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Abstract

A mature source rock ishe key element ira petroleum system and is the critical risk
when exploringn undrilled areasvherethere are very fewdirect indications of hydrocarbons
(either from aurface seeps oseismic data On the Scotian Margithereare provenoffshore
commercial hydrocarbon fields in Jurassic and Cretaceous reservoirs that have geathemi
characteristics consistent with proven Upper Jurassic source ftckghe unequivocalinkage
between source and reservoir has rien demonstrated(Silva, Wong and Wach, 2015
Fowler, Webb, Obermajer et al., 201Below this proven interval, in rocks of Lower and Middle
Jurassic age, source rocks are abundant globally, related to restricted marine and lacustrine
depositionalenvironments associated with the breal of Pangea, although it is uncertain
whether source rocks of this age are present on the Scotian Margin. If they are, and they have a
suitable thermal history, then there is the potential for commercial petroleystesms that are
currently undiscoveredlhe objective of this study is to address this technical problem through
2Dthermalmodelling This study integrates source rock geochemistry and depositional history
from proven source rocks in Morocco (the conjugate margin) with basin modelling of the Scotian
Marginin amore detailed approach thapreviousstudies, such as the 2011 Play Fairway
Analysis (PFA). These modegst the Lower Jurassic source rocks by testing the kerogen type
and demonstrating the thermal maturity range of each kerogen type in the Scotian Basin.

This thesis presents the results from the construction and testing of 2DI8@n System
models onfour shelfto-slope regional seismic lingdovaSPAN100, 1400, 1800 and 20p0
usingPetroModsoftware, togethemwith new data fronmthe 2011, 2015 and 2016lova Scotia
Department ofEnergy sponsoreRlay Fairway Analysesndoutcrop data fromAit Moussa in
the Middle Atlas, MoroccoSeverabrganicrich intervals havebeen identifiedalong the
Mesozoic conjugate margins of the Central and North Atlamtiesimilarity of the depositional
environments and paleogeography of tBeotian margin witlthe conjugate Westerreuropean
and NorthwestAfrican domains, which contain provéower Jurassic source rock successions,
suggessthe presence of a similar intervaltine offshoreScotian marginif present, therds
uncertainty in the source roclkcharacteristics (quantityquality, and maturity). With ongoing and
future petroleum exploration offshore Nova Scotia, resolving these uncertaintrecessaryo
reduce the risks associated witixploration. Irthis study the softwarePeroMod version
2018.1(Schlumberger) was used to construct 2D models of source rock maturation of potential
Lower Jurassic rocks on the Scotian Margin using dip lines of thied@$PAgeophysical
dataset (NVR1100, NVR1400 NVR11600, NVRR000). Ineach model, different source rock
variables lfydrogen indexandtotal organic carbohwere used based on data from the High and
Middle AtlasBasins (Morocco). Results suggest potential Lower Jurassic source rocks in the
Scotian Basin are within the oil maturity window in the south, and transition to the gas maturity
window to the north due to burial depth and salt mobilizatiofhe Lower Jurssic interval has a
range of maturity angbotential forgeneration of hydrocarbons. The transformation ratio
(organic matter to hydrocarbonshpriesthroughoutthe Scotian Basiwhenmoddled with
different types ofkerogen Data limitationsare recognize@s only ifve 2D seismic lines are used
to map the maturity of the Scotian Basin.
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Chapter 1introduction

1.1 Introduction

A mature source rock is th&ey element ira petroleum system and is often the critical
risk when exploring undrilled aregarticularly in areatke Eastern Canada offshore where
there are few direct indications of hydrocarbons from geophysics or surface.9eaphe
Scotian MargirfFigurel.l), the presence of Upper Jurassic petroleum source rocks and active

petroleum systems are proven by drilling and commercial production in the SablBaSir

Below this proven interval, in rocks of Lower and Middle Jurassic age, source rocks are abundant

globally(Wach, Silva, O'Connor et al., 201@lated to restricted marine and lacustrine
depostional environments associated with the break of Pangealt is uncertain whether
source rocks of this age are present on the Scotian Mafdiisstudyintegrates source rock
geochemistry and depositional history from proven source rocks in Moroccadtijegate
margin) with basin modelling of the Scotian Margin to produce a more detailed approach than
existing studies, such as the Play Fairway Andi9&ERA, 201

Gt SGNRE Sdzy aeadsSyYy Y2RStftAy3Ié ot{av A& |
This method is useldereto investigate the thermal maturity of Lower Jurassic sediments
containing possible source rocksthe Scotian Basifthere are only a few penetrations at the
updip margin of the basin)The studys basedon five sheltslope regional seismic lingON
Geophysical(Figurel.1). Four of thesavere moddled in this studythe other line
interpretationwasprovided bya colleague XinyueHu, researchassistant at Basin and
Reservoir, Dalhousie UniversitGeologicaknowledge of subsurface thermal conductivity and
crustal heat production are used to predict geotherms and thus temperature spatially away

from control points (borehole and seismic data). The presence of Lower Jurassic sour@g rocks



addressedy consideing depositional environments in the ScotiBasinand its conjugate, the
Moroccan Margin, where source rocks of this age are expespdcificallyat Ait Moussa in the
Middle Atlas. Theserganicrich sediments are interpreted to be depositedan oxygen
depleteddepositional environment, resulting in a higluality source rock of Pliensbachian age

(Sachse, Leythaeuser, Grobe et al., 2012

In addition toAit Moussa, poven Lower Jurassic petroleum source rocks in Morocco
occur in the Prerif Basin and Middle At{&achse et al., 20);2and several oils in the Tarfaya
and Essaouira Basins (Morocco) are thought to be sourced from Jurassic age carbonates
(Morabet, Bouchta and Jabour, 199achse et al., 20).2The Jurassic organich intervals
observed on the Western European and African conjugate margins suggest that exploration for

hydrocarbons in Atlantic Canada can test new and alternative play ca(&pa et al., 2015
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This studycomgdements and expands previoyzetroleum systemsnodds (PFAOERA,
2011, 2015 2016); it presentsa series of 1D and 2D models of the potential Lower Jurassic
source rock in the ScotidBasin testing muliple scenariosyising the commercial software
packagePetroModversion 2018.1(couresy of Schlumberger Limitedij Morocco,
geochemical and organic petrographic analysis of the Upper Pliensbachian eigamuatcrop
in the Middle Atlas region suggest high productivity conditions, with oxytggteted, but not
anoxic, bottom waterg¢Sachse et al., 20).2This organic matter is mdgtassociated with
marine-derived organic matter (algal/bacterigachse et al., 20}, 2andare also knowrirom

other regions around the world such as Portu@gilva and Duarte, 2015

The modelgpresented heregpredict the level of themal maturity of potential Lower
Jurassic source rocks in the SablgsBasinBased omAit Moussa, Morocco outcrop data this
study uses &roader range of parameters for the Lower Jurassic source rthes previous
studies(Figurel.2 and Tablel.1), and als@onsides source rocks of kegen Type I, Type Il and

Type lll. These parameteaise basedn fieldwork at Ait Moussa(Figurel.3).

Tablel.1: Source roclgeochemicaproperties used as the parameter inputs for the Lower Jurassic Source Rtakal in
PetroMod (Wach et al., 2018

Lower Jurassic Source Rock Properties

Kerogen HI (mgHC/gTOC) TOC Source Rock Kinetic

Type | 800 5% Behar et al(1997) TI(GRS)s

Type Il 400 3% Behar et al. (1997)T1I(PBEs

Type lll 200 3% Vandenbroucke et a{1999 TIII(NorthSeags
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Figurel.2: RockEval Pyrolysis grapfiom the data collected at Ait Moussa, Morocc®his graph shows data points (red), ranging
from hydrogen index (HI) of 26800mgHC/gTOCType 1Type Ill kerogerSilva, Duarte, Gomez et al., 201)7b

Forcomparisona similar studyeferredto asthe Play Fairway Analysis (PEBERA,
2011, 2015 2016 used a hydrogen index of 600 ngQ/g TOC with & OCof 3% or 5%The
source rock analysis of the PFA studys basedn adata set extrapolated from offshore
boreholes Venture B13 and Weymouth 45 (Nova Scotip M-02and DSDP 547B (Morocco),
and Heron H73 (Newfoundland)and outcropsat Peniche (Portugal) argidi Rhalem Essaouira
oils(Moroccg. However they did not consider depositional environment variatgor different
sources of the organic mater&allhe Deefsea Drilling Project Leg 79, site 547B (offshore

Morocco) showed several immature Lower Jurassic orgégtidevels kerogen Type (Wach et



al., 2018. In the Play Fairway Analysis, the Early Jurassic Source ComptedAwa¥ SNNB R 0 &
analogy to source rocks recognized on the conjugate margins of Newfoundland and Nova Scotia,

Ay t 2NIidzal f(OERARODE 2 NP OO2 ¢

This hesis is part of aore extensiveesearch programi { 2 dzZNOS w201 9 DS2 OK
the Central Atlantic Margiisled bythe Basin and Reservoir Lab, Dalhousie University, under

the direction of Professor Grant Wa@ach et al., 2018

1.2 Problem Statement, Objective and Hypothesis

Thee are proven commercial hydrocarbsoffshore Nova Scotia in Jurassic and
Cretaceous reservoirs that have geochemical characteristigsistentwith proven Upper
Jurassic source rocksut the unequivocalinkage between source and reservoir has not been
demonstrated(Silva et al., 2013-owler et al., 2016 Lower Jurassic source roekg provenin
the conjugate margin in Moroc¢andit is possible that similar Lower Jurassic source rocks are
present on the Scotian Margin and may contribute to proven hydrocarbons systemsayine
the source of undiscoved hydrocarbon systems on the Scotian Badimweverthey have not
beenconfirmedthrough drilling.Even if similar Lower Jurassic source rocks doeild
demonstratedon the Scotiammargin their effectiveness would be dependent on the thermal
history ofthe margin.The objective of this study is to address this technical problem thr@gh
thermalmodelling Products from modelling include a series of maps showing thermal maturity,
current temperature and heat flofimpacted by salt)and critical momenand hydrocarbon

generation of Type |, Type Il and Type Il kerogen for rocks of Lower Jurassic age.

The initial hypothesis in this study is that Lower Jurassic source rocks on the Scotian

Margin, if present, will be sufficiently mature to generate an efifee hydrocarbon systent.o



test this hypothesis, it is necessary to determine if theressralar tectonic history, heat flow

and sediment thickned®r both (Scotian and Moroccarmpnjugate margins.

1.3 Thesis Organization

This thesis is organized intioe following chapters. Chaptdrcompriseghe introduction,
problem statement, objective, geological background and previous studies. Chapter 2
introducespreviousdata andthe methods used in this study. Chaptec@ntainsthe results of
each2Dmodeland subsequent mapd his studyesults inmultiple thermalmodelsconstructed
from NovaSPAN 1100, NovaSPAN 1400, NovaSPAN 1800 and NovaSRs&iaOnes (and
NovaSPAN 1600 in subsequent map$le2D resultscomprisea set of crossections that
modd heat flow, temperature, maturity, and critical momewtccompagingthese2Dresults
there are 1D model extractionghich comprisdransformation ratio plotsat specific locations
on the continental margin, and temperature and vitrinite reflectance gibat are compared to
borehole dataThese results are discussedChapter 4or each 2D modelled linend 1D
extractionand then summarized arglynthesizedor the study area, which covers a major
portion of the Scotian Basin. Chaptepbesentsthe conclusions anfliture workfrom this
study. Appendicepresentlarger format figuresand vickos(supplementalfiles), tables of data,

calibration and uncertainty tests for the 2D models and Python code for this study.

1.4 Background Geology

Scotian Basin

A series of preserved Pernigiassic rift basins extend along the conjugate Atlantic
margins of easteriNorth AmericanorthwesternAfrica,and Europe. These basins formed
duringthe Permian to Triassic breakup of the Pangean supercontif@isen, 1997Withjack,

Schlische and Olsen, 2Q12leu, Hartley, van Oosterhout et al., 2D1Bhe basins along the



eastern margin of North America are collectivetplWn as theEastern North Americamift

System (ENARSYheseburied and exposed rift basins exteader 3000 knfrom Florida to the
eastern Grand Banks, offshore Newfoundland. Based on the tectonic style and sedimentary
deposition within these basins, the ENARS dividednto the southern, central, and northern

segmentgWithjack et al., 2012 and references within

The Scotian Basin, located in the Atlantic offshore region of Nova Scotia, comprises the
northernmostpart of the ENARS central segmé@htithjack et al., 201 The Scotian Bsin
containsa record of250 Ma of episodicsedimentation, comprises a maximum sedimentary
thickness of about 15 km, and covers an area of approximately 280,000Wade and
MacLean, 1990 The basin comprises sevesab-basins from southwest to northeast
Shelburne Sable, Abenaki, and Laurenti@rb-Basins(Wade and MacLean, 199®/ithjack et

al., 2013.

The Scotian Basstratigraphyis a classicecordof the transition fromrift to passive
margin with synrift phase punctuated by breakup unconformity followed by g@ost-rift and
thermal sag phases. Notakdelditional features include the continental scale Aberwkbonate
bank inMiddle to Late Jurassic which was effectively terminateddtg QretaceousSableDelta
clastic influxhat resulted from the Avalon uplitb the (Jansa and Wade, 19/A8/ade and

MacLean, 1990

The earliest sediments deposited in the Scotian Basin comprise Triassic to Early Jurassic
alluvial, fluvial, lacustringgnd evaporitic successions deposited in continental lowlands and
shallow marine environments under arid to seamid climatic conditiongFigurel.3) (Jansa and
Wade, 1975Wade and MacLean, 1990rhe brealup unconformityis markedoy the bottom of

the Jurassi¢Figurel.4). From theLowerto the Upper Jurassithe basin was filled bgnarine



transgressions, depositing carbonates and clastic sediments in two pHdse§irst phasésthe
continental ar marine clastics of the Mohican Formatimecatedinboardof the marine

dolomites of the Iroquois FormatioThe second phassthe marine clastics of the Mohawk

and MicMac Formations which transition seaward to carbonates of the Abenaki Formation at
the shelf margin (the Abenaki Carbonate Bafkgurel.4). Distd shak equivalents of these
lithostratigraphic formationsire found inthe Verrill Cayon Formation. In the Late Jurassic,-sea
floor spreading continued, the ocean became broader and deeper but, in addh®@valon
uplift to the north caused a massive influx of clastic sediment dilated the Abenaki

Carbonate Bank, and led to sedintdoading, salt movement and deposition of successive thick
clastic intervals (Sable and Shelburne deltas) that prograded into the basin. Salt moved both
vertically and laterally forming diapirs, pillows, and canoplesiga and Wade, 19/A8/ade and
MacLean, 1990ngs and Shimeld, 20p6ampbell, 2010 Ths influx of clastics continued until
late CretaceousAt that time,prolific deltaic sedimentation (Missisauga Formation) was
interrupted by a major marine transgression in the Aptian (Naskapi Member of Logan Canyon
Formation)and thena return todeltaic and progressively more estuaridepositional settings
(Logan Canyon Formatiofbigurel.4). Transgression and deepening culminated in shafahe
Dawson Canyon Formatiowhich wassubsequently overlain by marls antdalkymudstones of
the Wyandot Formation in response sea level rise at the end of the Cretad&tulie (and
MacLean, 1990During the Cenozojand above th&Vyandot Formationa progradational
system ofsandstones, mudstones and mafBanquereau Formatigrdeposited(Mclver, 1972.
During theQuaternaryglacial drift and stratified proglacial materia the Laurentian

Formation overlairthe BanquerealFormation(Jansa and Wade, 19){bigurel.4).
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Conjugate Margirg, Morocco

Depositionahistory an the conjugate margin of Morocds similar to the Scotian margin
(Figurel.4). The oldest Mesozoic sediments in the Tarfaya Basin, Moraeaaf &ower Triassic
Age. During th@peningof the North Atlantic (Late Triassj&Early Jurassic), the Scotian and
Moroccan margins developed grabens dradf-grabenscaused byan extension The Triassic Age
sediments in the Tarfaya Basin are similathi® Scotian Basifboreholes Eurydice-B6 and
Mohican $100) and composeaf red conglomerates and sandstongafid, Tari, Bouhadioui et
al., 2008. Duringextensionsynrift clastic sedimentsvere deposited on botrthe Scotianand
Moroccan margins. The breakup of Africa from North America took place duringptirer

Jurassic forming the protétlantic OceanKigurel.3).

After the breakupsimilar deposit@are seeron both stratigraphic charts. On the Moroccan
Margin carbonates (Ankoult Formation) transition into distal clastic sediments, stmilae
Scotian Basirwherethe Iroquois Formation (carbonates) transition into the Mohican Formation
and distally into the Verrill Canyon Formation (clastiEgurel.4). During the Upper Jurassic to
LowerCretaceousthe Moroccan Basin had sediment input from the Tan Tan deltaic system
(Hafid et al., 2008 Along the Scotiallargin,several deltaic systems developed during the
CretaceougWade and MacLean, 19p®alt mobilizationwvas initiated bythe thickening ofthe
Moroccan Basineposts (Tari and Jabour, 2013 milarly, thick clastic sediment packagies
the Scotian Basin (Missisauga, Logan Canyon, Verrill Caomprations) induced salt
mobilization in the Scotian Bagiimgs and Shimeld, 20p0Beptuck and Kendell, 201Reptuck
and Kendell, 200)7A noteworthydifference between the Scotian and Moroccan Margin
depositional historyoccurred during theCretaceougFigurel.4). On the ScotiaMarginthe Late
Jurassi@valon Uplift events associated with the start seafloorspreading between North

America (Grand Banks) and Western Europe (Ib8Aade and MacLean, 19p@®n the
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MoroccanMargin, the Atlasic Uplift during the Lateretaceousinddepositedsiliciclastisin the

basin(Louden, Wu and Tari, 201@igurel.4).

1.5 Previous Studies

The Scotian Basin has been actively studied sinc@ hp§overnment agencies,
academia and industrp understand the tectonic, depositionand hydrocarbon history. The
stratigraphy of the Scotian Basin Haeen describedh detailby Jansa and Wade (197%Yade
and MacLean (1990MacLean and Wade (1993)nd recently byVeston et al. (2012Figure

1.4).

Regionallhiermd history is acrucialcomponentof hydrocarbon exploration as
hydrocarbongequire sufficient heatand timeto transformthe organic mater (Magoan and
Dow, 1994 Allen and R., 2033Previous studies of the thermal history of the Scotian Basin were
limited to the effects of rifting and subsidence on the thermal evolution of the Scotian Margin
(Royden and Keen, 198Beaumont, Keen and Boutilier, 198@&en and Beaumont, 1990
Williamson, Courtney, Keen et al., 19@®teti, Beaumont and Ings, 2012dditional studies
suggesthat salt can influenc¢he thermalhistory and maturity of source rock
(Mukhopadhyay, 20065oteti et al., 2018 The Scotian Basin has basal deposits of salt (Argo
Formation) with the subsequent development of mibasins due to sediment loading and salt
mobilization. The salt also created thermal variations which impact the maturity of a source rock

(Ings, 2006MacDonald, 2009Goteti, Ings ad Beaumont, 201;2Goteti et al., 2013

Seismic inversion studies for the source rock evaluation omthanicrichintervals of
the Scotian Basin indicate thiatw acoustic impedance may provigteirect evidence of source
rock presence and active tate-stagehydrocarbon generation from beloborehole

penetrations or from outside the study aréslorrison, 2017.
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Petroleum System Models from other studies suggest tmaver Jurassisource rocksif
presen) in the Scotian Basin are within the oil window (5@ p n and base this conclusion on
data collected fronmthe Scotian margin (condensate and fluid inclusifvom offshore
boreholeg, the Moroccan margifoffshore and onshore odamplesand offshore ollected
core),Peniche in Portugal (outcrop), and offshore Newfoundland (oil samples from boreholes)
(OERA, 2012015 2016). Other approaches to model the thermal history include work by
Negulic (201Q)Negulic and Louden (201%Who usedseafloortemperature data and predicted

the maturation of a hypotheticdlate Jurassisource rock within the oil window.

A studyby Mukhopadhyay (2006)peculatedhat Early Jurassic rocksthe Scotian Basin
compriselacustrine/ marine kerogers (Typel ¢ Il) whichwere subjected to high heat flow

owingto sediment loading and satobilization

1.6 Source Rock

Source rockare definedas organieich sediments thabriginate in various sedimentary
environments and are one of the essential elements of a petroleum syatel must oftera
keyrisk elementwhen exploring new frontier aregdagoon and Dow, 1994The term source
rockis appliedto any rock unit containing sufficient organic matter with an apprateri
chemical composition to generate and expel hydrocarbons via biogettiemal processes,
irrespective of the degree of maturatide.g.Tissot and Welte, 1988uarezRuiz, Flores,
Mendonca et al., 2012 and references thepefasource rock is characterizdyy 1) amountof
organic mattempreserved(preservation isnainly controlled byxygen contentwhich is rela¢d
to depositional environment)?) quality and type of organic matter capable of yielding
hydrocarbons (mainly controlled by the depositional environment); tiermal maturity of

organic matter (depeneint on burial history)e.g. Tissot and Welte, 1984
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The slope andeep waterhave significantunproven reserves difydrocarbon potential
althoughmajorexploration investments in 2D and 3D seismic, regional studies, and drilling
(OERA, 20)have not resulted in commercial discoveriébere are 121 exploratogffshore
boreholes across the entire Scotian Basin, mostly concentratéideiproductiveSable Sub
Basinwhich has been extensively exploréB boreholes). Historicallydrilling focused on the
successful rollover anticlinal structures (gasthe Sable sulBasin yet the source rocknd
timing of hydrocarbon generation and migration pathways are not fully unders{Sivda et al.,
2015). Identifying source rocks on the Scotian Margin has been a considerable chétienge
both known and suspected intervgBarss, Bujak, Wade et al., 198@well, 1985
Mukhopadhyay and Wade, 199%/ade and MacLean, 199Bell and Campbell, 199KRlidston,
Brown, Altheim et al., 200D ERA, 2091 None of these studies proved a Lower Jurassic source
rockdueto a lack oboreholedata in the Lower Jurassic intervals of interest (located deeper in

subsurface than has been drilled).

The PFA constructedpetroleum systems mods| based on observations (oils and
condensates) and data fromeighbauring basins such as Moroc¢Bachse et al., 20)1and
Portugal(Silva, Duarte, Comd®engifo et al., 20)1suggesting Lower Jurassic source rocks may
exist. Although theipresence is unproven in the Scotian Basin, thieyuld beconsideed based
on the conjugate Morocco margin data. However, when nilinig the Scotian Basin, their initial
parameters weren a limited data set extrapolated from offshdbereholes (NovaScotia and
Morocco)and few outcrops (Morocco and Portugd®ecentresearch andieldwork from the
Basin and Reservoir Ledfined these initialsource rockparameters by providing better
constraints orhydrogenindices total organic carboand organic ratter types(Campbell, 2010
Morrison, 2017 Silva, Carlisle and Wach, 20).1a Morocco, geochemical and organic

petrographyanalyse®f the Upper Pliensbachian orgasich outcrop in the Middle Atlas region
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suggest high productivity conditions, with oxygeepleted, but not anoxic, bottom waters
(Sachse et al., 20)ZFurther dscus#n of source rock parameteesein 3.8section4.1 Source

Rock Parameters
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Chapter 2Data andViethods

2.1 Introduction

The following sectionsutline the data and methods used in thisusly. Thisprojed uses a
combination of seismic anobreholedata along withand previousseismic andorehole
interpretationsfrom various sourcef~igure2.1). This data isused to produce thermal
maturation models for offshore Nova Scotising petroleum system modelling software

PetroMod

2.2 Data

Data and interpretations from 13 offshobmreholes from the Scotian Baswere usedas
input parameters and calibration of the mod€lgable2.1). The deepespenetratiors of these
offshore boreholegseached the Middle Jurassic sectidre boreholeselectionemphasized
proximityto the NovaSPAN linesoddled in this study Table2.1). Borehole data includes
formation picks, deviation, biostratigraphy, geological age, total organic carbon (TOC), hydrogen
index (HI), and trinite reflectance (VR). Tiedatawere accessedrom an online repository
known as thaBASINDatabase maintained by the Geological Survey of Canada
(http://basin.gdr.nrcan.gc.ca/)Xppendix Aand Appendix B Digital Ithologylogs were povided
by Cangrat Ltd (kindly donated to Dalhousie Univer$ityreseCanstrat lithologyogs,includes
interpretations offaciesfrom both cuttings and cores collected duritige drilling of each

borehole
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Table2.1: List of offshoreboreholes used in this study for each model, this data was collected from the Basin Database
(http://basin.gdr.nrcan.gc.cal/index_e.php).

BoreholeName Associated Projection Temperature Vitrinite Deviation

NS line  offset (km) Reflectance

Bomet P-23 NS 1100 22.13 Yes Yes No
Glooscap €63 NS 1400 10.30 Yes Yes Yes
Moheida P15 NS 1400 0.20 Yes No No
Mohican F100 NS 1400 16.50 Yes Yes Yes
Torbrook G15 NS 1400 0.10 Yes Yes Yes
Mississauga Fb4 NS 1800 0.17 Yes Yes Yes
Wyandot E53  NS1800 0.04 Yes Yes Yes
Bluenose (47 NS 1800 0.27 Yes Yes Yes
Bluenose 2&17 NS 1800 0.16 Yes Yes Yes
Hesperi52 NS 2000 11.75 Yes Yes No
Hesper P52 NS 2000 11.93 Yes No Yes
Sachem E¥6 NS 2000 3.58 Yes Yes No
South Griffin 13 NS 2000 36.49 Yes Yes Yes

Seismic data for this study includes four seismic lines from the NovaSPAN 2D regional
study of the offshore Scotian Basin. The seismic lines included in this study are NovaSPAN 1100,
1400, 1800, and 2000. These are regional dip seismic lines that exttswliod from the inner
parts of the shelf to beyond the continental slop®N Geophysical provided this dataset
Dalhousie University aridofessor Grant Wach, principal investigatbhese seismic lines are
pre-processed h b Q& w¢ a aidSv@décqledteddn2d0dy the ION/GXT Corp.

Previously completed interpretations of these lingsION and the PR&ere usedas a basifor

this study.
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2.3 Methods

This studyusedthe Petroleum System Modelling softwaPetroMod(Schlumbergérto
model the maturation of possible source rocks of Lower Jurassic age from the offshore regions
of Nova ScotiagPetroModenablesintegration of seismic, welbg, and geological data to model
the evolution of a sedimentary basin. dboftwarepackagepredictsthe timing of hydrocarbon
generationfrom organicrich intervals Thesemodek werebased on the burial and thermal
history, giving outputs of hydrocarbon generatiffigure2.2) (Hantschel and Kauerauf, 2009
In thisstudy, four 2D modelswere constructed to test differetiregions of the Scotian Basin and

arebasedon the NovaSPANeismicihes 1100, 1400, 1800 and 20@®dure2.1, Table2.2).

Input
P ﬂ Stratigraphy
Main Input | Source Rock Propertigs
Lithology
2] PWD
Boundary ST No Yes
Conditions
Heat Flow
3
- ) ) Validation
Simulation
4] 5]
Temperature(simulated) Temperature
Output — , ey well - L
Vitrinite Refl ectance(simulated) Calibration | Vitrinite Reflectance

Figure2.2: Flowchartof methodology.The modelconstructionstarts byinputting known geological data in the following
categories. 1) Main inputs, with stratigraphy, sourceak properties and lithology properties. 2) Boundary conditions, paleo
water depth (PWD), sedimenivater interface temperature (SWIT), and heat flol@nce the model is built it can bsimulated (3),
each simulation has an output (4) depending on the inpwtues (1), and (2). With the output (4) the model must be validated
with measured data fronthe borehole (5), andif it fails validation, the processnust start over again in the input (1) and (2) and
go through the process again. If the validation is in the acceptable ranges, then we &gessiblevalid solution.
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Table2.2: Description of the 2D modelsuilt in this study, with the offshore boreholes associated for each model, and the run
type and migration method of simulation run in these models.

Line I.D. NovaSPAN 110C NovaSPAN 140C NovaSPAN 180C NovaSPAN 200C

Length (km) 184.8 215 283.9 281.0
. Depth 45-9173 29-13000 33-15000 35-16070
min/max (m)
Fine grid 1850 2150 1426 1413
points
Sample grid 1850 2150 1426 1413
points
Valid 46588 68571 39439 38604
elements
Cells in
Depth 28 35 29 28
Layers 28 35 29 28
Run type 2D/3D temperature angbressure
Migration eneration onl
Method 9 y
Boreholes Glooscap &3 Missisauga 54 Hesper 152
used in Bonnet P23 Moheida P15 Wyandot E53 Hesper P52
calibration of Mohican 100 Bluenose &17 Sachem EY6
the model Torbrook G15 Bluenose 2&7  SouthGriffin 313
2.3.1 Input

Beforemodelling, datesetswere assembledor input into PetroModto create the 2D

petroleum system modsl The following list describes thedata setqFigure2.2):

1. Previousseismic interpretatiors and borehole data: existing horizoninterpretations
from previous studiesvere usedas a basis for thistudy (OERA, 2091 These horizons
were imported into PetroModas depth horizonsfor each NovaSPANines except for
NovaSPAN 1800, which they (PFA 2011) donuatel in their report Geologic horizons
of the seismic lindNovaSPAN 180@ere interpreted in Petrel and theimported into

PetroMod.Beaween each horizon, a layeinferredwhichis representative o specific
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geologidnterval Theboreholedatawerethen added Eachgeologidayerwas populated
with lithological propertiesdrom boreholesusinga custom program written irpython
(AppendixQ), to populatethe lithology of eachlayer. The final product was a 2D model
framework which consisted of intpreted seismic lines with age data, lithological data,
and thickness of each layer.

Source rock parametersThese data included hydrogen index (HI) a@othl organic
carbon (TOC) andere collectedrom the outcropat Alt Moussa, Middle Atlas, Morocco
(Tablel.l). Thesedatawere addedto a specific layer in the 2D model which corresponds
to the Lower Jurassic layer.

Paleowater depth (PWD) Paleo water depth were estimated from biostratigraphc
interpretations of inner neritic, outer neritic, bathyal and abyssal environments in the
BASINdatabase combined with paleo-bathymetry ranges defined byweeken and
Moerkerken (2013)Figure2.3). Estimates were croa®ferenced to @static sea level
curves(Haq, Hardenbol and Vail, 1984aqg and Schutter, 200@Figure3.1). The PWD
allowed PetroMod to constrain sedimentation rate sedimentwater interface

temperature (SWIT), antcbmpaction of the sediments durimgodelsimulation.
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tidal shelf slope plain

Figure2.3: Depositional environments for a continental margin setting, modified aftiéeeken and Moerkerken (2013)

4. SedimentWater Interface Temperaturd SWIT)isarequiredcontrolthat constrairsthe
thermalinfluencebetween the sediments and wateluringthe depositionof sediments
The SWIlTwvascalculatedbased on the global mean temperature at sea lay&hg the
method by Wygrala (1989and the PWDThe SWIT interface in PetroMochlculateghe
SWiTbased ormpresentday latitude of the modelln thisstudy, the latitudeis basedn
one offshore borehole for each2D model asinput (Table2.3). The SWiTinterface in
PetroMod calculatesthe paleolatitudeof the offshore borehole based onthe present
day latitude. With the paleolatitude PetroMod calculates the SWIT based on the paleo
global mean temperaturat sea leveand the PWD using th&/ygrala (1989nethod.The
resulting outputis a paleo SWIThapthat is usedasa boundary conditiorin the model
Together the SWIT and the PWD aised toconstrain the boundary conditions of the

modelwhen running the simulation
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Table2.3: Latitudeof the offshoreboreholelocation used tocalculate the palesedimentwater interface temperature
trend in PetroMod

Model Reference Well Latitude (degree)

1100 BonnetP-23 42°
1400 Glooscap &3 43°
1800 Bluenose G17 44°
2000 Sachem EY6 44°

1. Thermal History(paleoheat flow): To calculate the temperatures in theediments
throughout the geologicakime it isessentiato define the thermal historyof the basin
The thermal historys the mostvital portion of petroleum systenmodeling. Heat flow is
the movement of heat from the mantle to the surface. It is measured in the units of
mWatts/m”2 (Hantschel and Kauerauf, 2008oteti et al., 2018 The catulaton of the
palecheat flow isbased on the knowledge of thiénickness of the lithospheric layer
though time.The heat flow from the base of the lithosphere is mainly contrdigdhe
base temperature of thecrust, which is theMoho (1333C), the thickness of the
lithospheric layers and their thermal conductiviti€@mpaction and stretching of the
layersduring the basin historgreates subsidencia turn creating accommodation space
(McKenzie, 197.8Nhite and McKenzie, 1938
To cefine the thermal historytwo boundary conditionsre specifiedl) the SWIT and 2)
the basal heat flowUsingmultiple 1D heat flow trends fromoffshore boreholes is a
methodto calculate the heat flowmap for a 2D model hismethod generates heat flow
maps that implement the McKenzie stretching model aspecific location XD model
from offshoreboreholes). The heat flow may vary &icationsalong a 2Dor 3D model
(shelf, slope and abyssahhis method is useful when there are multiil® modelsalong
with a single 2D lineUnfortunately,the sparsityof the offshoreboreholes in the slop
andabyssal region® this studylimits the ability to creat@ 2Dheat flow mays. PetoMod

hastwo alternative methodto calculate the paleo heat flover 2D and 3D model®oth
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based on the McKenzi€rustal Model for rift basins (McKenzie, 1978Jarvis and

Mckenzie, 198 This methodsapplieddo &8 dza Ay 3 GKS da Gpréegss A S/ NI

in PetroMod.

TheMcKenzie Crustal Modprocesauses the McKengimodel to calculate the heat flow

history of 2D modelddeat flowtrendsareusuallybased orthe knowledge ofithospheric

layer thicknesshrough geological timeTheascendingheat flow from the base of the
lithosphereis mainly controlledby the mantle isotherm, the thickness of the layers and
their thermal conductivity Thecompaction of layerglayer thickness) antithospheric
stretching (McKenzie, 1978White and McKenzie, 198&ffects basinsubsidencelt is
essentiato combinesubsidence, lithospheric stretching and heat flow to calcultetsal
heat flow maps throughout geological tim&his processimplements the timing,
subsidenceand crusal parameters as inputs taalculate stretching factors ando
generatepaleo heat flow mapfor the 2Dor 3Dmodel ThHs enhanced method produces
more optimal stretching factors and better heat flow mafir each model

Within this McKenzie Crual Model, there aretwo methods to calculatesubsidere

inversion for basal heat flow through geological timel) subsidence invesion by

lithosphericlayerthicknessand2) inversion to heat flow. Both methods usgdel inpus
including prerift basement layerthe ageof sedimentdeposition, lithology distribution
and paleowaterdepth.

a. Inversion toa lithospheric layer thickness this method calculates the heat flow at
the base of the sedimentsking into consideration the boundary conditioSWIT
and PWD)The calculation usea two-phase inversionThefirst phaseinverts the
postrift tectonic subsidence to a mantle stretching m@e. inverting the postrift

tectonic subsidence which wasirely driven bycoolingof upwelled asthenospheje
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The second phasases the resulbf the first phase and theimverts the stretchingf
the lithosphere and cooling in the asthenosphere during-$fgrof the basin.These
inversions togetheallowsthe modelling softwarg¢o match the crustal stretching and
tectonic subsidence of thenantle and crustal thickness through timBuring the
simulation the basal heat flow is calculated based lossin evolution throughout
geological time.The advantage of thimethod is that theheat flow is ckulated
throughout geological time taking into consideration the sediment depasiteh will
produce thermal effectsThe disadvantage of this methoelquires a full simulation
to get the basal heat flow

b. Inversion toheat flow: it producesa moresimplisticgeological modelHowever,
does not take into consideration the SWIT andoigis the thermal effects of the
sediments.

For thisstudy, the Inversion to a lithospheric layer thicknge®cessvas usedor 2D

modelling(Table2.4), because of the sparse densityaifshoreboreholes along each of

the NovaSPAMNnes.

Table2.4: Input Value used for McKenzie Crustal Model

SynRift Period (Ma) PostRift Period (Ma)
225-200 180-0
Thickness Crust (m) Thickness Mantle (m) Base Lithosphere Temperature (°C)
32000 93000 1333
Crustal Thickness Ratio
Upper Cust Ratio Lower Crust Ratio
62.5 37.5

2.3.2 Simulation
The simulation process starby restoring the original thickness for each lithostratigraphic

unit, defined by the lithostratigraphic picks, using the batrtkoping method ofatts and Ryan
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(1976) This method quantitativelgstimatesthe depth that the basement wouldavebeenin
the absence of sediment and water loading. Once the original thickness for eackslayer
calculated PetroModsimulatesbasin subsidence by applying compaction, and thermal
properties through the geological time. The resultoaculatedoutput from this process

includes2Dtemperaure and vitrinite reflectance along each of tNevaSPANodeks.

The output generated by theimulation process contains information about burial
history, thermal maturation historythe timing of hydrocarbon generatiorandthe timing of
hydrocarbon expulsion. Although each model has outputs from the simulation, each model must
be calibrated andvalidated withthe offshoreboreholedata (temperature and vitrinite
reflectance)asrespective input valuesignificartly influence each outputFor this study which
focuses on the maturity of theowerJurassisource rocksthe simulation outputs are as follow
the burial history, thermal maturation history, timing of hydrocarbon generation, and timing of

hydrocarbon expulsion.

2.3.3 Salt modelling

Salt reconstruction through time @ssentiaksthe salt dfects the structures,ediment
dispersal along the Scotian Basin, and the thermal maturity of the source(logksand
Shimeld, 2006Goteti et al., 201p To recreate the movement of the salt we need to discern the
salt movement history: where the salt was deposited initially, when did the salt start and cease
movement. Ths study tested both methods of salt modelling that can be used to recreate the
salt mobilization through time. These methods are ¢thélt Reconstructiorf workflow and the

a{Ftd t A&NIDAeytHa is buikigd PetroMod.
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1) Salt Reconstructionvorkflow

Salt reconstruction is an advanced modellimgrkflow. Thismethod reconstrucst salt
movementincrementallythrough geological timgmodifying the salt shapeut preserving salt
volume (or area in a 2D cross sectianyl it is repeated for evertyme eventin the model The
keyassumptions that the salt volume remains constant throughout the geological time
interval. This method requiresimulation, calculation of compaction, and reshaping of salt at
each stage and is very iterative and thmansuming.Thesalt reconstruction workflowvas

testedonly on the NovaSPAN 140@odel
2) a{lfG tASNODAy3IE ¢22f

This salt modelling tool models salt mobilizationdsyimating discete times when the
salt moved and pierced overlying layesnd so is a more efficiemhodédling technique.It also
has the advantage thatanopystructures,or slopingdiapirsthrusted onto younger sediments
can bemoddled. The keystep in this approacisthat a minimum thickness ajverburdenthat
is deposited prior to salt movement must be estimatdthiswasestimatedto be 1.52.5km

basedon numericalmodels(Warsitzka, Kukowski and Kley, 2017
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2.3.4 Calibration

The calibration of a PSM is needed to validate the resiiltse 2D petroleum systems
models Thisvalidationwas doneby comparing calculated and measured data available for the
offshoreboreholes (vitrinite reflectance and temperature). If the calculated data is not within
the range of the measureldoreholedata, the model inputs mugie changedand the
simulation muste rerun (or the data must be challengedyjitrinite refledance is a key method
for identifying the maximum temperature history of sediments in sedimentary b{bow,
1977). It is assumed in this work that theitrinite reflectance is representative of the thermal
history of individual boreholeshoweverlimitationsto this methods have been described in

Bustin (1996)

This process cannot [@itomated since there are too many variablesuch as thermal
heat flowfrom rifting orimpact from salt tectonicdithology(limestone, shale, sandstone)
thickness andquality ofboreholedata. Thesevariables can impact the result of the model
(Hantschel and Kauerauf, 200@ncethere isa satisfactory resulthe model is aeasonable

solution for understanding petroleum systems of the basin.

2.3.5 Uncertainty

To further validate theonfidence of anodel, each modeblas testedwith a Monte Carlo
simulation Probability distributiors of heatflow amount andheat flow timingwere definedand
Monte Carlosimulation(100 trials)then enabled a range afncertaintyin the modelgo be

estimated(see Appendi for results.

Each modelvas testedor uncertainties, PetroMod has a module called PetroRisk.
PetroRisk is a risk management module that runs as a controlling framework on PetroMod

models. This module allows uncertainties in geologic input data that are used as part of the
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construction ofthe model (e.qg. lithofacies properties and distributions, heat flow, source rocks,
and boundary conditions such as erosion and tectonic influences) to be defined and the effects
of these uncertainties on the outcome of the model. An uncertainty wesd run on each model
based on the highest uncertainty parameter, heat flow and time, in our model with these two

parameters Eigure2.4):

1. Heat flowuncertainty: Values are drawn from a probability distribution shift the heat
flow trend of the modelIn thisstudy,a normal distribution was used with a confidence
interval of 10% and 90%ith uncertaintytime frame of 225 Ma to 0 Mand witha 10
and D percentile.

2. Heat flow time shift uncertainty: The heat flow trend of the moddk shiftedin
geological time according to a probability distribution. For thiady, a normal
distribution was used with a set the time shift to be a 10 and 90 percentégenoirmal

distribution ¢6.4 Ma to 6.4 Ma).

Normal(0, 10} Normal(0,5)
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Figure2.4: Normal Gauss distribution for the uncertainty parameter of heat flow and heat flow Time Shift.
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Chapter 3Results

3.1 Introduction

This studyperformed thermaimodelling alongfour shelfto-slope seismic lines. Each
model comprises a seismicatlgrived 2D structural framework, rock properties in each layer
(from wells and analogue outcrops) and input parameters that address heat generation and
escape (heat flowprogressively through time. Threoddling process requires progressive
estimation of water depth and compaction in a simulation procé&ks.outputs for each model
are: palecwater depth historysedimentwater interface temperaturehistory, 1D temperatue
andvitrinite reflectance plots calibrated tboreholedata; then 2D modelling results which
compriseheat flow distribution, temperature distribution, maturation based on Sweeney &
Burnham EASY%Ro (1990) method, transformation ratio, and critical m¢2@&atof potential
hydrocarbons produced from source rock) these modebutputs, the Lower Jurassic source

rockis ofPliensbachiarage

3.2 Paleo Water DeptfPWD)

The following Palewater depth crosssectionscreated using PetMod were basedon
extrapolation of seismic data in conjunction whiostratigraphicdata from selecteaffshore
boreholes, and paleowaterdepth based on eustatic sea level cur{idaq et al., 198/Haq and
Schutter, 2008 Figure3.1 shows thepaleowaterdepth usedas a boundary condition for
NovaSPAN 180@odel Each line within each of the images corresponds to a PWQQeblagic
time. The darkest blue line at the top of each image shows the PWD at 200 Ma. Each

subsequent line represents a PWD at a younger geologic age up until present day.

29



200 Ma »-

89.9 Ma }-

Depth m)
Depth fm]

15000 15000

Mrevomon

Figure3.1: Paleo water depth of each NovaSPAN 188@ch line represents the water depth profile at a given geological time.
These colours between the layers are lithologies assigned to the models. Inset is the Scotian Basin map pointing the lotcation
NovaSPAN 1800 (red arrow).

3.3 SedimenWaterinterface TemperaturéSWIT)

To calculate the SWIThe contemporaneoudatitude of an offshoréoreholewas used
These trendsire basen the paledatitude of an offshoreborehole(Table2.3). The resulting
maps are forthe gobalmeantemperature for theNorthern Americanhemisphere The
paleolatitudeis shown as awhite linebasedon the offshore borehole location for each model

(Figure3.2).
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Global Mean Temperature At Sea Level (based on Wygrala, 1989)
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Figure3.2: White line is the paleo sea level temperature aB2N modernlatitude in the Northernhemisphere near the Norhern
American continenf based orWygrala (1989)

3.4 Uncertainty Tests
Each modelwasrun with aMonte Carlo (MC) simulatioh00 times Sample pointsare
selectedwithout considering previously generated sample points sampling distributionhvidic

a random samplingSee Appendii).

The diagranbelow llustrates the potential uncertainty in depth versus temperature and
depth versus vitrinite reflectancat one of the most uncertain wells Torbrookl8. The green
line is the modelled deptheimperature relationshipandthe pink lines are the P10 and P90
depth-temperature linefrom the Monte Carlo simulation described aboVghat this illustrates
is thatat a depth ofLower Jurassic source roc&lowthe Torbrook G15well (7000 m) there is
uncertainty in temperaturdcalculated temperature of27°Cwith +29°Cto -40°Q andvitrinite
reflectance(calculated 0.82 %Rvith +0.44%Rto -0.27%HR). While the models presented here
estimatesthe temperature and timing of heat flow based on McKenzie Modbekre can be
considerable uncertainties in some instanckes €xamplewhere the potential sources

considereddeeperthan the control well) See Appendi for more details.
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FigureA.1: Uncertainty test results from Monte Carlo simulation for TorbrooklG. The greerline is themodelledline, and pink
lines are P10 and P90.

3.5 1D Models Calibrations

It is necessary toalibrate and tovalidatethe model byplotting the modeldataagainst
boreholedata. The following plots are of temperature versus degihd vitrinite reflectance
versusdepth. Theselots comparemodel resuls againstboreholedata from Basin Database

(See Appendix B)

Temperature datarerecorded durindog runs and typically requires a +10% to + 30%
adjustment to the actual formation temperatur¢BetroMod training course)hese
adjustmentsare indicatedn the temperature plots aborizontal bars from the data point.
Vitrinite reflectancds the measurement ahe incident light reflected on organic particles
(maceral§ in the sedimentary rockJissot and Welte, 1984Vitrinite reflectance is a method
for identifying themaximal thermal historgf sediments Vitrinite reflectanceinterpretations
can bemisleadingBustin, 199%for a variety of reasons thamclude oxidation,borehoke
caving, reworking, stainingmproper vitrinite particlesdentificationanddrillingmud additives.

Measurements often vary depending on individual workers and date.
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1. Bomet P-23
TheBomet P-23is the onlyboreholethat is close to the NovaSPAN 1100. This boreisole

about22.13 km offset from the NovaSPAN 018nd this presented a challengehen
callibratingthe model The comparison between theeasuerddata and model oyput results of
temperature and vitrinite reflectancd~(gure3.3), shows that thecorolationbetween the model
and the borehole data areithin a reasonableonfidnee for both temperature and vitrinite

reflectance plots
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NovaSPAN.100- BonnetP-23

Bonet P-23 Offset Projection (22.13 Km)
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Figure3.3: 1Dmodelsresults forBonnetP-23. The left plot is the temperaturenodel, andthe right plot is the vitrinite reflectanceplot. The solid blue lindgs the modelledtemperature results, the
yellow circles are the data points collected at thmrehole (Appendix B. The red line is thés the vitrinite reflectancemodelledresult based onSweeney & Burnhan1990). Tie orange and green
diamonds arethe vitrinite reflectancedata pointsmeasuredat the borehole (Appendix B.



2. Glooscap €63, Moheida P15, Mohican F100and Torbrook C 15
The followingplots (Figures3.4- 3.7) are the comparison plots for GlooscaH g,
Moheida P15, Mohican4100 and Torbrook C15 models These plots were used to validate the
NovaSPAN 1400 modé&looscap &3 (10.30 km) and MohicarlDO (16.50 km) boreholesre
offsetfrom the NovaSPAN 1400he Torbrook €5 is a shallow borehole in the slope region
that only penetrates the Banquereau Formation. The only borehole that is on the NovaSPAN

1400 is Moheida B5, and for thidorehole there is no vitrinite reflectance data

Thefollowing temperatureplots for these fourboreholes show thatis areasonable fiton
the other handthe vitrinite reflectanceplots, the onlyborehole that the vitrinite reflectance
matchesisthe Torbrook @&3. ForGlooscap>63 the plotmodelslower vitrinite reflectance, but
it follows the same trending of the data, this is possible ttuthemisleading errors that the
vitrinite reflectance may have. For MohicahQO0 thevitrinite reflectance plots higher than the

data points, this could be for either rework of treamplesor caving of the samples.
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NovaSPAN400- Glooscap 63

Glooscap C-63 Offset Projection (10.30 Km) Glooscap C-63 Offset Projection (10.30 Km)
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Figure3.4: 1D models result$or Glooscap 3. The left plot is thetemperature mode| andthe right plot is the vitrinite reflectance plot. The solid blue line is teodelledtemperature results
the yellow circles are the data points collected at thmrehole (Appendix B. The red line is the is thvitrinite reflectance modelledresult based orSweeney & Burnhan1990). The green
diamonds are the vitrinite reflectance data points measured at therehole (Appendix B.
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NovaSPAN400- Moheida R15
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Figure3.5: 1D modelgesults for Moheida P15. The left plot is the temperature modelndthe right plot is the vitrinite reflectance plot. The solid blue line is tineodelledtemperature results
the yellow circles are the data points collected at thmrehole (Appendix B. The red line is theitrinite reflectancemodelledresult based orSweeney & Burnhan{1990). Theravere no vitrinite
reflectance measurements from thisorehole available(Appendix B.
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NovaSPAN400- Mohican F100
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Figure3.6: 1D modelgresults for Mohican 4100. The left plot is the temperature modekndthe right plot is the vitrinite reflectance plot. The solid blue line is thheodelledtemperature results
the yellow circles are the data points collected at thmrehole (Appendix B. The red line is theitrinite reflectancemodelledresult based orSweeney & Burnhan(1990). The green diamonds are
the vitrinite reflectance data points measured at thizorehole (Appendix B.
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Figure3.7: 1D modelgresults for Torbrook €15. The left plot is the temperature modelndthe right plot is the vitrinite reflectance plot. The solid blue line is tieodelledtemperature results
the yellow circles are the data points collected at thmrehole (Appendix B. The red line is theitrinite reflectancemodelledresult based orSweeney & Burnhan(1990). The green diamonds are
the vitrinite reflectance data points measured at thisorehole (Appendix B.



3. Bluenose &47, Blienose 2G47, Missisauga 54 and Wyandot 553
The followingplots (Figures3.8- 3.11) are the comparison plots fdluenose G17,

Bluenose 2&l7, Missisaga H54 and Wyandot 3 models These plots were used to validate
the NovaSPAN 1800 modé&he Missisauga-B4 and Wyandot 53 plotsdoesnot match the
borehole datacomfortably.The vitrinite reflectance data points from these offshore boreholes
were ®llectedin 1973 (See AppendB), at that time the data control was not to standards of
the presentday, andvitrinite reflectance interpretations can be misleadif@ystin, 199%for a
variety of reasons that include: oxidation, borehole caving, reworking, staining, improper
vitrinite particles identification and drilling mud additivédeasurements often vary depending
onindividual Bluenose &7 and Bluenose 2&7, are reasonale plots for the temperature and
vitrinite reflectance. In Bluenose 247, it is observed two differerdata setsand comparing
both datasets in this plot shows that the vitrinite reflectance data can be misleatiimay.
validation of this modelvas basewn Bluenose &7 and Bluenose 2&/. These boreholes
were chosen as validation points for the model becailay are in closg proximity and give
the nearest control pointso the slope and abyssal regioasd, therefore, wouldnostlikely
resemble any pential Lower Jurassic source rock material from these two distal regions within

the basin.
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Figure3.8: 1D modelgresults for Bluenose &7.The left plot is the temperature modeland the right plot is the vitrinite reflectance plot. The solid blue line is tineodelledtemperature results,
the yellow and pink circles are the data points collected at therehole (Appendix B. The red line is theitrinite reflectancemodelledresult based orSweeney & Burnhani1990). The green
diamonds are the vitrinite reflectance datpoints measured at théborehole (Appendix B.
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Figure3.9: 1D modelgesults for Bluense G47.The left plot is the temperature modeland the right plot is the vitrinite reflectance plot. The solid blue line is tmeodelledtemperature results
the yellow circles are the data points collected at thmrehole (Appendix B. The red line is theitrinite reflectancemodelledresult based orSweeney & Burnhan(1990). The green diamonds are
the vitrinite reflectance data points measured at thizorehole (Appendix B.
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NovaSPAN 800- Missisauga Fb4
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Figure3.10: 1D modelsresults for Missisauga $34. The left plot is the temperature modekndthe right plot is the vitrinite reflectance plot. The solid blue line is tineodelledtemperature
results, the yellow and pink circles are the data points collected at t@ehole (Appendix B. The red line is theitrinite reflectancemodelledresult based orSweeney & Burnhan(1990). The

green diamonds are the vitrinite reflectance data points measured at therehole (Appendix B.




144

NovaSPAN 800- Wyandot E53
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Figure3.11: 1D modelgesults for Wyandot E53. The left plot is the temperature modelndthe right plot is the vitrinite reflectance plot. The solid blue line is timeodelledtemperature results,
the yellow and pink circles are the data points collected at therehole (Appendix B. The red line is theitrinite reflectancemodelledresult based onSweeney & Burnhan1990). The green
diamonds are the vitrinite reflectance data points measured at therehole (Appendix B.




4. Hesper 152, Hesper P52, Sachenb -76 and South Griffin-13
The followingplots (Figures3.12- 3.15) are comparison plots for HespeisR, Hesper P

52, Sachem E¥6 and South Griffin I3 models These plots were used to validate the
NovaSPAN 2000 modé&heboreholeSouth Griffin 13 is an offsebborehole, about 36.49 km.
TheSouth Griffin <13 plotsshowto be amismatchin the temperatureplot. This mismatcls
probably dueto the cooling of the formation from the mud while drillingihe borehole of
Hesper P52 had no vitrinite reflectance dataAlthoughthe Hesper-b2, whichis adjacent to
Hesper 52, the modelplots for temperature and vitrinite reflectance matches reasonabliye
Sachem E¥6 borehole is along the NovaSPANe modelplots are areasonakbe fit for both

temperature and vitrinite.
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NovaSPANOOO- Hesper 152
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Figure3.12: 1D modelsesults for Bluenose &7.The left plot is the temperature modelndthe right plot is the vitrinite reflectance plot. The solid blue line is timeodelledtemperature results,
the yellow and pink circles are the data points collected at therehole (Appendix B. The red line is theitrinite reflectancemodelledresult based onSweeney & Burnhani1990). The green
diamonds are the vitrinite reflectance data points measured at therehole (Appendix B.
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Figure3.13: 1D modelsesults for Bluenose €&7.The left plot is the temperature modelndthe right plot is the vitrinite reflectance plot. The solid blue line is timeodelledtemperature results
the yellow is the data points collected at théorehole (Appendix B. The red line is theitrinite reflectancemodelledresult based orSweeney & Burnhani1990). Theravere no vitrinite
reflectance measurements from thisorehole available(Appendix B.
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Figure3.14: 1D modelgesults for Sachem 6. The left plot is the temperature modelndthe right plot is the vitrinite reflectance plot. The solid blue line is tineodelledtemperature results
the yellow isthe data points cdected at theborehole (Appendix B. The red line is theitrinite reflectancemodelledresult based orSweeney & Burnhani1990).The green diamonds are the
vitrinite reflectance data points measured at theorehole (Appendix B.
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Figure3.15: 1D modelsesults for South Griffin-13. The left plot is the temperature modekndthe right plot is the vitrinite reflectance plot. The solid blue line is tineodelledtemperature
results, the yellow is the data points collected at thénorehole (Appendix B. The red line is theitrinite reflectancemodelledresult based on Sweene§ Burnham(1990). The green diamonds are
the vitrinite reflectance data points measured at thieorehole (Appendix B.



3.6 2DNovaSPAMNodels

The followingcrosssectionsare the results from th@D models of théNovaSPANThese
crosssedions showthe heat flow,the temperature the maturity, the transformation atio and
the critical moment of thepotential Lower Jurassisource rock.The heat floncrosssection
shows the distribution of vertical heat flow within the mod€&he temperaturecrosssection
showsthe temperature distributionwithin the model. Thenaturity crosssectiondisplays
vitrinite reflectancedistribution using the EASY%Ro algorithfter Sweeney and Burnham
(1990) The transformation rati@rosssection displaythe percentage of thaotal potential
primary generatiorof the potential Lower Jurassgource rockhat hasbeen generatedThe
critical momentcrosssectionpresentsthe time when theLower Jurassisource rock readctd a
20% transformation ratiophich isan estimate of the time at which thpetroleum system

becomeseffectiveregardinggeneration, migration and accumulatian this study

1. NovaSPAN.100

Heat Flowand Temperature

The heat flow crossection shows the distribution of heat that is being transferred
vertically within the mode(Figure3.16). Themodeltakes intoconsideration the burial history
and the crustal heat flow history, with the therm@dnductivity from the lithology from the
moded. This crossectiondisplayshe impact that the salt has on the modaireating hot spots
on the cusp of the salt diapirhese higheheat flowsalso impacts the temperatureross
sectionin the model Asobservedin the model (Figure3.17) the temperaturegradientbeing

pushed dowrat the bottom of thediapir andbumped up ain the top o the salt diapits
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Figure3.16: Model of heatflow distribution for NovaSPAN 1100 lin&he data points indicate théeat flow value of the potential Lower Jurassic source rock layer. The white areas are the salt
structures from the Argo Formation.
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Figure3.17: Model of temperature distributionfor NovaSPAN 1100 lin&he data poinsindicate the temperature value of the potential Lower Jurassic source rock layiére white areas are the
salt structuresfrom the Argo Formation.



Maturity Range Transformation Ratiand Critical Moment

The maturitycrosssectionis the vitrinite reflectancenodelledafter the EASY%Ro
algorithm(Sweeney and Burnham, 199This crosssectiondemonstrates that the Lower
Jurassic rockare within the maturity oil window Figure3.18) andhavethe potentialto be a
source rock Testing this model with the different kerogéypes(Tablel.1), the model
demonstratesa range ofesults dependingiponthe kerogen typeof the Lower Jurassic source
rock The transformation rati@rosssectionis a quantitative transformation measureemt of
organic material into hydrocarbons based on total organic carborhgddogen indexn the
organicrichrock. In theserosssectiors (Figures3.19- 3.21), five different source rock intervals
canbe observed but the focus of this study is specifically the bottoost layer, which is the
representative of the Lower Jurassic source rddke. Laver Jurassic source rogkalso a close
NBLINBaSyidldAzy G2 GKS & 26SNJ WdzNI & a A OThése Y LI SE¢
transformation ratio crossectionsdemonstratea broadrangeof results depending upon the
source rock kerogen typendlocation along the lineTheccritical momentcrosssectiore isthe
agewhen the source rock had generat2% of the convertible kerogemwhich is the age when
the transformation ratioof the source rockvas 20%Figures3.22- 3.24). The following set of

crosssectiors demonstrateghe criticalmomentfor eachmodeled kerogen typgTablel.1).
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Figure3.18: Model of vitrinite reflectancedistribution for NovaSPAN 1100 he data points indicate theitrinite reflectancevaluebased on theSweeney and Burnham (199@)jgorithm for the
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Figure3.19: Model of transformation ratio for Pliensbachian source rock (Type Hdr NovaSPAN 1100 linélere we can observe the five different sourcecksin the model the Lower Jurassic
source rock is théottommost layer. The data points indicate the percentage tife value of hydrocarbons generated from the potential Lower Jurassic source rock layer.
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Figure3.20: Model of transformation ratio for Pliensbachian source rock (Typeftl) NovaSPAN 1100 linélere we can observe the five different source rocks in the modeé¢ Lower Jurassic

source rock is théottommost layer. The data points indicate the percentage tife value of hydrocarbons generated frorthe potential Lower Jurassic source rock layer.
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Figure3.21: Model of transformation ratio for Pliensbachian source rock (Typél) NovaSPAN 1100 linélere we can observe the five different source rocks in the mode¢ Lower Jurassic
source rock is théottommost layer. The data points indicate the percentage tife value of hydrocarbons generated from the potential Lower Jurassic source rock layer.
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source rock is théottommost layer. The data points indicate theritical momentage thatthe potential Lower Jurassic had generatégdrocarbonsexceeding the threshold
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NovaSPAN.100¢ Critical Moment (Pliensbachian Source Roglpe II)
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source rock is théottommost layer. The data points indicate the critical moment age that the potential Lower Jurassic had generated hydrocarbons exctetithreshold.
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Figure3.24: Model of the critical moment for the Pliensbachian source rock (Type 1) for NovaSPAN 1H)6i&ne we can observe the five different source rocks in the mqoded Lower Jurassic
source rock is théottommost layer. The data points indicate the critical moment age that the potential Lower Jurassic had generated hydrocarbons exctetithreshold.



2. NovaSPANA400

Heat Flow and Temperature

The heat flow crossection shows the distribution of heat that is beingnsferred
vertically within the mode(Figure3.25). The model takes into consideration the burial history
and the crustal heat flow history, witthé thermal conductivity from the lithology from the
model. This crossection displays the impact that the salt has on the model, creating hot spots
on the cusp of the salt diapirs, these higher heat flows also impacts the temperature cross
section in themodel. As observed ithe model (Figure3.26) the temperature gradient being

pushed down at the bottom of thdiapirand bumped up at in the top o thealt diapirs
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Figure3.25: Model of heat flow distribution for NovaSPAN 1400 lin€he data points indicate the heat flow value of the potential Lower Jurassic source rock layerwhite aeas are the salt
structures from the Argo Formation.
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Figure3.26: Model of temperature distribution for NovaSPAN 1400 linEhe data points indicate théemperature value of the potential Lower Jurassic source rock layidre white areas are the
salt structures from the Argo Formation.




Maturity Range, Transformation Ratio and Critical Moment

The maturity crossection is the vitrinite reflectancmodelledafter the EASY%Ro
algorithm(Sweeney and Burnham, 199This crossectiondemonstrateghat the Lower
Jurassic rockare within the maturity oil window(Figure3.27) and have theotentialto be a
source rock. Testing this model with the different kerogen tyJeblel.1), the model
demonstrates a range of results depending upon the kerogen type of the Lower Jurassic source
rock.The transformation ratio crossection is a quantitative transformation measurement of
organic material into hydrocarbormsed on total organic carbon and hydrogen index in the
organicrichrock. In these crossections(Figures3.28- 3.30), five different source rock intervals
canbe observedbut the focus of this study is specifically the bottommost layer, which is the
representative of the Lower Jurassic source rddie Lower Jurassic source roclgo a close
NBLINBaSyidldAzy G2 GKS &a[ 26SNJ WdzN»F aaA 0 / 2YLIX SE¢
transformation ratio crossectionsdemonstratea broadrange ofresults depending upon the
a2dz2NOS NRBO] 1SNR3ISY (el yR f20r@8@yArA2yeyHda ik
agewhen the source rock had generated 20% of the convertible kerogen, which is the age when
the transformation ratio of the sourcenck was 20%Figures3.31- 3.33. The following set of

crosssectiondlllustratesthe critical moment for each modelled kerogen tygeblel.1).
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Figure3.27: Model of vitrinite reflectancedistribution for NovaSPAN 1400 lin&he data points indicate theitrinite reflectancevalue based on th&weeney and Burnham (199@)gorithm for

the potential Lower Jurassic source rock layer. The white areas are the salt structures from the Argo Formation. The patewea Jurassic source rock is in the oil window.
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Figure3.28: Model of transformation ratio for Pliensbachian source rock (Typeftif) NovaSPAN 1400 linéiere we can observe the five different source rocks in the modeé Lower Jurassic
source rock is théottommost layer. The data points indicate the percentage tife value of hydrocarbons generated from the potential Lower Jurassic source rock layer.
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Figure3.29: Model of transformation ratio for Pliensbachian source rock (Typedh) NovaSPAN 1400 linélere we can obserr the five different source rocks in the modehe Lower Jurassic
source rock is théottommost layer. The data points indicate the percentage tife value of hydrocarbons generated from the potential Lower Jurassic source rock layer.
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Figure3.30: Model of transformation ratio for Pliensbachian source rock (Typéol) NovaSPAN 1400 linélere we can observe the five different source rocks in the moded Lower Jurassic
source rock is théottommost layer. The data points indicate the percentags the value of hydrocarbons generated from the potential Lower Jurassic source rock layer.
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Figure3.31: Model of the critical moment for the Pliensbachian source rock (Type Ill) for NovaSPAN 14061éne we can observe the five different source rockglie model the Lower Jurassic
source rock is théottommost layer. The data points indicate the critical moment age that the potential Lower Jurassic had generated hydrocarbons exctetithreshold.
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Figure3.32: Model of the critical moment for the Pliensbachian source rock (Type Ill) for NovaSPAN 1406ikne we can observe the five different source rocks in the modeé¢ Lower Jurassic
source rock is théottommost layer. The data points indicate the critical moment age that the potential Lower Jurassic had generated hydrocarbons exctetithreshold.
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Figure3.33: Model of the critical moment for the Pliensbachian source rock (Type 1) for NovaSPAN 1406i&ne we can observihe five different source rocks in the modgthe Lower Jurassic
source rock is théottommost layer. The data points indicate the critical moment age that the potential Lower Jurassic had generated hydrocarbons exctetithreshold.



3. NovaSPANS800

Heat Flow and Temperature

The heat flow crossection shows the distribution of heat thegtbeing transfered
vertically within the mode(Figure3.34). The model takes into consideration the burial history
and the crustal heat flow history, with the thermal conductivity from the lithology from the
model. This crossection displays the inget that the salt has on the model, creating hot spots
on the cusp of the salt diapirs, these higher heat flows also impacts the temperature cross
section in the model. As observedtire model (Figure3.35) the temperature gradient being

pushed down at the bottom of thdiapirand bumped up at in the top o the salt diapirs
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Figure3.34: Model of heat flowdistribution for NovaSPAN 1800 lindhe data points indicate the heat flow value of the potential Lower Jurassic source rock layerwhite areas are the salt
structures from the Argo Formation.
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Figure3.35: Model of temperéure distribution for NovaSPAN 1800 lin&he data points indicate the temperature value of the potential Lower Jurassic source rock layer. The white areas are the

salt structures from the Argo Formation.



Maturity Range, Transformation Ratio and Critical Moment

The maturity crossection is the vitrinite reflectance modelled after the EASY%Ro
algorithm(Sweeney and Burnham, 1990 his crossectiondemonstrateshat the Lower
Jurassic rockare within the maturity oil window(Figure3.36) and have thepotentialto be a
source rock. Testing this model with the different kerogen tygeblel.1), the model
demonstrates a range of results depending upon the kerogen type of the Lower Jurassic source
rock.The transformation ratio crossection is a quantitative transformation measurement of
organic material into hydrocarbons based on total organic carbon and hydrogen index in the
organicrichrock. In these crossections(Figures3.37- 3.39), five different source rock inteals
canbe observedbut the focus of this study is specifically the bottommost layer, which is the
representative of the Lower Jurassic source rddie Lower Jurassic source roclso a close
NBLINBaSyidldAzy (G2 (KS a&[FAsdnNd fovdeikiscuraeirddk. Thas¥ L)t S E £
transformation ratio crossectionsdemonstratea broadrange ofresults depending upon the
a2dz2NOS NRBO] 1SNR3ISY (el yR f20r@8@yArA2yeyHda ik
agewhen the source rock hagenerated 20% of the convertible kerogen, which is the age when
the transformation ratio of the source rock was 2(Bigures3.40- 3.42). The following set of

crosssections demonstrates the critical moment for each modelled kerogen fyaelé¢l.1).
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Figure3.36: Model of vitrinite reflectancedistribution for NovaSPAN 1800 lin&he data points indicate theitrinite reflectancevalue based on th&Sweeney and Burnham (199@)gorithm for
the potential Lower Jurassic source rock layer. The white areas are the salt structures from the Argo Formation. The patewea Jurassic source rock is in the oil.
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Figure3.37: Model of transformation ratio for Pliensbachian source rock (Typeftf) NovaSPAN 1800 linélere we can observe the five different source rocks in the modeé Lower Jurassic
source rock is thévottommost layer. Thedata points indicate the percentage dhe value of hydrocarbons generated from the potential Lower Jurassic source rock layer.

























































































































































































































































































































































