0 Wilrich 436 2.43 0.64 3.06 0.51 excellent 

RD1850 Cuttings 1850.0 Gething 441 3.16 0.56 3.81 0.6 excellent 

RD1900 Cuttings 1900.0 Gething 442 2.68 0.32 2.25 0.77 excellent 

RD1950 Cuttings 1950.0 Nikanassin 449 1.44 0.37 1.53 0.55 good 

RD2000 Cuttings 2000.0 Fernie 445 2.39 0.35 2.35 0.64 excellent 

RD2050 Cuttings 2050.0 Fernie 445 3.15 0.47 2.38 0.66 good 

RD2100 Cuttings 2100.0 Charlie Lake 451 5.63 2.25 6.98 0.59 good 

RD2150 Cuttings 2150.0 Charlie Lake 445 1.45 0.52 1.68 0.48 good 

RD2185 Cuttings 2185.0 Doig 448 2.54 0.58 2.38 0.53 good 

RD2195 Cuttings 2195.0 Doig 446 2.25 0.77 2.91 0.25 good 

RD2205 Cuttings 2205.0 Doig 444 1.42 0.4 1.45 0.69 good 

RD2215 Cuttings 2215.0 Doig 444 1.78 0.55 2.31 0.73 good 

RD2225 Cuttings 2225.0 Doig 445 1.9 0.86 2.64 0.55 good 

RD2235 Cuttings 2235.0 Doig 443 2.23 0.68 2.77 0.52 excellent 

RD2245 Cuttings 2245.0 Doig 445 3.33 0.81 2.87 0.62 good 

RD2255 Cuttings 2255.0 Montney 450 2.78 0.9 2.91 0.62 good 

RD2272 Cuttings 2272.0 Montney 449 2.13 0.74 2.35 0.44 good 

SS620 Cuttings 620.0 Fort St. John Group 436 2.05 3.46 3.56 0.41 OK 

SS670 Cuttings 670.0 Paddy 440 2.57 1.84 5.34 0.52 good 

SS720 Cuttings 720.0 Cadotte 442 1.81 1.45 3.04 0.21 good 

SS770 Cuttings 770.0 Notikewin 440 1.6 1.94 2.65 0.43 OK 

SS820 Cuttings 820.0 Notikewin 443 1.65 1.54 1.93 0.37 OK 

SS870 Cuttings 870.0 Notikewin 443 1.56 1.07 2.16 0.49 OK 

SS920 Cuttings 920.0 Notikewin 444 1.62 0.96 2.05 0.36 good 

SS970 Cuttings 970.0 Notikewin 444 1.63 1 2.29 0.66 good 

SS1020 Cuttings 1020.0 Notikewin 444 1.16 0.73 1.23 0.58 OK 

SS1070 Cuttings 1070.0 Wilrich 439 1.12 1.13 1.5 0.7 poor 

SS1120 Cuttings 1120.0 Bluesky 443 2.16 1.23 2.91 0.56 OK 

SS1170 Cuttings 1170.0 Gething 447 5.86 3.06 9.96 0.37 good 

SS1220 Cuttings 1220.0 Gething 445 7.66 3.54 12.18 0.65 good 

SS1270 Cuttings 1270.0 Cadomin 446 8.74 3.83 13.79 0.82 good 

SS1320 Cuttings 1320.0 Nikanassin 445 1.92 2.11 3.02 0.55 OK 

SS1370 Cuttings 1370.0 Nikanassin 451 0.81 0.45 1.16 0.6 good 

SS1420 Cuttings 1420.0 Fernie 450 2.73 1.53 3.48 0.71 OK 

SS1470 Cuttings 1470.0 Fernie 444 0.75 0.65 1.13 0.41 poor 

SS1520 Cuttings 1520.0 Gordondale 454 4.8 7.35 3.32 0.53 poor 

TB300 Cuttings 300.0 Fort St. John Group 433 1.35 0.49 1.5 0.78 good 

TB450 Cuttings 450.0 Fort St. John Group 432 1.97 0.14 2.16 0.7 best 

TB500 Cuttings 500.0 Fort St. John Group 433 1.72 0.15 2.08 0.68 best 

TB550 Cuttings 550.0 Fort St. John Group 433 1.47 0.22 1.95 0.63 best 

TB600 Cuttings 600.0 Fort St. John Group 436 1.37 0.18 1.43 0.61 best 

TB650 Cuttings 650.0 Fort St. John Group 434 2.16 0.21 2.41 0.58 best 

TB700 Cuttings 700.0 Fort St. John Group 432 2.7 1.4 4.34 0.56 good 

TB750 Cuttings 750.0 Fort St. John Group 438 2.2 0.38 3.17 0.5 best 

TB800 Cuttings 800.0 Notikewin 437 1.77 0.32 2.83 0.52 best 

TB850 Cuttings 850.0 Notikewin 437 1.74 0.44 2.49 0.6 excellent 

TB900 Cuttings 900.0 Notikewin 439 1.72 0.32 2.49 0.49 best 

TB950 Cuttings 950.0 Notikewin 438 1.75 0.54 2.64 0.74 excellent 

TB1000 Cuttings 1000.0 Notikewin 439 1.83 0.33 2.56 0.75 excellent 
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TB1050 Cuttings 1050.0 Notikewin 443 1.71 0.3 1.94 0.58 excellent 

TB1100 Cuttings 1100.0 Dunlevy 450 2.15 1.2 3.04 0.37 OK 

TB1150 Cuttings 1150.0 Charlie Lake 441 0.76 0.35 1.02 0.47 OK 

TB1200 Cuttings 1200.0 Charlie Lake 444 1.15 0.43 1.43 0.46 good 

TB2 Core 1306.4 Doig 459 0.6 0.56 0.37 0.44 poor 

TB1 Core 1311.2 Doig 452 0.87 0.74 0.45 0.26 poor 

TB1335 Cuttings 1335.0 Doig 447 1.31 0.7 1.59 0.39 OK 

TB1345 Cuttings 1345.0 Doig 448 1.72 0.97 1.9 0.58 OK 

TB1355 Cuttings 1355.0 Doig 450 4.42 1.46 6.27 0.51 good 

TG750 Cuttings 750.0 Fort St. John Group 444 2.09 1.73 3.92 0.36 good 

TG800 Cuttings 800.0 Paddy 442 2.28 3.47 4.62 0.3 OK 

TG850 Cuttings 850.0 Cadotte 439 1.81 2.26 2.64 0.53 poor 

TG900 Cuttings 900.0 Harmon 447 2.48 1.87 4.03 0.27 good 

TG1000 Cuttings 1000.0 Notikewin 442 1.56 3.01 2.51 0.49 poor 

TG1050 Cuttings 1050.0 Falher 444 1.11 2.52 1.58 0.56 poor 

TG1100 Cuttings 1100.0 Falher 449 1.6 1.39 2.1 0.4 OK 

TG1150 Cuttings 1150.0 Falher 448 2.05 1.97 2.68 0.65 OK 

TG1200 Cuttings 1200.0 Wilrich 451 1.94 1.5 2.44 0.51 OK 

TG1250 Cuttings 1250.0 Wilrich 453 2 1.41 2.51 0.4 OK 

TG1350 Cuttings 1350.0 Gething 463 2.6 2.02 2.76 0.47 poor 

TG1400 Cuttings 1400.0 Gething 462 2.36 2.66 2.58 0.44 poor 

TG1450 Cuttings 1450.0 Gething 468 2.08 1.58 1.79 0.56 poor 

TG1600 Cuttings 1600.0 Nikanassin 462 1.31 1.36 1.6 0.55 poor 

TG1650 Cuttings 1650.0 Nikanassin 463 3.98 3.82 5.5 0.34 poor 

TG1700 Cuttings 1700.0 Nikanassin 461 2.27 3.69 2.38 0.42 poor 

TG1800 Cuttings 1800.0 Fernie 470 2.57 3.29 2.49 0.5 poor 
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Introduction

Reliable petroleum-system models require kinetic parame-

ters of the reaction induced by thermal decomposition of

kerogen into hydrocarbons to be calibrated to the source

rock (Peters et al., 2018). Formation-specific kinetic pa-

rameters for the Doig Formation are not in the public do-

main; therefore, any previous attempt to model the hydro-

carbon generation history would have required kinetic

analyses to be undertaken or reliance on analogue data,

both of which may produce erroneous results.

The Lower to Middle Triassic Doig Formation of the West-

ern Canada Sedimentary Basin (WCSB) extends continu-

ously across northeastern British Columbia (BC) and west-

central Alberta. Historically, the Doig and the underlying

Montney formations were viewed as source rocks for other

conventional reservoirs in the basin, mainly in other Trias-

sic and Cretaceous strata (Du Rouchet, 1985; Creaney and

Allan, 1990; Riediger et al., 1990; Edwards et al., 1994).

With the industry shifting the focus of development to un-

conventional reservoirs, the Doig Formation has been rec-

ognized as an important resource of gas and natural-gas liq-

uids. The Gas Technology Institute (Faraj et al., 2002)

estimated the total gas-in-place in the Doig Formation at

4 trillion m3 (140 tcf), whereas Walsh et al. (2006) esti-

mated the total gas-in-place as ranging from 1.1 to 5.7 tril-

lion m3 (40–200 tcf). A more recent study by the United

States Energy Information Administration (2013) esti-

mated 2.8 trillion m3 (100 tcf) of gas-in-place for the Doig

Phosphate Zone alone.

This paper presents the results of the reaction kinetics pa-

rameter modelling for immature rocks of the Doig Forma-

tion source rock. The Doig kinetic parameters are com-

pared with those published for other North American shale

plays and the variability of activation energies is explained.

This study is part of a broader research project on the Doig

Formation petroleum system and the results of the reaction

kinetics presented here provide the inputs required to pro-

ceed with the subsequent steps in modelling thermogenic

hydrocarbon generation across the basin.

Geological Framework

The Doig was deposited in the Middle Triassic, between the

Anisian and Ladinian, and is part of the Diaber Group along

with the underlying Montney Formation (Figure 1). The

sedimentation in the Triassic of the WCSB is marked by a

transition from carbonate-dominated intracratonic and pas-

sive-margin conditions, predominant during the Paleozoic,

to a siliciclastic-dominated, active embryonic foreland ba-

sin. The Triassic succession was deposited in a series of

three major third- or fourth-order transgressive-regressive

cycles (Gibson and Barclay, 1989; Edwards et al., 1994).

The interval from the Doig through the Halfway and Char-

lie Lake formations corresponds to the second cycle and the

phosphatic interval at the base of the Doig represents a con-

densed section formed during the initial transgression of

the second cycle (Gibson and Barclay, 1989).

The main elements that influenced the distribution of the

Triassic interval were the underlying Devonian Leduc and

Swan Hills reefs, and the Mesozoic reactivation of the Mis-

sissippian Dawson Creek graben complex (DCGC), which

includes the Fort St. John graben and the Hines Creek

graben. The DCGC formed in response to localized differ-

ential subsidence in the Peace River Embayment. The

DCGC faults continued to be active during the Triassic, im-

posing significant controls on the distribution of sediments

(Marshall et al., 1987; Barclay et al., 1990; Davies, 1997;

Eaton et al., 1999). The Devonian reefs exerted a topo-

graphic influence on Triassic sedimentation by controlling

facies changes (Davies, 1997), and may also have influ-

enced subsidence rates and, hence, thickness variation.

The Doig Formation consists of mudstone, siltstone and

subordinate sandstone, bioclastic packstone and grain-

stone, deposited under marine conditions in environments

ranging from shoreface through offshore (Evoy and

Moslow, 1995). The Doig can be informally subdivided

into three units, as proposed by Chalmers and Bustin
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(2012): the basal unit, Doig A, corresponding to the also in-

formal but widely referred to ‘Doig Phosphate Zone’

(DPZ), composed of organic-rich radioactive dark

mudstone with common phosphate granules and nodules

(the DPZ is generally readily distinguishable in well logs

by its high gamma-ray signature); the intermediate Doig B,

primarily composed of medium to dark grey argillaceous

siltstone and mudstone intercalated with localized sand-

stone; and the upper Doig C, composed of relatively or-

ganic-lean siltstone and argillaceous fine-grained sand-

stone. The DPZ is considered a good to excellent hydrocar-

bon source rock and an important source for many

conventionally hosted hydrocarbons in the basin, including

Triassic strata, such as Halfway, Charlie Lake and Doig

sands. Previous studies found type II oil and gas-prone

kerogen with total organic carbon content ranging from 1.8

to 11 wt. % (Riediger et al., 1990; Faraj et al., 2002; Ibra-

himbas and Riediger, 2004).

Material and Methods

Twenty-three samples were selected for reaction-kinetics

analysis through multiple heating-ramp open-system py-

rolysis. These samples cover a significant portion of the

Doig Formation subcrop area and a wide range of maturi-

ties (Figure 2), as well as all its stratigraphic subdivisions

(Figure 3). The samples were chosen from among more

than 440 analyses carried out on cuttings and whole-rock

core using the Rock-Eval pyrolysis method (Espitalié et al.,

1977), based on sharpness and intensity of the kerogen con-

version peak, and a wide range of hydrogen index (HI) and

oxygen index (OI) values to capture all of the pseudo–van

Krevelen kerogen types identified (Figure 4). Samples

were classified in discrete kerogen-type categories based

on the pseudo–van Krevelen crossplot. Approximately

70 mg of powdered bulk rock (i.e., not concentrated kero-

gen) of each sample was pyrolyzed, using a HAWK® in-

strument from Wildcat Technologies, at 5°C, 25°C and

45°C per minute to 600–700°C, following an isothermal

plateau of up to 260–310°C to purge free hydrocarbons.

The pyrolysis curves were trimmed in the time domain and

the flame-ionization detector signal was baseline corrected,

smoothed, integrated and processed using the commer-

cially sourced Kinetics2015 software (GeoIsoChem Cor-

poration, 2019). Reaction-activation energies and pre-ex-

ponential factors were modelled through a distributed-

reactivity method (Braun and Burnham, 1987; Ungerer and

Pelet, 1987) with a fixed activation energy (E) spacing of

1 kcal/mol, and an isoconversional method (Friedman,

1964; Vyazovkin and Lesnikovich, 1988), assuming a se-

ries of parallel first-order reactions in 0.01 conversion-

fraction increments, to determine the variation of activation

energy as a function of conversion.

Results and Discussion

Approximately half of the samples analyzed are of kerogen

type II, as determined by hydrogen- and oxygen-index evo-

Geoscience BC Summary of Activities 2019: Energy and Water

Figure 1. Stratigraphic chart of the Triassic, in the subsurface of the Peace River area,
northeastern British Columbia and adjacent areas (after Gibson and Barclay, 1989;
Golding et al., 2015). Eustatic level based on Hardenbol et al. (1998). Abbreviations: Fm.,
Formation; Gp., Group.
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Figure 2. Location of wells from which samples were selected for reaction kinetics analysis in northeastern British Columbia and adjacent
area, against a backdrop of the Doig Formation thermal-maturity map (after Silva and Bustin, 2018) and main structural elements that influ-
enced the Triassic deposition (after Davies, 1997). Cross-sections shown in Figure 3 indicated by A–A’ and B–B’. Abbreviation: Prec., Pre-
cambrian.
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lution paths, whereas one third is of type III. The remaining

are classified as type II/III, due to either kerogen mixing,

contamination or high maturity causing points to plot too

close to the origin. The median value of the activation en-

ergy of all Doig samples analyzed ranges from 51 to

67 kcal/mol with a pre-exponential factor that varies from

5.3 × 1013 to 2.7 × 1018 (Figure 5). The correlation between

the median activation-energy and frequency factor is log

linear, with an r2 of 0.98. The activation-energy distribution

of kerogen type II samples is noticeably narrower than that

of type III, with median values ranging from 53 to 63 kcal/

mol. The precision of the global kinetic parameters was de-

termined by repeated analyses of a standard sample. The

95% confidence interval (i.e., two standard deviations di-

vided by the median) is ±1.2 kcal/mol around the median

activation-energy value of 55 kcal/mol, and within a factor

of 2 for the average frequency factor of 2 × 1015.

There is a clear thermal-maturity influence on the activa-

tion-energy distributions, despite a scatter of up to 5 kcal/

mol for a given temperature of maximum rate of hydrocar-

bon-generation (Tmax) value (Figure 6). The correlation is

obscured due to variations in activation energies intro-

duced by mixture of kerogen types during deposition, and

possibly to cross-contamination between cuttings samples

of different depths containing different kerogen types.

Nonetheless, it is possible to distinguish two different

trends and generate linear regressions for kerogen types II

(blue dashed line in Figure 6) and III (black dashed line in

Figure 6), with r2 values of 0.49 and 0.22, respectively. The

lowest maturity samples analyzed in this study, for which

kerogen type can be determined with reasonable confi-

dence, fall between 438 and 439°C. By comparing the

extrapolated trends for kerogens type II and type III to ther-

mally immature samples (i.e., lower than 430°C) from the

literature, there appears to be an inflection point in the de-

creasing activation energy, with decreasing maturity level-

ling off at approximately 435°C.

Due to a shift toward higher activation energies as thermal

maturation progresses, the standard deviation of the activa-

tion-energy distributions for each sample also has a posi-

tive correlation with Tmax values. Similarly to the regres-

sion of median activation energies, a distinct trend can be

generated for kerogen type II (Figure 7) and a less well-de-

fined trend for type III (Figure 7), with r2 values of 0.54 and

0.25, respectively.

Based on the regression of median and standard deviation

values for different maturities, the median activation ener-

gies (�) and standard deviation (óE) of lower maturity

type II (equations 1 and 2) and III (equations 3 and 4)

kerogens of the Doig Formation can be determined as a

function of Tmax according to the following equations:

�type II = –108.98 + (0.37 × Tmax) (1)

óE type II = –38.53 + (0.0930 × Tmax) (2)

�type III = –137.34 + (0.44 × Tmax) (3)

óE type III = –27.14 + (0.0687 × Tmax) (4)

Based on the 435°C inflection point in the decreasing trend

of the median activation energy with decreasing maturity,

median values of activation-energy distributions are deter-

Geoscience BC Summary of Activities 2019: Energy and Water

Figure 5. Pre-exponential factor versus median activation-energy crossplot of all samples, and frequency distribution of all
activation energies classified by kerogen type.



Geoscience BC Report 2020-02

F
ig

u
re

6
.
C

ro
s
s
p

lo
t
o

f
m

e
d

ia
n

a
c
ti
v
a

ti
o

n
e

n
e

rg
y

v
e

rs
u

s
R

o
c
k
-E

v
a

lp
y
ro

ly
s
is

T
m

a
x
o

f
th

e
D

o
ig

F
o

rm
a

ti
o

n
s
a

m
p

le
s

fr
o

m
th

e
s
tu

d
y

a
re

a
in

n
o

rt
h

e
a

s
te

rn
B

C
a

n
d

w
e

s
t-

c
e

n
tr

a
lA

lb
e

rt
a

,
a

n
d

s
e

le
c
t

s
a

m
p

le
s

fr
o

m
o

th
e

r
k
e

ro
g

e
n

-r
ic

h
ro

c
k
s

fr
o

m
lit

e
ra

tu
re

fo
r

c
o

m
p
a

ri
s
o

n
(T

e
g

e
la

a
r

a
n

d
N

o
b

le
,

1
9

9
4

;
B

u
rr

u
s

e
t

a
l.
,

1
9

9
6

;
S

c
h

e
n

k
a

n
d

D
ie

c
k
m

a
n

n
,

2
0

0
4

;
D

ie
c
k
m

a
n

n
,

2
0

0
5

;
H

ill
e

t
a

l.
,

2
0

0
7

;
N

o
rd

e
n

g
,
2

0
1

2
),

s
h

o
w

in
g

th
e

tr
e

n
d

o
f
d

e
c
re

a
s
in

g
a

c
ti
v
a

ti
o

n
e

n
e

rg
ie

s
to

w
a

rd
lo

w
e

r
m

a
tu

ri
ty

s
a

m
p

le
s
.
D

a
ta

p
o

in
ts

fr
o

m
th

e
s
tu

d
y
-a

re
a

s
a

m
p

le
s

a
re

p
lo

tt
e

d
a

s
th

e
m

e
d

ia
n

v
a

lu
e

o
f
th

e
d

is
tr

ib
u

-
ti
o

n
,w

it
h

th
e

8
0

%
ra

n
g

e
a

s
v
e

rt
ic

a
lb

a
rs

.B
lu

e
a

n
d

b
la

c
k

d
a

s
h

e
d

lin
e

s
re

p
re

s
e

n
tt

h
e

lin
e

a
r
re

g
re

s
s
io

n
fo

r
ty

p
e

II
a

n
d

ty
p

e
II

Ik
e

ro
g

e
n

s
,r

e
s
p

e
c
ti
v
e

ly
.
L

it
e

ra
tu

re
d

a
ta

a
re

p
lo

tt
e

d
a

s
a

s
in

g
le

a
c
ti
v
a

-
ti
o

n
e

n
e

rg
y

o
r

th
e

m
e

d
ia

n
v
a

lu
e

o
f

th
e

d
is

tr
ib

u
ti
o

n
.

B
o

u
n

d
a

ri
e

s
b

e
tw

e
e

n
g

e
n

e
ra

ti
o

n
w

in
d

o
w

s
fo

r
d

if
fe

re
n

t
k
e

ro
g

e
n

ty
p

e
s

a
re

a
ft

e
r

D
o

w
(1

9
7

7
)

a
n

d
P

e
te

rs
e

n
(2

0
0

3
).



mined to be 52 and 54.1 kcal/mol for immature kerogen of

types II and III, respectively. Conversely, the standard devi-

ations for immature type II and type III are determined to be

1.93 and 2.75 kcal/mol, respectively. Based on these statis-

tical parameters, synthetic activation-energy Gaussian dis-

tributions were created for kerogen types II and III of the

Doig Formation (Figure 8).

The wider activation-energy distributions of kerogen type

III are not only evident on the discrete activation-energy

distribution histograms but can also be observed in the re-

action profile generated by the isoconversional kinetic

modelling. The isoconversional results are plotted as a sin-

gle activation energy for conversion rates from 10 to 90%

(Figure 9), since the first and last 10% values are often un-

reliable due to analytical noise in the data (Burnham, 2017).

This profile shows that for lower present-day maturity sam-

ples, predominant activation energies range from 40 to

58 kcal/mol at 10% conversion. These lower activation en-

ergies are associated with samples predominantly of

kerogen type III and are likely the product of the breaking

of C–O bonds, and possibly C–S bonds. Activation ener-

gies at 10% conversion for most lower present-day matu-

rity kerogen type II samples are higher than 50 kcal/mol. At

50% conversion, lower maturity samples have activation

energies in the 48 to 60 kcal/mol range. Within this conver-

sion range, bitumen decomposition is probably the cause of

the narrower spread and large overlap between activation

energies of kerogen types II and III. At 90% conversion, the

high end of activation-energy distributions of type III

kerogen causes the spread of dominant activation energies

to increase again, ranging from 52 to 90 kcal/mol for low

present-day maturities. The results of this study suggest

that mixing between kerogen types II and III in the Doig

Formation translates into an early hydrocarbon-generation

window due to the low activation energies of type III. Fur-

thermore, the kerogen mixing extends the generation pro-

cess over a broader temperature range due to the combined

effect of the lower end of type II activation energies and up-

per end of those of type III.

Ongoing Work

The work presented here will serve as foundation for a re-

construction of the Doig Formation thermal history

through basin modelling. The modelled kerogen activa-

tion-energy distributions for different types of kerogen will

be used as reaction-kinetics input for the model thermal-

maturation simulation, providing reliable source-rock–cal-

ibrated parameters, thus decreasing the uncertainty related

to timing and type of hydrocarbons generated across the

basin.

Geoscience BC Summary of Activities 2019: Energy and Water

Figure 7. Crossplot of the standard deviation of the activation-energy distributions versus Rock-Eval pyrolysis Tmax of
the Doig Formation samples from the study area in northeastern BC and west-central Alberta, showing the trend of de-
creasing standard deviations toward lower maturity samples. Blue and black dashed lines represent the linear regres-
sion for type II and type III kerogens, respectively. Boundaries between generation windows for different kerogen types
are after Dow (1977) and Petersen (2003).
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Figure 8. Histograms of modelled activation-energy distributions of the Doig Formation, northeastern British Columbia and west-central Al-
berta, based on samples of varying degrees of maturity: Top, immature kerogen type II; Bottom, immature kerogen type III.
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Abstract 

The original quantity and type of organic carbon are essential parameters to consider when 

evaluating the generation potential of a source rock and reconstructing the hydrocarbon generation 

and migration history of a basin. Multiple ways have been proposed to calculate the original 

amount of organic carbon before thermal maturation and kerogen conversion. One of the most 

frequently used equations for the calculation of original total organic carbon is the Peters equation; 

however, there is a print error in the final form of the equation in the appendix of chapter 4 

(Equation 4.5 on p. 118). The error is still being propagated in the technical literature, including 

in some notable and widely cited papers. We present a complete derivation of the equation and 

illustrate with some examples of North American shales the magnitude of the error incurred by 

using the original equation in the estimation of the original total organic carbon. The incorrect 

equation results in an error in the original total organic carbon estimation, which is proportional to 

the present-day value.  The error in total organic carbon estimation is up to 82 % in immature and 

organic-rich formations.   Although some authors seem to have corrected the equation, the 

correction is not clearly stated, which creates some confusion in the literature regarding the correct 

form of the equation. 

  

 

 



Introduction 

Knowledge of original quantity and type of organic carbon are essential to evaluate the generation 

potential of a source rock and reconstruct the generation and migration of hydrocarbons through 

time. During burial, organic matter is first transformed into kerogen during diagenesis and later 

into hydrocarbons by thermal degradation of kerogen during catagenesis (Tissot & Welte, 1984). 

The present-day total organic carbon in source rocks is thus mainly a function of the original 

kerogen abundance and degree of thermal maturity. Due to complex burial histories, steep thermal 

gradients, or large subcrop extensions, source rocks may have a wide range of thermal maturities 

across a basin. Compared to less mature areas, the present-day total organic carbon of thermally 

mature portions of the basin has decreased; therefore, the prospectivity of source rocks based on 

present-day total organic carbon may be biased against more thermally mature regions. The 

original total organic carbon allows comparisons between different areas of a given source-rock 

and between different source rocks and basins. 

Methods to estimate the original amount of organic carbon that was present in a source-rock 

include: (1) establishing a percentage of kerogen conversion from equivalent immature samples in 

the same interval; (2) visual assessment of kerogen; (3) mass balance equations combined with 

calculation of kerogen conversion factor and assumptions regarding fraction of carbon that 

generates petroleum. These methods are reviewed by Jarvie et al. (2007) and Jarvie (2012) and 

require assumptions such as the original kerogen hydrogen index. 

The mass balance equation method originally published by Peters et al. (2005) is the most 

convenient and widely used method to estimate original total organic carbon of source rocks before 

thermal maturation and kerogen conversion. The original total organic carbon equation in the most 

current edition of the book (Peters et al., 2005) has an error on the sign in the last term of the 

denominator. This incorrect equation has been cited and used in subsequent works including such 

notable papers as Jarvie et al. (2007), Triche & Bahar (2013), and Yuan et al. (2020). In their 

widely cited paper, Jarvie et al. (2007) present an alternate form of the same incorrect equation of 

Peters et al. (2005), but with an additional correction factor to account for residual carbon. Some 

authors appear to have detected the mistake and used the correct equation (Yurtsever & Demirel, 

2006; Hantschel & Kauerauf, 2009; Jin & Sonnenberg, 2013), although that is not stated as such, 

which creates some confusion regarding the correct form of the equation.  



The purpose of this note is to point out the error in the widely used Peters equation and provide 

the correct form. A complete derivation of the equation is presented and the magnitude of the error 

in the estimation of the original total organic carbon is illustrated with some examples from North 

American shales. 

 

Equation Derivation 

The derivation of the mass balance equation starts by defining the kerogen fractional conversion 

𝑓 with Equation 2-1, in terms of generated petroleum 𝑃 and the original generative potential of a 

rock 𝐺0 . The original generative potential decreases in tandem with total organic carbon and 

hydrogen index, as petroleum is generated from a source rock. 

 

 𝑓 =
𝑃

𝐺0
 (0-1) 

 

Generated petroleum 𝑃 can be defined by the difference between the original and the remaining 

generative potential 𝐺𝑥, so that 𝑓 can be expressed in terms of 𝐺0 and 𝐺𝑥 by Equation 2-2. 

 

 𝑓 =
𝐺0 − 𝐺𝑥

𝐺0
 (0-2) 

 

The Rock-Eval parameter 𝑆2, which has units of mg of hydrocarbon per gram of rock, is a measure 

of generative potential (Tissot & Welte, 1984), and hence can be used as a proxy for 𝐺, as per 

Equation 2-3. 

 

 𝑓 =
𝑆20 − 𝑆2𝑥′

𝑆20
 (0-3) 



 

Due to the total mass loss caused by petroleum generation and expulsion, the measured present-

day generative potential 𝑆2𝑥 is larger than the potential before mass loss 𝑆2𝑥′
on a per unit mass 

of rock basis. The generative potential before mass loss due to hydrocarbon expulsion is calculated 

from present-day values via a mass loss correction factor 𝐶𝐹, according to equation 2-4. 

 

 𝑆2𝑥′
= 𝑆2𝑥  ×  𝐶𝐹 (0-4) 

 

The mass loss correction factor can be calculated as a function of residual, or inert carbon, as the 

ratio of original inert carbon 𝑅𝐶0 to present-day inert carbon 𝑅𝐶𝑥. Further, the residual carbon can 

be expressed in terms of the difference between 𝑇𝑂𝐶  and the sum of 𝑆1  and 𝑆2 , weighted 

according to the assumption that generated petroleum contains 83.33 wt.% carbon (Espitalié et al., 

1987). Thus, 𝐶𝐹 can be expressed in terms of original 𝑇𝑂𝐶0 and present-day 𝑇𝑂𝐶𝑥, original 𝑆10 

and 𝑆20, and present-day 𝑆1𝑥 and 𝑆2𝑥, as per equation 2-5, with the conversion of 83.33% to 

0.0833 mg /g units of S1 and S2. In the original Peters equation (Peters et al., 2005), 𝑆10  is 

incorrectly noted as 𝑆20. 

 

 𝐶𝐹 =
𝑅𝐶0

𝑅𝐶𝑥
=

𝑇𝑂𝐶0 − 0.0833(𝑆10 + 𝑆20)

𝑇𝑂𝐶𝑥 − 0.0833(𝑆1𝑥 + 𝑆2𝑥)
 (0-5) 

 

Substituting 𝑆2𝑥′
 in equation 2-3 by the relationship between 𝑆2𝑥 and 𝐶𝐹 in equation 2-4 while 

also substituting 𝐶𝐹 in equation 2-3 by its definition in terms of present-day and original 𝑇𝑂𝐶, 𝑆1, 

and 𝑆2 of equation 2-5 and then simplifying and rearranging, the fractional conversion can thus be 

expressed in terms of present-day and original 𝑆1, 𝑆2, and 𝑇𝑂𝐶, according to equation 2-6. 

 



 1 − 𝑓 =
𝑆2𝑥/[𝑇𝑂𝐶𝑥 − 0.0833(𝑆1𝑥 + 𝑆2𝑥)]

𝑆20/[𝑇𝑂𝐶0 − 0.0833(𝑆10 + 𝑆20)]
 (0-6) 

 

Since original 𝑆1 and 𝑆2 are unknown, these terms must be replaced in the above equation. To 

start, the production index 𝑃𝐼 is defined in terms of 𝑆1 and 𝑆2, in equation 2-7. 

 

 𝑃𝐼 =
𝑆1

𝑆1 + 𝑆2
 (0-7) 

 

By rearranging equation 2-7, 𝑆1 can be expressed in terms of 𝑃𝐼 and 𝑆2, as per equation 2-8 

 

 𝑆1 =
𝑃𝐼 × 𝑆2

1 − 𝑃𝐼
 (0-8) 

 

Letting the parameter 𝑆2 be defined in terms of hydrogen index 𝐻𝐼 and total organic carbon 𝑇𝑂𝐶 

gives equation 2-9. 

 

 𝑆2 =
𝐻𝐼 × 𝑇𝑂𝐶

100
 (0-9) 

 

Expressing the sum of 𝑆1 and 𝑆2 as the sum of equations 2-8 and 2-9, substituting 𝑆2 in the 𝑆1 

definition of equation 2-8, and then simplifying the resulting equation, the sum of 𝑆1 and 𝑆2 can 

be expressed in terms of 𝑃𝐼, 𝐻𝐼, and 𝑇𝑂𝐶 according to equation 2-10. 

 



 𝑆1 + 𝑆2 =
𝐻𝐼 × 𝑇𝑂𝐶

100
(

1

1 − 𝑃𝐼
) (0-10) 

 

From the derivation of the fractional conversion equation 2-6, substituting 𝑆2  as defined in 

equation 2-9, and the sum expression of 𝑆1 and 𝑆2 by its equivalent in equation 2-10, it is possible 

to simplify and cancel out the TOC terms. Rearranging the equation and expressing it in terms of 

initial and present-day hydrogen index and production index, 𝑓 can be defined as a function of 

𝐻𝐼𝑥, 𝐻𝐼0, 𝑃𝐼𝑥, and 𝑃𝐼0, according to equation 2-11. Assuming a nominal value of 0.02 for 𝑃𝐼0, 

and further assuming an 𝐻𝐼0 value based on the kerogen type, 𝑓 can be calculated in terms of the 

Rock-Eval present-day parameters. 

 

 𝑓 = 1 −

𝐻𝐼𝑥

100 − 0.0833[𝐻𝐼𝑥/(1 − 𝑃𝐼𝑥)]

𝐻𝐼0

100 − 0.0833[𝐻𝐼0/(1 − 𝑃𝐼0)]

 (0-11) 

 

The mass loss correction 𝐶𝐹 may also be calculated as a function of original and present-day 𝑇𝑂𝐶, 

using the same assumption that generated petroleum contains 83.33% carbon by weight, as shown 

in equation 2-12. 

 

 𝐶𝐹 =
(83.33 − 𝑇𝑂𝐶0)

(83.33 − 𝑇𝑂𝐶𝑥)
 (0-12) 

 

Returning to the substitution of equation 2-4 for 𝑆2𝑥′
in the fractional conversion equation 2-3 and 

further substituting 𝑆20  and 𝑆2𝑥  by their respective definitions in terms of 𝐻𝐼  and 𝑇𝑂𝐶  from 

equation 2-9, as well as substituting 𝐶𝐹 by equation 2-12, the resulting equation can be simplified 

and rearranged, so that original 𝑇𝑂𝐶0  can be defined as a function of present-day Rock-Eval 

parameters 𝑇𝑂𝐶𝑥 and 𝐻𝐼𝑥, 𝑓 from equation 2-11, and an assumed value for 𝐻𝐼0. 



 

 𝑇𝑂𝐶0 =
𝐻𝐼𝑥𝑇𝑂𝐶𝑥 × (83.33)

𝐻𝐼0(1 − 𝑓)(83.33 − 𝑇𝑂𝐶𝑥) + 𝐻𝐼𝑥𝑇𝑂𝐶𝑥
 (0-13) 

 

North American Shale Examples 

The original total organic carbon content was calculated for a selection of 20 samples from 12 

different shale plays from the United States and Canada (Table 1) utilizing both the original 

erroneous equation and the corrected version (Equation 2-13).   The comparison of the values 

provides an estimate of the significance of error in publications that utilized the original form of 

the equation. The shales (Barnett, Bakken, Doig, Duvernay, Eagle Ford, Exshaw, Haynesville, 

Marcellus, Monterey, Muskwa, Wolfcamp and Woodford) range in age from Late Devonian to 

Pliocene and contain kerogen Types II, IIS and III ranging in maturity from immature to 

overmature and present-day TOC from 1 to 18%. The original hydrogen index was assumed based 

on a combination of kerogen type published in the literature and pseudo-van Krevelen diagrams 

and thermal maturity. For Types II and IIS, the original hydrogen index values assumed range 

from 500 to 650 mg HC / g rock, while for Type III values range from 200 to 250 mg HC / g rock. 

Based on the dataset presented in this study and the assumptions of original hydrogen index, the 

wrong form of the original total organic carbon equation results in an average overestimation by 

22.6% relative to the correct equation. The error is proportional to present-day TOC, as it can be 

deduced by analyzing equation 2-13. The maximum error calculated is an overestimation of the 

original total organic carbon by 82.1 and 60.5% for immature Bakken Formation samples with 

present-day TOC values of 18.13 and 15.11%, respectively (Figure 1). The minimum errors 

observed were an overestimation by 2.6 and 5% in the original total organic carbon for an early 

oil window Exshaw sample and an overmature Haynesville Formation sample with present-day 

TOC values of 1 and 1.9%, respectively. 

 

 

 



Table 1 – Main Rock-Eval parameters, formation, kerogen type, assumed initial hydrogen index 

for the original total organic carbon calculation, and calculated fractional conversion for the 20 

samples from 12 different source rocks in the United States and Canada used in this study. 

Sample Formation 

Tmax 

(°C) 

S1 

(mg/g) 

S2 

(mg/g) TOC (%) HI OI 

Kerogen 

Type 𝐻𝐼0
 f 

BKN-A Bakken 419 5.14 108.16 18.13 596 7 II 650 0.12 

BKN-B Bakken 424 5.02 89.3 15.11 590 6 II 650 0.13 

BRN-A Barnett   - 0.37 0.6 4 15 14 II 500 0.98 

BRN-B Barnett - 0.67 1.08 4.32 25 10 II 500 0.97 

CD11 Doig 445 1.34 8.8 2.95 298 6 II 500 0.51 

CTP1 Doig 438 8.22 15.79 5.09 310 5 II 500 0.41 

DVN-A Duvernay 445 2.92 12.55 5.91 212 8 II 500 0.68 

DVN-B Duvernay 452 2.55 9.16 5.37 170 7 II 500 0.76 

EFD-A Eagle Ford - 2.95 2.72 6 45 6 II 500 0.94 

EFD-B Eagle Ford - 1.76 1.74 1.45 119 37 III 250 0.53 

EXS-A Exshaw 446 0.36 1.52 0.99 154 53 III 250 0.42 

EXS-B Exshaw - 3.41 64.26 12.88 498 19 II 600 0.26 

HNV Haynesville - 1.73 1.2 1.89 63 21 III 200 0.70 

MRC-A Marcellus - 0.1 0.14 6.66 2 10 II 500 1.00 

MRC-B Marcellus - 0.13 0.09 3.6 2 12 II 500 1.00 

MSK-A Muskwa 450 0.73 1.14 2.16 52 21 III 200 0.77 

MSK-B Muskwa 444 3.23 20.82 5.91 352 7 II 500 0.38 

MTR Monterey - 0.73 20.24 3.99 507 29 IIS 600 0.25 

WDF Woodford 461 0.68 1.65 2.19 75 19 II 500 0.90 

WFC Wolfcamp 445 2.6 10.89 4.3 253 14 II 500 0.60 



 

Figure 1 – Plot of present-day total organic carbon versus original total organic carbon (bottom) 

calculated for 20 samples from 12 different source rocks in the United States and Canada, using 

Peters equation published in the original reference (Peters et al., 2005) and the corrected 

equation. The error in the equation results in an overestimation of the original total organic 

carbon proportional to the present-day total organic carbon of up to 82.1%, which is represented 

by the plot of present-day total organic carbon versus error in original total organic carbon (top). 



Conclusions 

The incorrect version of the original total organic carbon content mass balance equation of Peters 

et al. (2005) has been propagated in many published papers and models in the literature since 

initially published. Although some works seem to have noticed the error on page 118 and used the 

correct equation on page 99, the equation was never corrected by the original authors or subsequent 

workers who utilized the equation. The impact of the error in estimating the original total organic 

carbon in a selection of some of the most relevant North American shale plays demonstrates the 

error is non-trivial and results in overestimation of hydrocarbon generation. The overestimated 

organic carbon content and hydrocarbon generation increases with the present-day total organic 

carbon content of the shales.  
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Sample Depth Length Diameter Mass v(P)@100 psi v(P)@265 psi v(P)@485 psi v(S)@100 psi v(S)@265 psi v(S)@485 psi 

 (m) (mm) (mm) (g) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) 

CB3A 1336.30 40.470 29.740 73.6857 5155 5188 5222 2791 2810 2810 

CB3X 1336.30 40.365 29.700 72.2726 3977 4057 4057 2307 2320 2320 

CD15A 1336.30 45.080 29.780 83.8167 3279 3377 3428 2097 2178 2188 

CD15X 1336.30 42.625 29.775 78.1792 1942 2074 2298 1161 1250 1316 

CD16A 1063.10 48.155 29.725 83.4159 4319 4398 4398 2495 2508 2515 

CD16X 1063.10 54.940 29.745 95.0853 2727 2839 2915 2097 2121 2146 

CD4A 1063.10 50.600 29.795 84.5014 3233 3254 3296 2249 2269 2269 

CD4X 1063.10 43.560 29.775 71.4610 2706 2748 2829 1985 1998 2017 

CD5A 1063.10 41.585 29.760 74.6588 4570 4595 4595 2607 2632 2649 

CD5X 1063.10 50.990 29.785 92.3740 4063 4129 4162 2670 2677 2684 

CD6A 1063.10 43.595 29.780 77.3872 4791 4817 4817 2691 2725 2725 

CD6X 1063.10 52.675 29.785 93.8466 3145 3222 3242 2290 2331 2341 

CD7A 1063.10 52.420 29.760 93.7271 4619 4639 4701 2759 2774 2781 

CD7X 1063.10 47.770 29.780 84.0933 3474 3474 3689 2336 2359 2365 

CD8A 1063.10 52.825 29.785 96.3056 4869 4960 4983 2817 2825 2825 

CD8X 1063.10 49.145 29.800 88.1425 4368 4388 4408 2386 2391 2397 

CD9A 1063.10 41.575 29.785 75.9555 4806 4863 4863 2691 2700 2700 

CD9X 1063.10 44.665 29.745 79.0503 3918 3935 3953 2516 2523 2531 

CH3A 1206.10 49.715 29.300 85.6781 4803 4850 4898 2717 2739 2732 

CH3X 1206.10 49.850 29.360 87.7883 5139 5139 5166 3030 3058 3077 

CH6A 1196.80 58.795 29.180 101.9900 5004 5047 5069 2947 2947 2955 

CH6X 1196.80 50.600 29.260 87.8330 4131 4199 4234 2602 2622 2622 

CH7A 1194.10 52.115 29.050 81.1324 3486 3509 3644 2167 2167 2176 

CH7X 1194.10 49.820 29.060 77.5261 3163 3436 3546 2176 2195 2200 

CP1A 1851.50 53.035 29.400 90.1860 3973 3988 4003 2357 2378 2384 

CP1X 1851.50 47.320 29.415 80.6715 3033 3113 3208 2176 2186 2191 

CP2A 1845.60 51.140 29.210 88.4235 4526 4526 4546 2623 2643 2650 

CP2X 1845.60 47.345 29.370 83.1488 3587 3614 3628 2434 2453 2459 

CP4A 1835.60 52.245 29.335 93.0398 4098 4114 4130 2494 2494 2500 

CP4X 1835.60 38.065 29.385 69.2665 3986 4007 4028 2513 2529 2538 

CP5A 1831.70 41.940 29.450 75.3360 5377 5412 5447 2834 2873 2882 

CP5X 1831.70 58.820 29.380 106.0472 3948 3988 4015 2674 2692 2711 

CP6A 1829.40 52.105 29.270 91.4125 5237 5399 5633 2927 2944 2952 

CP6X 1829.40 47.645 29.405 84.1257 4516 4694 4887 2692 2707 2715 

CP7A 1823.00 44.960 29.355 80.4808 5620 5727 5801 2864 2919 2958 

CP7X 1823.00 56.170 29.435 102.1085 4661 4681 4700 2964 2980 2988 

CT2A 955.50 40.940 29.755 73.0855 5054 5215 5317 2658 2738 2766 

CT2Y 955.50 49.335 29.725 88.0459 4861 4958 5009 2827 2827 2835 

CT5A 944.40 39.795 29.750 69.7980 4373 4373 4422 2593 2601 2610 

CT5Y 944.40 42.965 29.720 75.2956 3595 3626 3672 2387 2400 2407 

CTP3A 944.40 60.005 29.270 103.6541 4068 4124 4241 2317 2353 2362 

CZ2A 1250.90 32.475 29.740 58.7087 5458 5648 5748 2788 2800 2812 

CZ2X 1250.90 63.965 29.710 114.4347 4902 4978 5057 2948 2955 2955 

CZ5A 1245.10 39.210 29.705 70.7099 5059 5193 5335 2771 2801 2811 

CZ5X 1245.10 46.985 29.675 84.1174 4330 4350 4371 2716 2740 2756 

GG4A 1970.60 45.585 29.310 82.3812 4383 4447 4513 2650 2721 2738 

GG4X 1970.60 42.555 29.505 78.0872 4015 4053 4072 2587 2611 2619 

HA1-A 2331.31 52.040 30.000 95.9003 5393 5421 5449 2999 3008 3008 

HA1-B 2331.67 52.025 29.990 94.9848 5282 5336 5363 2874 2890 2906 

HA1-C 2332.15 52.195 29.570 92.6107 5326 5326 5381 2966 2974 2983 

HA2-A 2331.90 45.670 29.975 83.0519 5160 5190 5219 2802 2819 2837 

HA2-B 2331.94 45.455 29.980 82.7768 5195 5225 5255 2772 2823 2832 

HA3 2332.02 40.285 30.020 73.1419 5132 5198 5266 2759 2778 2788 

HA4 2332.11 35.725 29.455 62.8757 5372 5413 5454 2847 2858 2881 

HA5 2331.98 31.160 29.265 53.8737 5150 5326 5419 2807 2807 2820 

HA6 2331.98 20.380 28.900 34.0425 5584 5741 5907 2455 2501 2516 

HB1-A 2527.70 51.335 29.575 93.0908 5185 5185 5212 2836 2900 2908 

HB1-B 2527.90 51.600 29.635 94.0781 5134 5186 5212 2883 2891 2899 

HB2 2527.74 45.875 29.590 82.9655 5154 5154 5184 2858 2858 2867 

HB3 2527.78 40.800 29.590 73.8258 5165 5197 5231 2757 2785 2795 

HB4 2527.86 33.895 29.665 61.8728 5215 5296 5423 2679 2712 2722 
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Sample Depth Length Diameter Mass v(P)@100 psi v(P)@265 psi v(P)@485 psi v(S)@100 psi v(S)@265 psi v(S)@485 psi 

 (m) (mm) (mm) (g) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) 

HB5 2527.82 31.340 29.610 56.6780 5180 5223 5357 2725 2749 2773 

HE8A 3122.70 46.020 29.405 84.3156 6016 6055 6095 3099 3109 3120 

HE8X 3122.70 40.780 29.500 73.7361 5401 5401 5511 2765 2774 2784 

HE9A 3129.90 56.095 29.380 99.6167 4598 4598 4617 2710 2877 2877 

MH2A 2420.20 49.355 29.765 90.8640 5168 5336 5394 2861 2861 2869 

MH2X 2420.20 49.845 29.735 91.7249 4242 4392 4725 2724 2754 2777 

MH9A 2427.20 48.140 29.720 85.3405 4674 4674 4697 2775 2783 2791 

MH9X 2427.20 39.995 29.735 70.6810 4081 4102 4123 2508 2523 2531 

NK1A 2204.60 52.660 29.670 96.8358 5266 5457 5572 3116 3135 3153 

NK2A 2203.90 52.185 29.710 96.9124 5141 5245 5298 2982 2999 3008 

NK2X 2203.90 64.865 29.725 120.6500 4584 4752 4895 2802 2808 2814 

NK4A 2196.40 49.720 29.720 87.5997 4161 4214 4250 2356 2437 2455 

NK4X 2196.40 40.505 29.760 71.3407 4071 4112 4176 2508 2539 2539 

PA17A 2339.00 33.850 29.530 62.6947 4669 4768 4801 2614 2665 2687 

PA17X 2339.00 56.400 29.695 105.9450 4720 4759 4800 2863 2870 2892 

RD4A 2194.80 40.985 29.455 75.8120 4938 5123 5221 2807 2827 2846 

RD4X 2194.80 53.035 29.400 90.1860 3958 3973 4003 2357 2378 2384 

TG12A 2561.80 40.390 29.575 72.3189 4274 4320 4366 2478 2509 2517 

TG12X 2561.80 56.260 29.620 101.3300 4152 4183 4262 2557 2575 2581 

TG17A 2543.60 42.630 29.270 72.5511 3858 3893 3947 2515 2560 2576 

TG17X 2543.60 47.900 29.600 83.8321 3757 3787 3942 2365 2389 2419 

TG19A 2539.60 40.035 29.625 69.7257 3964 4024 4106 2237 2275 2301 

TG19X 2539.60 55.470 29.745 97.8953 3674 3698 3773 2444 2465 2476 

V1 2333.47 63.010 29.165 109.3408 3807 4013 4272 2452 2510 2546 

V2 2333.54 51.095 29.225 88.6700 3856 3946 4276 2333 2410 2456 

V3 2333.66 45.610 29.175 79.5651 3817 3882 4584 2315 2376 2388 

V4 2333.75 38.010 29.175 65.8887 3980 4065 4842 2249 2276 2290 

V5 2333.61 26.170 29.165 45.4867 4057 4187 4985 1998 2037 2061 
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