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ABSTRACT

The presence of natural oil seeps, abandoned well sites (generally containing light oil),
and high quality source rocks along the coast of western Newfoundland has refocused interest on
the region as an area for potential petroleum exploration and development. Most of the oil seeps
and old well sites are located in the Cow Head and Port au Port Peninsula areas. These areas lie
in the Humber Zone, located on the eastern margin of the Anticosti Basin - the structural front of
the northeastern Canadian Appalachians. The current study aims to characterize source rocks and
oils in this active petroleum system.

The geologic history of the area is complex, and has important implications for the petro-
leum system. Neoproterozoic continental breakup was followed by the development of a passive
continental margin containing coeval shelf carbonates and continental slope and rise deposits of
the Humber Arm Allochthon. During the Taconian (Ordovician) and Acadian (Devonian) oroge-
nies, westward thrusting imbricated continental slope and rise deposits, creating thrust sheets that
repeat Lower Paleozoic strata. This underlying geology created an active petroleum system with
potential reservoirs in the overridden platform carbonates, which are time-equivalent to slope de-
posits of the Cow Head Group, containing source rocks. Other potential reservoirs can be found
in shelf proximal carbonate conglomerates associated with debris flows. The connection between
the identified source rocks and produced hydrocarbons is not well understood.

In the present analysis, I show that high-quality source rocks were deposited during two
distinct periods: the Cambrian Series 3 to Furongian Series, and the Ordovician Floian stage.
These late Cambrian to early Ordovician deep marine gravity flow deposits contain viable type 1/
IT and type II/III source rocks. Total organic carbon (TOC) concentrations of up to 9.45 wt% and
hydrogen index values as high as 841 [mg HC/g TOC] demarcate the Middle Arm Point Forma-
tion of the Cow Head Group.

Detailed biomarker and isotope analysis of source rock extracts show a statistically signifi-
cant change in source dependent biomarker composition from the Cambrian to the Ordovician,

identifying both bacterially (Cambrian) and algal (Ordovician) derived organic matter. The same
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change in biomarker composition can be identified in bitumen and oil samples, linking the source
intervals to two endmember petroleum groups. Analysis of thermal maturity-sensitive biomark-
ers reflect the complex tectonic history of western Newfoundland. In the Cow Head area both
source rocks generate oil with a wide ranging of maturities (0.7 to 1.11 %R, equivalent), related
to the dipping character of the imbricated thrust stacks containing source rocks. The Port au Port
No.1 well was charged by the Cambrian source rock and then underwent secondary cracking,
indicated by concentrations of 3 + 4-methyldiamantane. Low maturity natural seeps from Port
au Port Bay can be related to the Middle Ordovician Middle Arm Point Formation.

Biomarker and carbon isotope data were successfully used to correlate oil to source rocks
in western Newfoundland and are a valuable tool to resolve thermal and generation history of

oils in tectonically complex petroleum basins.
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PREFACE

The study presented in this thesis was undertaken to examine the geochemistry of the
under-explored petroleum system in western Newfoundland. The need for a greater understand-
ing of the petroleum geology in this basin has been recognized by the Government of Newfound-
land and Labrador, who founded in cooperation with Nalcor Energy, the Petroleum Exploration
Enhancement Program to investigate the area for its exploration potential. This study will con-
tribute to a better understanding of the extant petroleum basin and help to advance in potential
exploration pursuits.

This thesis includes examination of the source potential and distribution of deep marine
deposits of the Cow Head Group to identify viable source intervals, integrated with a detailed
biomarker and isotope analysis of oil and source extracts, and a successful oil to source rock cor-

relation.

Chapter 2 will be submitted to AAPG Bulletin, or Marine and Petroleum Geology under
the authorship Schwangler, M., Harris, N.B., Waldron, J.W.F., Oil to source rock correlation in
western Newfoundland. Schwangler, M. was responsible for data collection and manuscript com-
position, Harris, N.B and Waldron, J.W.F assisted in data collection and contributed to manu-

script edits.
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CHAPTER 1: INTRODUCTION

1.1. WESTERN NEWFOUNDLAND - A FRONTIER BASIN

Newfoundland is situated on the eastern margin of Canada, and the west coast of the island
comprises a portion of the Anticosti Basin referred to as the Humber Zone (Figure 1.1). This area
contains an active but poorly studied onshore petroleum system. Despite past exploration and
limited exploitation, the basin remains unsuccessful in terms of economic oil production.

The presence of hydrocarbons and potential source rocks in the area, however, has refo-
cused interest on the Humber Zone. Earlier studies have identified the Ordovician Green Point
Formation, part of the deep marine succession of the Humber Arm Allochthon (comprising
the Humber Zone), as a viable source rock (Macauley, 1987; 1990; Weaver, 1988; Weaver and
Macko 1988; Sinclair, 1990; Fowler et al., 1995). Although a number of petroleum system ele-
ments have been identified, and an intact petroleum system is demonstrated by Port au Port No.1
well on the Port au Port Peninsula, a detailed investigation including systematic source rock
sampling, and oil to oil, and oil to source correlation has not yet been performed.

In 2007 the government of Newfoundland and Labrador initiated, in cooperation with Na-
Icor Energy, the Petroleum Exploration Enhancement Program (PEEP). PEEP aims to improve
understanding of western Newfoundland’s regional geology, and petroleum geology specifically,
on an academic level. This will further onshore exploration efforts, with the hope of continued

development of the area’s oil and gas industry.



1.2. RESEARCH QUESTION
This research aims to advance our knowledge of the petroleum basin present in western
Newfoundland, specifically addressing these questions:

*  What is the distribution of potentially active source rock intervals in the study area,
focusing on organic matter quantity and quality, as well as the thermal maturity
distribution of the identified source intervals?

*  What are the biomarker and isotope characteristics of the source rock extracts pro-
duced from collected samples?

*  What are the biomarker and isotope characteristics of collected oil and can this
be used to establish oil families? Can these be linked to the identified source rock
interval(s)?

*  What are the implications for maturity, migration, and mixing of the oil based on

biomarker parameters.

1.3. OVERVIEW OF METHODS

To investigate the above research questions, 17 samples of oil and bitumen, and 197 source
rock samples were collected in western Newfoundland during the 2015 field season. Additional
data included in this study are source rock samples from the Port au Port Peninsula collected by
R. Lacombe in 2014 (Lacombe, 2017). The main sample locations for potential source rocks are
the Port au Port Peninsula, the Bay of Islands, and the Cow Head area (Figure 1.1). Source rock
samples were taken along measured sections with good biostratigraphic definition from coastal
outcrops and available core cuttings. Theses samples were later analyzed for total organic carbon
(TOC) and Rock-eval at GeoMark Research (Houston). Sample locations for oil and bitumen are
located in the Port au Port Peninsula and Cow Head area (Figure 1.2). Light oils, from old well
sites, and bitumen from natural seeps in quarries and coastal outcrop, were analyzed for biomark-
er and stable carbon isotopes at GeoMark Research. Additionally, extracts from viable source

intervals were analyzed for biomarker and carbon isotopes to facilitate oil to source rock correla-
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tion. Triple quadrupole (QQQ) and compound-specific carbon isotope analysis aided interpreta-

tions on the thermal history of identified oil families.

1.4. OVERVIEW OF BIOMARKERS

Biomarkers are organic molecules present in oil and source rocks, which have carbon skel-
etons that can be correlated to functionalized compounds occurring in the original source mate-
rial. In crude oil and source rocks, biomarkers are derived from two main groups: prokaryotic
and eukaryotic precursor organisms.

Prokaryota are single celled organisms without internal lipid membranes to segregate
organelles. In contrast, eukaryota are single or multi-celled organisms with internal membranes
to segregate the nucleus, containing deoxyribonucleic acid (DNA), and other cell organelles, e.g.,
mitochondria and chloroplasts (Figure 1.3). The primary role of lipid membranes is to regulate
the intake and excretion of molecules during metabolism and reproduction.

Biomarker molecules are primarily derived from the cell membranes and attached func-
tional groups found in these organisms. Throughout evolution the constitution of cell membranes
changed, becoming more complex in structure and functionality. In early evolutionary history
primitive organisms (Archea) had a monolayer lipid membrane encapsulating their DNA. Over
time, this monolayer lipid membrane evolved into the bilayer lipid membrane seen in eubacteria.
Later in their evolutionary history, eubacteria membranes incorporated terpenoids to allow for
additional functions. With the evolution of eukaryotes, other molecules such as sterols, proteins,
and carbohydrates were introduced into bilayer lipid membranes, allowing for transportation of

larger, more complex molecules between cells and for energy storage.

1.4.1 BULK COMPOSITION OF PETROLEUM
Oils consist of a complex mixture of hydrocarbon and non-hydrocarbon molecules. The
bulk composition primarily consists of saturates, olefins (alkenes), aromatics, NSO’s (nitrogen,
oxygen, sulfur compounds), polar compounds, and asphalthenes. Saturates are a class of hydro-
carbons that are characterized by single carbon-carbon and carbon-hydrogen bonds. Saturates

include compounds with linear carbon skeletons (n-alkanes or paraffins) and branched or cyclic
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Figure 1.3: Prokaryotic and eukaryotic cells in comparison (A) (after Peters et al., 2005). Schematic evolution
of lipid membranes and comparison of a schematic eubacterial and eukaryotic cell membrane at a molecular
level (B).

A: Prokaryota are defined by a lipid membrane enclosing the nucleoid (DNA) and ribosomes. Eukaryota are
cells with lipid membranes, including cell organelles separated by membranes and DNA enclosed in a nucleus.
Originally primitive lipid membranes evolved to highly functional membranes including terpenoids, sterols,
proteins, and carbohydrates.

B: Bilayer with terpenoids schematizes an eubacterial lipid membrane built with phospholipids. The polar
head (containing phosphor) is attached through ether or ester bonds to fatty acids (predominantly even num-
bered saturated hydrocarbons or acyclic isoprenoids).

Bilayer membranes including sterols are associated with eukarioyta. The high functionality and specificity of
the membrane is accommodated by attaching a number of different moieties as polar heads to the fatty acids.
Included are phospholipids (polar head containing phosphor), glycolipids (carbohydrate chains attached to
the hydrophilic head) and complex alcohols (sterols). The fatty acids attached to the polar heads can be un-
saturated hydrocarbons showing predominantly odd carbon number preferences. To increase functionality a
variety of nitrogen based proteins (N*) and sugar chains (N**) can be attached to the hydrophilic heads.




arrangements (iso-alkanes and cycloalkanes, respectively). Cycloalkanes (naphthalenes) exist

as monocyclic and polycyclic alkanes. With increasing carbon numbers, a homologous series

of compounds results, ranging from C1 to C65 and above, in oil and source rocks (Huang et

al., 2003). Biomarkers are part of the saturated fractions, and include n-alkanes, terpenoids, and
steranes (Figure 1.4, Figure 1.5). Olefins (alkenes) are unsaturated hydrocarbons, containing one
or more double carbon-carbon bonds. Alkenes are uncommon in crude oil, but may be gener-
ated during refining processes. Aromatic hydrocarbons have one or more benzene rings in their
molecular structure. In petroleum, aromatic molecules include benzene, toluene, ethylbenzene,
and xylene isomers (BTEX). Also included are polycyclic aromatic hydrocarbons (PAH), such as
naphthalene, phenanthrene, and dibenzothiophene (Figure 1.4). Polar compounds are molecules
with an electric dipole as a result of bonding with atoms with high electronegativity, including
nitrogen, sulfur, and oxygen (NSO). Heavy oils generally contain a higher amount of NSO-
compounds and metal-containing compounds (heteroatom-containing molecules). Smaller polar
molecules are commonly referred to as resins. Asphaltenes are a class of organic compounds that
do not dissolve in organic solvents and contain a larger amount of heteroatom-containing mol-

ecules (Berkowitz, 1997).

1.4.2 RELEVANT BIOMARKERS

Key biomarker molecules in petroleum include n-alkanes, isoprenoids, steranes, and aro-
matics. The following will outline commonly used biomarker classes, their origin, and informa-
tion they provide.

n-Alkanes are a group of molecules that are either indigenous or derived from membrane
lipids. Membrane lipids in eubacteria and eukaryotes are mainly composed of fatty acids con-
nected to a polar head (Figure 1.3). Bacteria, algae, and diatoms most commonly have even
carbon number fatty acid chains, between 12-24 carbon atoms long. These chains are connected
through ether or ester bonds to a polar head (often containing phosphate), which has various
functional groups attached. Waxes, which form a subgroup of lipid membranes, are predomi-

nantly related to higher plants and animals. Waxes are organic molecules composed of complex



alcohols (e.g. sterols), fatty acids, or alkanes (Figure 1.3). The alkanes of waxes usually show an
odd carbon number preference. n-Alkane distribution can be used to distinguish between differ-
ent source compositions and to evaluate maturation (Bray and Evans, 1961). The carbon prefer-
ence index (CPI) and odd-to-even preference (OEP) are two early identified maturity parameters,
which are still used (Huang et al., 2003). Isoprenoids (terpenoids) are a diverse group of straight
chained or cyclic lipid compounds, which provide the main biomarkers used for oil-to-source
rock correlation (Figure 1.5). Information on age, source composition, redox conditions, level of
biodegradation, facies, and thermal maturity can be obtained from these markers. All isoprenoids
follow the “isoprene rule” discovered by German chemist Otto Wallach in 1887: isoprenoids are
composed of isoprene subunits that are linked head-to-head, head-to-tail, or tail-to-tail. This cre-
ates a wide variety of cyclic and acyclic molecules (Nes and McKean, 1977); examples are given
in Figure 1.4 and Figure 1.5. The number of isoprene units that form each molecule classifies

them into different groups (Peters et al., 2005):

*  Monoterpane (C10): two isoprene units

*  Sesquiterpane (CI15): three isoprene units

*  Diterpanes (C20): four isoprene units

*  Sesterterpanes (C25): five isoprene units

*  Triterpanes (C30): SiX isoprene units

»  Tetraterpanes (C35): eight isoprene units

*  Polyterpanes (C5,n > g)): nine or more isoprene units

Other terpenoids used for correlation and assessment of depositional environment and
source composition are aryl-isoprenoids and carotenoids. Also important for correlation and

source determination are aromatic biomarker molecules, some of which are listed in Figure 1.4.
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Figure 1.4: Molecular structures of representative acyclic terpenoids and aromatic compounds in oil.
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Figure 1.5: Molecular structures of representative cyclic terpenoids compounds in oil.
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1.43 R, S, o, AND B STEREOISOMERS

Stereoisomers are molecules with the same number and kind of atoms bonded together but
differ in their atom orientation in three dimensional space. The change in orientation of atoms in
space at asymmetric centers generates chiral compounds. This information is included in nam-
ing biomarkers molecules. Commonly, the o (alpha = down) and 3 (beta = up) nomenclature is
used for asymmetric centers in the carbon rings, the R (/at. rectus = right) and S (/at. sinister=
left) nomenclature is used for asymmetric centers outside of the ring structures (Cahn et al.,
1966). “Up”, “down”, “rectus”, and “sinister” are defined relative to the plane formed by the ring
system of the molecule. In nature, enzymes impose a certain configuration at asymmetric centers
of molecules, which become unstable at higher temperature and change position. Depending on
the stability of the molecules and the kinetic pathways involved, isomerization can occur in any
proportion of the possible configurations (o, f and R, S). Pentacyclic triterpanes (hopanes) show
asymmetric centers at C-21 and all ring junctures (C-5, C-8, C-9, C-10, C-13, C-14, C17, and
C-18). Homohopanes (hopanes with methyl groups attached at C30) have an additional optically
active carbon atom at C-22 (i.e. 22R and 22S). The original, biological stereochemical orienta-
tion for hopanes is 173,21B(H)-hopane, which becomes successively converted into afj-hopanes
and Pa-moretanes. For homohopanes, the original, biological orientation is the 17f8,213(H)
22R-configurations; with increasing temperature there is an increase in molecules showing
af22S- and Ba22S-configurations (Figure 1.5). Tetracyclic triterpanes (steranes) show asym-
metric centres at a number of carbon atoms, but only C-14, C-17, and C-20 are important during
catagenesis of steranes. The inherited configuration of steranes is 5a,14a,17a,(H)20R. With in-
creasing temperatures the hydrogen atoms and methyl side-chains reorient into a0a20S, aff20R,
and ofp20S. Two examples of chiral molecules are shown in Figure 1.5. A complete discussion
of organic geochemical nomenclature and associated mechanisms to form isomers is beyond the
scope of this work. Interested readers can find more information in most organic geochemistry

textbooks.
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1.5. CoNcLusION
This geochemical study enables us to improve our knowledge of the composition and
distribution of viable source rocks and oil in the petroleum system in western Newfoundland.
Delineating the source kitchen for oils, their composition, and thermal history is an important
step in evaluating the prosperity of the petroleum system. The results and interpretations made
in this study will help to de-risk potential hydrocarbon plays in the area and develop a regional

petroleum basin analysis to further constrain timing of oil generation and migration pathways.
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CHAPTER 2: O1L TO SOURCE ROCK CORRELATION IN WESTERN
NEWFOUNDLAND

2.1. INTRODUCTION

The west coast of Newfoundland is known for natural oil seeps in two areas: Port au Port
Peninsula and Cow Head (Figure 2.1). Both areas experienced an early exploration history, with
drilling occurring in the early 20* century (Howley, 1875; Weatherhead, 1922; Baker, 1928;
Brown, 1938). Drilling was pursued again in the 1960’s and early 2000’s (Fleming, 1970;
Fowler et al., 1995). Yet, to date, the origin of the oil seeps is not well studied or understood,
nor has drilling led to economic oil discoveries. Understanding of the characteristics of potential
Cambrian and Ordovician source rocks in western Newfoundland is also fragmentary. The com-
plex tectonic history and thermal development of this petroleum basin may have generated oil of
different maturities, adding to the complexity and problematic nature of linking source rock and
oil seeps. Biomarker and isotope data are particularly useful in challenging tectonic settings to
resolve the impact of the subsurface geometry on the thermal and generation history of oils, and
to resolve mixing of different oil families.

I have carried out systematic sampling of measured outcrop sections containing potential
source rocks. Pyrolysis and extract data from the outcrop samples, combined with biomarker and
isotope data from natural seeps and oil recovered from shallow wells, allow us to establish oil
families, relate source intervals to generated oil, and gain insight into the origin of the organic

matter, maturity and potential migration and mixing.
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2.2. REGIONAL GEOLOGY AND STRATIGRAPHY

2.2.1. STRUCTURAL EVOLUTION

The west coast of Newfoundland is part of the Anticosti Basin, one of the large Appala-
chian Basins in North America (Figure 2.1). Understanding the geologic evolution of this west-
ern part of the Anticosti Basin is crucial for interpretation of the geochemical data obtained in
this study. Initial evolution of the basin began with the breakup of Rodinia and opening of the
Iapetus Ocean between 615 +£2 Ma and 555 +3/-5 Ma in the Neoproterozoic (Stukas and Reyn-
olds, 1974; Kamo et al., 1989; Cawood et al., 1996; Cawood et al., 2001; van Staal et al., 2012).
Multiple phases of rifting during the Cambrian created horst and graben structures infilled with
terrestrial clastic sediments of the basal Labrador Group (Figure 2.2). Cambrian rifting ended
before the end of Cambrian Series 2 (508 Ma) (Williams and Hiscott, 1987; Hibbard et al., 2007;
Leslie et al., 2008; Peng et al., 2012), and the rift evolved into the passive margin of Laurentia.
This Cambrian to Ordovician passive margin is preserved in the Humber Zone, which is bounded
to the west by the deformational front of the Appalachian orogen in western Newfoundland (Fig-
ure 2.1).

Deposition and subsequent destruction of the passive margin, including platform and con-
tinental slope and rise deposits, took place during the Taconian and Acadian orogenies (ca. 488 to
460 Ma and ca. 420 to 404 Ma, respectively; Figure 2.2) (Williams, 1975; Williams and Hiscott,
1987; James et al., 1987). The Taconian orogeny resulted from the collision between Laurentia
and a number of microcontinents (e.g. the Dashwood Microcontinent) during the closure of the
newly formed Iapetus Ocean (Figure 2.2) (Waldron and van Staal, 2001). The earliest evidence
for the onset of the Taconian orogeny is intrusions into metasediments dated at 488 Ma (Dubé
et al., 1996). During the main stage of the Taconian orogeny, the young oceanic crust of the
Iapetus Ocean was subducted to the east, causing imbrication of the continental slope and rise
deposits and their emplacement onto the platform (Figure 2.2) (Stevens, 1970; Williams 1975;
Waldron and van Staal 2001). In western Newfoundland, this imbricated stack is referred to as

the Humber Arm Allochthon. This loading event created a peripheral bulge, resulting in subtle
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Figure 2.1: Simplified geologic map of western Newfoundland.
Geologic map illustrating lithotectonic subdivision and petroleum basins of western Newfoundland and loca-
tion of study areas (modified after Waldron et al., 2003; Enachescu, 2011).
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uplift, of the shelf. Erosion, and karstification of carbonates, manifested by the St. George Un-
conformity. It marks the peak Taconian deformation, and the transition into a drowned passive
margin (Jacobi, 1981; Knight et al., 1991; Hibbard et al 2007). The time interval missing at the
unconformity lasted from late Floian (ca. 470 Ma) to Darriwillian time (ca. 466 Ma) (Dallmeyer
and Williams, 1975; Stenzel et al., 1990). Although the Taconian orogeny was a shortening event
overall, the drag created by the subducting oceanic crust and the additional loading of the Hum-
ber Arm Allochthon reactivated older syn-rift normal faults within the foreland basin. After the
passage of the peripheral bulge, carbonate sedimentation resumed in the shallow marine environ-
ment. Coeval flysch sedimentation took place in the deeper basin, sourced from the approaching
Allochthon as well as from the platform (Knight et al., 1991; Quinn 1992a, Quinn et al., 1999).
During the middle Ordovician (460 +/- 5 Ma), an ophiolite complex was formed in a supra-
subduction zone fore-arc setting and obducted onto the platfrom, forming the current structurally
highest slice (Dallmeyer and Williams, 1975; Waldron and van Staal, 2001; Dewey and Casey,
2013) (Figure 2.1, Figure 2.2).

Later significant subsidence was signaled by post-Taconian foreland basin sedimenta-
tion of marine sediments during the Late Ordovician (Quinn et al., 1999). This was followed by
Acadian (Devonian) shortening, which overprinted earlier Taconian extensional structures, and
inverted originally normal faults in the Port au Port and Cow Head area into major reverse faults
(Figure 2.2) (Waldron and Stockmal, 1991; Stockmal and Waldron, 1993; Waldron et al., 1993;
Waldron et al., 1998). Thick-skinned westward thrusting and thin-skinned eastward thrusting
created a triangle zone just offshore of western Newfoundland (Stockmal and Waldron, 1990).
These multiple deformational events gave rise to the present-day tectonic framework in western
Newfoundland, where continental slope and rise deposits of the Humber Arm Allochthon are
thrusted and structurally overlie platform carbonates. The obducted ophiolite complex represents

the structurally highest slice (Figure 2.1).
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2.2.2. STRATIGRAPHIC EVOLUTION
Sedimentary rocks representing the passive margin of Laurentia in western Newfoundland
are subdivided into shelf clastics, platform carbonates, and contemporaneous continental slope
and rise sediments deposited in the Cambrian to Ordovician Period (Figure 2.3). The deep ma-
rine sedimentary rocks were tectonically emplaced and deformed during the Taconian and Acadi-
an orogenies and now overlie the platform deposits as an allochthonous package. Post-Taconian

foreland basin deposits overlay turbidity current deposits.

2.2.2.1. PLATFORM STRATIGRAPHY

The base of the shelf stratigraphy consists of terrestrial, clastic sediments of the Labrador
Group (Figure 2.3) varying in thickness, deposited during Cambrian Series 2 to 3 rift and drift
phase (James et al., 1987; Cawood et al., 2001). Sandstones of the basal Bradore Formation are
overlain by the younger Forteau Formation composed of predominantly limestone deposited in a
deepening upward succession topped by marine shales, which in turn are overlain by sandstones
of the Hawke Bay Formation (Williams and Hisott, 1987; Cawood et al., 2001).

The overlying Port au Port Group (Figure 2.3) was deposited during the passive margin
phase and consists of shallow marine carbonates and dolomites of the Berry Head, Petit Jardin
and March Point Formation (Chow and James 1987, Westrop, 1992).

This is overlain by the St. George Group (Figure 2.3) representing Early Ordovician car-
bonate facies deposited in subtidal to peritidal environments (Knight and James, 1987). Subtidal
to peritidal limestones and dolostones of the Watts Bight, and Boat Harbour Formation are over-
lain by fossiliferous subtidal limestone and dolostone of the Catoche Formation, and peritidal
limestone and dolostone of the Aguathuna Formation (Knight et al., 1991).

The top of the St. George Group (uppermost Floian) is placed at the St. George Unconfor-
mity (Klappa et al., 1980; Knight and James, 1987) separating it from the overlying Table Head
Group (Figure 2.3) (Jacobi, 1981; Knight et al., 1991; Dallmeyer and Williams, 1975; Stenzel et
al., 1990).
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Figure 2.3: Stratigraphic table of western Newfoundland.

Abbreviations: CC=Cape Cormorant Conglomerate; TC= Table Cove; R=Reservoir; S= Source Rock. Dating
of the strata is based on biostratigraphic ages from trilobites, conodonts and graptolites from Bergstrom et
al. (1974), James and Stevens (1986), Botsford (1987), Knight and Boyce (1987), Knight and Boyce (1991),
Lindholm and Casey (1989), Boyce et al. (1992), Quinn et al. (1999), Burden et al. (2001), Cawood and Nem-
chin (2001), Cawood et al. (2001), Burden et al. (2002), Zhang and Barnes, (2004), Quinn et al. (2004), Batten
Hender and Dix (2008), and Maletz et al. (2011), Peng et al. (2012), White et al. (2012), Lacombe (2017).
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Because rocks in the Port au Port, St. George Group, and the basal unit of the Table Head
Group have similar geophysical properties, they are combined in seismic interpretation and

termed ‘platform succession’ (Figure 2.1) (Waldron et al., 1998).

2.2.2.2. STRATIGRAPHY OF THE ALLOCHTHON

The continental slope and rise deposits were formerly subdivided into Cow Head Group
(James and Stevens, 1986) and the more distal Northern Head Group (Botsford, 1987). The Cow
Head Group consists of the proximal Shallow Bay Formation and more distal Green Point For-
mation; the Northern Head Group is divided into Cooks Brook Formation and overlying Middle
Arm Point Formation (James and Stevens 1986; Botsford, 1987). Field observations demonstrate
that the proximal part of the Northern Head Group is lithologically similar to the distal part of the
Cow Head Group, suggesting that the Cooks Brook Formation and Middle Arm Point Formation
can be incorporated into the Cow Head Group as a more distal part of the continental slope and
rise sediments (Lacombe, 2017). I propose to include the Northern Head Group in the Cow Head
Group, while maintaining the formation level distinction, as the formations represent mappable
units, and are well defined in their type locations. This simplified stratigraphic classification is
shown in Figure 2.3.

The continental slope and rise sediments represent sediment gravity flow deposits associat-
ed with pervasive passive margin instabilities and repeated margin collapse (James and Stevens,

1986; Botsford, 1987; Weaver, 1988; James et al., 1987).

2.2.2.3. FLYSCH SEDIMENTS

Allochthonous Lower Head sandstone stratigraphically overlies the Cow Head Group
(James and Stevens, 1986). Field observations demonstrate that the time-equivalent Eagle Island
sandstone, found in the Bay of Islands and defined by Botsford (1987), contains the same alloch-
thonous source material (Lacombe, 2017). I propose to combine the Lower Head and Eagle Is-
land sandstones within the Western Brook Pond Group, a term abandoned by James and Stevens
(1986), and revived by Lacombe (2017), retaining the formation level distinction (Figure 2.3).

The autochthonous Goose Tickle Group stratigraphically overlies the Table Head Group,
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and consists of three formations (Quinn et al., 1992a). The Black Cove Formation, composed of
grey and green shales with minor siltstone (Stenzel et al., 1990). The gradational boundary to the
overlaying American Tickle Formation is defined by a lithology where more than one third of the
strata consists of green siltstone (Stenzel et al., 1990). The American Tickle Formation comprises
siltstones with lesser sandstone and carbonate conglomerate beds, and represents the main part
of the Goose Tickle Group (Quinn, 1992b).The American Tickle Formation contains graptolites
from Darriwilian 3 with no upper contact found. The overlaying Mainland Formation consists

of sandstone with siltstone and mudstone interbeds. According to Quinn et al. (1992a, 1995) the
Mainland Formation is locally restricted to the Port au Port Peninsula and contains graptolites

from Darriwilian 3 with no upper contact found.

2.2.2.4. PosT-TACONIAN FORELAND DEPOSITION

Post-Taconian foreland basin deposits occur in the Long Point Group, which is subdivided
into Lourdes, Winterhouse, and Misty Point Formations. The Lourdes Formation represents
peritidal, fossil rich marine limestone mixed with siliciclastics deposited in an overall deepening
upward trend in the Sandbian (Quinn et al., 1999; Batten Hender and Dix, 2008). A transitional
contact with the overlaying Winterhouse Formation, which consists of storm dominated silt-
stones, sandstones, and minor limestone and limestone conglomerate, is interpreted to result from
the gradual deepening of the basin (Quinn et al., 1999). This is overlain by medium- to coarse-

grained red sandstone of the Misty Point Formation (Quinn et al., 1999).

2.2.3. HYDROCARBON SOURCE ROCKS
Prior to this study, a small number of potential source rocks samples from western New-
foundland were analyzed by Macauley (1987, 1990), Weaver (1988), Weaver and Macko (1988),
Sinclair (1990) and Fowler et al. (1995). These studies included samples collected from the
most promising shale intervals in the Port au Port and Cow Head area. These samples show a
wide range of hydrocarbon potential from marginal to excellent (Table 2.1). Weaver and Macko
(1988) interpreted the dataset collected by Weaver (1988) and concluded that the Ordovician

Green Point Formation was the most likely source for the oils collected from Parson’s Pond and
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St. Paul’s Inlet, located just South of Parson’s Pond. Average total organic carbon (TOC) values
were reported at 4.21 wt% and average hydrogen indices (HI) at 471 with low oxygen indices
(OI). Macauley (1987, 1990) and Fowler et al. (1995) reported similar values for the Green Point
Formation in the Cow Head area (Table 2.1). Source rock characteristics for the shelf-proximal
Shallow Bay Formation reported in Sinclair (1990), cited in Fowler et al. (1995), show TOC
values between 0.76 wt% and 2.18 wt%, and HI values ranging from 188 to 382 with gener-

ally low OI values (Figure 2.4A). The richest source rocks from the Port au Port Peninsula are
reported from the most distal portion of the Cow Head Group, formerly assigned to the Green
Point Formation but now interpreted as Middle Arm Point Formation (Lacombe, 2017). Macau-
ley (1987, 1990) and Fowler et al. (1995) reported high TOC intervals (max. 10.35 wt%), high
HI (max. 759) and low OI values for those units. Fowler et al. (1995) concluded that the Paleo-
zoic algae Gleocapsomorpha prisca (G. prisca), found in their Cambrian to Ordovician samples,
were responsible for type I/II organic matter. This is supported by an odd-to-even carbon number

preference found in their oil samples (Fowler et al., 1995).
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2.3. GEOCHEMICAL SAMPLING

2.3.1. SOURCE ROCKS

Our dataset includes analyses of 197 source rock samples collected systematically from
measured sections in outcrop and from available core. Measured sections from James and Ste-
vens (1986), Botsford (1987) and Lacombe (2017) were used to provide a representation of the
proximal to distal variation along the continental slope and rise deposits. These measured sec-
tions are reasonably well constrained by biostratigraphic work (James and Stevens, 1986; Bots-
ford, 1987; Lacombe, 2017). They are located along the coast, from Green Point to Cow Head
(Green Point and Shallow Bay Formation), the Bay of Islands (Cooks Brook and Middle Arm

Point Formation), and the Port au Port Peninsula (Middle Arm Point Formation) (Figure 2.5).

2.3.2. Oi1Ls

Seventeen oil and bitumen samples were collected (Table 2.2). The dataset includes 11 oil
samples from natural oil-seeps and old, accessible well sites along the coast, and six bitumen
samples from quarries. Sample location are shown in Figure 2.5. An additional five tar samples
were collected along the coast. Upon analysis, the tar samples were found to be discharge from

ships and are therefore excluded from further discussion.
2.3.3. SAMPLING METHODS

2.3.3.1. Sourckt Rocks

Samples were taken every 3-5 m along measured sections, with finer spacing (1 m) in
black shale lithologies. To minimize the impact of weathering, I collected samples as far from
any adjacent water as possible and obtained freshly broken samples whenever possible. Addition-
ally, all samples were cleaned to prevent contamination by recent organic matter.

In the 2015 field season minor modifications were made to Botsford’s original (1987)
measured sections in the Bay of Islands to account for parts of the sections that had eroded, and
to add additional detail on sedimentary structures. The most extensively sampled area between

Green Point and Cow Head includes measured sections from James and Stevens (1986) on Mar-
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Figure 2.5: Overview map with main sample location for oil and source rocks.

Map 1, 2 show main sample location in more detail. Map 1 is based on unpublished work by Shawna White
(2017); map 2 is modified after Cooper et al. (2001), the base map is modified after Waldron et al. (2003). 1:
Parson’s Pond sample location, including eight individual oil samples (green circles). St. Paul’s Inlet sample
location, including one oil sample (green circle) and 115 source rock samples from seven different measured
sections (James and Stevens, 1986). b: Measured section from Green Point is shown w on the overview map
(pink triangle). c: Northern Head sample location including 34 individual source rock sample (pink triangle)
from measured sections from Botsford (1987). 2: Port au Port Peninsula sample location, including two indi-
vidual oil samples and 35 source rock samples (pink triangles) from measured sections from Lacombe (2017).
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tin Point, Green Point, Broom Point, St. Paul’s North, Long Point, Black Brook, The Scrape, and
The Point of the Head on Cow Head Peninsula. The Scrape measured section was modified from
the original by James and Stevens (1986), due to the erosion of 30 m of outcrop subsequent to

the original work. Detailed measured sections with sample locations are listed in Appendix B.

2.3.3.2.  O1L AND BITUMEN

Nine oil samples were collected from abandoned drill sites where oil was found above
water in the well bore. To avoid contamination by other petroleum based materials, I collected
samples in individual glass bottles tied to yarn. Bitumen samples found on beach outcrops (four)
and in quarries (two) were collected with a clean knife (washed with water and acetone) and
stored in glass vials to prevent contamination. Two samples were collected from natural seeps us-
ing individual glass vials. One was highly viscous and was collected with a clean knife; the other

was collected mixed with water and afterwards decanted to separate the oil from water.
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2.3.4. ANALYTICAL METHODS

Source rock samples were analyzed for TOC by LECO analysis at GeoMark Research
LLC (Houston). Samples were decarbonated, dried, and weighed to obtain a percent carbonate
value based on weight loss. The LECO C230 instrument was calibrated by combustion of stan-
dards at 1200°C in the presence of oxygen. The generated and catalytically converted carbon
dioxide was measured using an infrared cell. Combustion of samples was completed and com-
pared to the calibration standard to determine TOC. The acceptable standard deviation for TOC
is 3% variation from established value. Additionally, approximately 100 mg of washed, ground
(60 mesh) whole-rock sample was analyzed in the Rock-Eval II instrument. Organic-rich sam-
ples (S2>40.0 mg/g or TOC>7-8%) were analyzed at reduced weight. Operating conditions for
Rock-Eval II are: 300°C for 3 minutes (S1), 300°C to 550°C at 25°C/min then hold at 550°C for
1 minute (S2), and S3 is trapped between 300 and 390°C. Instrument calibration was achieved
by using an in-house rock standard made from Skull Creek Shale (S1=0.21, S2=9.02, S3 =
0.40, T,,.«= 418) (Brian Jarvie - GeoMark, personal communication). The standard deviation
was considered acceptable under the following guidelines: T, , +2°C, and S1 + 10%, S2 + 10%,
and S3 + 20% variation from established value. Selected and random checks were completed on
approximately 10% of the samples for both TOC and Rock-Eval analysis to ensure the standard
deviation fell within the proposed margin.

Molecular compositions and stable isotopes for oil, bitumen, and extract samples were
analyzed by GeoMark Research Ltd. Whole crude oils were injected in split mode and separated
in a J&W DB-5 column (temperature programed from -60°C to 350°C at 12°C/min using an Agi-
lent 7890A gas chromatograph with a flame ionization detector - FID). Helium was used as the
carrier gas. Crude oils were injected into an Anton Par DMA 500 density meter, and API gravity
was calculated using the “API Gravity @60°F” method. This process was triplicated for each
sample to assess accuracy and reproducibility. Whole oils were measured on a vario ISOTOPE
select elemental analyzer for wt% sulfur via the process of Dumas combustion.

After the <C15 fraction was separated by evaporation in a stream of nitrogen, and deas-
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phalted using excess n-hexane, the C15+ deasphalted fractions were separated using temper-
ature-activated (400°C) gravity-flow column chromatography with a 100-200 mesh silica gel
support. Hexane was used to elute the saturated hydrocarbons, methylene chloride to elute the
aromatic hydrocarbons, and methylene chloride/methanol (50:50) to elute the nitrogen-sulfur-
oxygen (NSO) fraction. Following solvent evaporation, the recovered fractions were quantified
gravimetrically. The C15+ saturated hydrocarbon fraction was subjected to molecular sieve filtra-
tion (Union Carbide S-115 powder), after the technique described by West et al. (1990), in order
to concentrate the branched/cyclic biomarker fraction. GC/MS analysis of C15+ branched/cyclic
and aromatic hydrocarbon fractions was performed using an Agilent 7890A GC interfaced to a
5975C mass spectrometer at a constant flow rate. The J&W HP-5 column was temperature-pro-
grammed from 150°C to 325°C at 2°C/min for the branched/cyclic fraction, and 100°C to 325°C
at 3°C/min for the aromatic fraction. The mass spectrometer ran in the selected ion mode (SIM).
In order to determine absolute concentrations of individual biomarkers a deuterated internal
standard (d4-C29 20R Ethylcholestane; Chiron Laboratories, Norway) was added to the C15+
branched/cyclic hydrocarbon fraction, and a deuterated anthracene standard (d10) was added to
the aromatic hydrocarbon fraction. Response factors (RF) were determined by comparing the
mass spectral response at m/z 221 for the deuterated standard to hopane (m/z 191) and sterane
(m/z 217) authentic standards. These RF were found to be approximately 1.4 for terpanes and 1.0
for steranes. Concentrations of individual biomarkers in the branched/cyclic fraction were deter-
mined using the equation shown below:

Conc.(ppm) = [(ht. biomarker)(ng standard)]/[(ht. standard)(RF)(mg b/cy fraction)]

Bulk stable carbon isotopic compositions (*C/2C) of whole oils and C15+ saturate and
aromatic hydrocarbon fractions were measured on an Isoprime vario ISOTOPE select elemental
analyzer and VisION isotope ratio mass spectrometer (IRMS). Results are reported relative to
Vienna Pee Dee Belemnite (VPDB).

GC/MSMS was performed on an Agilent triple quadrapole mass spectrometer (QQQ)

interfaced with an Agilent 7890. GC/MSMS provides quantitative analyses of whole oils and
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extracts for terpane and sterane biomarkers as well as diamondoids, carotenoids, and alkyl
aromatics. The alkyl aromatics allow for a prediction of the level of thermal maturity (in units
of vitrinite reflectance equivalent (VREQ), even for light oils and condensates that have lost the

usual biomarkers.

2.3.5. STATISTICAL ANALYSIS

Hierarchical cluster analysis (HCA) and principle component analysis (PCA) were em-
ployed to evaluate the multivariate dataset and identify groupings among the sample sets. Results
were compared to the associated gas chromatograms to cross reference their accuracy. To de-
convolve mixing between oil samples, alternating least square (ALS) analysis using sterane and
terpane concentrations was used.

Sterane and terpane ratios and concentrations were used in HCA, PCA, and ALS analy-
sis. PCA is an automated eigenvector analysis that includes an auto-scaling process to ensure
the same significance for each parameter. HCA includes an auto-scaling process followed by an
iterative calculation of Euclidian distances and agglomerative linkage calculation to establish
clusters. The distances represent a measure of the similarity between individual samples. Six
different linkage methods were employed (single link, complete link, centroid link, median link,
flexible link, and incremental link) to evaluate the quality of the generated clusters. ALS was
employed to deconvolve mixed oil samples; this also includes an autoscaling process. Algorithm
settings for ALS were set to: ‘non-negativity for amounts and profiles’, ‘closure of amounts’, and
‘initial estimates from rows’. The same statistical methods were used for source rock extracts.

However, the ASL analysis was unsuccessful due to limited data points.

35



2.4. GEOCHEMICAL RESULTS
2.4.1. SOURCE RoCK SAMPLES

2.4.1.1. PoORT AU PORT AREA

Thirty-five samples were collected and analyzed from the Port au Port area. Four samples
from the Middle Arm Point Formation (Middle Ordovician) show TOC concentrations from 7.37
wt% to 9.45 wt% and HI values from 712 to 841 (Figure 2.6). Similar and even higher TOC
values (7.19 to 10.35 wt%) were measured by Fowler et al. (1995) in samples collected from
a boulder at Tea Cove, Port au Port Peninsula. Samples from the Table Cove Formation yield
lower TOC average 0.63 %, yet smell strongly of hydrocarbons on broken surfaces. Using T,,,,, to

calculate vitrinite reflectance (%R.), values lie between 0.65 to 0.89 %R, (Table 2.3).

2.4.1.2. BAy orF IsLaNDS

Thirty-four samples were collected and analyzed from Cooks Brook and Middle Arm Point
Formation, Cow Head Group in the Bay of Islands (Cambrian Series 3 to Middle Ordovician).
Three additional samples were collected from the underlying Summerside Formation, Curling
Group (Cambrian Series 3). TOC values for the organically richer intervals range between 0.5
to 2.21 wt% (Table 2.3 and Figure 2.6). All samples show low S1 and S2 peaks, and depleted HI
and OI values. This, in combination with extremely high T,,,, data and high Production Indexes
(PI), suggests an overmature source rock.

For the remainder of the paper I use “middle to upper Cambrian” informally to refer to the

approximately equivalent Cambrian Series 3 to Furongian on the timescale of Peng et al. (2012).

2.4.1.3. Cow HEAD AREA

One-hundred-fifteen samples from seven measured sections were collected from the Cow
Head area. The formations sampled include the Green Point Formation and Shallow Bay For-
mation, representing depositional settings ranging from proximal to distal continental slope and
rise. There are two potential source rock intervals in the Green Point Formation (Figure 2.6).

The middle to upper Cambrian Green Point Formation shows TOC values from 0.06 wt% in the
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organically lean rocks, up to 1.71 wt% in the richer intervals. This is comparable to data reported
by Weaver (1988) and Sinclair (1990), but substantially lower than reported TOC measurements
from Macauley (1987), Macauley et al. (1990), and Fowler et al. (1995). The second potential
source rock interval is the Middle Ordovician Green Point Formation, with TOC values ranging
from 0.06 wt% in lean rocks, to 2.95 wt% in richer source rock intervals. The average TOC of

the 115 samples is 0.63 wt%. Key parameters are shown in Figure 2.6 and Table 2.3.
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2.4.2. SOURCE ROCK EXTRACT SAMPLES

Extracts from 23 source rocks and hydrocarbon-stained rocks were analyzed for biomarker
and stable isotopes. The largest set of samples originates from the Cow Head Group (middle
Cambrian to Middle Ordovician), while other samples came from the Table Head Group (Middle
to Upper Ordovician), and one sample of oil-stained sandstone was taken from the Western
Brook Pond Group (Middle Ordovician). Table 2.4 shows bulk composition of the extracted
hydrocarbons, including important isoprenoid ratios, sulfur content carbon isotope values, carbon
preference index (CPI), odd to even preference (OEP), and extracted organic matter (EOM).

The samples are relatively low in saturated hydrocarbons (4.35 to 44.44 wt%) and higher
in aromatic (11.43 to 46.88 wt%) and NSO compounds (24.65 to 69.57 wt%) (Figure 2.8). High-
er sulfur content is linked to higher NSO concentrations in the extracts. The source-dependent
CPI is uncharacteristically low for Ordovician sample extracts; usually Ordovician samples show
a clear enrichment in the uneven hydrocarbon chain lengths (e.g. Martin et al., 1963; Fowler and
Douglas, 1984; Reed et al., 1986; Longman and Palmer 1987; Hoffmann et al., 1987; Jacobson
et al., 1988; Douglas et al., 1991; Blokker et al., 2001). The carbon isotope values for whole
extracts range from -28.46 to -32.36%o0 (VPDB), and fall into the established isotope range for
Paleozoic hydrocarbons (Sofer, 1984; Hatch et al., 1987; Andrusevich et al., 2000) (Figure 2.9).
There was insufficient sample material for compound-specific isotope analysis. Extracted organic
matter ranges from 352 to 5146 ppm. A clear positive correlation between S1 and the amount
of EOM exists. Additionally, the Middle Ordovician samples (Middle Arm Point Formation and
Green Point Formation) show higher amounts of EOM (average = 2104 ppm) when compared to
the Cambrian samples (average = 623 ppm).

Key biomarker parameters in source rock extracts from Newfoundland that change sig-
nificantly from the Cambrian to the Ordovician are summarized in Table 2.5 and Table 2.6. On
average, all source rock extracts are relatively high in C27 steranes (25.06 to 35.52%) and low
in C28 steranes (20.19 to 25.79%). Sterane concentrations have been shown to be facies depen-

dent, but show some overlap in different depositional environments (Moldowan et al., 1985).
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Cambrian source rocks (lower Green Point Formation) yield extracts that are dominated by
tricyclic terpanes and have high 18a,21p-22,29,30-trisnorhopane (Ts) concentrations, but low
sterane concentrations. These molecules have also been shown to be facies dependent (Peters and
Moldowan, 1993).

Other facies-dependent parameters have been identified by many researchers (Hughes,
1984; Palacas et al., 1984; Tissot and Welte, 1984; Moldowan et al., 1985; Connan et al., 1986,
Riolo et al., 1986), and while these can be found in extracts analyzed from the Ordovician (Up-
per Green Point Formation, Shallow Bay Formation, Middle Arm Point Formation) and Cam-
brian intervals (Green Point Formation, Cooks Brook Formation), they tend to be higher in the
Ordovician sample extracts. Specifically, Ordovician extracts are characterized by high sterane/
hopane ratios, odd to even preference indices (OEP), TET/C23, C29%, C26(R+S)/Ts, dibenzo-
thiophene (DBT), and aryl isoprenoids (Figure 2.7). The Ordovician sample extracts are also
higher in terpane and aromatic biomarkers, which are both source and maturity-related parame-
ters (Radke et al., 1982, 1984; McKirdy et al., 1983), including high Ts/Tm ratios, phenanthrene
(P), and methylphenanthrenes and associated isomers (3-MP, 2-MP, 1-MP, 9-MP). Because the
analyzed sample extracts show similar maturities, the variation in biomarker concentrations
known to be maturity and source dependent can be largely ascribed to changes in source compo-
sition. Sterane and terpane concentrations used in statistical evaluation of the extract samples are

summarized in Table 2.7, Table 2.8, and Table 2.9.
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Figure 2.7: Selected graphs for source parameter for Cambrian (brown triangles) and Ordovician (red tri-
angles) sample extracts.
A: The sum of methylphenanthrenes (3-MP, 2-MP, 1-MP, 9-MP) versus phenanthrene concentrations show-
ing substantially higher concentrations in Ordovician samples than in Cambrian samples.

B: Dibenzothiophene (DBT) concentrations versus the sum of C18, C19, C20 arylisoprenoids shows substen-
tially lower concnetrations in Cambrian samples compared to Ordovician samples.

C: Source dependent sterane/hopane to C26(R+S)/Ts shows lower ratios for Cambrian samples compared to
Ordovician samples.
D: Source dependent ratios show higher sterane/hopane ratios and lower TET/C23 ratios for Ordovician
samples and lower sterane/hopane ratios and higher TET/C23 ratios for Cambrian samples.
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2.4.3. OIL SAMPLES

2.4.3.1. WHOLE OIL ANALYSIS

Table 2.10 lists basic geochemical parameters for the oil samples, including API®, total
sulfur, Ni, V, 6"°C, relative abundance of saturated, aromatic and NSO compounds, and key
biomarker ratios. All samples show relatively high API° gravity values (33.93 to 45.23) and low
concentrations of total sulfur (0.05 to 0.32%). They are dominated by saturated hydrocarbons
over aromatic compounds and NSO’s. Most samples range between 60% and 77% saturates and
14% to 32% aromatics; the remaining constituents are asphaltenes and NSO compounds. The
exception is sample SM072A from Shoal Point, which contains 42.21% saturated hydrocarbons
and 43.53% aromatics. All samples show low concentrations of n-alkanes greater than n-C20.

The CPI and OEP are used to characterize the origin of source material, but are also influ-
enced by biodegradation and maturation. A slight odd-carbon number preference persists in all
samples in the n-C20+ components. CPI and OEP are presented in Table 2.10.

Two groups of samples emerge in the normalized n-alkane distributions (Figure 2.10).
Group 1 includes samples from the Port au Port and Cow Head areas. This cluster is character-
ized by n-alkane distribution ranging from n-C4 to n-C30, and a pristane/phytane ratio range of
2.01 to 2.52 (Table 2.10). A slight unresolved complex mixture (UCM) of branched and cyclic
compounds underlies the peaks of these samples, and an overall concave n-alkane distribution
profile is apparent.

Group 2 also includes oil from both the Port au Port (Shoal Point) and Cow Head areas.
Group 2 is dominated by saturated alkanes between n-C9 and n-C17, with n-alkanes in the range
of n-C2 to n-C6. A convex n-alkane profile is evident, and compared to Group 1, these samples

have a lower pristane/phytane ratio (1.88 to 2.34) (Table 2.10) and a larger UCM .
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2.4.3.2. CARBON ISOTOPES FOR OIL

The 6'*C isotopes of the saturated and aromatic and whole oil portions of the 11 oil
samples range from -29.89 to -31.45%0 VPDB (6!3C,,,) (Table 2.10, Figure 2.11). There was
sufficient sample material for compound-specific carbon isotope analysis for eight of the 11 oil
samples. The light-ends were preserved in four of these samples, allowing collection of the n-
alkane envelope down to n-C6. The remaining four samples have lost their light ends to varying
degrees, resulting in a partial n-alkane envelope being reported (Table 2.11).

The majority of samples preserved insufficient signal intensity at carbon numbers above
n-C27 to provide viable data at the heavy end of the scale. The chromatography in the oils
preserves a number of different patterns, as demonstrated in Figure 2.11. Within this sample set,
sample SMO055A (Fox Well, St. Paul’s Inlet) is the most isotopically depleted (in 6!3C) for all
analyzed compounds, while samples SM066 and SM063A (Parson’s Pond) show the most isoto-
pically enriched compounds. The remaining five oil samples show isotopic values for the indi-
vidual compounds lying between these endmembers. The isotopic trend of the n-alkanes across
all the oil samples is similar, showing increasingly depleted isotopic values with increasing

carbon number. These results have an error margin of +/-0.4%eo.

nC-6 nC-8 nC-10nC-12 nC-14 nC-16 nC-18 nC-20 nC-22 nC-24 nC-26 nC-28 nC-30
_29.0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 (]

-30.0

-31.0

-32.0

d13C

-33.0

-34.0

-35.0 -
—e—SMO063A —e—S5M066 —e—SMO038 ——SM060

SMO062 —e—SMO57A SMO058 —8—SMO55A

Figure 2.11: Compound specific carbon isotope profiles showing *C (VPDB) values for the oil measured with
a precision of £ 0.4%o.
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Table 2.11: Compound specific isotope analysis (CSIA) for oil samples.

Compounds SMO038  SMO55A  SMO57A  SM058  SMO060  SM062  SM066  SMO63A
nC-6 -30.9 -33.3 - -31.9 - - - -29.7
nC-7 -31.0 -33.2 - -32.1 - - - -29.7
nC-8 -30.9 -32.8 - -31.7 - - - -29.7
0C-9 312 -32.9 - 317 - 314 - 29.9
0C-10 -32.3 -33.6 - -32.6 -32.7 31.9 311 -31.0
nC-11 -32.2 -33.3 -32.2 -32.1 -324 -31.8 -30.3 -31.0
nC-12 311 -33.5 324 322 -31.9 31.6 29.8 -30.3
nC-13 317 -33.2 31.9 -32.0 -32.0 31.9 -30.7 -31.0
nC-14 -30.7 -32.8 311 -31.6 -31.4 -31.3 -30.2 -30.1
nC-15 -31.6 -32.7 -31.4 -32.0 -31.8 -31.7 -30.5 -30.7
nC-16 317 -32.6 315 -31.8 -32.1 -31.6 -30.1 -30.7
nC-17 31.9 -33.1 -32.1 31.9 -32.1 -31.8 -30.5 311
nC-18 -31.8 -32.6 -31.6 -31.3 315 311 -30.2 -30.7
0C-19 -31.8 -32.7 -31.6 313 -31.6 -31.3 -30.5 -30.8
0C-20 -31.9 -32.8 315 315 -31.8 -31.4 -30.4 -30.8
nC21 317 -33.0 -31.6 -31.8 -32.0 317 -30.9 311
nC-22 317 -32.9 31.6 315 -31.9 -31.3 -30.7 -30.9
nC-23 322 -32.9 322 31.8 2323 315 312 311
nC-24 -32.3 -33.1 317 316 -322 -31.6 311 -30.9
nC-25 -31.8 -32.8 -32.1 312 -31.3 312 -30.5 -30.7
nC-26 31.8 -32.7 321 31.5 314 314 -30.9 -31.0
nC-27 -32.0 -33.2 -32.3 321 -324 -32.6 316 322
nC-28 -32.4 -34.0 - -32.8 - - -
0C-29 -32.2 -33.2 - -32.3 - - - -
nC-30 - - - 324 - - - -
Pr -32.0 -33.2 -32.7 -32.6 -32.7 -32.3 314 322
Ph -33.3 -33.1 -33.1 -32.5 -32.5 -32.3 -31.6 -32.2
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2.4.4. BIOMARKER ANALYSIS

2.4.4.1. STERANES

All oil samples show similar sterane distributions (Table 2.12), represented as a close
cluster in the ternary diagram of C27:C28:C29 (Figure 2.8). Although all are dominated by
C29 over C27, C29 concentrations vary from 4 to 9% for samples SM055A, SM058, SM072A,
and SMO63A. I also observe a high abundance of rearranged C27 steranes (DIA) over regular
Sa-cholestane (20R) in all samples. The age-related C28/C29 ratio, defined by Grantham and
Wakefield (1988), yields values between 0.28 and 0.58 in this dataset (Table 2.12, Figure 2.12).

2.4.4.2. TERPANES

Important terpane ratios used for oil-to-oil and oil-to-source correlation are summarized in
Table 2.13, and Table 2.14. Two endmember groups can be identified using terpane ratios.

Endmember group 1 (SM038, SM066, SM063A) is characterized by higher sterane/hopane
ratios (Figure 2.13). Additionally, elevated tricyclic/hopane ratios in combination with high
(C26R+S)/Ts ratios, and a relatively high concentration of pregnane and homopreganen (Figure
2.14) are observed in these samples. Homohopane epimers greater than C32 were barely observ-
able in samples SM038, SM066, and SM063A. Sample SM057A, SM058, SM060, SM062, and
SMO067 show similar stepwise declining homohopane distribution patterns.

Endmember group 2 (SM055A and SM072A) has substantially lower sterane/hopane

ratios (0.5 to 1.84), and shows higher absolute concentrations of extended hopanes, moretane
(C30M), 18a-30-norneohopane (BNH), and 17a,21B-30-norhopane (TNH) (Table 2.13, Table

2.14). Terpane fingerprints for representative samples are illustrated in Figure 2.14.
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Figure 2.12: C28/C29 sterane ratios of oil samples through time.

Oil and bitumen (green), and source rock extract samples (pink) from western Newfoundland in relation to
the original study by Grantham and Wakefield (1988). Differentiation into Cambrian and Ordovician oils
based on C28/C29 is not possible. Oil and bitumen samples from Port au Port are indicated with dark green
circles. All samples have been assigen an age of 500 Ma and an error of 50 Ma to cover the period from the
middle Cambrian to the Middle- Early Ordovician. Source rock extracts show interpolated ages, based on
biostratigraphic levels, which they have been collected from.
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Figure 2.13: Sterane/hopane ratios for oil samples from western Newfoundland.
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2.5. MATURITY INDICATORS IN OIL SAMPLES

2.5.1. STERANE ISOMERIZATION RATIOS

Sterane isomerization ratios are listed in Table 2.12. Ratios such as C29 20S/20R, C29
20S/(20S+20R), and isomer ratios of the aa and Bf configurations of C27 to C29 20R are ther-
mally controlled (Peters et al., 2005). For all samples, the C27 BB/(Bp+aa) ratios exceed the C29
BP/(BB+aa) ratios, exceptions being samples SM038 and SM066. Ratios for the C27 epimers
range between 0.68 and 0.83, and for C29 epimers between 0.25 and 0.97 (Table 2.12). Because
of the greater thermal stability of diasterane, the ratio between diasterane and regular sterane
increases with thermal maturity, however, this ratio also depends on biodegradation and source

input (Peters et al., 2005). Calculated ratios of diasterane to regular sterane range from 0.34 to

0.59 (Table 2.12).

2.5.2. TEerraNE RATIOS

Thermal maturity ratios for terpane molecules are summarized in Table 2.13. The three
parameters evaluated are moretane/hopane (0.07 to 0.22), tricyclic/hopane (0.25 to 9.49, with
higher ratios indicating more thermally evolved samples), and 17a(H)-trisnorhopane/18a(H)-
trisnorneohopane (Ts/Tm = 1.05 to 6.6, smaller ratios indicating thermally evolved samples).
Using these ratios, the same previously identified two endmember groups appear. The listed
ratios depend not only on the thermal maturity of the samples, but also on the organic matter
input (e.g. bacterial versus algal dominated organic matter) and can therefore not be used inde-
pendently for a proper maturity evaluation (Seifert and Moldowan, 1978; Peters et al., 2005). In
this case, they may be more influenced by the source than the maturity of the samples; this will

be discussed in section ‘2.6.4 Oil Maturity Interpretation’.
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2.5.3. METHYLPHENANTHRENE INDEX AND NAPHTHALENE INDICES

Radke et al. (1982, 1988) derived an empirical relation between phenanthrene and meth-
ylphenanthrene to estimate thermal maturity of oils. According to Radke (1988), the ratios of
naphthalene, phenanthrene, and their associated methylated homologs are dependent on thermal
maturity, while being negligibly influenced by biodegradation or organic facies. The original
studies were conducted using oil generated from type II and type III organic matter. For a better
fit, and to include oil generated from type I, I, and III organic matter, Cassani et al. (1988) modi-
fied the empirical equation developed by Radke et al. (1982), used for the present study, with
results shown in Table 2.16. Sample SM055A and SMO072A represent the lowest maturity oils,
with calculated vitrinite reflectance values of 0.7 %R.. The highest calculated vitrinite reflectance
value of 1.51 %R, was calculated for SM038. All other samples fall between 0.73 and 0.91 %R...
Interestingly, samples SM063A and SM066 have low calculated maturities (0.73 and 0.77 %R,
respectively), despite close geochemical resemblance to SM038 (Figure 2.15).

In order to determine a more robust and independent maturity evaluation, 13 naphthalene
and phenanthrene ratios have been calculated and combined to give a consensus maturity for
each sample, which can be converted into a vitrinite reflectance equivalent (VREQ-5) value (Fig-
ure 2.16, Table 2.16). The VREQ-5 values for the collected oils are generally in agreement with
the MPI-1 index, yet, they show a 20% higher calculated vitrinite value.

It is notable that, within our dataset, geographically related samples still demonstrate a
wide range of maturities as shown by their VREQ-5 and %R, values. For example, samples
SM038 and SM072A from the Port au Port area show VREQ-5 values of 0.8 to 1.26 and cal-
culated vitrinite reflectance values of 0.7 to 1.51 %R.. Similarly, the samples from the Parson’s

Pond and St. Paul’s Inlet show VREQ-5 values of 0.91 to 1.11 and 0.7 to 0.91%R...
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Figure 2.15: Non-biomarker maturity indicator.
A:Calculated vitrinite reflectance with a modified methylphenanthrene index (MPI-1) after Cassani et al.
(1988). B: Regression between methyldibenzothiophene ratio (MDR) and MPI showing good correlation. Qil
samples from Port au Port Peninsula are shown in dark green. Samples from the Cow Head area are shown
in light green.
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green. All bitumen samples shown are from the Port au Port Peninsula.
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2.5.4. DiaMONDOIDS

Adamantane and diamantane are fused cyclohexane rings whose structure can be superim-
posed on a diamond lattice (Dahl et al., 1999). An increase in diamondoid concentrations starts
after the thermally induced conversion of steranes and terpanes (from the aa to B configuration)
is complete. The conversion equilibrium from aa to B marks the end of the oil window (Dahl et
al., 1999; Peters et al., 2005). In a graph where 3, + 4-methyldiamantane is shown in combina-
tion with stigmastane (C29a0020R), information on thermal maturity, mixing, and cracking can
be obtained (Dahl et al., 1999). Using this graph (Figure 2.17) four bitumen samples show low
maturities; this agrees with maturities obtained from Rock-eval analysis (0.6-0.8 %R,) for source
rock samples collected adjacent to these bitumen samples.

Another subset of the oil samples (SM055A, SM058, SM062, and SM060) fall into the
“mixing” field, indicating mixing of low maturity oil with high maturity (cracked) oil occurred.
These samples show a decrease in stigmastane concentration from 10 ppm to 2 ppm, and an
increase in 3, + 4- methyldiamantane from 9 ppm to 26 ppm. Samples along the x-axis with
stigmastane concentrations below 2 ppm, but 3, + 4-methyldiamantane concentrations above 10
ppm, fall along a asymptote that shows mature oil converted to cracked oil. The cracking of ma-
ture oil to higher maturity oil is directly related to an increase in 3, + 4-methyldiamantane (Dahl
et al., 1999). Due to the limited amount of samples I was not able to assign a diamantane baseline

to quantify the amount of secondary cracking that took place in the cracked oils.
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shown in light green.
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2.5.5. BIODEGRADATION

Oil samples collected in the 2015 field season were taken from accessible, old well sites
or natural seeps expected to show high levels of biodegradation. Level of biodegradation was
assessed using two scales, one which determined oil quality, and one which determined the bio-
resistance of compounds (Peters and Moldowan, 1993; Wenger et al., 2002). Table 2.17 summa-
rizes the petroleum compounds, which are quasi-sequentially removed with increasing biodeg-
radation. There is no spatial or geographic relation between biodegraded and non-biodegraded
oil samples. All oil samples retain their cyclic saturated biomarkers; therefore, biodegradation
is characterized as “light” (from 1 to 3) on the scale after Peters and Moldowan (1993). Light
biodegradation suggests active generation and recharge into the abandoned wells.

Three samples (SM057, SM060, and SM066) are classified as heavily biodegraded on the
Wenger et al., (2002) scale, due to initiation of n-alkane removal and loss of alcylcyclohexane
(Table 2.17). These samples also show the development of a UCM in the GCMS FID-graphs
(Figure 2.14). This is the result of the biodegradation of n-alkanes and the concentration of bio-

resistant compounds with highly branched hydrocarbons.
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Table 2.17: Biodegradation ranking after Wenger et al. (2002) and Peters and Moldowan (1993).
“+” and “-“indicate the presence or absent of molecules or UCM.
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2.6. DISCUSSION
The data reported enable us to assess the quality of Lower Paleozoic source rocks, char-
acterize oils and extracts, and relate oils to specific source rock intervals and extracts from the
study area. Thermal maturity is a major factor controlling the interpretation of oil families; thus

the maturity data are interpreted before the oil-to-source correlation.

2.6.1. SOURCE ROCK QUALITY AND DISTRIBUTION

The source rock data permit a systematic analysis from the middle Cambrian to the Middle
Ordovician strata that include continental slope and rise deposits, and from the organic-rich plat-
form. (James and Stevens, 1986; Botsford, 1987; Weaver 1988).

The concentration in TOC averages 1.8% in Lower to Middle Ordovician Green Point and
Shallow Bay Formations, with maximum values close to 3% TOC (Table 2.3). Rocks associated
with the Lower to Middle Ordovician Middle Arm Point Formation, the most distal portion of
the continental slope (Botsford, 1987), show excellent source potential with concentrations of
TOC up to 9.45% in the richest intervals, and true petroleum potential (Table 2.3). The matu-
rity for those outcrops are marginally mature to mature. The source quality for the Green Point
and Shallow Bay Formations, expressed in HI and OI, shows values characteristic of type I1/I11
organic matter (Figure 2.4B). The high values in HI and low values of OI for the Middle Arm
Point Formation fall in the range for type I/II organic matter (Figure 2.4B, Table 2.3), similar to
the organic matter described by Fowler et al. (1995). Samples collected from platform rocks (e.g.
Table Cove) did not show any significant potential (Table 2.3). The study area includes 170 km
of coastal outcrop with significant potential for heterogeneities. Thus, I am unable to correlate
individual beds across measured sections, or establish convincing proof for a systematic change
in TOC content or organic matter type from proximal to distal continental slope.

Due to methodical sampling and well constrained biostratigraphy, however, I am able to
identify a previously unrecognized potential source rock in middle to late Cambrian Green Point
Formation and Cooks Brook Formation characterized by TOC values over 2 wt% and type II/

IIT organic matter (Figure 2.6). A large sample set collected in the Bay of Islands (Cooks Brook
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Formation) shows poor petroleum potential at present-day (Figure 2.4B). I propose that the
tectonic emplacement of ophiolites over deep marine deposits in the Bay of Islands area, during
the Taconian orogeny, caused deep burial and over-maturation of the potential source rocks. Al-
ternatively, it is possible that the over-maturation is related to a post-Taconian to Silurian event,
that developed a poor cleavage in the Bay of Island (Waldron et al., 2003). This is supported by
pyrolysis data that shows especially low petroleum potential where ophiolites are juxtaposed
against, or overlay, the source rocks. Further, the petroleum potential increases with increasing
distance from the ophiolite complex. I argue that the Cooks Brook Formation and Middle Arm
Point Formation in the Bay of Islands area had the same petroleum potential as the equivalent
rocks on Port au Port Peninsula and Cow Head area. To demonstrate that the samples collected
in the Bay of Islands are over-mature, and not just low in original potential, I back-calculated the
original TOC, S1 extractable, and the conversion factor for the range of HI values measured for
the immature Middle Arm Point Formation on Port au Port Peninsula. I assumed an original Pro-
duction Index (PI,) of 0.02. The mass balance equations used were based on the work of Cooles
et al. (1986), shown in Appendix A.

The results of those calculations are summarized in Table 2.18. For varying original HI,
the original TOC is substantially larger and compares well with the measured date for Middle
Arm Point Formation on the Port au Port Peninsula. This substantiates the interpretation I made
from S2, PI, and T,,,, data. I can conclude that the properties of the overmature rocks in the Bay
of Islands show close resemblance, after correction, with the immature samples from the Middle

Arm Point samples collected on the Port au Port Peninsula.
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Table 2.18: Recalculated generative potential.

Recalculated generative potential for varying HI indexes after Cooles et al. (1986) and Espitalé et al. (1987)
(see ApPENDIX A). PI, = assumed original production Index (0.02); f = expulsion factor; TOC, = original total
organic carbon; TOC = measured total organic carbon; S1 = free hydrocarbon; S1 Ex= expelled free hydro-
carbon; PaP = Port au Port.

HI, PI, f TOC, S1 Ex
(mg HC/g TOC) (%) (wt%) (mg HC/g TOC)
800 0.02 1 5.73 46.41
Lobster Cove 600 0.02 0.99 3.83 23.09
400 0.02 0.98 2.88 11.39
800 0.02 1 5.02 40.71
Cooks Brook 600 0.02 1 3.35 20.2
400 0.02 0.99 2.51 9.95
Allochthon 800 0.02 0.89 6.19 36.42
PaP 600 0.02 0.79 4.14 10.93
Cow Head 800 0.02 0.77 4.26 24.79
600 0.02 0.53 2.83 7.17
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2.6.2. CHARACTERISTICS OF CAMBRIAN AND ORDOVICIAN EX-
TRACTS

Cluster Analysis and Principle Component Analysis were performed on the basis of bulk
composition, isotope data, sterane and terpane ratios, and absolute concentrations (Table 2.4, Ta-
ble 2.7, Table 2.8, Table 2.9). Because maturity influences the source interpretation, we excluded
maturity-sensitive biomarker ratios from the cluster analysis. Parameters that are influenced by
both source and maturity appear to be more influenced by source composition, as demonstrated
by samples from the Cambrian and Ordovician with the same maturity differing compositionally
in the same way as samples with different maturities.

Using different agglomeration methods, I am able to consistently identify two clusters,
one Ordovician and one Cambrian (Figure 2.18). Centroid, median, and complete linkage meth-
ods give slightly different results, clustering three Ordovician samples (SM064A, SC004A, and
SMO078D) in individual clusters, respectively. Generating distinct clusters with different ag-
glomeration methods proves that the clusters are distinct and not random. Incremental linkage
method is often used for samples differing only slightly in composition. Therefore, data in this
thesis is represented in dendrograms using the incremental linking method. One outlier sample
(SM078D) can be detected with all employed linkage methods and is shown in Figure 2.18. The
clusters do not take into consideration the geographic distribution of the samples, i.e. samples
from a measured section may appear in both clusters, depending on their stratigraphic level.
Moreover, parameters that are associated with a change in thermal maturity change in the same
measured section significantly from the Cambrian to Ordovician strata, suggesting that a particu-
lar biomarker response is more influenced by source composition than thermal maturity.

Higher concentrations of aromatic hydrocarbons, NSO, and asphaltenes in all extracts
compared to the oil samples are related to their lower mobility and adsorption behavior (Figure
2.8) (Tissot and Welte, 1984). Variations in the aromatic and saturate concentration within the
Cambrian and Ordovician extract clusters are potentially related to minor lithological changes in

the source rock. The collected Cambrian to Ordovician source rocks predate the proliferation of
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higher land plants. Therefore, stigmastane present in the extract data cannot be assigned to higher
plant-derived C29-sterols (Table 2.6), but instead is better explained by C29-sterols related to
algal lipid-membranes (Figure 2.8) (Grantham and Wakefield, 1988).

The biomarker signature for the Cambrian source extracts from western Newfoundland
is influenced by primitive, bacterially-derived organic matter, with low concentrations of phen-
anthrene, methylphenanthrenes and associated isomers (3-MP, 2-MP, 9-MP, 1MP), and thio-
phenes (Figure 2.7) (Radke, 1982, 1984; McKirdy et al., 1983). Following parameters have been
identified by multiple researchers in the past and are related to a change in source composition
(Hughes, 1984; Palacas et al., 1984; Tissot and Welte, 1984; Moldowan et al., 1985; Connan
et al., 1986, Riolo et al., 1986). Specifically, Ordovician extract samples show, on average, a
higher concentration of steranes (C29), phenanthrenes, and thiophenes, higher sterane/hopane
and C26(R+S)/Ts ratios, and lower TET/C23, with only minor changes in trisnorhopane (Ts) and
tricyclic concentrations.

Significantly lower concentrations of aryl-isoprenoids (C18, C19, C20), tricyclic diter-
panes (C19T, C20T), and tetracyclic terpanes in the Cambrian samples than in Ordovician
samples suggests a shift in composition of the western Newfoundland source rocks (Figure 2.7).
According to the observations of contrasting biomarker composition for these Cambrian and
Ordovician source extracts I proposing the interpretation of a shift in source composition from a

bacterial to an algal-derived organic matter assemblage.

2.6.3. O1L MATURITY INTERPRETATION
Maturity of the oil samples is summarized in Table 2.16, and ranges from a vitrinite reflec-
tance value of 0.69 to 1.51 %R.. According to the Peters and Moldowan (1993) and Wenger et
al. (2002) biodegradation scales, at this level of maturity, biomarkers have not yet been affected
by biodegradation (Figure 2.14, Table 2.17), and can therefore be used for maturity and source
evaluations.
Various biomarker isomerization and non-biomarker ratios reach their equilibrium at dif-

ferent thermal stresses; thus, they are used to delineate maturity ranges. To cover the full maturi-
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Figure 2.19: Different maturity indicators using sterane isomerization ratios and terpane isomerization ratios.
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ty spectrum, from marginally mature to over-mature, a number of isomerization ratios were used
to evaluate the oil samples. These data are converted to calculated vitrinite reflectance, using the
empirical relationship between phenanthrene and methylphenanthrene proposed by Radke et al.
(1982, 1988) and later modified by Cassani et al. (1988), as well as an appraisal of various phen-
anthrene and naphthalene ratios combined in the VREQ-5 vitrinite values.

Regarding biomarker maturity indicators, I primarily rely on the sterane and terpane isom-
erization ratios (Figure 2.19A). Terpane and sterane isomerization ratios are consistent strength-
ening our interpretation (Table 2.12, Table 2.13). Maturity ratios that are also influenced by the
source input supplement this interpretation, and add to a better understanding of potentially
active source rocks in the study area.

Most terpane ratios are not only influenced by thermal maturity, but also by source com-
position. Rullkétter and Marzi (1988) in a study of Toarcian shales from north Germany, assign
a high moretane/hopane ratio to rocks deposited in a hypersaline environment, whereas Isaksen
and Bohacs (1995) observed an increase in the moretane/hopane ratio in transgressive highstand
system tracts in sediments of the Triassic Barent Sea. As moretane is less thermally stable than
hopane, its abundance decreases with thermal maturity (Seifert and Moldowan, 1980).

In the oil samples collected in western Newfoundland the ratio of tricyclic-terpanes/hopane
is both maturity and source dependent, placing source-unrelated samples on different maturity
trajectories (Figure 2.19F). With increasing maturity, more tricyclic hydrocarbons than hopanes
are generated. Additionally, tricyclics migrate faster than 170—hopanes, and have a greater affin-
ity for the rock matrix (Peters et al., 1990).

The conversion from Tm/Ts starts at relatively high maturities, and can generally be used
to evaluate higher maturity oils (above 0.75 %R,). This contrasts with sterane and terpane ratios,
which can only be used reliably below 0.75 %R, (Seifert and Moldowan, 1978). The concentra-
tion of Tm is also dependent on the input of organic matter and the depositional environment.
Ratios of Ts/Tm in our dataset are uniformly greater than 1, consistent with moderately mature

samples (Connan et al., 1986). Because the ratios of moretane/hopane and Tm/Ts are both ma-
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turity and source dependent, samples from different source rocks can fall on different regression
lines. In this case it allows us to argue for two different sources in the study area, as two regres-
sion lines are evident in Figure 16D. Similarly, graphs illustrating tricyclic hopanes/hopane and
rearranged hopane/hopane show two endmember clusters (and one potentially mixed cluster),
again suggestive of two source rocks (Figure 2.19E-F).

A cross plot between C29 (20S/20S+20R) and C29 BB/(BP+aa) is most commonly used to
characterize immature to mature samples. Equilibrium for 20S/(20S+20R) is reached at 0.52 to
0.55 (equivalent to a maturity of 0.8 = 0.1 R,%) and for BB/(Bp+aa) at 0.67 to 0.71 (equivalent to
a maturity of 0.9 £ 0.1 R ,%); both are indicated as a light grey area on Figure 2.19A. Values for
20S/(20S+20R) display typical behavior, whereas the ratio for BB/(Bp+aca) shows values above
0.71 for SMO038 (Port au Port No. 1 well, Port au Port Peninsula), SM063A (Highland Brook 2,
Parson’s Pond), and SM066 (Highland Brook W1, Parson’s Pond) (Table 2.12). These higher
values could be related to different heating rates in the subsurface (Mackenzie and McKenzie,
1983) or different level of clay catalysis (Huang Difan et al., 1990) Samples with the lowest B/
(BB+aa) ratio are SM072A (Shoal Point, Port au Port Peninsula), and SM055A (Fox Well, St.
Paul’s Inlet).

The distribution of BP/(BP+aa) ratios suggests that either one source rock generated oils
over a range of thermal maturities in both the Port au Port and St. Paul’s Inlet areas, or two dis-
tinct sources generated oil from different stratigraphic or structural levels.

In order to compare the qualitative maturity measurements to more quantifiable ther-
mal stresses, calculated vitrinite reflectances from MPI-1 and VREQ-5 are used (Table 2.16).
Sample SM038 from the Port au Port No. 1 well exhibits the highest maturity in all maturity
dependent sterane and terpane ratios. The equivalent vitrinite reflectance, based on the MPI-1
ratio, is 1.5%R.. This indicates that SM038 was generated in the condensate to dry gas window.
This sample also has an API° of 45.23, and the vitrinite reflectance calculated based on VREQ-5
(1.26%R,) associates it with the light oil field. I interpret the higher calculated vitrinite reflec-

tance to represent secondary cracking of the produced from Port au Port No.1. The originally
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lower maturity oil had experienced some degree of secondary cracking, resulting in the erasure
of the parameters indicating low maturity. Thus, analysis of SM038 shows the maturity param-
eters of the deeply buried reservoir, rather than the maturity parameters of the generating source
rock. This is substantiated by a crossplot of stigmastane versus 3, + 4-methyldiamantane (Figure
2.17), which shows the sample on the “cracking” asymptote.

Additional geologic evidence for this interpretation of SMO038 is the absence of source
rocks below or adjacent to the reservoir (sitting in the footwall of the Round Head Thrust) for
the Port au Port No.1 well. The established source rocks in the area dip towards the northwest,
away from the reservoir, and are carried in the hanging wall of the Round Head Thrust (Figure
2.20). During the thick-skinned Acadian thrusting, a geometry was created in which the Humber
Arm Allochthon (containing source rocks) was absent in the footwall to the south, and was only
carried in the hanging wall to the north (Figure 2.20) (Stockmal and Waldron, 1998; Waldron et
al., 1998). Additionally, none of the potential source rocks in the hanging wall sit deep enough to
generate hydrocarbons with the identified maturities.

Maturity values calculated for SM072A (Shoal Point, Port au Port Peninsula) consistently
produce the lowest calculated vitrinite reflectance values (0.7 to 0.8 %R,), which correlate well
with isomer maturity indicators and diamondoid parameters. This suggests that the missing
source rocks from the footwall of the Round Head Thrust to the south of the Port au Port Penin-
sula were generating oil (from the Ordovician source) within the early oil window in the hanging
wall to the north.

Both samples (SM038 and SM72A) come from the Port au Port Peninsula, but show
significantly different source-related biomarker composition and different maturities (possibly
linked to different periods of oil generation). Lacombe (2017) proposes a pre-Acadian emplace-
ment of a sheet of Humber Arm Allochthon, which was thinned and rapidly emplaced due to
hydrocarbon generation and related overpressure. I propose that the oil produced from Port au
Port No.1 well (SM038) was generated from this Cambrian sliver. The oil generated and trapped

in the carbonate platform experienced deep burial and some degree of secondary cracking during
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the Acadian Inversion resulting in the high observed maturity at present day. The oil collected
from Shoal Point (SM072A) was generated after the Acadian Inversion from the Ordovician
source rock carried in the hanging wall of the Round Head Thrust (Figure 2.20). In contrast to
this, the broad maturity range of the oil samples (0.7 to 1.1 %R,) collected in the Cow Head area
is linked to the dipping character of the source rocks. This generates oils with different thermal

maturities at various burial depths from both Cambrian and Ordovician source rocks.
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2.6.4. INTERPRETATION OF AGE, COMPOSITION AND DEPOSITIONAL
ENVIRONMENT FROM OIL DATA

2.6.4.1. DEPOSITIONAL ENVIRONMENT

Hughes et al. (1984, 1995) use biodegradation-resistant dibenzothiophene/phenanthrene
(DBT/P) versus pristine/phytane to characterize the depositional environment of various source
rocks. For our source rock extracts and oil samples, DBT/P versus pristine/phytane, illustrated
in Figure 2.9B, shows the majority fall in a “marine shale” field. This is consistent with previ-
ous work completed in western Newfoundland (Macauley, 1987, 1990; Weaver, 1988; Weaver
and Macko, 1988; Sinclair,1990; Fowler et al., 1995). Using relations postulated in Chung et al.
(1992), I can conclude most samples falling into a Paleozoic-Mesozoic marine shale field (Figure
2.9C). A few exceptions from the Green Point Formation show a greater influence from carbon-
ate rocks, these are extracts SM054P, SM052C, and PA032A.

Further supporting the interpretation of a clastic, shale-dominated source rock is the ratio
of rearranged C27-steranes (DIA) to regular C27-steranes (Reg). This ratio relates to the pres-
ence of acid sites in clay minerals (which catalyzes the conversion of sterenes to diasterenes, the
precursor for diasteranes) (Rubinstein et al., 1975; Sieskind et al., 1979). Slightly lower DIA/
Reg values in oil samples SM055A, SM072A, and SM058 may be related to a source richer in
carbonate.

The tight cluster of oil samples seen in the C27:C28:C29 (cholestane;ergostane;stigmasta
ne) ternary diagram (Figure 2.8) indicates a similar depositional environment and organic mat-
ter type for the two proposed source rocks. A predominance of C29- over C27-steranes has been
recognized in pre-Devonian oils by many authors, and is related to high cyanobacteria input pro-
ducing C29-sterane precursor molecules (McKirdy and Hahn, 1982; Fowler and Douglas, 1984;
Rullkoétter et al., 1986). Despite the cluster seen in the sterane distribution, samples vary signifi-
cantly enough in stigmastane concentration to indicate two distinct sources. The extract samples
enriched in stigmastane indicate organic matter dominated by bacteria, while the extract samples

with less stigmastane may contain more algal-derived organic matter (Figure 2.8A).
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A high ratio of rearranged steranes to normal C27-steranes is recognized by Moldowan et
al. (1985) as characteristic for Ordovician and early Paleozoic oils. Fowler et al. (1995) de-
scribed a similar phenomenon and ascribed it to a clastic source rock. Those high ratios of C27-
sterane in clastic rocks can be even more pronounced when active acid catalysis promotes the
conversion (Sieskind et al., 1979). I see similar patterns in our data (Table 2.6), again supporting
an interpretation of an early Paleozoic clastic source rock.

Redox conditions can be derived from the Ph/n-C18 to Pr/n-C17 graph (Figure 2.9A).
Despite the oil and extract samples falling in the oxidizing depositional field, the ratios are likely
influenced by thermal maturity and biodegradation. This leads to lower ratios and data points
closer to the origin, making it difficult to draw any definitive conclusions about the redox condi-

tions in the basin.

2.6.4.2. AGE oF ExpELLED OIL

The paraffinic composition of the oil samples, as well as low sulfur values and low 8'*C
isotope values, are typical for Ordovician oils (e.g. Martin et al., 1963; Fowler and Douglas,
1984; Reed et al., 1986; Longman and Palmer, 1987; Hoffmann et al., 1987; Jacobson et al.,
1988, 1995; Douglas et al., 1991; Blokker et al., 2001). Measured carbon isotope values fall
within the normal range for marine Paleozoic crude oils (Sofer, 1984; Hatch et al., 1987; Andru-
sevich et al., 2000). Biodegradation and water washing have minimal influence on the isotope
composition of oil (Schoell, 1984).

High pristane/phytane ratios (2.01 to 2.51) indicate a marine shale as source rock. Deplet-
ed carbon isotope composition (-31.45 to -29.94%0 VPDB) support the interpretation of a Paleo-
zoic origin of the source material (Andrusevich et al., 1998). Pristane/phytane in combination
with carbon isotope values supports the interpretation of a Paleozoic marine source rock (Figure
2.9C) (Chung et al., 1992). The low carbon isotope values observed in western Newfoundland
samples suggests that the source rocks generating those oils were deposited before the Middle
Ordovician Carbon Isotope Excursion (Hatch et al., 1987). While the carbon isotope values are

very low, they do not unambiguously distinguish the Cambrian from the Ordovician source rock
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interval. Compound-specific isotope analysis, however, supports the interpretation of two distinct
sources in the same area (Figure 2.11). Specifically, samples SM063A, SM066, and SM055A
from the Cow Head area show large enough differences in their compound-specific carbon iso-
topes (n-C6 to n-C30) to differentiate two endmembers. The two endmembers (SM063A, SM066
vs. SM055A) have carbon isotope values differing by more than 2%o for each compound when
directly compared. This is generally accepted to be a sufficient difference to argue for separate
sources (Chung et al., 1981; Sofer, 1984; Peters et al., 2005).

The sterane C28/C29 ratio is age-dependent in marine sources (Moldowan et al., 1985;
Grantham and Wakefield, 1988). Ratios in excess of 0.5 are generally too high for a Cambrian
to Ordovician source, and are more characteristic for late Paleozoic to lower Mesozoic source
rocks (Grantham and Wakefield, 1988). An increase in the C28/C29 ratio is related to a rise in
ergostane (C28) concentration through geologic time, which in turn is related to proliferation of
algal diversity (Granthham and Wakefield, 1988). However, this ratio cannot be used for defini-
tive age determination of an oil source. The high observed ratios in western Newfoundland (0.48
to 0.61), for both extracts and oil (Figure 2.12), are interpreted to be the product of an unusually
high concentration of algae in western Newfoundland source rocks, and are unlikely to be the

result of contamination by younger crude oils.

2.6.4.3. ComPOSITIONAL DIFFERENCE BETWEEN CAMBRIAN AND ORDOVICIAN

SAMPLES

A number of parameters from the oil samples support the interpretation of a Cambrian
source rock with predominantly bacterially-derived (prokaryotic) organic matter and an Ordovi-
cian source rock with algal-derived (eukaryotic) organic matter. The selected parameters inde-
pendently and consistently identify two endmember groups. Both identified endmember groups
contain samples from various sample locations throughout the study area.

Variations in stigmastane first led us to consider the possibility of two distinct sources, an
interpretation further supported by normalized n-alkane profiles (Figure 2.10). Jacobson et al.

(1988) describe two endmember compositions for Ordovician source rocks. Type A is dominated
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by a distinct odd carbon number preference typically derived from G. prisca, resulting in type 1/
IT organic matter. Type B is characterized by n-alkanes with a reduced odd carbon number prefer-
ence and the presence of isoprenoids, mainly derived from type II/III organic matter originating
from degraded and oxidized microplankton (Douglas et al., 1991; Peters et al., 2005). Because
of the occurrence of pristine, phytane, and a full n-alkane profile with no OEP in our oil-dataset
(Figure 2.10, Table 2.10), I suggest the underlying bulk compisiton of all oil samples consists of
type B organic matter, as defined by Jacobson et al. (1988). Differences observed in the OEP and
n-alkane profile can be ascribed to slight changes in source composition. Specifically, one group
of samples display concave profiles usually associated with non-waxy marine oils, whereas the
other group form a convex profiles normally associated with waxy, terrigenous oil (Sofer, 1984).
Because the source rocks are too old to be sourced by terrigenous organic material, the waxy
character and convex shape of the n-alkane profiles could be attributed to a slightly higher input
of G. prisca into type B organic matter (Figure 2.10). This contrasts the second group, display-
ing concave n-alkane profiles, which likely contains little or no G. prisca in its type B organic
matter; thus, resulting in a non-waxy, marine oil (Figure 2.10). Alternatively, the non-waxy
character could be a result of higher maturity and loss of the heavier n-alkanes due to thermal
cracking and relative enrichment of lighter chain n-alkanes during migration. However, the first
interpretation, that G. prisca is responsible for the observed patterns in the data, is supported by
previous work (Fowler et al., 1995).

The marginal odd preference observed in the samples from western Newfoundland is
unusual for Ordovician samples; however, the low DBT/P ratios (Figure 2.9) are consistent with
an interpretation of a marine shale with type B organic matter (i.e. a low input of G. prisca). Low
ratios of DBT/P as a result of degradation is unlikely due to its breakdown requiring an energy
intensive pathway (Kirimura et al., 2001).

Further support for the presence of two sources is provided by bisnorhopane (BNH) and
trisnorhopane (TNH) values. BNH and TNH are directly derived from free bitumen in source

rocks, and indicate the presence of organic matter derived from chemo-autotrophic bacteria
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(Peters et al., 2005). BNH/H and TNH/H ratios are common parameters used to correlate oil
and source rock. A relative increase in one or both of these ratios for related samples is generally
interpreted to indicate increasing maturity (Grantham et al., 1980; Hughes et al., 1985). BNH/H
ratios are significantly higher in samples SM038, SM066, and SM063A (endmember group 1)
than the other samples. On a (BNH+TNH)/H versus API gravity plot, I observe oils on two dis-
tinct regression lines (Figure 2.19C). This can be used as an argument for two active source rocks
(Peters et al., 2005). Samples falling on the lower regression line show lower ratios of BNH/H
(Table 2.13), and are therefore less influenced by the potentially prokaryotic organism responsi-
ble for the unique signature observed for endmember group 1 in the western Newfoundland oils.

Because tricyclics and hopanes have different precursor molecules, significant variation
in tricyclics and hopanes can be explained by changes in source composition (Figure 2.19F).
High ratios of tricyclic terpanes and diterpanes relative to pentacyclic terpanes (e.g. TriCyc/H) in
samples SM038, SM066, and SM063A (Table 2.13) compare well to Cambrian oils from Oman
(Grantham, 1986), the Bikaner-Nagaur Basin (Dutta et al., 2013), and parts of the Tarim Basin,
China (Yang, 1991). This contrasts the lower tricyclic/hopane (TriCyc/H) ratios but higher con-
centration of tetracyclic terpanes (TET) and C23 tricyclic molecules (C23T) found in the other
endmember group containing sample SM072A and SMO55A.

Yang (1991) also discusses a high GCMS-response in pregnane and homopregnane for
Cambrian-Ordovician source rocks; this correlates well with our findings (Figure 2.14). The in-
terpretation of two acting sources is further strengthened by the homohopane distribution pattern
for the oil samples (Picha and Peters, 1998), in which we can see the same identified endmem-
bers in samples SM063A and SM066 (group 1), and SM055A and SMO072A (group 2) (Figure
2.21). The remaining samples (SMO057A, SM058, SM060, SM062, SM067) fall between those
endmembers (suggestive of mixing).

All discussed biomarker parameters support a Cambrian source rock with bacterially-
derived organic matter generating oil family 1, and represented by samples SM038, SM066, and

SMO063A with endmember group 1, and an Ordovician source rock with algal-derived organic
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matter generating oil family 2, represented by samples SM072A and SMO055A with endmember
group 2.

Only the high sterane/hopane ratios found in samples SM038, SM066, and SM063A con-
tradict the interpretation of a bacterially-derived organic matter. Typically, bacteriohopanepolyols
in the bacterial membrane are considered primary precursor molecules for hopane, leading to
the high hopane usually observed in oils sourced by bacteria-rich organic matter. However, for
samples SM038, SM066, and SM063A, the overall concentrations of hopane and sterane are
lower than in samples SM072A and SM055A. Additionally, they show similar sterane/hopane
ratios to each other, despite significantly different calculated thermal maturities. This suggests
the sterane/hopane ratio is mostly controlled by source, and is relatively independent of maturity.
Additionally, work by Ourisson et al. (1982), suggests it is possible that early Paleozoic bacte-
ria used steranes and tricyclic terpanes, instead of hopanes, in their membrane molecules due to
their similar function in lipid membranes. Supporting this, high concentrations of steranes over
hopanes have been detected in gram-negative myxobacteria and certain methanogenic bacteria
with significant amounts of steroids incorporated into their cellular membrane (Bird et al., 1971;
Kohl et al., 1983). Both these factors offer possible explanations for the unusually high concen-
tration of sterane in a bacterially-derived organic matter.

Statistical analysis (HCA), using different agglomeration-linkage methods (i.e. single-,
complete-, median-, centroid-, incremental-, and flexible-linkage) with parameters listed in Table
2.14 and Table 2.15 show the same clusters illustrated in Figure 2.22. Only the single-linkage ag-
glomeration method clusters samples SM072A and SMO055A in individual clusters, yet, showing
them as closely related. To keep the data presentation consistent I am using the same (incremen-

tal) linking method as for the source rock extracts.
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2.7. OIL TO SOURCE CORRELATION

Oil-to-source correlation includes the following steps:

+  Using pyrolysis data to identify potential source intervals.

*  Identifying biomarkers in the extract data that exhibit statistically significant chang-
es from the Cambrian to Ordovician source intervals.

* Interpreting whole oil geochemistry and carbon isotope data in combination with
detailed biomarker analysis to gain an understanding of age, organic matter compo-
sition, depositional environment, and potential oil families.

*  Cross-correlating oil families with extract families and bitumen, linking them to
specific source rock intervals.

The systematic sampling along measured sections with well-constrained biostratigraphic
ages, in addition to the previously discussed parameters, also allows us to identify two potential
sources. One, within the Middle Ordovician Green Point Formation and more distal Middle Arm
Point Formation, was previously identified by Macauley, (1987, 1990), Weaver (1988), Weaver
and Macko (1988), Sinclair (1990), and Fowler et al. (1995). The organic matter for this interval
is interpreted as type I/II organic matter with high TOC (max. 9.45%, based on Rock-eval py-
rolysis data) (Figure 2.6). Samples with those characteristics show excellent source potential. A
second source in the middle to upper Cambrian Green Point Formation and Cooks Brook Forma-
tion was previously unrecognized, and is interpreted as type II/III organic matter based on Rock-
eval pyrolysis data. TOC content in this middle to upper Cambrian source reaches a maximum of
2.21 wt% (Cooks Brook Formation, Seal Cove) indicating good source potential in its organic-
rich layers.

The stratigraphic thickness of the Lower to Middle Ordovician source rock is approxi-
mated to 150 to 250 m, based on outcrop measured sections (Botsford, 1987; James and Ste-
vens,1987). It is difficult to assign a cumulative thickness for the organic rich shale beds, because
there is no visual differentiation possible between organically lean and organically rich intervals.

The sampling interval is too coarse to resolve the potential high frequency changes in organic
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matter content. The middle to upper Cambrian source rock is between 50 to 200 m thick, consist-
ing of interbedded lean and organically rich sections (Botsford, 1987; James and Stevens,1987).
A significant number of samples represent lean intervals, with TOC values around 0.07 to 0.5
wt%. Similarly, it is difficult to assign a cumulative thickness for the organically rich layers to
the Cambrian source rocks, because the sampling interval is too coarse. Thermal maturity, cal-
culated from T,,,, pyrolysis data, falls into the low to mid mature window (0.65 to 0.89 %R,) for
most source rock samples, however, samples collected in close proximity to the ophiolites in the
Bay of Islands area are characterized as post-mature. Yet, calculations of paleo-generative poten-
tial for the post-mature rocks indicate that their quality and quantity compare well with immature
samples from the most distal region of the continental rise deposits.

The geochemistry of the 23 selected extract samples from the Cambrian and Ordovician
intervals provides data consistent with our understanding of the depositional environment and
age of the rocks, specifically a pre-Devonian clastic source rock with type I/II and type II/II1
organic matter for all extracts. Bulk composition shows an organic matter similar to the type B
organic matter defined by Jacobson et al. (1988). Biomarkers listed in Table 2.5 and Table 2.6
characterize the organic matter further as bacterially-derived with minor algal influence in the
Cambrian source rock, and algal domination in the Ordovician.

The analyzed oil and bitumen samples show similar biomarker and carbon isotope distri-
butions to the extracts; both record the change in biomarker composition from a bacterial to a
more algal-derived organic matter type. Therefore, I am able to correlate oil samples to the two
established extract groups and to distinct source intervals from the Cambrian and Ordovician
(Figure 2.22).

An additional argument for a Cambrian source is the high maturity of the oil found in
the Port au Port No.1 well (SM038). This oil contains the same biomarkers found in Cambrian
source rocks and extracts from western Newfoundland, and additionally, reveals a “cracked”
character based on diamondoid analysis. The Cambrian and Ordovician source rocks are missing

in the footwall of the Round Head Thrust. However, mapping relations have shown that at least
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two separate sheets of the Humber Arm Allochthon were emplaced during the Taconian Orog-
eny, placing potentially mature Cambrian source rocks adjacent to the Round Head Thrust scarp
(Lacombe, 2017). Therefore, charge into the reservoir is feasible before or during the tectonic
inversion in the Acadian. After the inversion, the source rocks are now absent in the footwall of
the Round Head Thrust.

Oils found in the Parson’s Pond area (SM066, SM063A) show the same biomarker sig-
nature as the oil from Port au Port No.1 well, but have characteristics of much lower thermal
maturities. This indicates that the source rock responsible for SM038 oil in Port au Port Penin-
sula also exists in the Cow Head area. The different thermal maturities of the Parson’s Pond oils
are, however, related to structural imbrication of said Cambrian source rock. Depending on how
deeply buried the source rock was, it generated oil with different thermal maturities, but with the
same source-related biomarker. The low maturity oil found on Shoal Point (Port au Port Penin-
sula) perfectly correlates with bitumen from an active seep and source rocks collected from Tea
Cove interpreted as the most distal portion of the continental rise deposits (Middle Arm Point
Formation). Graptolites from this formation yield Middle Ordovician ages (Lacombe, 2017). The
thermal maturity of these rock samples is 0.65 %R, and arguably insufficient for oil generation;
however, they should have experienced sufficient thermal stress in the subsurface farther north to
generate low maturity oil found on Shoal Point.

The biomarker signature found in the Shoal Point oil correlates well with the Middle Or-
dovician source rock. Oil most similar to the Shoal Point oil (SM072A) was found in Fox Well
#2 (SMO55A) in St. Paul’s Inlet, just south of Parson’s Pond. SMO55A also shows low maturi-
ties and has the same characteristic biomarker signature as SM072A. Other oil samples collected
from the Parson’s Pond area show stronger resemblance to the Shoal Point and Fox Well oil in
their biomarker signature, but have varying maturities, explained by the dipping character of the
imbricated source rocks.

Biomarker ratios and isomer ratios indicate that mixing between the proposed Cambrian

and Ordovician source is likely. The extent of the mixing, however, cannot be determined with
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the current dataset. Low biodegradation of the oil found in the Parson’s Pond area suggest that

both proposed sources are presently active.

2.8. CONCLUSION

Our data demonstrate that two hydrocarbon source rocks are active on the western New-
foundland margin, one in the middle to upper Cambrian Green Point and Cooks Brook forma-
tions, and another in the Middle Ordovician Green Point and Middle Arm Point formations. The
two intervals show characteristic biomarker distributions in source extracts, bitumen, and oil,
which demonstrate a change from a primitive bacterial organic matter associated with the middle
to upper Cambrian source, to more algal-dominated organic matter associated with the Middle
Ordovician source. Both sources are active in the Parson’s Pond area, generating oil with varying
thermal maturities depending on the structural position of the source within the imbricated Hum-
ber Arm Allochthon. In the Port au Port Peninsula, only the Ordovician source could be shown as

active with the natural seep on Shoal Point.
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CHAPTER 3: CONCLUSION

In this research project I was able to identify and characterize two source rock units in
western Newfoundland and successfully correlate them to oil found in the study area. This con-
tributes to an advance in current knowledge of the organic geochemistry in the area.

The deep marine deposits of the Humber Arm Allochthon contain two source rock inter-
vals (Figure 3.1): a Cambrian source rock deposited during the Cambrian Series 3 to the Furon-
gian, composed of type II/III organic matter; and a Middle Ordovician source rock, character-
ized by high TOC values (max. 9.45 wt%) and type I/Il organic matter. Due to the imbricated
character of the deep marine gravity flow deposits, and their lateral heterogeneity, a clear trend in
source richness from shelf proximal to shelf distal could not be established. However, the Middle
Arm Point Formation, representing the most distal portion of the continental slope and rise de-
posits, contains the organically richest intervals. The thermal maturity of outcrop samples in the
Port au Port Peninsula and Cow Head areas range from 0.65 to 0.89 %R, (calculated from T,,,,).
Samples collected from the Bay of Islands are characterized as over-mature. However, recalcu-
lated original generative potential yields comparable results to the immature Middle Arm Point
Formation on Port au Port Peninsula.

Biomarker analysis further characterizes the organic matter of both source intervals as type
B after Jacobson et al. (1988). Marker molecules in the Cambrian source indicate a strong influ-
ence from bacterially-derived organic matter. Based on statistical analysis a distinct shift in bio-
marker composition from the Cambrian source to the more viable Ordovician source is evident
(Figure 3.2). The organic matter composing the Ordovician source has a stronger algal influence,
with some input from the Ordovician organism G. prisca likely.

The collected oil samples can be subdivided into two endmember groups based on com-
pound-specific carbon isotope and biomarker data, with a third group of samples indicating
potential mixing. These three groups can also be identified using statistical algorithms, such as
hierachical cluster analysis (HCA) and principle component analysis (PCA) (Figure 3.3). Bio-

marker ratios identifying oil originating from a bacterially-derived source (i.e. Cambrian source),

94



and molecular markers pointing to a more algal dominated source rock (i.e. Ordovician source),
can be found in our oil samples. This leads to the interpretation of two oil families, which can be
linked to distinct source intervals.

Maturity evaluation based on isomer ratios, aromatic molecules, and diamondoid analysis
reveals information regarding the complex charge history of the Port au Port No.1 well. Pre-
Acadian charge, from a low maturity Cambrian source rock, into carbonate reservoirs across the
Round Head Thrust was followed by deep burial and secondary cracking in the reservoir. This
led to high maturities in the oil produced from the well. The wide range of maturities from oil
samples collected in the Cow Head area (0.7 to 1.11 %R ) is related to the dipping character of
the imbricated source rocks. This, in combination with mixing of the two endmember oils, pro-
duces an intricate history for the oil seeps found in the Cow Head area.

An important future step will be to integrate these data into a regional petroleum basin
model. This will allow us to assess the thermal development of this basin, and will improve our
understanding of oil generation and migration in complex tectonic fold and thrust belts in gen-

eral.
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APPENDIX A: CALCULATION OF ORIGINAL GENERATIVE POTENTIAL
One key parameter in the calculation is the fractional conversion factor (f), which is a mea-
sure for the original petroleum potential to petroleum generated. The ratio is expressed in equa-
tion 1 of Cooles et al. (1986), where S2, is the original S2 and S2,(CF) represents the measured
S2 after generation and explosion (corrected for weight-loss). The correction factor (CF) for
weight loss can be expressed with the measured TOC from pyrolysis using a basic assumption
from Espitalé et al., (1987), who estimated that the generated petroleum contains 83.3 wt% of
organic carbon. Therefore, CF can be expressed with equation 2, where TOC, is the original TOC
and TOC, is the measured TOC content from pyrolysis. After rearranging and substituting equa-
tion 1 we can express the conversion factor f with HI (=S2/TOC) and PI (=S1/(S1+S2)) formu-
lated in equation 3. The same equation can be solved for original TOC (equation 4). To perform

the calculations I used pyrolysis data S1, S2, measured TOC, HI and PIL.

_ (1)
! 52
o T0Co—8333 % (S15+52) o
~ TOCy —83.33 X (S1y + 524)
Hly
100 — 0.0833 x [ﬂx—]
Fo1o (1—PIy) 3)
Hi, -
— __ 0
100 — 0.0833 X [;7—= PIO)]
Hl x TOCy X 83.33
TOC, = X X (4)

HIy x (1 — f) X (8333 = TOCy) — Hl, X TOCy
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APPENDIX B: BIOMARKER IDENTIFICATION TABLE

Code Biomarker ID m/z
C19T C19H34 tricyclic diterpane 191
C20T C20H36 tricyclic diterpane 191
C21T C21H38 tricyclic diterpane 191
C22T C22H40 tricyclic terpane 191
C23T C23H42 tricyclic terpane 191
C24T C24H44 tricyclic terpane 191
C25S C25H46 tricyclic terpane 191
C25R C25H46 tricyclic terpane 191
TET C24H42 teteracyclic terpane 191
C26S C26H48 tricyclic terpane 191
C26R C26H48 tricyclic terpane 191
Ts 18a, 21b-22,29,30-trisnorhopane 191
C27T 17a,18a,21b-25,28,30-trisnorhopane 177
Tm 17a, 21b-22,29,30-trisnorhopane 191
C28DM C28 demethylated hopane 177
C28H 17a, 18a, 21b-28,30-bisnorhopane 191
C29DM C29 demethylated hopane 177
C29H 17a, 21b-30-norhopane 191
C29D 18a-30-norneohopane 191
C30X 17a, 15a-methyl-27-norhopane (diahopane) 191
OL oleanane 191
C30H 17a, 21b-hopane 191
C30M 17b, 21a-moretane 191
C31S 17a, 21b-30-homohopane (225) 191
C31R 17a, 21b-30-homohopane (225) 191
GA gammacerane 191
C32S 17a, 21b-bishomohopane (225) 191
C32R 17a, 21b-bishomohopane (22R) 191
C33S 17a, 21b-trishomohopane (225) 191
C33R 17a, 21b-trishomohopane (22R) 191
C34S 17a, 21b-extended hopane (22S) 191
C34R 17a, 21b-extended hopane (22R) 191
C35S 17a, 21b-extended hopane (22S) 191
C35R 17a, 21b-extended hopane (22R) 191
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Code Biomarker ID m/z
S1 13b, 17a-diacholestane (20S) 217
S2 13b, 17a-diacholestane (20R) 217
S3 Sa-cholestane (20S) + 5b-cholestane (20R) 217
34 Sa, 14b, 17b-cholestane (20R) +13b, 17a- 217
diastigmastane (20S)
S4B same as S4 (m/z=218) 218
S5 Sa, 14b, 17b-cholestane (20S) 217
S5B same as S5 (m/z=218) 218
S6 Sa-cholestane (20R) 217
S7 diastigmastane 217
S8 Sa-ergostane (20S) 217
S9 Sa, 14b, 17b-ergostane (20R) + Sb-ergostane (20R) | 217
S9B same as S9 (m/z=218) 218
S10 Sa, 14b, 17b-ergostane (20S) 217
S10B same as S10 (m/z=218) 218
S11 Sa-ergostane (20R) 217
S12 Sa-stigmastane (20S) 217
S13 Sa, 14b, 17b-stigmastane (20R) 217
S13B same as S13 (m/z=218) 218
314 Sa, 14b, 17b-stigmastane (20S) + Sb-stigmastane 217
(20R)
S14B same as S14 (m/z=218) 218
S15 Sa-stigmastane (20R) 217
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Code Compound MRM Transition
MN2 2-methylnaphthalene 142.1—141.1
EN2 2-ethylnaphthalene 141.1—-141.1
DMNs Y-dimethylnaphthalene 156.1—141.1
DMNI12 1,2-dimethylnaphthalene 156.1—141.2
DMN26 2,6-dimethylnaphthalene 156.1—141.3
DMN27 2,7-dimethylnaphthalene 156.1—141.4
TMNs >-trimethylnaphthalene 170.1—155.1
TMN136 1,3,6-trimethylnaphthalene 170.1—155.2
TMN137 1,3,7-trimethylnaphthalene 170.1—-155.3
TeMN13 2,3,6,7-tetramethylnaphthalene 184.1—169.1
TeMN14 1,2,6,7-tetramethylnaphthalene 184.1—169.2
TeNM15 1,2,3,7-tetramethylnaphthalene 184.1—169.3
TeNM16 1,2,3,6-tetramethylnaphthalene 184.1—-169.4
DMPs >-dimethylphenanthrene 206.2—191.1
DMP E 3-ethylphenanthrene 206.2—191.2
DMP26 2,6-dimethylphenanthrene 206.2—191.3
DMP27 2,7-dimethylphenanthrene 206.2—191.4
DMP23 2,3-dimethylphenanthrene 206.2—191.5
DMP12 1,2-dimethylphenanthrene 206.2—191.6
DMP18 1,8-dimethylphenanthrene 206.2—191.7
DMP19 1,9-dimethylphenanthrene 206.2—191.8
MP1 1-methylphenanthrene 192.1—191.1
MP2 2-methylphenanthrene 192.1-191.2
MP3 3-methylphenanthrene 192.1—191.3
MP9 9-methylphenanthrene 192.1-191.4
TMP A trimethylphenanthrene peak A 220.2—205.2
TMP128 1,2,8-trimethylphenanthrene 220.2—205.3
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APPENDIX C: MEASURED SECTIONS

Appendix C accompanies Chapter 2.
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