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Abstract 

A mature source rock is the key element in a petroleum system and it is the critical risk 
when exploring in undrilled areas where there are very few direct indications of hydrocarbons 
(either from surface seeps or seismic data). On the Scotian Margin, there are proven offshore 
commercial hydrocarbon fields in Jurassic and Cretaceous reservoirs that have geochemical 
characteristics consistent with proven Upper Jurassic source rocks - but the unequivocal linkage 
between source and reservoir has not been demonstrated. (Silva, Wong and Wach, 2015; 
Fowler, Webb, Obermajer et al., 2016). Below this proven interval, in rocks of Lower and Middle 
Jurassic age, source rocks are abundant globally, related to restricted marine and lacustrine 
depositional environments associated with the break-up 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 petroleum systems that are 
currently undiscovered. The objective of this study is to address this technical problem through 
2D thermal modelling. This study integrates source rock geochemistry and depositional history 
from proven source rocks in Morocco (the conjugate margin) with basin modelling of the Scotian 
Margin in a more detailed approach than previous studies, such as the 2011 Play Fairway 
Analysis (PFA). These models test 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 2D Petroleum System 
models on four shelf-to-slope regional seismic lines (NovaSPAN 1100, 1400, 1800 and 2000) 
using PetroMod software, together with new data from the 2011, 2015 and 2016 Nova Scotia 
Department of Energy sponsored Play Fairway Analysis, and outcrop data from Aït Moussa in 
the Middle Atlas, Morocco. Several organic-rich intervals have been identified along the 
Mesozoic conjugate margins of the Central and North Atlantic. The similarity of the depositional 
environments and paleogeography of the Scotian margin with the conjugate Western European 
and Northwest African domains, which contain proven Lower Jurassic source rock successions, 
suggests the presence of a similar interval in the offshore Scotian margin. If present, there is 
uncertainty in the source rock characteristics (quantity, quality, and maturity). With ongoing and 
future petroleum exploration offshore Nova Scotia, resolving these uncertainties is necessary to 
reduce the risks associated with exploration. In this study, the software PetroMod 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 the ION NovaSPAN geophysical 
dataset (NVR1-1100, NVR1-1400, NVR1-1600, NVR1-2000). In each model, different source rock 
variables (hydrogen index and total organic carbon) were used based on data from the High and 
Middle Atlas Basins (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 mobilization. The Lower Jurassic interval has a 
range of maturity and potential for generation of hydrocarbons. The transformation ratio 
(organic matter to hydrocarbons) varies throughout the Scotian Basin when modelled with 
different types of kerogen. Data limitations are recognized as only five 2D seismic lines are used 
to map the maturity of the Scotian Basin.  
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Chapter 1: Introduction 

1.1 Introduction 

A mature source rock is the key element in a petroleum system and is often the critical 

risk when exploring undrilled areas ς particularly in areas like Eastern Canada offshore where 

there are few direct indications of hydrocarbons from geophysics or surface seeps. On the 

Scotian Margin (Figure 1.1), the presence of Upper Jurassic petroleum source rocks and active 

petroleum systems are proven by drilling and commercial production in the Sable Sub-Basin. 

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

globally (Wach, Silva, O'Connor et al., 2018), related to restricted marine and lacustrine 

depositional environments associated with the break-up of Pangea. It is uncertain whether 

source rocks of this age are present on the Scotian Margin. This study integrates source rock 

geochemistry and depositional history from proven source rocks in Morocco (the conjugate 

margin) with basin modelling of the Scotian Margin to produce a more detailed approach than 

existing studies, such as the Play Fairway Analysis (OERA, 2011).  

άtŜǘǊƻƭŜǳƳ ǎȅǎǘŜƳ ƳƻŘŜƭƭƛƴƎέ όt{aύ ƛǎ ŀ ƳŜǘƘƻŘ ŦƻǊ ŜǾŀƭǳŀǘƛƻƴ ƻŦ ǎƻǳǊŎŜ ǊƻŎƪ ƳŀǘǳǊƛǘȅ. 

This method is used here to investigate the thermal maturity of Lower Jurassic sediments 

containing possible source rocks in the Scotian Basin (there are only a few penetrations at the 

updip margin of the basin). The study is based on five shelf-slope regional seismic lines (ION 

Geophysical) (Figure 1.1). Four of these were modelled in this study; the other line 

interpretation was provided by a colleague (Xinyue Hu, research assistant at Basin and 

Reservoir, Dalhousie University). Geological knowledge 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 source rocks is 
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addressed by considering depositional environments in the Scotian Basin and its conjugate, the 

Moroccan Margin, where source rocks of this age are exposed - specifically at Aït Moussa in the 

Middle Atlas. These organic-rich sediments are interpreted to be deposited in an oxygen 

depleted depositional environment, resulting in a high-quality source rock of Pliensbachian age 

(Sachse, Leythaeuser, Grobe et al., 2012).  

In addition to Aït Moussa, proven Lower Jurassic petroleum source rocks in Morocco 

occur in the Prerif Basin and Middle Atlas (Sachse et al., 2012); and several oils in the Tarfaya 

and Essaouira Basins (Morocco) are thought to be sourced from Jurassic age carbonates 

(Morabet, Bouchta and Jabour, 1998; Sachse et al., 2012). The Jurassic organic-rich intervals 

observed on the Western European and African conjugate margins suggest that exploration for 

hydrocarbons in Atlantic Canada can test new and alternative play concepts (Silva et al., 2015). 

 
Figure 1.1: Location of the Study Area. The coloured lines are the NovaSPAN lines, and the red dots are the offshore boreholes 

used for this study. This project is a contributing part of the Source Rock & Geochemistry of the Central Atlantic Margins study. 

The 2D petroleum systems models in this study are NovaSPAN 1100 (Red Line), NovaSPAN 1400 (Green Line), NovaSPAN 1800 

(Blue Line), and NovaSPAN 2000 (Teal Line). 

NovaSPAN 1100 NovaSPAN 1400

NovaSPAN 1800

NovaSPAN 2000
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This study complements and expands previous petroleum systems models (PFA;(OERA, 

2011, 2015, 2016)); it presents a series of 1D and 2D models of the potential Lower Jurassic 

source rock in the Scotian Basin, testing multiple scenarios, using the commercial software 

package PetroMod version 2018.1, (courtesy of Schlumberger Limited). In Morocco, 

geochemical and organic petrographic analysis of the Upper Pliensbachian organic-rich outcrop 

in the Middle Atlas region suggest high productivity conditions, with oxygen-depleted, but not 

anoxic, bottom waters (Sachse et al., 2012). This organic matter is mostly associated with 

marine-derived organic matter (algal/bacterial) (Sachse et al., 2012), and are also known from 

other regions around the world such as Portugal (Silva and Duarte, 2015).  

The models presented here predict the level of thermal maturity of potential Lower 

Jurassic source rocks in the Sable Sub-Basin. Based on Aït Moussa, Morocco outcrop data this 

study uses a broader range of parameters for the Lower Jurassic source rocks than previous 

studies (Figure 1.2 and Table 1.1), and also considers source rocks of kerogen Type I, Type II and 

Type III. These parameters are based on fieldwork at Aït Moussa (Figure 1.3). 

Table 1.1: Source rock geochemical properties used as the parameter inputs for the Lower Jurassic Source Rock interval in 

PetroMod (Wach et al., 2018).  

Lower Jurassic Source Rock Properties 

Kerogen HI (mgHC/gTOC) TOC Source Rock Kinetic 

Type I 800 5% Behar et al. (1997)_TI(GRS)-cs 

Type II 400 3% Behar et al. (1997)_TII(PB)-cs 

Type III 200 3% Vandenbroucke et al. (1999)_TIII(NorthSea)-cs 
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Figure 1.2: Rock-Eval Pyrolysis graph from the data collected at Aït Moussa, Morocco. This graph shows data points (red), ranging 

from hydrogen index (HI) of 200-800 mgHC/gTOC, Type I-Type III kerogen (Silva, Duarte, Gómez et al., 2017b). 

For comparison, a similar study referred to as the Play Fairway Analysis (PFA) (OERA, 

2011, 2015, 2016) used a hydrogen index of 600 mg CO2/g TOC with a TOC of 3% or 5%. The 

source rock analysis of the PFA study was based on a data set extrapolated from offshore 

boreholes Venture B-13 and Weymouth A-45 (Nova Scotia), M-02 and DSDP 547B (Morocco), 

and Heron H-73 (Newfoundland), and outcrops at Peniche (Portugal) and Sidi Rhalem Essaouira 

oils (Morocco). However, they did not consider depositional environment variations or different 

sources of the organic materials. The Deep Sea Drilling Project Leg 79, site 547B (offshore 

Morocco) showed several immature Lower Jurassic organic-rich levels kerogen Type III (Wach et 
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al., 2018). In the Play Fairway Analysis, the Early Jurassic Source Complex was άƛƴŦŜǊǊŜŘ ōȅ 

analogy to source rocks recognized on the conjugate margins of Newfoundland and Nova Scotia, 

ƛƴ tƻǊǘǳƎŀƭ ŀƴŘ aƻǊƻŎŎƻέ (OERA, 2011).  

This thesis is part of a more extensive research program, ά{ƻǳǊŎŜ wƻŎƪ ϧ DŜƻŎƘŜƳƛǎǘǊȅ ƻŦ 

the Central Atlantic Marginsέ, led by the Basin and Reservoir Lab, Dalhousie University, under 

the direction of Professor Grant Wach (Wach et al., 2018). 

1.2 Problem Statement, Objective and Hypothesis 

There are proven commercial hydrocarbons offshore Nova Scotia in Jurassic and 

Cretaceous reservoirs that have geochemical characteristics consistent with proven Upper 

Jurassic source rocks, but the unequivocal linkage between source and reservoir has not been 

demonstrated (Silva et al., 2015; Fowler et al., 2016). Lower Jurassic source rocks are proven in 

the conjugate margin in Morocco, and it is possible that similar Lower Jurassic source rocks are 

present on the Scotian Margin and may contribute to proven hydrocarbons systems, or, may be 

the source of undiscovered hydrocarbon systems on the Scotian Basin. However, they have not 

been confirmed through drilling. Even if similar Lower Jurassic source rocks could be 

demonstrated on the Scotian margin, their effectiveness would be dependent on the thermal 

history of the margin. The objective of this study is to address this technical problem through 2D 

thermal modelling. Products from modelling include a series of maps showing thermal maturity, 

current temperature and heat flow (impacted by salt), and critical moment and hydrocarbon 

generation of Type I, Type II and Type III 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 effective hydrocarbon system. To 
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test this hypothesis, it is necessary to determine if there is a similar tectonic history, heat flow, 

and sediment thickness for both (Scotian and Moroccan) conjugate margins.  

1.3 Thesis Organization 

This thesis is organized into the following chapters. Chapter 1 comprises the introduction, 

problem statement, objective, geological background and previous studies. Chapter 2 

introduces previous data and the methods used in this study. Chapter 3 contains the results of 

each 2D model and subsequent maps. This study results in multiple thermal models constructed 

from NovaSPAN 1100, NovaSPAN 1400, NovaSPAN 1800 and NovaSPAN 2000 seismic lines (and 

NovaSPAN 1600 in subsequent maps). The 2D results comprise a set of cross-sections that 

model heat flow, temperature, maturity, and critical moment. Accompanying these 2D results, 

there are 1D model extractions which comprise transformation ratio plots at specific locations 

on the continental margin, and temperature and vitrinite reflectance plots that are compared to 

borehole data. These results are discussed in Chapter 4 for each 2D modelled line and 1D 

extraction and then summarized and synthesized for the study area, which covers a major 

portion of the Scotian Basin. Chapter 5 presents the conclusions and future work from this 

study. Appendices present larger format figures and videos (supplemental files), 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 Permo-Triassic rift basins extend along the conjugate Atlantic 

margins of eastern North America, northwestern Africa, and Europe. These basins formed 

during the Permian to Triassic breakup of the Pangean supercontinent (Olsen, 1997; Withjack, 

Schlische and Olsen, 2012; Leleu, Hartley, van Oosterhout et al., 2016). The basins along the 
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eastern margin of North America are collectively known as the Eastern North American Rift 

System (ENARS). These buried and exposed rift basins extend over 3000 km from Florida to the 

eastern Grand Banks, offshore Newfoundland. Based on the tectonic style and sedimentary 

deposition within these basins, the ENARS was divided into the southern, central, and northern 

segments (Withjack et al., 2012 and references within).  

The Scotian Basin, located in the Atlantic offshore region of Nova Scotia, comprises the 

northernmost part of the ENARS central segment (Withjack et al., 2012). The Scotian Basin 

contains a record of 250 Ma of episodic sedimentation, comprises a maximum sedimentary 

thickness of about 15 km, and covers an area of approximately 280,000 km2 (Wade and 

MacLean, 1990). The basin comprises several sub-basins, from southwest to northeast: 

Shelburne, Sable, Abenaki, and Laurentian Sub-Basins (Wade and MacLean, 1990; Withjack et 

al., 2012). 

The Scotian Basin stratigraphy is a classic record of the transition from rift to passive 

margin, with syn-rift phase punctuated by a breakup unconformity followed by a post-rift  and 

thermal sag phases. Notable additional features include the continental scale Abenaki carbonate 

bank in Middle to Late Jurassic which was effectively terminated by Late Cretaceous Sable Delta 

clastic influx that resulted from the Avalon uplift to the (Jansa and Wade, 1975; Wade and 

MacLean, 1990). 

The earliest sediments deposited in the Scotian Basin comprise Triassic to Early Jurassic 

alluvial, fluvial, lacustrine, and evaporitic successions deposited in continental lowlands and 

shallow marine environments under arid to semi-arid climatic conditions (Figure 1.3) (Jansa and 

Wade, 1975; Wade and MacLean, 1990). The break-up unconformity is marked by the bottom of 

the Jurassic (Figure 1.4). From the Lower to the Upper Jurassic, the basin was filled by marine 
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transgressions, depositing carbonates and clastic sediments in two phases. The first phase is the 

continental and marine clastics of the Mohican Formation located inboard of the marine 

dolomites of the Iroquois Formation. The second phase is the marine clastics of the Mohawk 

and Mic Mac Formations which transition seaward to carbonates of the Abenaki Formation at 

the shelf margin (the Abenaki Carbonate Bank) (Figure 1.4). Distal shale equivalents of these 

lithostratigraphic formations are found in the Verrill Canyon Formation. In the Late Jurassic, sea-

floor spreading continued, the ocean became broader and deeper but, in addition, the Avalon 

uplift to the north caused a massive influx of clastic sediment that diluted the Abenaki 

Carbonate Bank, and led to sediment loading, 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 canopies (Jansa and Wade, 1975; Wade and 

MacLean, 1990; Ings and Shimeld, 2006; Campbell, 2010). This influx of clastics continued until 

late Cretaceous. At that time, prolific deltaic sedimentation (Missisauga Formation) was 

interrupted by a major marine transgression in the Aptian (Naskapi Member of Logan Canyon 

Formation) and then a return to deltaic and progressively more estuarine depositional settings 

(Logan Canyon Formation) (Figure 1.4). Transgression and deepening culminated in shales of the 

Dawson Canyon Formation, which was subsequently overlain by marls and chalky mudstones of 

the Wyandot Formation in response sea level rise at the end of the Cretaceous (Wade and 

MacLean, 1990). During the Cenozoic, and above the Wyandot Formation, a progradational 

system of sandstones, mudstones and marls (Banquereau Formation) deposited (McIver, 1972). 

During the Quaternary glacial drift and stratified proglacial material of the Laurentian 

Formation overlain the Banquereau Formation (Jansa and Wade, 1975)(Figure 1.4). 
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Figure 1.3: Paleogeographic reconstruction of the Lower Jurassic (Wach et al., 2018) showing the location of Aït Moussa. 

  
Figure 1.4: Composite comparison of two stratigraphic charts. On the left is the Central Atlantic Nova Scotia stratigraphy modified 

after Olsen (1997); Weston, MacRae, Ascoli et al. (2012); (Campbell, 2018). On the right is the stratigraphy of the conjugate 

margin of Central Atlantic Morocco modified after Tari and Jabour (2013). 

Aït Moussa 
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Conjugate Margin ς Morocco 

Depositional history on the conjugate margin of Morocco is similar to the Scotian margin 

(Figure 1.4). The oldest Mesozoic sediments in the Tarfaya Basin, Morocco are of Lower Triassic 

Age. During the opening of the North Atlantic (Late Triassic ς Early Jurassic), the Scotian and 

Moroccan margins developed grabens and half-grabens caused by an extension. The Triassic Age 

sediments in the Tarfaya Basin are similar to the Scotian Basin (boreholes Eurydice P-36 and 

Mohican I-100) and composed of red conglomerates and sandstones (Hafid, Tari, Bouhadioui et 

al., 2008). During extension, syn-rift clastic sediments were deposited on both the Scotian and 

Moroccan margins. The breakup of Africa from North America took place during the Lower 

Jurassic forming the proto-Atlantic Ocean (Figure 1.3). 

After the breakup similar deposits are seen on both stratigraphic charts. On the Moroccan 

Margin carbonates (Ankoult Formation) transition into distal clastic sediments, similar to the 

Scotian Basin, where the Iroquois Formation (carbonates) transition into the Mohican Formation 

and distally into the Verrill Canyon Formation (clastics) (Figure 1.4). During the Upper Jurassic to 

Lower Cretaceous, the Moroccan Basin had sediment input from the Tan Tan deltaic system 

(Hafid et al., 2008). Along the Scotian Margin, several deltaic systems developed during the 

Cretaceous (Wade and MacLean, 1990). Salt mobilization was initiated by the thickening of the 

Moroccan Basin deposits (Tari and Jabour, 2013). Similarly, thick clastic sediment packages in 

the Scotian Basin (Missisauga, Logan Canyon, Verrill Canyon formations) induced salt 

mobilization in the Scotian Basin (Ings and Shimeld, 2006; Deptuck and Kendell, 2012; Deptuck 

and Kendell, 2017). A noteworthy difference between the Scotian and Moroccan Margin 

depositional history occurred during the Cretaceous (Figure 1.4). On the Scotian Margin the Late 

Jurassic Avalon Uplift event is associated with the start of seafloor spreading between North 

America (Grand Banks) and Western Europe (Iberia) (Wade and MacLean, 1990). On the 
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Moroccan Margin, the Atlasic Uplift during the Late Cretaceous and deposited siliciclastics in the 

basin (Louden, Wu and Tari, 2013) (Figure 1.4). 

1.5 Previous Studies 

The Scotian Basin has been actively studied since 1959 by government agencies, 

academia and industry to understand the tectonic, depositional, and hydrocarbon history. The 

stratigraphy of the Scotian Basin has been described in detail by Jansa and Wade (1975), Wade 

and MacLean (1990), MacLean and Wade (1993), and recently by Weston et al. (2012) (Figure 

1.4).  

Regional thermal history is a crucial component of hydrocarbon exploration as 

hydrocarbons require sufficient heat and time to transform the organic matter (Magoon and 

Dow, 1994; Allen and R., 2013). Previous 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, 1980; Beaumont, Keen and Boutilier, 1982; Keen and Beaumont, 1990; 

Williamson, Courtney, Keen et al., 1995; Goteti, Beaumont and Ings, 2013). Additional studies 

suggest that salt can influence the thermal history and maturity of source rocks 

(Mukhopadhyay, 2006; Goteti et al., 2013). The Scotian Basin has basal deposits of salt (Argo 

Formation), with the subsequent development of mini-basins due to sediment loading and salt 

mobilization. The salt also created thermal variations which impact the maturity of a source rock 

(Ings, 2006; MacDonald, 2009; Goteti, Ings and Beaumont, 2012; Goteti et al., 2013).  

Seismic inversion studies for the source rock evaluation on the organic-rich intervals of 

the Scotian Basin indicate that low acoustic impedance may provide indirect evidence of source 

rock presence and active or late-stage hydrocarbon generation from below borehole 

penetrations or from outside the study area (Morrison, 2017).  
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Petroleum System Models from other studies suggest that Lower Jurassic source rocks (if 

present) in the Scotian Basin are within the oil window (50 ς мрл х/ύ and base this conclusion on 

data collected from the Scotian margin (condensate and fluid inclusions from offshore 

boreholes), the Moroccan margin (offshore and onshore oil samples and offshore collected 

core), Peniche in Portugal (outcrop), and offshore Newfoundland (oil samples from boreholes) 

(OERA, 2011, 2015, 2016). Other approaches to model the thermal history include work by 

Negulic (2010); Negulic and Louden (2017) who used seafloor temperature data and predicted 

the maturation of a hypothetical Late Jurassic source rock within the oil window.  

A study by Mukhopadhyay (2006) speculated that Early Jurassic rocks in the Scotian Basin 

comprise lacustrine / marine kerogens (Type I ς II) which were subjected to high heat flow 

owing to sediment loading and salt mobilization.  

1.6 Source Rock 

Source rocks are defined as organic-rich sediments that originate in various sedimentary 

environments and are one of the essential elements of a petroleum system and must often a 

key risk element when exploring new frontier areas (Magoon and Dow, 1994). The term source 

rock is applied to any rock unit containing sufficient organic matter with an appropriate 

chemical composition to generate and expel hydrocarbons via biogenic or thermal processes, 

irrespective of the degree of maturation (e.g.Tissot and Welte, 1984; Suarez-Ruiz, Flores, 

Mendonca et al., 2012 and references therein). A source rock is characterized by 1) amount of 

organic matter preserved (preservation is mainly controlled by oxygen content which is related 

to depositional environment); 2) quality and type of organic matter capable of yielding 

hydrocarbons (mainly controlled by the depositional environment); and 3) thermal maturity of 

organic matter (dependent on burial history) (e.g. Tissot and Welte, 1984). 
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The slope and deep water have significant unproven reserves of hydrocarbon potential 

although major exploration investments in 2D and 3D seismic, regional studies, and drilling 

(OERA, 2011) have not resulted in commercial discoveries. There are 121 exploratory offshore 

boreholes across the entire Scotian Basin, mostly concentrated in the productive Sable Sub-

Basin which has been extensively explored (73 boreholes). Historically, drilling focused on the 

successful rollover anticlinal structures (gas) in the Sable sub-Basin, yet the source rock and 

timing of hydrocarbon generation and migration pathways are not fully understood (Silva et al., 

2015). Identifying source rocks on the Scotian Margin has been a considerable challenge for 

both known and suspected intervals (Barss, Bujak, Wade et al., 1980; Powell, 1985; 

Mukhopadhyay and Wade, 1990; Wade and MacLean, 1990; Bell and Campbell, 1990; Kidston, 

Brown, Altheim et al., 2002; OERA, 2011). None of these studies proved a Lower Jurassic source 

rock due to a lack of borehole data in the Lower Jurassic intervals of interest (located deeper in 

subsurface than has been drilled). 

The PFA constructed a petroleum systems models, based on observations (oils and 

condensates) and data from neighbouring basins such as Morocco (Sachse et al., 2012) and 

Portugal (Silva, Duarte, Comas-Rengifo et al., 2011), suggesting Lower Jurassic source rocks may 

exist. Although their presence is unproven in the Scotian Basin, they should be considered based 

on the conjugate Morocco margin data. However, when modelling the Scotian Basin, their initial 

parameters were on a limited data set extrapolated from offshore boreholes (Nova Scotia and 

Morocco) and few outcrops (Morocco and Portugal). Recent research and fieldwork from the 

Basin and Reservoir Lab refined these initial source rock parameters by providing better 

constraints on hydrogen indices, total organic carbon and organic matter types (Campbell, 2010; 

Morrison, 2017; Silva, Carlisle and Wach, 2017a). In Morocco, geochemical and organic 

petrography analyses of the Upper Pliensbachian organic-rich outcrop in the Middle Atlas region 
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suggest high productivity conditions, with oxygen-depleted, but not anoxic, bottom waters 

(Sachse et al., 2012). Further discussion of source rock parameters are in 3.8section 4.1 Source 

Rock Parameters. 
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Chapter 2: Data and Methods 

2.1 Introduction 

The following sections outline the data and methods used in this study. This project uses a 

combination of seismic and borehole data along with and previous seismic and borehole 

interpretations from various sources (Figure 2.1). This data is used to produce thermal 

maturation models for offshore Nova Scotia using petroleum system modelling software 

PetroMod. 

2.2 Data 

Data and interpretations from 13 offshore boreholes from the Scotian Basin were used as 

input parameters and calibration of the models (Table 2.1). The deepest penetrations of these 

offshore boreholes reached the Middle Jurassic section. The borehole selection emphasized 

proximity to the NovaSPAN lines modelled in this study (Table 2.1). Borehole data includes 

formation picks, deviation, biostratigraphy, geological age, total organic carbon (TOC), hydrogen 

index (HI), and vitrinite reflectance (VR). These data were accessed from an online repository 

known as the BASIN Database maintained by the Geological Survey of Canada 

(http://basin.gdr.nrcan.gc.ca/) (Appendix A and Appendix B). Digital lithology logs were provided 

by Canstrat Ltd (kindly donated to Dalhousie University). These Canstrat lithology logs, includes 

interpretations of facies from both cuttings and cores collected during the drilling of each 

borehole.  
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Table 2.1: List of offshore boreholes used in this study for each model, this data was collected from the Basin Database 

(http://basin.gdr.nrcan.gc.ca/index_e.php). 

Borehole Name Associated 
NS line 

Projection 
offset (km) 

Temperature Vitrinite 
Reflectance 

Deviation 

Bonnet P-23 NS 1100 22.13 Yes Yes No 

Glooscap C-63 NS 1400 10.30 Yes Yes Yes 

Moheida P-15 NS 1400 0.20 Yes No No 

Mohican I-100 NS 1400 16.50 Yes Yes Yes 

Torbrook C-15 NS 1400 0.10 Yes Yes Yes 

Mississauga H-54 NS 1800 0.17 Yes Yes Yes 

Wyandot E-53 NS 1800 0.04 Yes Yes Yes 

Bluenose G-47 NS 1800 0.27 Yes Yes Yes 

Bluenose 2G-47 NS 1800 0.16 Yes Yes Yes 

Hesper I-52 NS 2000 11.75 Yes Yes No 

Hesper P-52 NS 2000 11.93 Yes No Yes 

Sachem D-76 NS 2000 3.58 Yes Yes No 

South Griffin J-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 extend outbound from the inner 

parts of the shelf to beyond the continental slope. ION Geophysical provided this dataset to 

Dalhousie University and Professor Grant Wach, principal investigator. These seismic lines are 

pre-processed LhbΩǎ w¢a ǘŜŎƘƴƻƭƻƎȅ and were collected in 2003 by the ION/GXT Corp. 

Previously completed interpretations of these lines by ION and the PFA were used as a basis for 

this study. 
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Figure 2.1: Composite map of sediment thickness map of the Scotian Basin, with contrasting salt tectonic styles. 2D seismic lines of the NovaSPAN are shown in dark gray colour, with boreholes in 

red dots, salt structures are in irregular shapes in colour light gray, yellow and pink. (Louden, Tucholke and Oakey, 2004; Deptuck and Kendell, 2012)

Dataset 
¶ 4 NovaSPAN Lines used  

NovaSPAN 1100 (Red) 
NovaSPAN 1400 (Green) 
NovaSPAN 1800 (Blue) 
NovaSPAN 2000 (Teal) 

¶ 13 Offshore Boreholes  
Deepest penetration Middle Jurassic 

NovaSPAN 1100

NovaSPAN 1400

NovaSPAN 1800

NovaSPAN 2000
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2.3 Methods 

This study used the Petroleum System Modelling software PetroMod (Schlumberger) to 

model the maturation of possible source rocks of Lower Jurassic age from the offshore regions 

of Nova Scotia. PetroMod enables integration of seismic, well-log, and geological data to model 

the evolution of a sedimentary basin. The software package predicts the timing of hydrocarbon 

generation from organic-rich intervals. These models were based on the burial and thermal 

history, giving outputs of hydrocarbon generation (Figure 2.2) (Hantschel and Kauerauf, 2009). 

In this study, four 2D models were constructed to test different regions of the Scotian Basin and 

are based on the NovaSPAN seismic lines 1100, 1400, 1800 and 2000 (Figure 2.1, Table 2.2). 

3

Simulation

4

Temperature (simulated)

Vitrinite Re ectance fl (simulated)
Output

5

Temperature

Vitrinite Re ectancefl

Well
Calibration

2 PWD

SWIT

Heat Flow

Input
Stratigraphy

Source Rock Properties

Lithology

Main Input

Boundary
Conditions

1

 
Figure 2.2: Flowchart of methodology. The model construction starts by inputting known geological data in the following 

categories. 1) Main inputs, with stratigraphy, source rock properties and lithology properties. 2) Boundary conditions, paleo-

water depth (PWD), sediment-water interface temperature (SWIT), and heat flow. Once the model is built it can be simulated (3), 

each simulation has an output (4) depending on the inputs values (1), and (2). With the output (4) the model must be validated 

with measured data from the borehole (5), and if it fails validation, the process must 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 have a possible valid solution. 

Validation 

Yes No 
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Table 2.2: Description of the 2D models built 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 1100 NovaSPAN 1400 NovaSPAN 1800 NovaSPAN 2000 

Length (km) 184.8 215 283.9 281.0 

Depth 
min/max (m) 

45 - 9173 29 - 13000 33 - 15000 35 - 16070 

Fine grid 
points 

1850 2150 1426 1413 

Sample grid 
points 

1850 2150 1426 1413 

Valid 
elements 

46588 68571 39439 38604 

Cells in 
Depth 

28 35 29 28 

Layers 28 35 29 28 

Run type 2D/3D temperature and pressure 

Migration 
Method 

generation only 

Boreholes 
used in 

calibration of 
the model 

Bonnet P-23 

Glooscap C-63 
Moheida P-15 
Mohican I-100 
Torbrook C-15 

Missisauga H-54 
Wyandot E-53 
Bluenose G-47 
Bluenose 2G-47 

Hesper I-52 
Hesper P-52 
Sachem D-76 

South Griffin J-13 

 

2.3.1 Input  

Before modelling, data sets were assembled for input into PetroMod to create the 2D 

petroleum system models. The following list describes these data sets (Figure 2.2): 

1. Previous seismic interpretations and borehole data: existing horizon interpretations 

from previous studies were used as a basis for this study (OERA, 2011). These horizons 

were imported into PetroMod as depth horizons for each NovaSPAN lines except for 

NovaSPAN 1800, which they (PFA 2011) do not model in their report. Geologic horizons 

of the seismic line NovaSPAN 1800 were interpreted in Petrel and then imported into 

PetroMod. Between each horizon, a layer is inferred which is representative of a specific 
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geologic interval. The borehole data were then added. Each geologic layer was populated 

with lithological properties from boreholes using a custom program written in python 

(Appendix C), to populate the lithology of each layer. The final product was a 2D model 

framework which consisted of interpreted seismic lines with age data, lithological data, 

and thickness of each layer.  

2. Source rock parameters: These data included hydrogen index (HI) and total organic 

carbon (TOC) and were collected from the outcrop at AÏt Moussa, Middle Atlas, Morocco 

(Table 1.1). These data were added to a specific layer in the 2D model which corresponds 

to the Lower Jurassic layer. 

3. Paleo water depth (PWD): Paleo water depths were estimated from biostratigraphic 

interpretations of inner neritic, outer neritic, bathyal and abyssal environments in the 

BASIN database, combined with paleo-bathymetry ranges defined by Veeken and 

Moerkerken (2013) (Figure 2.3). Estimates were cross-referenced to eustatic sea level 

curves (Haq, Hardenbol and Vail, 1987; Haq and Schutter, 2008) (Figure 3.1). The PWD 

allowed PetroMod to constrain sedimentation rate, sediment-water interface 

temperature (SWIT), and compaction of the sediments during model simulation. 
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Figure 2.3: Depositional environments for a continental margin setting, modified after Veeken and Moerkerken (2013). 

4. Sediment-Water Interface Temperature (SWIT): is a required control that constrains the 

thermal influence between the sediments and water during the deposition of sediments. 

The SWIT was calculated based on the global mean temperature at sea level using the 

method by Wygrala (1989) and the PWD. The SWIT interface in PetroMod calculates the 

SWIT based on present-day latitude of the model. In this study, the latitude is based on 

one offshore borehole for each 2D model as input (Table 2.3). The SWIT interface in 

PetroMod calculates the paleolatitude of the offshore borehole, based on the present-

day latitude. With the paleolatitude, PetroMod calculates the SWIT based on the paleo 

global mean temperature at sea level and the PWD using the Wygrala (1989) method. The 

resulting output is a paleo SWIT map that is used as a boundary condition in the model. 

Together the SWIT and the PWD are used to constrain the boundary conditions of the 

model when running the simulation.  
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Table 2.3: Latitude of the offshore borehole location used to calculate the paleo sediment-water interface temperature 

trend in PetroMod  

Model Reference Well Latitude (degree) 

1100 Bonnet P-23 42° 

1400 Glooscap C-63 43° 

1800 Bluenose G-47 44° 

2000 Sachem D-76 44° 

 

1. Thermal History (paleo-heat flow): To calculate the temperatures in the sediments 

throughout the geological time it is essential to define the thermal history of the basin. 

The thermal history is the most vital portion of petroleum system modelling. 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, 2009; Goteti et al., 2013). The calculation of the 

paleo-heat flow is based on the knowledge of the thickness of the lithospheric layer 

though time. The heat flow from the base of the lithosphere is mainly controlled by the 

base temperature of the crust, which is the Moho (1333°C), the thickness of the 

lithospheric layers and their thermal conductivities. Compaction and stretching of the 

layers during the basin history creates subsidence in turn creating accommodation space 

(McKenzie, 1978; White and McKenzie, 1988).  

To define the thermal history, two boundary conditions are specified 1) the SWIT and 2) 

the basal heat flow. Using multiple 1D heat flow trends from offshore boreholes is a 

method to calculate the heat flow map for a 2D model. This method generates heat flow 

maps that implement the McKenzie stretching model at a specific location (1D model 

from offshore boreholes). The heat flow may vary at locations along a 2D or 3D model 

(shelf, slope and abyssal). This method is useful when there are multiple 1D models along 

with a single 2D line. Unfortunately, the sparsity of the offshore boreholes in the slope 

and abyssal regions in this study limits the ability to create a 2D heat flow maps. PetroMod 

has two alternative methods to calculate the paleo heat flow for 2D and 3D models, both 
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based on the McKenzie Crustal Model for rift basins (McKenzie, 1978; Jarvis and 

Mckenzie, 1980). This method is applied ōȅ ǳǎƛƴƎ ǘƘŜ άaŎYŜƴȊƛŜ /Ǌǳǎǘŀƭ aƻŘŜƭέ process 

in PetroMod. 

The McKenzie Crustal Model process uses the McKenzie model to calculate the heat flow 

history of 2D models. Heat flow trends are usually based on the knowledge of lithospheric 

layer thickness through geological time. The ascending heat flow from the base of the 

lithosphere is mainly controlled by the mantle isotherm, the thickness of the layers and 

their thermal conductivity. The compaction of layers (layer thickness) and lithospheric 

stretching (McKenzie, 1978; White and McKenzie, 1988) affects basin subsidence. It is 

essential to combine subsidence, lithospheric stretching and heat flow to calculate basal 

heat flow maps throughout geological time. This process implements the timing, 

subsidence and crustal parameters as inputs to calculate stretching factors and to 

generate paleo heat flow maps for the 2D or 3D model. This enhanced method produces 

more optimal stretching factors and better heat flow maps for each model.  

Within this McKenzie Crustal Model, there are two methods to calculate subsidence 

inversion for basal heat flow through geological time: 1) subsidence inversion by 

lithospheric layer thickness and 2) inversion to heat flow. Both methods use model inputs 

including pre-rift basement layer, the age of sediment deposition, lithology distribution, 

and paleowater depth. 

a. Inversion to a lithospheric layer thickness: this method calculates the heat flow at 

the base of the sediments taking into consideration the boundary conditions (SWIT 

and PWD). The calculation uses a two-phase inversion. The first phase inverts the 

post-rift tectonic subsidence to a mantle stretching map (i.e. inverting the post-rift 

tectonic subsidence which was purely driven by cooling of upwelled asthenosphere). 
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The second phase uses the result of the first phase and then inverts the stretching of 

the lithosphere and cooling in the asthenosphere during syn-rift  of the basin. These 

inversions together allows the modelling software to match the crustal stretching and 

tectonic subsidence of the mantle and crustal thickness through time. During the 

simulation, the basal heat flow is calculated based on basin evolution throughout 

geological time. The advantage of this method is that the heat flow is calculated 

throughout geological time taking into consideration the sediment deposits which will 

produce thermal effects. The disadvantage of this method requires a full simulation 

to get the basal heat flow. 

b. Inversion to heat flow: it produces a more simplistic geological model. However, it 

does not take into consideration the SWIT and ignores the thermal effects of the 

sediments. 

For this study, the Inversion to a lithospheric layer thickness process was used for 2D 

modelling (Table 2.4), because of the sparse density of offshore boreholes along each of 

the NovaSPAN lines. 

Table 2.4: Input Value used for McKenzie Crustal Model. 

Syn-Rift Period (Ma) Post-Rift 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 starts by restoring the original thickness for each lithostratigraphic 

unit, defined by the lithostratigraphic picks, using the back-stripping method of Watts and Ryan 
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(1976). This method quantitatively estimates the depth that the basement would have been in 

the absence of sediment and water loading. Once the original thickness for each layer is 

calculated, PetroMod simulates basin subsidence by applying compaction, and thermal 

properties through the geological time. The resulting calculated output from this process 

includes 2D temperature and vitrinite reflectance along each of the NovaSPAN models. 

The output generated by the simulation process contains information about burial 

history, thermal maturation history, the timing of hydrocarbon generation, and the timing of 

hydrocarbon expulsion. Although each model has outputs from the simulation, each model must 

be calibrated and validated with the offshore borehole data (temperature and vitrinite 

reflectance) as respective input values significantly influence each output. For this study which 

focuses on the maturity of the Lower Jurassic source rocks, the 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 is essential as the salt affects the structures, sediment 

dispersal along the Scotian Basin, and the thermal maturity of the source rocks (Ings and 

Shimeld, 2006; Goteti et al., 2013). 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. This study tested both methods of salt modelling that can be used to recreate the 

salt mobilization through time. These methods are the ά{alt Reconstructionέ workflow and the 

ά{ŀƭǘ tƛŜǊŎƛƴƎέ ǘƻƻƭ component that is built into PetroMod. 
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1) Salt Reconstruction workflow 

Salt reconstruction is an advanced modelling workflow. This method reconstructs salt 

movement incrementally through geological time, modifying the salt shape, but preserving salt 

volume (or area in a 2D cross section) and it is repeated for every time event in the model. The 

key assumption is that the salt volume remains constant throughout the geological time 

interval. This method requires simulation, calculation of compaction, and reshaping of salt at 

each stage and is very iterative and time-consuming. The salt reconstruction workflow was 

tested only on the NovaSPAN 1400 model. 

2)  ά{ŀƭǘ tƛŜǊŎƛƴƎέ ¢ƻƻƭ 

This salt modelling tool models salt mobilization by estimating discrete times when the 

salt moved and pierced overlying layers, and so is a more efficient modelling technique. It also 

has the advantage that canopy structures, or sloping diapirs thrusted onto younger sediments 

can be modelled. The key step in this approach is that a minimum thickness of overburden that 

is deposited prior to salt movement must be estimated. This was estimated to be 1.5-2.5 km 

based on numerical models (Warsitzka, Kukowski and Kley, 2017). 
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2.3.4 Calibration 

The calibration of a PSM is needed to validate the results of the 2D petroleum systems 

models. This validation was done by comparing calculated and measured data available for the 

offshore boreholes (vitrinite reflectance and temperature). If the calculated data is not within 

the range of the measured borehole data, the model inputs must be changed, and the 

simulation must be rerun (or the data must be challenged). Vitrinite reflectance is a key method 

for identifying the maximum temperature history of sediments in sedimentary basins (Dow, 

1977). It is assumed in this work that the vitrinite reflectance is representative of the thermal 

history of individual boreholes, however limitations to this methods have been described in 

Bustin (1996). 

This process cannot be automated since there are too many variables, such as thermal 

heat flow from rifting or impact from salt tectonics, lithology (limestone, shale, sandstone), 

thickness, and quality of borehole data. These variables can impact the result of the model 

(Hantschel and Kauerauf, 2009). Once there is a satisfactory result, the model is a reasonable 

solution for understanding petroleum systems of the basin. 

2.3.5 Uncertainty 

To further validate the confidence of a model, each model was tested with a Monte Carlo 

simulation. Probability distributions of heat flow amount and heat flow timing were defined and 

Monte Carlo simulation (100 trials) then enabled a range of uncertainty in the models to be 

estimated (see Appendix D for results). 

Each model was tested for 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 



 

28 

construction of the model (e.g. 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 test was run on each model 

based on the highest uncertainty parameter, heat flow and time, in our model with these two 

parameters (Figure 2.4): 

1. Heat flow uncertainty: Values are drawn from a probability distribution shift the heat 

flow trend of the model. In this study, a normal distribution was used with a confidence 

interval of 10% and 90% with uncertainty time frame of 225 Ma to 0 Ma, and with a 10 

and 90 percentile. 

2. Heat flow time shift uncertainty: The heat flow trend of the model is shifted in 

geological time according to a probability distribution. For this study, a normal 

distribution was used with a set the time shift to be a 10 and 90 percentile of a normal 

distribution (-6.4 Ma to 6.4 Ma).  

 
Figure 2.4: Normal Gauss distribution for the uncertainty parameter of heat flow and heat flow Time Shift.  
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Chapter 3: Results 

3.1 Introduction 

This study performed thermal modelling along four shelf-to-slope seismic lines. Each 

model comprises a seismically-derived 2D structural framework, rock properties in each layer 

(from wells and analogue outcrops) and input parameters that address heat generation and 

escape (heat flow) progressively through time. The modelling process requires progressive 

estimation of water depth and compaction in a simulation process. The outputs for each model 

are: paleo-water depth history, sediment-water interface temperature history, 1D temperature 

and vitrinite reflectance plots calibrated to borehole data; then 2D modelling results which 

comprise heat flow distribution, temperature distribution, maturation based on Sweeney & 

Burnham EASY%Ro (1990) method, transformation ratio, and critical moment (20% of potential 

hydrocarbons produced from source rock). In these model outputs, the Lower Jurassic source 

rock is of Pliensbachian age. 

3.2 Paleo Water Depth (PWD) 

The following Paleo water depth cross-sections created using PetroMod were based on 

extrapolation of seismic data in conjunction with biostratigraphic data from selected offshore 

boreholes, and paleowater depth based on eustatic sea level curves (Haq et al., 1987; Haq and 

Schutter, 2008). Figure 3.1 shows the paleowater depth used as a boundary condition for 

NovaSPAN 1800 model. Each line within each of the images corresponds to a PWD at a geologic 

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. 
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Figure 3.1: Paleo water depth of each NovaSPAN 1800. Each 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 location of 

NovaSPAN 1800 (red arrow). 

3.3 Sediment-Water Interface Temperature (SWIT) 

To calculate the SWIT the contemporaneous latitude of an offshore borehole was used. 

These trends are based on the paleolatitude of an offshore borehole (Table 2.3). The resulting 

maps are for the global mean temperature for the Northern American hemisphere. The 

paleolatitude is shown as a white line based on the offshore borehole location for each model 

(Figure 3.2).  

NovaSPAN 1800 

Paleo water depth 
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Figure 3.2: White line is the paleo sea level temperature at 43°N modern latitude in the Northern hemisphere near the Northern 

American continent, based on Wygrala (1989). 

3.4 Uncertainty Tests 

Each model was run with a Monte Carlo (MC) simulation 100 times. Sample points are 

selected without considering previously generated sample points sampling distribution, which is 

a random sampling (See Appendix D). 

The diagram below illustrates the potential uncertainty in depth versus temperature and 

depth versus vitrinite reflectance at one of the most uncertain wells Torbrook C-15. The green 

line is the modelled depth temperature relationship, and the pink lines are the P10 and P90 

depth-temperature lines from the Monte Carlo simulation described above. What this illustrates 

is that at a depth of Lower Jurassic source rock below the Torbrook C-15 well (7000 m) there is 

uncertainty in temperature (calculated temperature of 127°C with +29°C to -40°C) and vitrinite 

reflectance (calculated 0.82 %Ro with +0.44%Ro to -0.27%Ro). While the models presented here 

estimates the temperature and timing of heat flow based on McKenzie Models, there can be 

considerable uncertainties in some instances (for example where the potential source is 

considered deeper than the control well). See Appendix D for more details. 

End Triassic Lat 25° 
S.L. Temp 24°C 

Latitude Versus S.L. Temperature Through Time 

End Jurassic Lat 40° 
S.L. Temp 24°C 

End Cretacous Lat 45° 
S.L. Temp 22°C 
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Torbrook C-15  

 
Figure A.1: Uncertainty test results from Monte Carlo simulation for Torbrook C-15. The green line is the modelled line, and pink 

lines are P10 and P90. 

3.5 1D Models Calibrations 

It is necessary to calibrate and to validate the model by plotting the model data against 

borehole data. The following plots are of temperature versus depth, and vitrinite reflectance 

versus depth. These plots compare model results against borehole data from Basin Database 

(See Appendix B).  

Temperature data are recorded during log runs and typically requires a +10% to + 30% 

adjustment to the actual formation temperatures (PetroMod training course). These 

adjustments are indicated in the temperature plots as horizontal bars from the data point. 

Vitrinite reflectance is the measurement of the incident light reflected on organic particles 

(macerals) in the sedimentary rocks (Tissot and Welte, 1984). Vitrinite reflectance is a method 

for identifying the maximal thermal history of sediments. Vitrinite reflectance interpretations 

can be misleading (Bustin, 1996) for a variety of reasons that include: oxidation, borehole 

caving, reworking, staining, improper vitrinite particles identification and drilling mud additives. 

Measurements often vary depending on individual workers and date. 

  

P10 

P90 

P10 

P90 
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1. Bonnet P-23 

The Bonnet P-23 is the only borehole that is close to the NovaSPAN 1100. This borehole is 

about 22.13 km offset from the NovaSPAN 1100, and this presented a challenge when 

callibrating the model. The comparison between the measuerd data and model output results of 

temperature and vitrinite reflectance (Figure 3.3), shows that the corolation between the model 

and the borehole data are within a reasonable confidnece for both temperature and vitrinite 

reflectance plots.  



 

 
 

3
4 

NovaSPAN 1100 - Bonnet P-23 

 
Figure 3.3: 1D models results for Bonnet P-23. The left plot is the temperature model, and the right plot is the vitrinite reflectance plot. The solid blue line is the modelled temperature results; the 

yellow circles are the data points collected at the borehole (Appendix B). The red line is the is the vitrinite reflectance modelled result based on Sweeney & Burnham (1990). The orange and green 

diamonds are the vitrinite reflectance data points measured at the borehole (Appendix B). 

¶ Temperature points come 
from log runs and are 
typically required +10-+30% 
adjustment to actual 
formation temperatures. 

¶ Vitrinite reflectance 
measurements are 
potentially unreliable. 

¶ Possible reasons include 
oxidation, caving, reworking, 
staining and mud additives. 

¶ Measurements often vary 
depending on individual 

workers and date. 
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2. Glooscap C-63, Moheida P-15, Mohican I-100 and Torbrook C- 15 

The following plots (Figures 3.4 - 3.7) are the comparison plots for Glooscap C-63, 

Moheida P-15, Mohican I-100 and Torbrook C- 15 models. These plots were used to validate the 

NovaSPAN 1400 model. Glooscap C-63 (10.30 km) and Mohican I-100 (16.50 km) boreholes are 

offset from the NovaSPAN 1400. The Torbrook C-15 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 P-15, and for this borehole, there is no vitrinite reflectance data. 

The following temperature plots for these four boreholes show that is a reasonable fit, on 

the other hand, the vitrinite reflectance plots, the only borehole that the vitrinite reflectance 

matches is the Torbrook C-63. For Glooscap C-63 the plot models lower vitrinite reflectance, but 

it follows the same trending of the data, this is possible due to the misleading errors that the 

vitrinite reflectance may have. For Mohican I-100 the vitrinite reflectance plots higher than the 

data points , this could be for either rework of the samples or caving of the samples. 
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NovaSPAN 1400 - Glooscap C-63 

 
Figure 3.4: 1D models results for Glooscap C-63. The left plot is the temperature model, and the right plot is the vitrinite reflectance plot. The solid blue line is the modelled temperature results; 

the yellow circles are the data points collected at the borehole (Appendix B). The red line is the is the vitrinite reflectance modelled result based on Sweeney & Burnham (1990). The green 

diamonds are the vitrinite reflectance data points measured at the borehole (Appendix B).  

¶ Temperature points come 
from log runs and are 
typically required +10-+30% 
adjustment to actual 
formation temperatures. 

¶ Vitrinite reflectance 
measurements are 
potentially unreliable. 

¶ Possible reasons include 
oxidation, caving, reworking, 
staining and mud additives. 

¶ Measurements often vary 
depending on individual 

workers and date. 
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NovaSPAN 1400 - Moheida P-15 

 
Figure 3.5: 1D models results for Moheida P-15. The left plot is the temperature model, and the right plot is the vitrinite reflectance plot. The solid blue line is the modelled temperature results; 

the yellow circles are the data points collected at the borehole (Appendix B). The red line is the vitrinite reflectance modelled result based on Sweeney & Burnham (1990). There were no vitrinite 

reflectance measurements from this borehole available (Appendix B).  

¶ No Vitrinite reflectance 
measurements  ¶ Temperature points come 

from log runs and are 
typically required +10-+30% 
adjustment to actual 
formation temperatures. 
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NovaSPAN 1400 - Mohican I-100 

 
Figure 3.6: 1D models results for Mohican I-100. The left plot is the temperature model, and the right plot is the vitrinite reflectance plot. The solid blue line is the modelled temperature results; 

the yellow circles are the data points collected at the borehole (Appendix B). The red line is the vitrinite reflectance modelled result based on Sweeney & Burnham (1990). The green diamonds are 

the vitrinite reflectance data points measured at the borehole (Appendix B).

¶ Temperature points come 
from log runs and are 
typically required +10-+30% 
adjustment to actual 
formation temperatures. 

¶ Vitrinite reflectance 
measurements are 
potentially unreliable. 

¶ Possible reasons include 
oxidation, caving, reworking, 
staining and mud additives. 

¶ Measurements often vary 
depending on individual 

workers and date. 
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NovaSPAN 1400 - Torbrook C-15 

 
Figure 3.7: 1D models results for Torbrook C-15. The left plot is the temperature model, and the right plot is the vitrinite reflectance plot. The solid blue line is the modelled temperature results; 

the yellow circles are the data points collected at the borehole (Appendix B). The red line is the vitrinite reflectance modelled result based on Sweeney & Burnham (1990). The green diamonds are 

the vitrinite reflectance data points measured at the borehole (Appendix B). 

¶ Temperature points come 
from log runs and are 
typically required +10-+30% 
adjustment to actual 
formation temperatures. 

¶ Vitrinite reflectance 
measurements are 
potentially unreliable. 

¶ Possible reasons include 
oxidation, caving, reworking, 
staining and mud additives. 

¶ Measurements often vary 
depending on individual 
workers and date. 
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3. Bluenose G-47, Bluenose 2G-47, Missisauga H-54 and Wyandot E-53 

The following plots (Figures 3.8 - 3.11) are the comparison plots for Bluenose G-47, 

Bluenose 2G-47, Missisauga H-54 and Wyandot E-53 models. These plots were used to validate 

the NovaSPAN 1800 model. The Missisauga H-54 and Wyandot E-53 plots does not match the 

borehole data comfortably. The vitrinite reflectance data points from these offshore boreholes 

were collected in 1973 (See Appendix B), at that time the data control was not to standards of 

the present day, and vitrinite reflectance interpretations can be misleading (Bustin, 1996) for a 

variety of reasons that include: oxidation, borehole caving, reworking, staining, improper 

vitrinite particles identification and drilling mud additives. Measurements often vary depending 

on individual. Bluenose G-47 and Bluenose 2G-47, are reasonable plots for the temperature and 

vitrinite reflectance. In Bluenose 2G-47, it is observed two different data sets and comparing 

both datasets in this plot shows that the vitrinite reflectance data can be misleading. The 

validation of this model was based on Bluenose G-47 and Bluenose 2G-47. These boreholes 

were chosen as validation points for the model because they are in closest proximity and give 

the nearest control points to the slope and abyssal regions and, therefore, would most likely 

resemble any potential Lower Jurassic source rock material from these two distal regions within 

the basin. 
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NovaSPAN 1800 - Bluenose G-47 

 
Figure 3.8: 1D models results for Bluenose G-47. The left plot is the temperature model, and the right plot is the vitrinite reflectance plot. The solid blue line is the modelled temperature results, 

the yellow and pink circles are the data points collected at the borehole (Appendix B). The red line is the vitrinite reflectance modelled result based on Sweeney & Burnham (1990). The green 

diamonds are the vitrinite reflectance data points measured at the borehole (Appendix B).  

¶ Temperature points come 
from log runs and are 
typically required +10-+30% 
adjustment to actual 
formation temperatures. 

¶ Vitrinite reflectance 
measurements are 
potentially unreliable. 

¶ Possible reasons include 
oxidation, caving, reworking, 
staining and mud additives. 

¶ Measurements often vary 
depending on individual 

workers and date. 
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NovaSPAN 1800 - Bluenose 2G-47 

 
Figure 3.9: 1D models results for Bluenose G-47. The left plot is the temperature model, and the right plot is the vitrinite reflectance plot. The solid blue line is the modelled temperature results; 

the yellow circles are the data points collected at the borehole (Appendix B). The red line is the vitrinite reflectance modelled result based on Sweeney & Burnham (1990). The green diamonds are 

the vitrinite reflectance data points measured at the borehole (Appendix B).

¶ Temperature points come 
from log runs and are 
typically required +10-+30% 
adjustment to actual 
formation temperatures. 

¶ Vitrinite reflectance 
measurements are 
potentially unreliable. 

¶ Possible reasons include 
oxidation, caving, reworking, 
staining and mud additives. 

¶ Measurements often vary 
depending on individual 

workers and date. 



 

 
 

4
3 

NovaSPAN 1800 - Missisauga H-54 

 
Figure 3.10: 1D models results for Missisauga H-54. The left plot is the temperature model, and the right plot is the vitrinite reflectance plot. The solid blue line is the modelled temperature 

results, the yellow and pink circles are the data points collected at the borehole (Appendix B). The red line is the vitrinite reflectance modelled result based on Sweeney & Burnham (1990). The 

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

¶ Temperature points come 
from log runs and are 
typically required +10-+30% 
adjustment to actual 
formation temperatures. 

¶ Vitrinite reflectance 
measurements are 
potentially unreliable. 

¶ Possible reasons include 
oxidation, caving, reworking, 
staining and mud additives. 

¶ Measurements often vary 
depending on individual 
workers and date. 
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NovaSPAN 1800 - Wyandot E-53 

 
Figure 3.11: 1D models results for Wyandot E-53. The left plot is the temperature model, and the right plot is the vitrinite reflectance plot. The solid blue line is the modelled temperature results, 

the yellow and pink circles are the data points collected at the borehole (Appendix B). The red line is the vitrinite reflectance modelled result based on Sweeney & Burnham (1990). The green 

diamonds are the vitrinite reflectance data points measured at the borehole (Appendix B).

¶ Temperature points come 
from log runs and are 
typically required +10-+30% 
adjustment to actual 
formation temperatures. 

¶ Vitrinite reflectance 
measurements are 
potentially unreliable. 

¶ Possible reasons include 
oxidation, caving, reworking, 
staining and mud additives. 

¶ Measurements often vary 
depending on individual 
workers and date. 
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4. Hesper I-52, Hesper P-52, Sachem D -76 and South Griffin J-13 

The following plots (Figures 3.12 - 3.15) are comparison plots for Hesper I-52, Hesper P-

52, Sachem D -76 and South Griffin J-13 models. These plots were used to validate the 

NovaSPAN 2000 model. The borehole South Griffin J-13 is an offset borehole, about 36.49 km. 

The South Griffin J-13 plots show to be a mismatch in the temperature plot. This mismatch is 

probably due to the cooling of the formation from the mud while drilling. The borehole of 

Hesper P-52 had no vitrinite reflectance data. Although the Hesper I-52, which is adjacent to 

Hesper P-52, the model plots for temperature and vitrinite reflectance matches reasonably. The 

Sachem D-76 borehole is along the NovaSPAN; the model plots are a reasonable fit for both 

temperature and vitrinite.  



 

 
 

4
6 

NovaSPAN 2000 - Hesper I-52 

 
Figure 3.12: 1D models results for Bluenose G-47. The left plot is the temperature model, and the right plot is the vitrinite reflectance plot. The solid blue line is the modelled temperature results, 

the yellow and pink circles are the data points collected at the borehole (Appendix B). The red line is the vitrinite reflectance modelled result based on Sweeney & Burnham (1990). The green 

diamonds are the vitrinite reflectance data points measured at the borehole (Appendix B).  

¶ Temperature points come 
from log runs and are 
typically required +10-+30% 
adjustment to actual 
formation temperatures. 

¶ Vitrinite reflectance 
measurements are 
potentially unreliable. 

¶ Possible reasons include 
oxidation, caving, reworking, 
staining and mud additives. 

¶ Measurements often vary 
depending on individual 

workers and date. 
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NovaSPAN 2000 - Hesper P-52 

 
Figure 3.13: 1D models results for Bluenose G-47. The left plot is the temperature model, and the right plot is the vitrinite reflectance plot. The solid blue line is the modelled temperature results; 

the yellow is the data points collected at the borehole (Appendix B). The red line is the vitrinite reflectance modelled result based on Sweeney & Burnham (1990). There were no vitrinite 

reflectance measurements from this borehole available (Appendix B). 

¶ No Vitrinite reflectance 
measurements  ¶ Temperature points come 

from log runs and are 
typically required +10-+30% 
adjustment to actual 
formation temperatures. 
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NovaSPAN 2000 - Sachem D-76 

 
Figure 3.14: 1D models results for Sachem D-76. The left plot is the temperature model, and the right plot is the vitrinite reflectance plot. The solid blue line is the modelled temperature results; 

the yellow is the data points collected at the borehole (Appendix B). The red line is the vitrinite reflectance modelled result based on Sweeney & Burnham (1990). The green diamonds are the 

vitrinite reflectance data points measured at the borehole (Appendix B).  

¶ Temperature points come 
from log runs and are 
typically required +10-+30% 
adjustment to actual 
formation temperatures. 

¶ Vitrinite reflectance 
measurements are 
potentially unreliable. 

¶ Possible reasons include 
oxidation, caving, reworking, 
staining and mud additives. 

¶ Measurements often vary 
depending on individual 

workers and date. 
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NovaSPAN 2000 - South Griffin J-13 

 
Figure 3.15: 1D models results for South Griffin J-13. The left plot is the temperature model, and the right plot is the vitrinite reflectance plot. The solid blue line is the modelled temperature 

results; the yellow is the data points collected at the borehole (Appendix B). The red line is the vitrinite reflectance modelled result based on Sweeney & Burnham (1990). The green diamonds are 

the vitrinite reflectance data points measured at the borehole (Appendix B).

¶ Temperature points come 
from log runs and are 
typically required +10-+30% 
adjustment to actual 
formation temperatures. 

¶ Vitrinite reflectance 
measurements are 
potentially unreliable. 

¶ Possible reasons include 
oxidation, caving, reworking, 
staining and mud additives. 

¶ Measurements often vary 
depending on individual 

workers and date. 
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3.6 2D NovaSPAN Models 

The following cross-sections are the results from the 2D models of the NovaSPAN. These 

cross-sections show the heat flow, the temperature, the maturity, the transformation ratio and 

the critical moment of the potential Lower Jurassic source rock. The heat flow cross-section 

shows the distribution of vertical heat flow within the model. The temperature cross-section 

shows the temperature distribution within the model. The maturity cross-section displays 

vitrinite reflectance distribution using the EASY%Ro algorithm after Sweeney and Burnham 

(1990). The transformation ratio cross-section displays the percentage of the total potential 

primary generation of the potential Lower Jurassic source rock that has been generated. The 

critical moment cross-section presents the time when the Lower Jurassic source rock reached a 

20% transformation ratio, which is an estimate of the time at which the petroleum system 

becomes effective regarding generation, migration and accumulation in this study. 

1. NovaSPAN 1100 

Heat Flow and Temperature 

The heat flow cross-section shows the distribution of heat that is being transferred 

vertically within the model (Figure 3.16). 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 cross-section 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 the model. As observed in the model (Figure 3.17) the temperature gradient being 

pushed down at the bottom of the diapir and bumped up at in the top o the salt diapirs. 
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NovaSPAN 1100 ς Heat Flow 

 
Figure 3.16: Model of heat flow distribution for NovaSPAN 1100 line. The data points indicate the heat flow value of the potential Lower Jurassic source rock layer. The white areas are the salt 

structures from the Argo Formation.  

Pliensbachian SR 
¶ Not present within diapirs 

¶ Low heat flow between diapirs, because 
high heat flow through diapirs (red on top) 

¶ Higher heat flow from salt  
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NovaSPAN 1100 ς Temperature 

 
Figure 3.17: Model of temperature distribution for NovaSPAN 1100 line. The 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.

Pliensbachian SR 
¶ Not present within diapirs 

¶ 20m max thickness 

¶ Cooler trend from continental to oceanic 
crust. 

¶ Temperature gradient increased due to 
salt diapirs 

¶ Temperature gradient decreased due to 
salt 
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Maturity Range, Transformation Ratio and Critical Moment 

The maturity cross-section is the vitrinite reflectance modelled after the EASY%Ro 

algorithm (Sweeney and Burnham, 1990). This cross-section demonstrates that the Lower 

Jurassic rocks are within the maturity oil window (Figure 3.18) and have the potential to be a 

source rock. Testing this model with the different kerogen types (Table 1.1), the model 

demonstrates a range of results depending upon the kerogen type of the Lower Jurassic source 

rock. The transformation ratio cross-section is a quantitative transformation measurement of 

organic material into hydrocarbons based on total organic carbon and hydrogen index in the 

organic-rich rock. In these cross-sections (Figures 3.19 - 3.21), five different source rock intervals 

can be observed, but the focus of this study is specifically the bottommost layer, which is the 

representative of the Lower Jurassic source rock. The Lower Jurassic source rock is also a close 

ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ǘƻ ǘƘŜ ά[ƻǿŜǊ WǳǊŀǎǎƛŎ /ƻƳǇƭŜȄέ ǘƘŀǘ ǘƘŜ tC! ƴŀƳŜŘ ŦƻǊ ǘƘŜƛǊ ǎƻǳǊŎŜ ǊƻŎƪΦ These 

transformation ratio cross-sections demonstrate a broad range of results depending upon the 

source rock kerogen type and location along the line. The άcritical moment cross-sectionέ is the 

age when the source rock had generated 20% of the convertible kerogen, which is the age when 

the transformation ratio of the source rock was 20% (Figures 3.22 - 3.24). The following set of 

cross-sections demonstrates the critical moment for each modelled kerogen type (Table 1.1). 
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NovaSPAN 1100 ς Maturity  

 
Figure 3.18: Model of vitrinite reflectance distribution for NovaSPAN 1100. The data points indicate the vitrinite reflectance value based on the Sweeney and Burnham (1990) algorithm for the 

potential Lower Jurassic source rock layer. The white areas are the salt structures from the Argo Formation. The potential Lower Jurassic source rock is in the oil window.  

Pliensbachian SR 
¶ Not present within diapirs 

¶ 20m max thickness 

¶ Maturity is within the oil window 
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NovaSPAN 1100 ς Transformation Ratio (Pliensbachian Source Rock -Type III) 

 
Figure 3.19: Model of transformation ratio for Pliensbachian source rock (Type III) for NovaSPAN 1100 line. Here we can observe the five different source rocks in the model; the Lower Jurassic 

source rock is the bottommost layer. The data points indicate the percentage of the value of hydrocarbons generated from the potential Lower Jurassic source rock layer.  

Pliensbachian SR (Kerogen Type III) 
¶ Not present within diapirs 

¶ 20m max thickness 

¶ Higher TR at slope 

¶  
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NovaSPAN 1100 ς Transformation Ratio (Pliensbachian Source Rock -Type II) 

 
Figure 3.20: Model of transformation ratio for Pliensbachian source rock (Type II) for NovaSPAN 1100 line. Here we can observe the five different source rocks in the model; the Lower Jurassic 

source rock is the bottommost layer. The data points indicate the percentage of the value of hydrocarbons generated from the potential Lower Jurassic source rock layer.  

Pliensbachian SR (Kerogen Type II) 
¶ Not present within diapirs 

¶ 20m max thickness 

¶ Higher TR at slope 

¶  
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NovaSPAN 1100 ς Transformation Ratio (Pliensbachian Source Rock -Type I) 

 
Figure 3.21: Model of transformation ratio for Pliensbachian source rock (Type I) for NovaSPAN 1100 line. Here we can observe the five different source rocks in the model; the Lower Jurassic 

source rock is the bottommost layer. The data points indicate the percentage of the value of hydrocarbons generated from the potential Lower Jurassic source rock layer.  

Pliensbachian SR (Kerogen Type I) 
¶ Not present within diapirs 

¶ 20m max thickness 

¶ Higher TR at slope 

¶  
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NovaSPAN 1100 ς Critical Moment (Pliensbachian Source Rock -Type III) 

 
Figure 3.22: Model of the critical moment for the Pliensbachian source rock (Type III) for NovaSPAN 1100 line. Here we can observe the five different source rocks in the model; the Lower Jurassic 

source rock is the bottommost layer. The data points indicate the critical moment age that the potential Lower Jurassic had generated hydrocarbons exceeding the threshold.  

Pliensbachian SR (Kerogen Type III) 
¶ Not present within diapirs 

¶ 20m max thickness 

¶ Critical Moment Pliocene age (slope) 

¶  



 

 

5
9 

NovaSPAN 1100 ς Critical Moment (Pliensbachian Source Rock -Type II) 

 
Figure 3.23: Model of the critical moment for the Pliensbachian source rock (Type II) for NovaSPAN 1100 line. Here we can observe the five different source rocks in the model; the Lower Jurassic 

source rock is the bottommost layer. The data points indicate the critical moment age that the potential Lower Jurassic had generated hydrocarbons exceeding the threshold.  

Pliensbachian SR (Kerogen Type II) 
¶ Not present within diapirs 

¶ 20m max thickness 

¶ Critical Moment U. Cretaceous age (slope) 

¶  
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NovaSPAN 1100 ς Critical Moment (Pliensbachian Source Rock -Type I) 

 
Figure 3.24: Model of the critical moment for the Pliensbachian source rock (Type I) for NovaSPAN 1100 line. Here we can observe the five different source rocks in the model; the Lower Jurassic 

source rock is the bottommost layer. The data points indicate the critical moment age that the potential Lower Jurassic had generated hydrocarbons exceeding the threshold.

Pliensbachian SR (Kerogen Type I) 
¶ Not present within diapirs 

¶ 20m max thickness 

¶ Critical Moment Miocene age (slope) 

¶  
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2. NovaSPAN 1400 

Heat Flow and Temperature 

The heat flow cross-section shows the distribution of heat that is being transferred 

vertically within the model (Figure 3.25). 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 cross-section 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 the model. As observed in the model (Figure 3.26) the temperature gradient being 

pushed down at the bottom of the diapir and bumped up at in the top o the salt diapirs. 
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NovaSPAN 1400 ς Heat Flow 

 
Figure 3.25: Model of heat flow distribution for NovaSPAN 1400 line. The data points indicate the heat flow value of the potential Lower Jurassic source rock layer. The white areas are the salt 

structures from the Argo Formation.  

Pliensbachian SR  
¶ 20 m max above autochthonous salt 

¶ Low heat flow between diapirs, because high 
heat flow through diapirs (green on top) 

¶ Higher heat flow from salt  
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NovaSPAN 1400 ς Temperature 

 
Figure 3.26: Model of temperature distribution for NovaSPAN 1400 line. The 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.

Pliensbachian SR 
¶ Not present within diapirs 

¶ 20m max thickness 

¶ Cooler trend from continental to oceanic 
crust. 

¶ Temperature gradient increased due to 
salt diapirs 

¶ Temperature gradient decreased due to 
salt 
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Maturity Range, Transformation Ratio and Critical Moment 

The maturity cross-section is the vitrinite reflectance modelled after the EASY%Ro 

algorithm (Sweeney and Burnham, 1990). This cross-section demonstrates that the Lower 

Jurassic rocks are within the maturity oil window (Figure 3.27) and have the potential to be a 

source rock. Testing this model with the different kerogen types (Table 1.1), the model 

demonstrates a range of results depending upon the kerogen type of the Lower Jurassic source 

rock. The transformation ratio cross-section is a quantitative transformation measurement of 

organic material into hydrocarbons based on total organic carbon and hydrogen index in the 

organic-rich rock. In these cross-sections (Figures 3.28 - 3.30), five different source rock intervals 

can be observed, but the focus of this study is specifically the bottommost layer, which is the 

representative of the Lower Jurassic source rock. The Lower Jurassic source rock is also a close 

ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ǘƻ ǘƘŜ ά[ƻǿŜǊ WǳǊŀǎǎƛŎ /ƻƳǇƭŜȄέ ǘƘŀǘ ǘƘŜ tC! ƴŀƳŜŘ ŦƻǊ ǘƘŜƛǊ ǎƻǳǊŎŜ ǊƻŎƪΦ ¢ƘŜǎŜ 

transformation ratio cross-sections demonstrate a broad range of results depending upon the 

ǎƻǳǊŎŜ ǊƻŎƪ ƪŜǊƻƎŜƴ ǘȅǇŜ ŀƴŘ ƭƻŎŀǘƛƻƴ ŀƭƻƴƎ ǘƘŜ ƭƛƴŜΦ ¢ƘŜ άŎǊƛǘƛŎŀƭ ƳƻƳŜƴǘ ŎǊƻǎǎ-ǎŜŎǘƛƻƴέ ƛǎ ǘƘŜ 

age when the source rock had generated 20% of the convertible kerogen, which is the age when 

the transformation ratio of the source rock was 20% (Figures 3.31 - 3.33). The following set of 

cross-sections Illustrates the critical moment for each modelled kerogen type (Table 1.1). 
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NovaSPAN 1400 ς Maturity  

 
Figure 3.27: Model of vitrinite reflectance distribution for NovaSPAN 1400 line. The data points indicate the vitrinite reflectance value based on the Sweeney and Burnham (1990) algorithm for 

the potential Lower Jurassic source rock layer. The white areas are the salt structures from the Argo Formation. The potential Lower Jurassic source rock is in the oil window.  

Pliensbachian SR 
¶ Not present within diapirs 

¶ 20m max thickness 

¶ Maturity is within the oil window 
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NovaSPAN 1400 ς Transformation Ratio (Pliensbachian Source Rock -Type III) 

 
Figure 3.28: Model of transformation ratio for Pliensbachian source rock (Type III) for NovaSPAN 1400 line. Here we can observe the five different source rocks in the model; the Lower Jurassic 

source rock is the bottommost layer. The data points indicate the percentage of the value of hydrocarbons generated from the potential Lower Jurassic source rock layer.  

Pliensbachian SR (Kerogen Type III) 
¶ Not present within diapirs 

¶ 20m max thickness 

¶ Higher TR at slope and between diapir  
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NovaSPAN 1400 ς Transformation Ratio (Pliensbachian Source Rock -Type II) 

 
Figure 3.29: Model of transformation ratio for Pliensbachian source rock (Type II) for NovaSPAN 1400 line. Here we can observe the five different source rocks in the model; the Lower Jurassic 

source rock is the bottommost layer. The data points indicate the percentage of the value of hydrocarbons generated from the potential Lower Jurassic source rock layer.   

Pliensbachian SR (Kerogen Type II) 
¶ Not present within diapirs 

¶ 20m max thickness 

¶ Higher TR at slope and between diapir  
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NovaSPAN 1400 ς Transformation Ratio (Pliensbachian Source Rock -Type I) 

 
Figure 3.30: Model of transformation ratio for Pliensbachian source rock (Type I) for NovaSPAN 1400 line. Here we can observe the five different source rocks in the model; the Lower Jurassic 

source rock is the bottommost layer. The data points indicate the percentage of the value of hydrocarbons generated from the potential Lower Jurassic source rock layer.  

Pliensbachian SR (Kerogen Type I) 
¶ Not present within diapirs 

¶ 20m max thickness 

¶ Higher TR at slope and between diapir  
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NovaSPAN 1400 ς Critical Moment (Pliensbachian Source Rock -Type III)  

 
Figure 3.31: Model of the critical moment for the Pliensbachian source rock (Type III) for NovaSPAN 1400 line. Here we can observe the five different source rocks in the model; the Lower Jurassic 

source rock is the bottommost layer. The data points indicate the critical moment age that the potential Lower Jurassic had generated hydrocarbons exceeding the threshold.  

Pliensbachian SR (Kerogen Type III) 
¶ Not present within diapirs 

¶ 20m max thickness 

¶ Critical Moment Eocene - Oligocene age 

¶  



 

 

7
0 

NovaSPAN 1400 ς Critical Moment (Pliensbachian Source Rock -Type II) 

 
Figure 3.32: Model of the critical moment for the Pliensbachian source rock (Type III) for NovaSPAN 1400 line. Here we can observe the five different source rocks in the model; the Lower Jurassic 

source rock is the bottommost layer. The data points indicate the critical moment age that the potential Lower Jurassic had generated hydrocarbons exceeding the threshold.  

Pliensbachian SR (Kerogen Type II) 
¶ Not present within diapirs 

¶ 20m max thickness 

¶ Critical Moment L. ς U. Cretaceous age 
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NovaSPAN 1400 ς Critical Moment (Pliensbachian Source Rock -Type I) 

 
Figure 3.33: Model of the critical moment for the Pliensbachian source rock (Type I) for NovaSPAN 1400 line. Here we can observe the five different source rocks in the model; the Lower Jurassic 

source rock is the bottommost layer. The data points indicate the critical moment age that the potential Lower Jurassic had generated hydrocarbons exceeding the threshold. 

Pliensbachian SR (Kerogen Type I) 
¶ Not present within diapirs 

¶ 20m max thickness 

¶ Critical Moment U. Cretaceous age 
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3. NovaSPAN 1800 

Heat Flow and Temperature 

The heat flow cross-section shows the distribution of heat that is being transferred 

vertically within the model (Figure 3.34). 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 cross-section 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 the model. As observed in the model (Figure 3.35) the temperature gradient being 

pushed down at the bottom of the diapir and bumped up at in the top o the salt diapirs. 
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NovaSPAN 1800 ς Heat Flow 

 
Figure 3.34: Model of heat flow distribution for NovaSPAN 1800 line. The data points indicate the heat flow value of the potential Lower Jurassic source rock layer. The white areas are the salt 

structures from the Argo Formation.  

Pliensbachian SR  
¶ 20 m max above autochthonous salt 

¶ Low heat flow between diapirs, because high heat 
flow through diapirs (green on top) 

¶ Higher heat flow from salt  
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NovaSPAN 1800 ς Temperature 

 
Figure 3.35: Model of temperature distribution for NovaSPAN 1800 line. The 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. 

Pliensbachian SR 
¶ Not present within diapirs 

¶ 20m max thickness 

¶ Cooler trend from continental to oceanic 
crust. 

¶ Temperature gradient increased due to 
salt diapirs 

¶ Temperature gradient decreased due to 
salt 
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Maturity Range, Transformation Ratio and Critical Moment 

The maturity cross-section is the vitrinite reflectance modelled after the EASY%Ro 

algorithm (Sweeney and Burnham, 1990). This cross-section demonstrates that the Lower 

Jurassic rocks are within the maturity oil window (Figure 3.36) and have the potential to be a 

source rock. Testing this model with the different kerogen types (Table 1.1), the model 

demonstrates a range of results depending upon the kerogen type of the Lower Jurassic source 

rock. The transformation ratio cross-section is a quantitative transformation measurement of 

organic material into hydrocarbons based on total organic carbon and hydrogen index in the 

organic-rich rock. In these cross-sections (Figures 3.37 - 3.39), five different source rock intervals 

can be observed, but the focus of this study is specifically the bottommost layer, which is the 

representative of the Lower Jurassic source rock. The Lower Jurassic source rock is also a close 

ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ǘƻ ǘƘŜ ά[ƻǿŜǊ WǳǊŀǎǎƛŎ /ƻƳǇƭŜȄέ ǘƘŀǘ ǘƘŜ tFA named for their source rock. These 

transformation ratio cross-sections demonstrate a broad range of results depending upon the 

ǎƻǳǊŎŜ ǊƻŎƪ ƪŜǊƻƎŜƴ ǘȅǇŜ ŀƴŘ ƭƻŎŀǘƛƻƴ ŀƭƻƴƎ ǘƘŜ ƭƛƴŜΦ ¢ƘŜ άŎǊƛǘƛŎŀƭ ƳƻƳŜƴǘ ŎǊƻǎǎ-ǎŜŎǘƛƻƴέ ƛǎ ǘƘŜ 

age when the source rock had generated 20% of the convertible kerogen, which is the age when 

the transformation ratio of the source rock was 20% (Figures 3.40 - 3.42). The following set of 

cross-sections demonstrates the critical moment for each modelled kerogen type (Table 1.1). 
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NovaSPAN 1800 ς Maturity  

 
Figure 3.36: Model of vitrinite reflectance distribution for NovaSPAN 1800 line. The data points indicate the vitrinite reflectance value based on the Sweeney and Burnham (1990) algorithm for 

the potential Lower Jurassic source rock layer. The white areas are the salt structures from the Argo Formation. The potential Lower Jurassic source rock is in the oil.

Pliensbachian SR 
¶ Not present within diapirs 

¶ 20m max thickness 

¶ Maturity is mainly in the dry gas window 
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NovaSPAN 1800 ς Transformation Ratio (Pliensbachian Source Rock -Type III) 

 
Figure 3.37: Model of transformation ratio for Pliensbachian source rock (Type III) for NovaSPAN 1800 line. Here we can observe the five different source rocks in the model; the Lower Jurassic 

source rock is the bottommost layer. The data points indicate the percentage of the value of hydrocarbons generated from the potential Lower Jurassic source rock layer.  

Pliensbachian SR (Kerogen Type III) 
¶ Not present within diapirs 

¶ 20m max thickness 

¶ High TR 






































































































































































































































