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ABSTRACT

This research builds on past studies analysing the relationship between the presence, formation, and
alteration of magnetic minerals with hydrocarbons by investigating the poorly understood petroleum
system of the Inner Moray Firth. This research shows the Inner Moray Firth differs from the Central

North Sea through both its petroleum system and its magnetic mineral assemblage.

Magnetic mineral analysis provides extensive evidence of magnetite, goethite, and siderite alongside
more minor lepidocrocite and iron sulphides, differing from the iron sulphide-rich magnetic mineral as-
semblages of the Central North Sea. Furthermore, this research shows two magnetic mineral behaviours
around oil-water contacts in wells of the Inner Moray Firth, resulting from varying magnetic mineral-
ogy. Most wells show continuous presence of goethite, which alters into magnetite towards the oil-water
contacts, creating a strong magnetic enhancement directly below the contact. In contrast, wells bearing
extensive iron sulphides experience magnetic enhancement directly above the oil-water contact, pro-

duced by the iron sulphides.

Basin and petroleum systems modelling shows basin-wide maturity of Type I, Devonian-age, and
Type II-IIT Mid Jurassic-age source rocks whilst dispelling the hypothesis of extensive Kimmeridge
Clay Formation-sourced hydrocarbons due to limited maturation. Modelling shows evidence of wide-
spread lateral and vertical hydrocarbon migration and that extensive faulting, alongside the late-stage
Cenozoic tilting of the basin, combine to heavily constrain and drastically reduce the trapping success

of the petroleum system.

Connections between the magnetic mineral analysis and modelling show direct correlations between
vertical migration and siderite presence, alongside the preferential formation of iron sulphides over other
magnetic minerals when sulphur is present. When sulphur is not present, magnetite typically forms
through the alteration of goethite around oil-water contacts. Furthermore, this study demonstrates direct
connections between iron sulphide presence and Type II source rocks, and between iron hydroxide

presence and Type I and Type II-11I source rocks.
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CHAPTER 1 INTRODUCTION



Chapter 1: Introduction J.R. Perkins

1.1 STUDY RATIONALE

The relationships between magnetic minerals and hydrocarbons are long-established but relatively
poorly explored in comparison to other areas of geoscience. This study aims to both build the knowledge
between magnetic mineral presence, formation, and alteration with hydrocarbons, as well as establish
how an under-studied and little understood petroleum system evolved and exists. Furthermore, this
work scrutinises the relationship between the two components of its study to investigate the potential
for magnetic mineral behaviour and therefore refine and improve the insight into the petroleum system

within the basin.

Research, beginning with Donovan et al. (1979, 1982), indirectly connects hydrocarbons to magnetic
signatures, however, works by Elmore et al. (1987), Elmore and Crawford (1990), Kilgore and Elmore
(1989) and Emmerton et al. (2012, 2013) have proven the presence of direct relationships. This research
mainly relates magnetic susceptibility anomalies to hydrocarbons via hypotheses that suggest magnetic
minerals are chemical byproducts of iron oxides exposed to a hydrocarbon-created reducing environ-
ment. Furthermore, they hypothesise that secondary magnetite appears as framboidal aggregates formed
through inorganic processes associated with either hydrocarbon presence or oil biodegradation (Elmore
et al., 1987; Elmore and Crawford, 1990; Kilgore and Elmore, 1989; Elmore et al., 2001; Costanzo-
Alvarez et al., 2006; Elmore et al., 2012). Machel (1995) discussed how magnetite and pyrrhotite are
more stable under reducing conditions, and goethite and hematite are more stable under oxidizing con-
ditions. Magnetic minerals were first proposed as a tool for hydrocarbon exploration in tandem with
the discovery of “geochemical plumes” of reducing conditions caused by seepages above hydrocarbon
accumulations (Elmore et al., 1987; Machel and Burton, 1991a,b). Aeromagnetic surveys alongside
soil, sediment, and drill cutting analyses were considered as exploration tools to identify the shallow,
microseepage-induced magnetic signatures (Donovan et al., 1982; Elmore et al., 1987; Diaz et al., 2000;
Gonzalez et al., 2002; Aldana et al., 2003; Costanzo-Alvarez et al., 2006; Aldana et al., 2011). How-
ever, relationships between magnetic anomalies and hydrocarbon presence are not necessarily direct,
with anomalies potentially deriving from geological variations or other external sources, thus requiring

further investigation (Elmore et al., 1987; Costanzo-Alvarez et al., 2006).

This study builds upon research by the Natural Magnetism Group (NMG) at Imperial College
London by Emmerton et al. (2012, 2013), followed by Abubakar er al. (2015, 2020), Badejo et al.
(2021a,b,c) and Abdulkarim et al. (2022a,b,c), among other research. Past research has focussed on
known petroleum systems and how the magnetic minerals fit into the previously established knowledge.
Consequently, this work differs through its investigation of a largely unknown petroleum system and its
examination of the potential for magnetic mineral behaviour to enhance and aid the understanding of

that system.

The Inner Moray Firth is in the third arm of the North Sea trilete rift system (Figure 1.1). However,
it formed through a different evolutionary process than the other parts of the North Sea (Andrews et al.,
1990; Barr, 1985; Johnson et al., 2005; McQuillin ef al., 1982; Roberts et al., 1990; Underhill, 1991).
The basin contains sediments in ages from the Devonian to present day, with several organic matter-rich

formations possibly capable of charging the petroleum system (Aalund, 1983; Andrews et al., 1990;

2
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Figure 1.1: Map of the Inner Moray Firth, the area of investigation within this study, highlighting the
locations of the known hydrocarbon fields within the region. Also shown is a map of the UK (inset) with
the study area highlighted. The majority of the Inner Moray Firth is located within North Sea Quadrants
11, 12, 17 and 18, with the Outer Moray Firth beginning in Quadrants 13 and 19.

Brown et al., 1988; Evans et al., 2003; Greenhalgh, 2016; Linsley et al., 1980; Mackenzie et al., 1983;
Peters et al., 1989; Stevens, 1991), with varying publications suggesting not only different source rock
contributions, but also different source kitchen regions capable of organic matter maturation and hydro-
carbon generation (Linsley et al., 1980; Mackenzie et al., 1983; Peters et al., 1989; Stevens, 1991). The
Inner Moray Firth represents an interesting study area due to the lack of widespread acceptance and
consistent knowledge on both its source rock(s) and region(s) of maturation. Furthermore, extensive
core availability and the likely presence of non-Kimmeridge Clay-sourced hydrocarbons make the Inner

Moray Firth ideal for comparative magnetic analysis of differently-sourced petroleum systems.

This study also looks to build on previous work investigating the relationships between hydrocar-
bons and magnetic minerals in relation to different petroleum systems. Previous work by the NMG
at Imperial College London has investigated the Central North Sea petroleum systems (Abdulkarim
et al.,2022a,b,c; Badejo et al., 2021a,b,c). Comparing these regions to the Inner Moray Firth which has
evidence of a non-Kimmeridge Clay-sourced petroleum system (Peters et al., 1989), builds the under-
standing of how different source rock properties and depositional environments may vary the magnetic

mineral assemblages.
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1.2 AIMS AND OBJECTIVES

As discussed, this study uses the petroleum system of the Inner Moray Firth, UK North Sea, as
a case study of the relationship between magnetic minerals and hydrocarbons. The basin contains a
two-source, mixed hydrocarbon system (Peters ef al., 1989), with no currently defined proof of the two
source rock kitchens (Greenhalgh, 2016), nor a definitive assertion on the kerogen types used to form the
hydrocarbons (Peters et al., 1989), meaning this research is more complex than previous works which
examined better-understood petroleum systems. This research builds on previous work by modelling
source rock maturation, hydrocarbon migration pathways and accumulations in the Inner Moray Firth,
to define the kerogen type(s) and kitchen locations of the source rock(s), and the extent to which these
source rocks contribute to hydrocarbon mixing ratios. Furthermore, investigations into the basin and
petroleum systems modelling and magnetic analyses identify to what extent the magnetic minerals are

impacted by the components of the petroleum system.

This study achieves these outcomes through room-, high-, and low-temperature magnetic analyses of
core samples, in tandem with basin and petroleum systems modelling created through in-depth seismic

data, well log, and core analysis. Several key questions are at the forefront of this analysis:

- How has the petroleum system of the Inner Moray Firth evolved?

- To what extent does the Inner Moray Firth’s petroleum system differ to those in the Central North
Sea?

- To what extent do the known source rocks of the Inner Moray Firth contribute to the hydrocarbon

accumulations?

- Can any future unidentified hydrocarbon prospects be identified through the basin and petroleum

systems modelling

- Do magnetic mineral assemblages of petroleum systems charged with different types of source
rocks correlate or contrast?

- Is it possible to constrain a petroleum system through understanding of the magnetic mineral

assemblages within the region?

To answer these questions, this study conducts and covers the entire sequence of analysis and inter-
pretation of both the magnetic mineral behaviour and geological basin investigation. The initial two re-
view chapters cover, firstly, the principles of magnetic mineral analysis and magnetic behaviours within
geoscience, and secondly, the geological history and the sediments within the Inner Moray Firth study
area. Following these, an appraisal chapter explores the production of a geological model and sample lo-
cation identification for magnetic analysis, through seismic data interpretation, well log data processing
and investigation, and core logging and analysis. Beyond this appraisal are the two main components
of this study, a chapter covering the magnetic mineral behaviours of the core samples, and an additional
chapter on the basin and petroleum systems modelling carried out on the geological model of the Inner
Moray Firth. The outcomes of these investigations are then collated and analysed in discussion and
conclusion chapters.
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1.3 CHAPTER OVERVIEW

The first review chapter covers magnetic mineralogy principles, the behaviours associated with var-
ious magnetic minerals and magnetic mineralogy’s relationship with hydrocarbons, and presents and
portrays the basic theories and knowledge associated with magnetism in relation to this study. An in-
troduction to magnetism and its founding principles are built upon by an explanation of magnetic data
presentation, prior to a summary of significant and study-relevant magnetic minerals and the interac-
tions they share. Following this, a brief literature review presents past research into the relationships
discovered and evolved between magnetic minerals and hydrocarbons, to give a rounded view of the

impacts this study has, and the work it is building from.

The second review chapter begins with an introduction to basin analysis and petroleum geoscience,
and their associated datasets. Following this, a geological insight into the Inner Moray Firth is pre-
sented, outlining the geological history and structural evolution of the study area, the sediments, and
key formations that infill the basin, and the hydrocarbons discovered within it. The chapter ends with a
review of the geochemical analysis conducted within the study area on the hydrocarbons present, as a
basis for the basin and petroleum systems modelling (BPSM). This chapter presents a critical summary
of the knowledge of the Inner Moray Firth, built on the necessary analytical principles, from which this

study’s modelling and conclusions are made.

The methodology chapter covers all of the requisite analytical techniques utilised within this study. It
displays the sample collection and preparation techniques alongside room-, low-, and high-temperature
magnetic mineral measurement constraints and properties, as well as the microscopy analysis. Further-
more, it covers the techniques and processes involved in collating, processing, and building both the
geological model and the BPSM.

The first of the analytical chapters covers the geological appraisal of the Inner Moray Firth through
various datasets, including seismic data, well logs, and core analysis. This chapter builds from initial
literature from the previous chapters, drawing conclusions based on the data available, and producing a
geological model which then evolves into a BPSM in the following chapters. This analysis is of critical
importance to the study, as whilst it does not itself produce key findings or directly answer the questions
posed in this introductory chapter, it is the foundation not only of the BPSM and the results therein, but

also directs and refines the sampling locations required for magnetic mineral analysis.

The magnetic analysis chapter initially details the basin-wide room temperature magnetic behaviour
of the study area, before presenting and analysing the room-, low-, and high-temperature behaviours
of samples at well scale, to give insight into localised magnetic mineral assemblages, behaviours, and
variations. Well-scale first order reversal curve (FORC) principal component analysis (PCA) is analysed
in detail to further understand the magnetic mineral grain behaviour across the Inner Moray Firth. The
implications of this body of analysis are considered not only for the wider understanding of magnetism,

but for the study area and the petroleum system and associated BPSM in this study.

The basin and petroleum systems modelling chapter covers the production, inputs, testing, and re-

sults surrounding one-, two-, and three-dimensional modelling of the Inner Moray Firth from a petroleum
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systems perspective. This chapter is focused on producing a functioning BPSM that can be used to re-
fine the understanding of the study area and how the petroleum system within it has formed and evolved
through its geological history. The chapter is concluded with a discussion both analysing the BPSM

results and their implications, and the impact the results may have with the magnetic mineral analysis.

This thesis is concluded with a discussion chapter that collates the analysis carried out within the
preceding three chapters and combines them to produce answers on the critical questions posed in the
introduction. The discussion chapter also produces crucial knowledge and development into the relation-
ship between magnetic minerals and hydrocarbons. The thesis is then summarised within a concluding
chapter. Further analysis and data for rounding and deepening knowledge can also be found in the Ap-
pendix, where the theories, framework, and scenario testing within the BPSM analysis are presented,
alongside the well logs used within this study. The Appendix also directs access to repositories contain-
ing the data produced within this study, as well as including copies of the publications produced within

this research.
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2.1 INTRODUCTION

This chapter will cover the theories surrounding mineral magnetism which are applied in this study.
The chapter details the principles required as a foundation for the rest of the review, and examines the
properties of a select group of magnetic minerals relevant to the study, and to mineral magnetism as a
whole. Finally, it reviews past and present research investigating the relationship between hydrocarbons
and mineral magnetism, one of the foundations that this study is focussed on and looking to build

beyond.

2.2 MAGNETISATION PRINCIPLES

2.2.1 MAGNETISATION

Bleaney and Bleaney (2013) defines magnetisation (M) as the net magnetic moment (m) per unit
volume with dimensions of amperes per metre (A m'!). This is the overarching property under which
rock magnetism is analysed. Rock-forming materials subjected to the Earth’s magnetic field are cat-
egorised as dia-, para- or ferro-magnetic, with all materials being diamagnetic (lacking a permanent
magnetic moment) to some extent (Dunlop and Ozdemir, 1997; Lanza and Meloni, 2006). Materials
that possess other magnetism forms have negligible diamagnetism, thus are classified as either para- or
ferro-magnetic (Dunlop and Ozdemir, 1997; Emmerton ef al., 2012; Lanza and Meloni, 2006). Para-
magnetic materials have permanent microscopic magnetic moments partially aligned to an applied ex-
ternal field, and ferromagnetic materials (sensu latu) have long-range ordered (strong alignment across
a large atomic distance), causing permanent magnetic moments (Dunlop and Ozdemir, 1997). Para-
magnetic materials lose their macroscopic magnetisation when the external magnetic field is removed,
whereas ferromagnetic materials contain measurable remanent magnetisation (M;) when the external

field is removed due to exchange coupling (Butler, 1992).

Ferromagnetism (sensu lato) is subdivided into four variants (Figure 2.1). 1) ferromagnetism (sensu
strictu) itself has parallel neighbour moments that produce strong net magnetisations, e.g. elemen-
tal iron; ii) antiferromagnetism has anti-parallel neighbour moments creating a zero net magnetisation
(Butler, 1992); iii) ferrimagnetism has anti-parallel neighbour moments, e.g. iron(ILIII) oxides, but with
one direction being stronger, creating a small net magnetisation; and iv) canted antiferromagnetism has
antiparallel neighbour moments that are subtly angled in a direction orthogonal to the main magnetic
moment, creating a weak net magnetisation in that angled direction, e.g. hematite (Dunlop and Ozdemir,
1997).

Applying a magnetic field to a ferromagnet increases its total magnetic energy, causing the sample to
become magnetised and changing its domain structure to accommodate the increase in energy (Dunlop
and Ozdemir, 1997; Emmerton, 2012). The intensity of this new magnetisation is dependent on: miner-
alogy, domain state, temperature and field; the response of the material to both changes in temperature

and induced field are typically represented in a hysteresis loop (Figure 2.2; Tauxe (2009)).
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Figure 2.1: Flow diagram outlining the identification of the different moments seen in different ferro-
magnetic minerals and their relative directional strength. Modified from Badejo (2019); Tauxe (2009).
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2.2.2 MAGNETIC REMANENCE

The remanent magnetisation (M;), as discussed previously, is the magnetism remaining within a
sample after it has been subjected to a magnetic field, and is typically derived from a variety of sources.
Overprinting of this magnetism is common within geology due to the processes and associated environ-
ments that minerals are subjected to within the rock cycle, such as subduction, uplift and erosion. The

types of M; typically seen within this system, as well as within a laboratory setting, are outlined below.

2.2.2.1 NATURAL REMANENT MAGNETISATION (NRM)

NRM is the natural magnetism of a sample dependant on the strength of the geomagnetic field im-
posed on it during the rock’s formation (Primary NRM) and throughout its history (Secondary NRM).
Overprinting or obscuring of the primary NRM by the secondary NRM is an issue facing many paleo-

magnetists who’s research demands the analysis of primary NRM only (Tauxe, 2009).
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2.2.2.2 | THERMOREMANENT MAGNETISATION (TRM)

TRM is a result of the cooling of a sample from high temperatures above minerals’ Curie Tempera-
ture, causing re-writing of the sample’s pre-existing magnetism and the imposing of a new magnetism
aligned to the ambient magnetic field during cooling (Tauxe, 2009). TRM is very common in igneous
and metamorphic rocks due to the temperatures associated with both geological processes, for example,
both processes can produce temperatures that surpass magnetite’s Curie Temperature of ~580 °C, and
is typically stable over geological time periods due to the high energy barriers at ambient temperatures
(Tauxe, 2009).

2.2.2.3 CHEMICAL REMANENT MAGNETISATION (CRM)

CRM is acquired when the local environment forms or alters magnetic minerals at or below their
blocking temperature whilst in the presence of a magnetic field (Dunlop and Ozdemir, 1997). Typi-
cally, chemical alteration within geology comes in the form of either the formation of new minerals or
sufficient alteration of pre-existing minerals (Dunlop and Ozdemir, 1997). This is a very relevant and
common magnetisation within a geological context due to the high frequency of chemical alteration

present in geological systems, e.g. diagenesis and changing conditions between oxidising and reducing.

2.2.2.4 ISOTHERMAL REMANENT MAGNETISATION (IRM)

IRM is typically acquired when a sample is kept at a constant temperature and subjected to a strong
magnetic field (Tauxe, 2009). If the sample reaches magnetic saturation during this process, IRM trans-
forms into saturation isothermal remanent magnetisation (SIRM) (Tauxe, 2009). It can occur naturally,

due to lightening strikes.

2.2.3 MAGNETIC DOMAINS

A material’s magnetic behaviour and structure is determined by its total magnetic energy, which
is controlled by the sum total of the demagnetisation, anisotropy, exchange and external field energies
(Kittel, 1949). If a ferromagnet is below its Curie Temperature (T¢) and above a critical size, it is
energetically favourable for the material’s magnetic structure to break up into patterns known as domains
(Kittel, 1949). Domain theory states that magnetic moments within a domain are parallel aligned, but
change direction across domain walls, either sharply or through gradual moment rotation depending on
wall width and material magnetic properties (Kittel, 1949). The variation in domain walls cause three
types of domains: single domain (SD), pseudo-single domain (PSD) and multi-domain (MD; Figure
2.3; Tauxe (2009)).

SD grain sizes exist below critical size (e.g. ~80 nm for magnetite, Muxworthy and Williams
(2006)) so cannot form domain walls, thus all moments are aligned, resulting in uniform magnetism
when the grain reaches saturation magnetisation (Mg; Kittel (1949)). SD grains are magnetically hard
and stable and have high M;/M; ratios and coercivity (B.), making them ideal for magnetism studies
(Stacey and Banerjee, 1974). When the demagnetisation energy is too great for the grain to remain

stable, the domain can split, causing a change in structure to MD/PSD (Butler and Banerjee, 1975).
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Figure 2.3: Schematic diagrams of the three dominant grain domain types: SD (a), PSD (b) and MD
(¢). Arrows show direction of magnetisation within the domain, positive and negative signs represent
dipole orientation, and dashed lines are domain walls. Modified from Dunlop and Ozdemir (1997).

PSD grains have a few domains and exhibit a mixture of both SD- and MD-like behaviour — high
M, /M ratios and low B, respectively — and are seen as a transition zone between SD and MD (Butler,
1992; Roberts et al., 2017; Tauxe, 2009). The transition from SD to PSD is sharp, but PSD towards MD
is gradual, and highly dependant on grain size and shape (Roberts et al., 2017).

MD behaviour exists when a grain has several domains, resulting in magnetically soft characteris-
tics with low M;/M; ratios and B, (Evans and Heller, 2003). When the grain grows beyond a critical
size (making MD grains typically larger than SD grains), it splits into equally-magnetised domains.
However, moving a domain wall can change the magnetisation of the grain and the domain sizes, and
a larger MD grain may have more easily-movable domain walls, and thus a less stable M;, than an SD

grain (Lowrie, 2012).

2.2.3.1  IDENTIFYING DOMAIN STATES THROUGH FIRST ORDER REVERSAL CURVES

First order reversal curves (FORCs) and the diagrams that they are used to construct are used to
identify magnetic mineral domain states within analysed samples (Roberts et al., 2000). FORCs di-
rectly relate to the domain behaviour of the magnetic minerals in the samples they are dervied from,
and they are constructed from partial magnetic hysteresis loops (Roberts ez al., 2000). A FORC is the
forward magnetisation curve measured between a specific reversal field value (B;) and the sample’s
magnetic saturation, with the magnetisation value of the FORC at any point along this curve being de-
noted by M(B,,B), where B is the induced field strength (Figure 2.4a; Roberts et al. (2014)). Multiple,
evenly-spaced FORCs are measured within the sample’s hysteresis loop, forming a grid of magnetic
measurements used to create the FORC diagram (Figures 2.4b-c), with neighbouring points on con-
secutive FORCs being used to determine the FORC distribution (p(B;,B), Equation 2.1; Roberts et al.
(2014)). Because reversible magnetisation components (dia- or para-magnetism) do not exhibit hystere-
sis, these components will be eliminated by the equation and will not contribute to a sample’s FORC
diagram (Roberts et al., 2014), thus the magnetisation produced during FORC diagram development is

a function of the ferromagnetic (sensu latu) minerals only.

11
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Figure 2.4: FORC diagram measurement. a) Measurement an individual FORC, commencing at spec-
ified B,, ending at M. b) Suite of FORCs within the pre-defined hysteresis loop, with the rectangle
defining the area in c). c) Gridded area of FORCs displaying how p(B,,B) is calculated. d) A typical
FORC Diagram, showing a non-interacting SD grain and an SP grain. Modified from Roberts et al.
(2014) and Roberts et al. (2018). Note scales, diagrams and results are not accurate, just a visual aid.

18°M(B;,B)

2 O0BOB
FORC diagram axes are rotated from (B;,B) to (B,B;) (Equations 2.2 and 2.3), with B.. the coercivity
distribution and B; the interaction field distribution (Figure 2.4d; Dodrill (2015); Roberts et al. (2014);
Tauxe (2009)). Rotation is because B>B;, resulting in the FORC distribution being only well defined

p(B.,B) = 2.1)

where B.>0, thus confining the diagram to the positive half of the plane (Roberts et al., 2014).

B.—B B.+B
d (2.2) B = f; (2.3)

A simple interpretation of FORC diagrams, is that the x-axis corresponds to the coercivity distribu-
tion, and the y-axis the magnetostatic interaction field, with this field being either inter-grain interaction
fields or internal MD interaction fields (Roberts et al., 2000). Interpretations of the produced FORC
diagram will offer insight into the dominant grain domain state(s) seen within the tested sample, as each

domain will produce different relationships between the coercivity and the interaction field distributions.

12
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2.2.3.2 | FORC DIAGRAM INTERPRETATION

Interpretation of FORC diagrams is subjective, resulting in possible issues between interpreters. The
development of a machine learning-derived FORC interpretation system is the most ideal analytical tool
to remove human-induced errors, however this is not a simple task. There are a range of generally

accepted interpretation rules that can be applied to FORC diagrams (Figure 2.5):

- Ridge-like distributions along the B;=0 axis suggest the presence of non-interacting SD grains
(Figure 2.5a; Pike et al. (1999)).

- A positive peak below the B;=0 axis suggests the presence of thermally relaxing SD grains (SP
grains, Figure 2.5a; Roberts et al. (2014)).

- Concentric peaks with vertical spread on the B; axis suggests the presence of interacting SD grains
(Figure 2.5b-c; Roberts et al. (2000)).

- A negative peak below the B;=0 axis suggests the presence of an SD assemblage (Figure 2.5c¢;
Muxworthy et al. (2004).

- A steeply dipping negative region either side of a peak is likely due to either multiaxial anisotropy
(Harrison and Lascu, 2014; Valdez-Grijalva and Muxworthy, 2019) or SD vortex behaviour (Fig-
ure 2.5¢c-d; Lascu et al. (2018); Valdez-Grijalva et al. (2018)).

- A consistent vertical spread along the B, axis suggests the presence of MD grains (Figure 2.5¢;
Roberts et al. (2000)).

- A combination of vertical spread along the B, axis and a peak at the B axis suggests the presence
of PSD grains (Figure 2.5f; Roberts et al. (2017)).

2.3 FERROMAGNETIC MINERALS

To successfully identify the different minerals within analysed samples, their individual behaviours
and structures must be understood. This section investigates the most common and potentially relevant

magnetic minerals to this study, however this list is not exhaustive.

2.3.1 IRON & TITANIUM OXIDES

Iron and titanium iron oxides are the most important group of terrestrial magnetic minerals, con-
sisting of magnetite (Fe;O4), hematite (x-Fe,03), maghemite (y-Fe,03), titanomagnetite (Fe,_, Ti,O4)
and titanohematite (Fe,.,TiyO3; Table 2.1; Dunlop and Ozdemir (1997)). This group can be split into
two structural types: strongly magnetic cubic oxides of titanomagnetites (including magnetite) and ti-
tanomaghemites, and weakly magnetic thombohedral minerals of solid solution titanohematites and
hematites (Dunlop and Ozdemir, 1997; Evans and Heller, 2003). Magnetite is critical to magnetic stud-
ies due to its magnetic strength and abundance — it contributes the dominant magnetic signature in the
majority of rocks (Emmerton et al., 2012). Magnetite is ferrimagnetic, as Fe** and Fe?* cations exist in
two interstitial sites between face-centered oxygen anions within its cubic structure (Emmerton, 2012).

The moments of the two Fe>* cations cancel out, resulting in the grain’s magnetic moment deriving

13
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Figure 2.5: Example FORC diagrams showing the different results created by the FORCs from varying
magnetic grain domains, and thus how they are interpreted. Modified from Roberts et al. (2018).

from the Fe>* ions (Emmerton, 2012). In the ambient environment, magnetite is unstable and gradually
oxidises to maghemite via low-temperature crystal-surface maghematisation, then to hematite through

prolonged oxidation or heating (Figure 2.6; Dunlop and Ozdemir (1997); Evans and Heller (2003)).

Magnetite experiences variation via titanium replacement of iron, creating the titanomagnetite solid-
solution series between endmembers of magnetite (Fe304) and ulvospinel (Fe, TiO4) (Dunlop and Ozdemir,
1997; Evans and Heller, 2003). Low temperature, partially-oxidized titanomagnetites transform into
metastable titanomaghemites, and can invert to more stable titanohematite, but can also be reduced to
magnetite (Figure 2.6; Dunlop and Ozdemir (1997); Evans and Heller (2003)).

Hematite is ferromagnetic and typically SD, but often experiences significant impurities and crys-
tal defects within its antiferromagnetic, rhombohedral structure (Dunlop and Ozdemir, 1997). Hema-
tite shows a net M; perpendicular to two sub lattices, and at room temperature, it has a very high B,
compared to relatively-sized magnetite grains (Dunlop and Ozdemir, 1997). Titanohematites are also
rhombohedral and have compositions on the tie-line between endmembers of hematite (x-Fe,O3) and
ilmenite (FeTiO3), and are similar to titanomagnetites in that solid-solution is only complete at high
temperatures (Dunlop and Ozdemir, 1997). Hematite is the end product in systems with open contact
to oxygen, but when oxygen is excluded pyrrhotite (providing sulphur is present) and magnetite, along
with elemental iron, are the final products (Figure 2.6: Dekkers et al. (2000)).
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Figure 2.6: Flow chart summarising the alteration processes observed in nature between numerous
ferromagnetic minerals. Note that given the right circumstances and environments, all minerals will
eventually alter to magnetite and then to hematite. See text for information and accompanying refer-
ences. Modified from Badejo (2019).

Table 2.1: Magnetic properties of selected terrestrial ferromagnetic (sensu lato) minerals. Tc = Curie
Temperature, Ty = Néel Temperature, 10 = iron oxides, IOH = iron oxyhydroxides, IS = iron sulphides,
IC = iron carbonates. From Butler (1982), Dunlop and Ozdemir (1997), Evans and Heller (2003),
Lanza and Meloni (2006), Ponomar et al. (2017), Roberts et al. (2011) and Schroder et al. (2020).

Group Mineral Formula r)zilizi;?e?’;fl:: Tc (°C) Tn (K)

Magnetite Fe3;0y4 Ferromagnetic 580 -

10 Hematite - Fey O3 Canted-antiferromagnetic 675 948
Maghemite v- Fe O3 Ferromagnetic 590-675 -

Goethite aFeOOH Canted-antiferromagnetic 120 393

1o Lepidocrocite YFeOOH Canted-antiferromagnetic -196 ~=50

Greigite FesS4 Ferrimagnetic >330 -
Pyrrhotite Fe;Sg Ferrimagnetic 320 -
IS Pyrite FeS, Paramagnetic - -
Mackinawite Xieé;’(‘)sl’ | ?Paramagnetic - -

IC Siderite FeCO; Paramagnetic - -38

Maghemite is magnetically similar to magnetite, and is body-centred-cubically structured (Dunlop
and Ozdemir, 1997). It is metastable at room temperature but inverts to weakly magnetic hematite above

300-600 °C (Figure 2.6), causing issues in deriving an accurate T. (Evans and Heller, 2003).
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2.3.2 IRON OXYHYDROXIDES

Iron oxyhydroxides are often collectively classed as limonite (Fe,O0,0H,H;0), but the most im-
portant is the imperfect-antiferromagnetic, weakly-ferromagnetic, orthorhombic goethite (x-FeOOH;
Dunlop and Ozdemir (1997)). Goethite dehydrates in the temperature range of 250-400 °C to form su-
perparamagnetic, remanence-lacking hematite (Figure 2.6; Dunlop and Ozdemir (1997)). Lepidocrocite
(Y-FeOOH) is more minor than goethite, and also antiferromagnetic, but its Néel Temperature (Ty) is far
below 0 °C (Table 2.1), thus lepidocrocite at room temperature is paramagnetic (Dunlop and Ozdemir,
1997). Lepidocrocite dehydrates to strongly magnetic maghemite when heated to above 250 °C (Figure
2.6; Dunlop and Ozdemir (1997)).

2.3.3 IRON SULPHIDES

There are two dominant ferromagnetic iron sulphides — greigite (FezS4) and pyrrhotite (Fe7Sg; Dun-
lop and Ozdemir (1997)). Pyrite (FeS,) is also an abundant iron sulphide, but is paramagnetic (Evans
and Heller, 2003), thus has limited use in paleo-magnetic research, although it is often present and is im-
portant in understanding iron and sulphur presence in natural systems. Pyrite often alters, environment-
depending, to either magnetite (below 400 °C) or pyrrhotite (at approximately 535 °C; Li and Zhang
(2005); Wang et al. (2008); Waters et al. (2008)). Greigite is the sulphide counterpart of magnetite, hav-
ing the same inverse spinel structure, is common in sediments deposited in anoxic environments, and
can also be biomineralised by magnetotactic bacteria (Dunlop and Ozdemir, 1997; Evans and Heller,
2003). Greigite is ferromagnetic, however, its Mg is approximately 57 % that of magnetite (Li et al.,
2014). Greigite also has the ability to alter into a variety of other ferromagnetic minerals, with oxygen

presence often the determining factor (Figure 2.6; Dekkers et al. (2000)).

Naturally-occurring pyrrhotite is a mix of ferrimagnetic, monoclinic Fe;Sg and antiferromagnetic,
hexagonal phases such as FegSiy and Fe;;Si> (Dunlop and Ozdemir, 1997; Evans and Heller, 2003).
The observed deficiency of Fe?* is accounted for by lattice vacancies and ordering, which gives rise to
different numbers of Fe2* jons in Fe;Sg on its two sublattices (Volk et al., 2016). This makes monoclinic
pyrrhotite similar to maghemite in that its ferromagnetism is due to cation deficiency and vacancy order-
ing. During thermal demagnetisation above 500 °C, pyrrhotite irreversibly transforms to magnetite, or
hematite at higher temperatures (Figure 2.6; Table 2.1; Bina and Daly (1994); Dekkers (1990); Dunlop
and Ozdemir (1997); Evans and Heller (2003)).

Another commonly identified but not fully characterised iron sulphide is the typically metastable,
tetragonal, iron (II) monosulphide mackinawite (Fe.xS, x=0-0.11). Mackinawite is the naturally oc-
curring end member of the mackinawite-pyrrhotite-smythite-greigite phase relationship, with the other
end being non-naturally occurring, pure ferric monosulphide y-Fe,S3 (Evans et al., 1964; Krupp, 1994;
Rickard, 2013; Vaughan and Craig, 1978). Mackinawite’s magnetic properties are a cause of debate and
discussion, with no conclusive definitions of its structure, properties or behaviour at any temperature
range. Some argue that mackinawite is paramagnetic (Schroder et al., 2020), others that it is anti-
ferromagnetic (Kwon et al., 2011),whilst its properties at low temperatures are unknown, and at high

temperatures it alters, environmentally-depending, to either greigite at 125 °C (Hunger and Benning,
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2007; Lennie et al., 1997) or pyrrhotite at 250-275 °C (Lennie et al., 1995), limiting further knowledge
of its properties (Figure 2.6). Mackinawite typically forms via hydrogen sulphide (HS") reacting with
iron, either as Fe>* or Fe metal, but can also alter from goethite when in an environment containing both

a sulphur source and carbon dioxide (Lennie ef al., 1997; Vaughan and Craig, 1978; Wang et al., 2015).

2.3.4 IRON CARBONATES

Siderite (FeCO3) is common in carbonates, but is paramagnetic at low temperatures, thus carries no
natural magnetic remanence, however, it is identifiable by its Tc (Dunlop and Ozdemir, 1997). At room
temperature, natural siderites oxidise by measurable amounts when exposed to air, but when heated,
rapid oxidation to magnetite or maghemite occurs, then ultimately to hematite above 300 °C (Figure
2.6; Dunlop and Ozdemir (1997)).

2.4 MAGNETIC MINERALS AND HYDROCARBONS

Early research (Donovan et al., 1979, 1982) indicated indirect connections between hydrocarbon
presence and magnetic signatures, but as research rapidly progressed, direct relationships were estab-
lished (Elmore et al., 1987; Elmore and Crawford, 1990; Kilgore and Elmore, 1989). The majority
of research connects hydrocarbon presence to magnetic susceptibility anomalies, with suggestions that
magnetic minerals are chemical byproducts of iron oxides exposed to reducing environments (Elmore
et al., 1987, 2001, 2012; Elmore and Crawford, 1990; Kilgore and Elmore, 1989). This reducing envi-
ronment is created by the influx of hydrocarbons into a region, and further processes including hydrocar-
bon biodegradation can further produce new, or alter pre-existing magnetic minerals (Costanzo-Alvarez
et al., 2006; Elmore et al., 1987; Machel, 1995). The predictions of Machel (1995) suggest that differing
magnetic minerals are more or less stable in different conditions produced by hydrocarbon presence, of-
fering magnetite and pyrrhotite as stable under reducing conditions, compared to goethite and hematite

in more oxidizing conditions.

The identification of the hydrocarbon-magnetic mineral relationship was swiftly followed by discus-
sions over its potential for hydrocarbon exploration, with Elmore et al. (1987) and Machel and Burton
(1991a,b) identifying the formation of reducing conditions over hydrocarbon accumulations as a result
of seepages. The hydrocarbon exploration method was hypothesised to include acromagnetic surveys
alongside soil, sediment and drill cutting analysis, to identify these so-called “geochemical plumes” (Al-
dana et al., 2003, 2011; Costanzo-Alvarez et al., 2006; Diaz et al., 2000; Donovan et al., 1982; Elmore
et al., 1987; Gonzélez et al., 2002). Although, as with other hydrocarbon exploration methods, draw-
backs from these potential hydrocarbon-derived magnetic anomalies include their formation through a

wide variety of non hydrocarbon-derived sources (Costanzo—/\lvarez et al., 2006; Elmore et al., 1987).

The properties and contents of hydrocarbons themselves are another source of derived magnetic
anomalies, with all fluids in a hydrocarbon accumulation showing diamagnetism, with crude oil showing
a much more negative susceptibility than formation waters (Ivakhnenko and Potter, 2004). Variations
in magnetic signatures from hydrocarbons predominantly relate to their density, residue content, API

gravity, viscosity, sulphur content and metal concentrations, with light crude being the most diamagnetic
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(Ivakhnenko and Potter, 2004). Furthermore, the biodegradation of hydrocarbons can impact magnetic
anomalies, as Fe?*-oxidizing and Fe3*-reducing microorganisms create newly formed, predominantly
SD magnetite (Rijal et al., 2010, 2012) and iron sulphides (Badejo et al., 2021a,b,c).

Grains formed within shales that are subjected to a magnetic field acquire a chemical remanent mag-
netisation and a thermoviscous magnetisation that both align parallel to the applied field. Furthermore,
these are predominantly impacted by thermal effects and hydrothermal alteration, suggesting that any
shales within, or passing through, oil window temperatures (~100 °C) can be remagnetised due to ther-
mal imprinting (Aubourg et al., 2008). Typically these grains are magnetite and hematite, formed at
the expense of pyrite and by oxidation of the newly-formed magnetite, respectively, however, relative
ratios of pyrrhotite and magnetite at low temperatures (<250 °C) can be utilised as a paleo-temperature
geothermometer to aid maturity and paleo-maturity analysis (Aubourg et al., 2008; Aubourg and Pozzi,
2010). At low temperatures (40-85 °C) pyrrhotite dominates magnetic mineral assemblages, but above
this, up to 250 °C, the neoformation of magnetite increasingly overshadows the presence of pyrrhotite
(Aubourg and Pozzi, 2010). Beyond 250 °C, pyrrhotite formation occurs at the expense of magnetite,
and pyrite when >320 °C, creating a paleo-burial model (Aubourg et al., 2012; Rochette, 1987). Rel-
ative presences of various minerals within remagnetised shales give a proxy for burial depth via tem-
perature, from greigite at the subsurface, to magnetite at >2 km depth and pyrrhotite at >6 km depth
(Aubourg et al., 2012).

Costanzo-Alvarez et al. (2019) identified that organic matter free radicals (Fe** an Mn?*), derived
from thermal degradation of slightly-biodegraded kerogens, react with iron oxides and sulphides present
in the area within two diagenetic stages. The first of these stages partially dissolves the iron oxides
and sulphides, resulting in a relative decrease in both magnetic susceptibility and natural remanent
magnetisation, and relative increase in the free radicals (Costanzo—Alvarez et al., 2019). The second
diagenetic stage exists in a zone of increased hydrocarbon content (at ~2680 m), and results in the
partial replacement of framboidal pyrite by authigenic pyrrhotite, causing a direct increase in magnetic
susceptibility and natural remanent magnetisation compared to the increase in free radicals, suggesting

this replacement is caused by the presence of hydrocarbons (Costanzo-Alvarez et al., 2019).

Biodegradation impacts the relative abundances of aliphatic compounds and polar components in
hydrocarbons, in turn impacting magnetic anomalies (Emmerton ef al., 2012, 2013). Biodegradation
destroys aliphatic compounds, giving greater relative abundances of polar components and asphaltenes,
and preferentially removing SD grains, creating a relative increase of MD grain presence (Costanzo-
Alvarez et al., 2006; Emmerton et al., 2013). Preferential removal of SD grains results in lower quality
hydrocarbons giving lower magnetic susceptibility readings, and a greater anomaly in high quality, less
biodegraded hydrocarbons (Costanzo-Alvarez et al., 2006; Emmerton ef al., 2013). Hydrocarbon gener-
ation also aids the creation of magnetic minerals, as proven by Abubakar et al. (2015) when pyrolyzing
source rocks from the Wessex Basin, UK in hydrocarbon-forming conditions. In tandem with this,
Abubakar (2015) and Abubakar et al. (2020) also concluded that variations in magnetic mineralogy oc-
cur along oil migration pathways. This is through dominance of magnetite in the proximal hydrocarbon

plume and pyrrhotite in the distal plume, with a mix of both in the shallow proximal plume environment.
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Badejo (2019) and Badejo et al. (2021a,b,c) identify a magnetic coercivity increase along a ~30
km lateral-migration pathway in Early Tertiary intervals in the Central North Sea, which suggests an
increasing presence of iron sulphides that correlate to greigite being identified only within hydrocarbon-
bearing wells. The increase in iron sulphide presence along the migration pathway, reflected in a prox-
imal siderite-rich signal, mixed middle-distance signal, to a distal iron sulphide-rich signal is proposed
to be caused by either: I) an organic mechanism of biodegradation by anaerobic sulphate-reducing bac-
teria leading to increased greigite precipitation in the shallower, distal regions of the migration pathway;
or II) an inorganic mechanism of greigite grain precipitation during generation and expulsion of early
mature oil followed by migration up the fill-spill chain along the migration pathway, resulting in in-
creasingly greater greigite accumulations in distal regions. Scenario I is suggested as the more likely as

biodegradation is cited as the cause of decreasing oil APIs up the distally-shallowing migration pathway.

No conclusive variation of saturation or remanent magnetisation is observed by Badejo (2019) and
Badejo et al. (2021a,b,c) along the migration pathways of the petroleum system, however peaks in both,
as well as mass-dependant susceptibility, were identified at both gas-oil and oil-water contacts. The
peaks are attributed to SD magnetite or greigite presence caused by diagenetic alteration, or biodegra-

dation causing precipitation of extra- or intra-cellular magnetite/greigite, at the interfaces.

Most recently, a study from Abdulkarim ef al. (2022a) has showed siderite presence in a hydrocarbon
system can be deduced as a proxy for vertical migration. This follows work by Badejo et al. (2021a)
who also shows this evidence, and theorised it was caused by vertical hydrocarbon charging, not lateral
migration. Furthermore, Abdulkarim et al. (2022b) and Abdulkarim er al. (2022c) present extensive
iron sulphide and lepidocrocite presence in the Central North Sea, and offer these as possible proxies

for oil-water contact depth caused by variations in degrees of biodegradation.
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3.1 INTRODUCTION

This chapter covers the literature on the study area from a geological perspective, discussing the
basics of petroleum systems before reviewing the Inner Moray Firth (IMF), its formation and the stratig-
raphy within it. Furthermore, a review of the hydrocarbon geochemistry of the basin from past inves-
tigations is discussed, due to the potential for multiple source rocks and hydrocarbon source regions,
alongside the associated hydrocarbon mixing ratios present within the basin. Beyond this, the produc-
tion history of the three fields (Beatrice, Jacky and Lybster) is analysed. The review will offer insights
into where potential source regions should be and where to focus investigations within the model, as

well as estimating hydrocarbon volumetrics within the fields.

3.2 GEOLOGICAL PRINCIPLES

3.2.1 HYDROCARBON FORMATION

Petroleum is a mixture of hydrocarbon molecules (both oil and hydrocarbon gas) and small quanti-
ties of metals and organic molecules containing sulphur, oxygen and nitrogen (Gluyas and Swarbrick,
2004). Petroleum is a hydrocarbon that originates from aquatic organic matter that gets buried and
preserved by sediment (Bjorlykke, 2010). The organic matter is typically algal or planktonic, though
a variety of different organic matter contributes to a range of different hydrocarbons (Bjorlykke, 2010;
Kumar, 2012). Once organic matter has sunk through an anaerobic water column, it is buried by rapid
sedimentation (Bjorlykke, 2010). Sand- and larger-sized grains more-readily allow oxygen diffusion
between them, hindering preservation of the underlying organic matter, consequently burial by clay-

and silt-size sediment is necessary for organic matter preservation (Bjorlykke, 2010).

After initial organic matter burial, kerogen can be formed through a sequence of reactions occurring
over extensive time periods, during which the organic matter undergoes compaction, heating, further
burial and diagenesis (Bjorlykke, 2010; Kumar, 2012). Initially, bacterial oxidation and fermentation
converts lipids and lignins into simple molecules, methane and carbon dioxide, followed by these simple
molecules undergoing polymerisation to become organic acids and then increased diagenesis of the acids
after this results in the formation of kerogen (Bjorlykke, 2010). Once kerogen is formed, further heating
and pressure converts it into oil or gas, depending on the conditions within the rock (the “oil window”)
(Bjorlykke, 2010; Gluyas and Swarbrick, 2004).

3.2.2 PETROLEUM SYSTEMS

Petroleum systems require a specific sequence of components to exist, and typically occur in depres-
sional basins where deposition is stratigraphic and sediment is contained (Bjorlykke, 2010; Dembicki
Jr, 2017; Gluyas and Swarbrick, 2004). The sequence begins with an underlying source rock, in which
hydrocarbons are generated and matured, then expelled (Figure 3.1; Gluyas and Swarbrick (2004)). Mi-
gration of the hydrocarbons occurs along pressure gradients into porous and permeable reservoir rocks,

at which point they are halted by the presence of an impermeable seal constricted into a hydrocarbon
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Figure 3.1: Schematic diagram of a petroleum system and its major processes, showing the different
stages of hydrocarbon expulsion out of source rock, migration into reservoir rock and accumulation in
a trap below a sealing rock. From Perkins (2017).

trap (Figure 3.1; Bjorlykke (2010); Dembicki Jr (2017); Gluyas and Swarbrick (2004)). This trap and
seal combination prevents further flow of hydrocarbon fluids resulting in an accumulation within the
reservoir rock, although seepage and spill may occur laterally, due to structural spill, or vertically, due
to capillary failure (Figure 3.1; Bjorlykke (2010); Dembicki Jr (2017); Gluyas and Swarbrick (2004)).

3.2.3 RESERVOIR CHARACTERISATION TECHNIQUES

To obtain sufficient and relevant data to understand and model a hydrocarbon field and its enclosing
basin, characterisation must occur through a variety of methods (Gluyas and Swarbrick, 2004). This
often begins with remote sensing, the cheapest investigation technique, through satellite imaging, gravity
surveys, and magnetic surveys (Gluyas and Swarbrick, 2004). Remote sensing typically encompasses
the entire basin, analysing structure, architecture and filling sediments, with satellite imaging gathering
spectral data on varying wavelengths and direct images of basins (Gluyas and Swarbrick, 2004). Gravity
surveys identify regional tectonic regimes via gravity anomalies analysed through density differences
observed in gravimetric data, and magnetic surveys assess magnetic anomalies and variations caused by

lithology, and typically are used to define basin shape and size (Gluyas and Swarbrick, 2004).

3.2.3.1 SEISMIC SURVEYS

Following remote sensing, a series of other techniques are used, with increasing degrees of focus into
specific basinal regions and hydrocarbon prospect(s). Firstly, seismic surveys are undertaken across an

area, aimed at analysing sub-surface structure, potential petroleum system components and delineating
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a prospect’s borders (Gluyas and Swarbrick, 2004; Veeken, 2007; Bjorlykke, 2010). Seismic surveys are
individually taken as two-dimensional “slices” of an area, to create a cross-sectional appearance, but are
often taken in a grid to form a three-dimensional survey (Bjorlykke, 2010; Gluyas and Swarbrick, 2004).
Four-dimensional surveys can also be taken repeatedly over a period of time to analyse sub-surface
fluid movement and impacts any infrastructure may cause, however these require fixed receptors on the
surface, increasing survey times and costs (Bjorlykke, 2010; Gluyas and Swarbrick, 2004). Seismic
surveys characterise a reflection coefficient at a lithological boundary, derived from contrasting seismic
velocities and lithological densities across the boundary, refer to widespread literature for further detail,
including Bjorlykke (2010), Gluyas and Swarbrick (2004), Veeken (2007) and Yilmaz (2001).

3.2.3.2  DEVELOPMENT & APPRAISAL WELLS

Once seismic data has been used to identify a potential prospect, wells are drilled within the prospect’s
borders to ascertain: I) if the prospect is oil-bearing (development well) and II) to delineate the field if
it is (appraisal well; Gluyas and Swarbrick (2004)). These wells are used alongside cores and well logs
to improve knowledge on the field (Gluyas and Swarbrick, 2004).

3.2.3.3 CORES

Core samples are taken down-well so sections can be analysed ex situ, allowing for direct study of
lithological intervals of interest, and for testing that is not otherwise possible, predominantly assessing
permeability (Gluyas and Swarbrick, 2004). Cores are either whole sections of well, comprised of the
entire well or selected intervals, or plugs — 3cm sections taken at uniform intervals along the well’s
sidewall, removed post-drilling (Gluyas and Swarbrick, 2004). Plugs are cheaper than whole cores,
however they do not offer the same level of information due to their spacing and the selectivity of

samples, thus do not represent the entirety of their source interval (Gluyas and Swarbrick, 2004).

3.2.4 WELL LOGS

Geophysical equipment is passed down a well to ascertain numerous petrophysical characteristics
that form a geostatistical recreation of the field when correlated across multiple wells (Gluyas and
Swarbrick, 2004). Well logs assess a wide-range of properties aimed at identifying lithologies, alongside
fluid volumes and fluid contacts within a reservoir (Bjorlykke, 2010; Ellis and Singer, 2007; Gluyas and
Swarbrick, 2004). Initially caliper, spontaneous potential and gamma ray logs are run to analyse well
conditions, formation water, and basic lithology (Bjorlykke, 2010; Ellis and Singer, 2007; Gluyas and
Swarbrick, 2004). These more accurately determine the depths of the field’s critical components to

prevent logging the entire well with significantly costlier techniques (Bjorlykke, 2010).

The desired intervals are then concurrently analysed through resistivity, density and neutron logs
to assess and estimate lithology, porosity, permeability, fluid contacts and fluid saturations (Bjorlykke,
2010; Ellis and Singer, 2007; Gluyas and Swarbrick, 2004). Porosity can be further analysed through
sonic and nuclear magnetic resonance logs, with sonic logs also used to assess reservoir overpressure

(Ellis and Singer, 2007; Gluyas and Swarbrick, 2004). Acoustic, dipmeter and image logs are also
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available to test well conditions, investigate sedimentary features and directly image the lithology, re-
spectively (Bjorlykke, 2010; Ellis and Singer, 2007; Gluyas and Swarbrick, 2004).

3.2.4.1 WELL-SEISMIC TIES

Well logs and seismic surveys can be tied by creating a log-derived synthetic seismic trace utilising
wave velocities and lithological densities from sonic and density logs (Veeken, 2007). This trace is
tied to the equivalent depth in a seismic survey, allowing for correlation and seismic calibration to each

lithology, improving interpretations (Veeken, 2007).

3.3 LOCATION OF STUDY AREA

The IMF is located in the outer margins of the western arm of the North Sea Rift, has an average
water depth of 45 m, and contains three known, produced, and now abandoned hydrocarbon fields;
Beatrice, Jacky and Lybster Fields (Figure 3.2; Linsley et al. (1980); Stevens (1991)). Beatrice Field
is the significantly larger accumulation, containing estimated reserves of 480 MMBBLs, compared to
Jacky’s 5.2 MMBBLs and Lybster’s 40 MMBBLs (Linsley et al., 1980; Stevens, 1991). Due to its size,
Beatrice Field contains numerous wells and is the focus around which this study builds, however the
consistent structure and stratigraphy that contains all three fields offers the opportunity to understand

basin-wide variations in the petroleum system derived from non-lithological impactors.
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Figure 3.2: Map of the study area in the Inner Moray Firth highlighting the positions of known hydro-
carbon fields in the Inner and Outer Moray Firths and the wells used in this study.
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3.4 INNER MORAY FIRTH BASIN FORMATION

The IMF forms the western arm of the trilete North Sea Rift, opening in the Permian via strike-slip
motion on the sub-vertical Great Glen Fault (GGF) Zone, pinned at the intersection with the Wick Fault,
continuing until stabilisation in the Cretaceous (Barr, 1985; Johnson et al., 2005; McQuillin et al., 1982;
Roberts et al., 1990; Underhill, 1991). The basin overlies the pre-existing Caledonian Orogeny-formed
Orcadian Basin and is developed on a steep planar and listric ramp fault system linked to complex arrays
associated with the GGF and flat detachment faults at 20-25 km depth (Andrews et al., 1990; Barr, 1985;
Bird et al., 1987). The IMF is bound by the Helmsdale and Wick Faults to the north, the GGF to the
north-west and the Banff Fault to the south (Figure 3.3; Roberts et al. (1990); Underhill (1991)).

The basin is isostatically uncompensated and, in association, has not experienced crustal thinning,
resulting in a crustal thickness of 26-27 km, evidenced by Bouguer gravity anomaly analysis (Figure
3.4). This gravity data shows strong negative responses within the IMF, indicative of thicker crust, com-
pared to more positive values eastwards away from the basin, towards the Central North Sea (Andrews
et al., 1990). The gravity data shows clear alignment between the gravity response and the positions
of the larger scale faults within the basin, such as the Great Glen, Wick and Lossiemouth Faults, indi-
cating critical involvement in the basin structure (Figure 3.4). Deep detachment faults impeded crustal

thinning, through transferring stress, and therefore lower crustal and upper mantle extension, out of the

Halibut Platform
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Figure 3.3: Structural map of the IMF showing the hydrocarbon fields. See Figure 3.6 for cross sections.
BF = Banff Fault; GGF = Great Glen Fault; HF = Helmsdale Fault; IMF = Inner Moray Firth Basin,
OMF = Outer Moray Firth Basin. Modified from Linsley et al. (1980) and Roberts et al. (1990).

25



Chapter 3: Geological Review J.R. Perkins

?mo 10

Q

= =D

Figure 3.4: Bouguer gravity anomaly map across the IMF, showing clear negative gravity responses
across the Inner Moray Firth in comparison to more positive responses towards the Central North Sea,
where crust is known to have thinned. Clear alignments can be seen between fault locations in Figure
3.3 and the contours of the gravity map. Modified from Andrews et al. (1990).

basin (Andrews et al., 1990; Barr, 1985; Roberts et al., 1990). Consequently, despite being structurally
related to the other arms of the North Sea Rift, the IMF developed in an entirely different four-stage se-
quence (Andrews et al., 1990; Barr, 1985; McQuillin ef al., 1982; Roberts et al., 1990). Permo-Triassic
inversion and half-graben block rotation was followed by Jurassic-Early Cretaceous tectonic subsidence
caused by extensional separation of boundary faults, then Early Cretaceous-Cenozoic epeirogenic sub-
sidence and Cenozoic uplift and erosion caused by crustal flexure (Greenhalgh, 2016; McQuillin et al.,
1982). The IMF contains two overarching sub-basins, the Great Glen and Lossiemouth Sub-Basins,
separated by the ENE-WSW-trending Central Ridge horst, and smaller-scaled grabens and half-grabens
separated by structurally higher horsts or footwall highs (Figures 3.3 & 3.6; Andrews et al. (1990);
Argent et al. (2002); Dimitropoulos and Donato (1981); McQuillin et al. (1982); Roberts et al. (1990)).
The basin is dominated by tilted fault blocks and oblique-slip faults, and the fault system experienced
early generation of its main faults, with strain progressively localising onto these larger faults away from
smaller faults. This has resulted in the basin being constrained, filled and formed by large-scale fault-
ing, suggesting a fully evolved, interconnected fault system (Dimitropoulos and Donato, 1981; Roberts
et al., 1990; Walsh et al., 2002).

The IMF is a predominantly strike-slip system, containing flower geometries, én echelon folding and

faulting, pull apart systems, inversion structures, lateral stratigraphy offsets and ordered combinations of
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extensional and compressional faults that include major and listric faults, alongside sedimentary wedges
within significantly extended rotational structures (Argent et al., 2002; Bird et al., 1987; Roberts et al.,
1990). These all developed as an array of linked, shaped faults with several levels of detachment related
to the GGF, with faults trending perpendicular to the GGF (ESE-WNW) evolving as dip-slip (Argent
et al.,2002; Bird et al., 1987; Roberts et al., 1990).

Two episodes of regional thermal subsidence
occurred in the Early-Middle Jurassic, prior to the
deflation of the Central North Sea Thermal Dome
(NSD; Figure 3.5), and were succeeded by a sec-
ond major phase of rifting that activated deep-
rooted extensional tilted fault blocks, as well as
thermal subsidence and pulses of transpression
during the Cretaceous (Johnson et al., 2005; Un-
derhill, 1991; Underhill and Partington, 1993).

Cenozoic inversion was caused by the basin at-

tempting isostatic equilibrium due to the lack of
crustal thinning, and resulted in the removal of
~1 km of post-Early Cretaceous sediments, prior
to covering by <100 m of Quaternary sediments

(Andrews et al., 1990; Argent er al., 2002; Barr, Figure 3.5: Extents of the NSD shown through sub-

1985:; Hillis et al., 1994; Roberts et al., 1990). crops attributed to the Mid-Cimmerian Unconfor-

mity. Solid lines indicate known subcrop bound-

The NSD caused transgressive flooding in the aries, dashed are inferred. From Underhill and
Partington (1993).

IMF during the Mid-Cimmerian Unconformity,
initiated the North Sea rift and affected heat flows
through uplift and mantle pluming within the central North Sea (Underhill and Partington, 1993). The
NSD affected structural evolution and pre-existing hydrocarbon accumulations, typically causing those
nearer its centre to crack to gas or become overmature. This is unlike those in the IMF, which sits in
the outer reaches of the NSD (Figure 3.5), thus likely did not experience the impacts to the same extent,

however did experience a local unconformity and hiatus (Underhill and Partington, 1993).

Faulting in the IMF predominantly occurred syn-sedimentation, with sedimentation rates being
greater than fault growth and sedimentary wedges and condensed sequences showing against fault hang-
ing walls and footwalls, respectively (Roberts et al., 1990; Thomson and Hillis, 1995; Walsh et al.,
2002). During the Triassic, sediment movement into the Beatrice Field region shows thickening trends
from the SW and SE, whilst in the Jurassic sediment thickens across all major faults associated with the
basin (Roberts et al., 1990).

3.5 INNER MORAY FIRTH BASIN STRATIGRAPHY

Sediment in the IMF is sequenced from Devonian to Cretaceous, lacking Carboniferous intervals,

deposited syn- or post-upper crustal stretching (Andrews et al., 1990; Roberts et al., 1990). Uncon-
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formably overlying basement metasediments and granites within the underlying Orcadian Basin are
basal Devonian Lower, Middle and Upper Old Red Sandstones (ORS; Figure 3.7; Andrews et al. (1990);
Brown et al. (1988)). The Lower ORS is a locally-variable and isolated lacustrine-environment de-
posited sequence of siltstones and mudstones, with the Middle ORS being a similar lacustrine environ-
ment but with a much greater distribution across the northern North Sea, whilst the Upper ORS is an
occasionally oil stained sandstone (Brown et al., 1988). Fault activity and extensive erosion in the Early
Permian caused the complete loss of Carboniferous sediments (Andrews et al., 1990; Brown et al., 1988;
Johnson et al., 2005; Newman and Dean, 2005; Roberts et al., 1990; Whitbread and Kearsey, 2016).

The Permian consists of the Early Permian Rotliegend Group and Late Permian Zechstein Group
(Figure 3.7; Andrews et al. (1990); Brown et al. (1988); Roberts et al. (1990)). The Rotliegend con-
tains approximately 500 m of red beds, a sequence of three facies — very fine to fine grained, well
sorted, red-brown sandstones, with frequent 2 m-thick dark red-brown, non-calcareous, occasionally
anhydrite-bearing claystone intervals; overlain by a tripartite division of basal fine-grained sandstone,
a siltstone-claystone unit and an interbedded sandstone-siltstone-claystone unit; and topped by a grey
to red-brown dolomitic shale with thin, anhydrite nodule-bearing, dolomitic and micaceous sandstone
stringers (Andrews et al., 1990; Brown et al., 1988). The boundary between the Early and Late Permian
saw rapid transgression and deposition of the Kupferschiefer Formation, a thin dark greyish-brown to
black, laminated, sapropelic, pyritic, dolomitic mudstone, with high concentrations of copper, lead and
zinc sulphides (Brown et al., 1988; Johnson et al., 1994; Roberts et al., 1990). The Moray Firth Zech-
stein was predominantly constrained to 50-150 m thick deposits in a carbonate-sulphate platform and a
south-eastern deep hypersaline basin, with the development of clastic, carbonate, anhydrite and halite
lithofacies (Brown et al., 1988).

The Triassic unconformably overlies the Zechstein and has constant internal bed thicknesses around
faults (Brown et al., 1988). The Early Triassic consists of the Lossiehead Formation (Heron Group)
— a lower grey, brown to orange-red, fine-coarse grained sandy unit, and an upper interbedded fine-
grained sandstone, siltstone and reddish-brown, anhydrite-bearing claystone unit (Brown et al., 1988).
This is capped by 11-12 m of locally microcrystalline silica- and sand grain-bearing Cherty Rock, that
is dominantly tan-coloured micritic limestone with chert inclusions and relic concretionary layering
(Brown et al., 1988).

Jurassic sediments contain all Beatrice Field reservoir units (detailed in Section 3.6.1), as well as the
Kimmeridge Clay Formation. The Early Jurassic consists of minor sands, the Mid Jurassic of upward-
coarsening paralic and interbedded sandstone sequences, and the Late Jurassic of shallow marine sands
and some spiculitic sands (Figure 3.7; Andrews ef al. (1990); Brown et al. (1988); Linsley et al. (1980);
Roberts et al. (1990); Stevens (1991)). The Kimmeridge Clay sequences of the IMF are dominated by
shales yet experience extensive sand input, predominantly from turbidites and fault-derived gravity flow
sands, which formed injected sand cones within the Kimmeridge Clay, caused by forcibly emplaced
70-100 °C fluids, hotter than typical strata temperatures of 50-60 °C, along the Helmsdale Fault and
GGeF in response to Cenozoic-age dextral strike-slip motion (Andrews et al., 1990; Davies et al., 1996;
Harker and Rieuf, 1996; Jonk et al., 2003; Whitbread and Kearsey, 2016).
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Figure 3.7: Stratigraphic column from west to east (Inner to Outer Moray Firth) highlighting the main
sedimentary and stratigraphic bodies within the area. HG = Heron Group; DuG = Dunrobin Bay
Group; FIG = Fladen Group. Modified from Glennie et al. (2003), Harker and Rieuf (1996) and Whit-

bread and Kearsey (2016).
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The Early Cretaceous is represented by the Cromer Knoll Group, and is subdivided into the Valhall,
Sola and Rodby Formations. Observing the subdivision is difficult in the IMF, with deposition controlled
by relative sea level change and tectonic activity (Andrews et al., 1990; Brown et al., 1988). The
Valhall Formation is mainly calcareous mudstones and marls, the Sola Formation a non-calcareous, dark
grey, organic-matter-rich claystone with thin limestone and siltstone beds, and the Rodby Formation is
dominated by grey to red-brown sandy marls and calcareous shales (Brown et al., 1988). The Cromer
Knoll Group has a high sandstone content in the IMF, with strong tectonic controls on deposition clearly
marked along the Halibut and Smith Bank Faults. Due to Cenozoic uplift and associated erosion, the
Cromer Knoll Group is the surficial formation in the Inner Moray Firth, other than overlying Quaternary
sediments (Andrews et al., 1990; Brown et al., 1988).

3.6 BEATRICE FIELD

Beatrice Field’s existence was confirmed by well 11/30-1 in July 1976, and exploration wells con-
strained the field at approximately 24 km?, with an estimated 146 MMBBL recoverable oil from ap-
proximately 480 MMBBL in-place (Stevens, 1991). The Jurassic-age reservoir intervals (Figure 3.8)
are filled with 38 °API, highly viscous (2.23 mPa-s, or 2.23 cP), highly waxy (17 %), low sulphur,
high pour point (18.3 °C), paraffinic crude oil that has a low bubble point pressure (4.38 MPa), low
formation volume factor (1.09) and a low gas-oil ratio (126 SCF/STBBL) (Linsley et al., 1980; Stevens,
1991). The field has a low energy, with initial pressures of 19.98 MPa at 1981 m and poor aquifer influx,

requiring water injection from the start of production (Stevens, 1991).

The field sits on a structural high in a tilted, NE-SW-trending fault block, trapped by a three-
way dip closed and fault-bounded anticlinal trap, with some slight dip reversal being caused by drape
over the underlying fault block and fault drag (Barr, 1985; Linsley et al., 1980; Stevens, 1991). The
reservoir sequence contains a series of layered, potentially parasequenced, fully correlatable Early-Mid
Jurassic sandstones (A, B, H, I and J Sands), interspersed with two shale horizons, and an internally-
uncorrelatable, interbedded sandstone and shale unit that is a potential source rock (Stevens, 1991). The
reservoir has an average gross thickness of 335 m and a net sand thickness of 137 m (a net-to-gross of 41
%), the crest sits at ~1800 m TVSS, whilst the oil-water contact (OWC) occurs at 2068 m, with an av-
erage water saturation of 21.5 % (Stevens, 1991). The reservoir sands display porosity and permeability
ranges of 13-22 % and 1-4000 mD, respectively, with oil recovery varying between 12-45 % (Stevens,
1991). Cementation has greatly decreased pore space below the OWC, but the oil column above appears

to have limited cementation, preserving porosity and permeability (Linsley ef al., 1980).
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istence of four potential source rocks contributing to the Early and Middle Jurassic reservoir sequences
offers the central investigation into the IMF. Modified from Peters et al. (1989).
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3.6.1 RESERVOIR STRATIGRAPHY

The Beatrice Field reservoir section is bound below by the Triassic-age Stotifeld Cherty Rock and
above by the Late Jurassic-age Heather Formation (Figure 3.9). The stratigraphy outside of the Early-
Middle Jurassic has been outlined previously (Section 3.7). The following are the reservoir intervals

seen within the Beatrice Field, as well as the Early-Middle Jurassic across the Inner Moray Firth.
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Figure 3.9: Stratigraphic column of lithology seen within the Beatrice Field and sea level curve identi-
Jfying dominant events related to unconformities seen within the Field. The Callovian-Ryazanian trans-
gression is a flooding event caused by the formation of the North Sea Dome. DuG = Dunrobin Bay
Group; DHFm = Devils Hole Formation;, CrSa = Cromarty Sand Member; NBSh = Nigg Bay Shale
Member; FaSh = Farclas Sand Member;, BuSh = Burghie Shale Member; FiSa = Fiddich Sand Mem-
ber; BrCo = Brora Coal; LiSa = Livet Sand Member;, MoSa = Morangie Sand Member; LWSh = Lady’s
Walk Shale; GrSa = Grant Sand Member, Du = Dullan Member,; StCh = Stotfield Cherty Rock. Modi-
fied from Stevens (1991) and Underhill and Partington (1993).
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3.6.1.1 DUNROBIN BAY FORMATION (DUNROBIN GROUP) — J SAND

F152'10"

The basal J Sand of the Dunrobin Bay Forma-
tion overlies the Triassic Stotfield Cherty Rock,
averages 15 % porosity and 400 mD permeability
(Figure 3.10), and was deposited within an allu-
vial flood basin and levee-crevasse (Linsley ef al.,
1980; Stevens, 1991). The J Sand consists of fine
grained, moderately sorted, occasionally calcare-
ous silty sandstones and sandy siltstones interbed-
ded with, and grading into, mottled and veined
grey-green shales (Dullan and Grant Sand Mem-
bers; Figure 3.12) (Linsley et al., 1980; Stevens,
1991). Beds are rarely thicker than 1.5 m, with
sandstones being moderately-well cemented by
authigenic silica and containing rare shell and
ostracod fragments, alongside planar and ripple
cross-beds, whilst the shales show rootlet hori-
zons, rare plant material and desiccation cracks
(Linsley et al., 1980).

Up-sequence, a transition from brackish to
more marine conditions is reflected in a change
from shales to organic-rich black shales (Lins-
ley et al., 1980). Thicker and coarser-grained
sandstones are distributary channel-deposited,
with minor zones becoming rich in carbon-
ate/dolomite, transitioning to sandy limestone

(Linsley et al., 1980). Overlying these is the == :
Figure 3.10: Photograph of a section of core
from the J Sand, Well 11/30-2, Beatrice Field from
calcareous muds containing thin-shelled pectens, 7752.83 to 7153.75 ft MD (2180.12-2180.46 m
crinoid fragments and ammonoids and mottled, MD). Core shows basal silt grading into mixed silty
sand to sands, indicative of what is typically seen in
the basin in the Dunrobin Bay Formation.

Lady’s Walk Shale — a series of transgressive,

basally-burrowed siltstones (Linsley et al., 1980;
Stevens, 1991).

3.6.1.2 | BEATRICE FORMATION (FLADEN GROUP) — H & I SANDS

The H and I Sands of the Beatrice Formation unconformably overlay the Early Jurassic sediments
and average 17 % porosity, but due to variations in sand types and diagenetic histories, permeability
varies between 1-20 mD and 500-2000 mD (Linsley et al., 1980; Stevens, 1991). The formation repre-
sents the beginning of a high energy, regressive deltaic sand sequence containing massive, fine-medium
grained sandstones (Figure 3.11) with 10-12 % feldspar and 15-18 % clays with extensive variation in

sorting and degrees of cementation (Linsley et al., 1980). The diagenetic cement cycle shows initial

34



Chapter 3: Geological Review J.R. Perkins

(N o N

Figure 3.11: Photographs of sections of core from the H (left) & I (right) Sands, Well 11/30-2, Beatrice
Field, from 6937.83-6938.42 ft MD (2114.65-2114.83 m MD) and 7007.83-7008.42 ft MD (2135.99-
2136.17 m MD), respectively. The I Sand shows higher clay and silt content compared to the clean, but
oil-stained H Sand core, except for the silty section in the shallowest region of the core.

syntaxial authigenic quartz growth, developing into authigenic kaolinite then amorphous silica (Lins-
ley et al., 1980). The depositional sequence contains two broadly coarsening-up cycles overlain by
lagoonal-delta-top clays that contain marine acritarchs-dinocysts and thin coal and rootlet horizons,
then major distributory channel sands (Figure 3.12; Linsley et al. (1980)).

3.6.1.3 | PENTLAND FORMATION (FLADEN GROUP)

The Pentland Formation is a conformably overlying cyclical sequence of alluvial flood-plain deposits
that average 16.5 % porosity, however, sand thickness variations cause permeability variations between
effectively zero and up to 320 mD (Figure 3.13; Linsley er al. (1980)). Within this unit there are five
major sandstone bodies, however a single interbed sequence typically contains more than one deposi-
tional cycle (Linsley et al., 1980). A single depositional cycle consists of a sharply-based, well sorted,
cross-bedded, ripple-laminated authigenic silica-cemented alluvial point-bar sandstone, typically about
6m thick, fining-up into a mottle and veined siltstone, then a flood basin-levee-crevasse, carbonaceous,
waxy claystone (Figure 3.14; Linsley et al. (1980); Richards et al. (1993); Stevens (1991)). This cy-
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Figure 3.12: Facies model of the Early Jurassic, lower reservoir sequences of the Dunrobin Bay and
Beatrice Formations, identifying the alluvial flood plain, crevasse splay, lagoonal, deltaic environments
of deposition. The alluvial deposits came from the NW of the IMF, over the Great Glen Fault, into the
basin. Modified from Andrews et al. (1990); Paleoservices (1978).

36



Chapter 3: Geological Review J.R. Perkins

Figure 3.13: Photographs of sections of core from the Pentland Formation, Well 11/30-2, Beatrice
Field from 6523-6523.67 ft MD (1988.21-1988.41 m MD) and 6729.5-6730 ft MD (2051.15-2051.30
m MD). The presence of silty, verging on clay-rich, oil-stained sands in the shallower section and the
shallowest section of the deeper core show the in-formation reservoir, and migration pathways from the
hydrocarbon-producing TOC-rich shales, as seen in the lower region of the deeper core.

clothem is topped by a silty claystone with rootlets and the Brora Coal, assumed to have been deposited

within an extensive lagoonal coastal swamp (Linsley ef al., 1980; Richards et al., 1993).

3.6.1.4 BRORA FORMATION (HUMBER GROUP) — A & B SANDS

A transgression overlaid the Brora Coal, and is followed by a cycle of alternating, coarsening-up,
transgressive-regressive marine shales and sideritic sandstones (Figure 3.15; Linsley ez al. (1980)). The
cycle averages 16 % porosity and permeabilities of 50-500 mD, and consists of fine grained, silty, shelly,
bioturbated, Rhaxella spicule-containing sandstones grading into silty, shelly shelf muds, overlain by
fine grained flasar-bedded, ripple laminated, silty sandstones that coarsen-up into clean, fine-medium
grained, cross-bedded or bioturbated beach or barrier sandstone (Figure 3.14; Linsley et al. (1980)).

The Early Callovian-age B Sand typically shows three cycles in an average 15 m section, conse-
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Figure 3.14: Facies model of the Middle Jurassic, upper reservoir sequences of the Pentland and Brora
Formations, identifying the alluvial flood plain, lagoonal, delta and beach bar and barrier depositional
environments, and the transitional shelf zone of the Heather Formation. The alluvial deposits came
from the NW of the IME, over the Great Glen Fault, into the basin. Modified from Andrews et al. (1990);

Paleoservices (1978).
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quently sand bodies are relatively thin, with common calcite cement, however in the Late Callovian-age
A Sand, a single depositional cycle is typically 30 m thick, resulting in thick sand sequences and making
it the dominant component of the Beatrice reservoir (Linsley et al., 1980; Stevens, 1991). Above the
A Sand, a belemnite-guard rich sandstone occurs, and shows some current orientation (Linsley ef al.,
1980). The sandstone transitions into overlying shelf muds of the sealing Heather Formation (Linsley
et al., 1980; Stevens, 1991).

Figure 3.15: Photographs of sections of core from the A (left) & B (right) Sands, Well 11/30-2, Beatrice
Field from 6336.67-6337.25 ft MD ( m MD) and 6384.82-6385.17 ft MD ( m MD), respectively. Both
cores show consistent sand presence, but the B Sand shows more influx of silt, especially towards its
base when it transitioned from the Pentland Formation into the B Sand.

3.6.2 FIELD STRUCTURE

The development of Beatrice’s structure and trap is closely linked to formation of the IMF, with
Barr et al. (1985) suggesting the trap is derived from the basin’s isostatic disequilibrium, and the ma-
jority of faults in the field being normal but being controlled by pre-existing strike-slip fault trends
attributed to the rejuvenation of Caledonian faults during Permian-Triassic continental rifting (Linsley
et al., 1980; Stevens, 1991). Most Beatrice-related faulting is thought to be constrained to the Late
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Oxfordian, critically including the field-bounding and -trapping Beatrice Fault, and had ceased by the
Mid-Kimmeridgian, however the Beatrice Fault may have continued its development until the Ryaza-
nian, akin to other major basin faults (Linsley et al., 1980; Stevens, 1991). Barr et al. (1985) state that a
sub-horizontal, deep-rooted detachment system beneath the IMF, combined with a lack of deep-rooted
steep faults that would have facilitated isostatic recovery, and a lack of lithospheric thinning, as proven
by Dimitropoulos and Donato (1981), has the ability to cause the three-way dip closure system trapping
Beatrice (Figure 3.16).

a) /V 0 km 3

Figure 3.16: a) Contour map showing top of pay (A Sand) in the Beatrice Field, and b) associated
cross-section through the Beatrice Field, outlining major faults and sediment packages seen. Note that
contour depths are in feet. A = A Sand, MSh = Mid Shale, B = B Sand, Pent = Pentland Formation, H
= H Sand, I = I Sand, LW = Lady’s Walk Shale, J = J Sand, RB = Red Beds, Tr = Triassic Chert. From
Linsley et al. (1980) and Stevens (1991).

3.6.3 FIELD SOURCE ROCKS

Five dominant source rocks exist in the northern North Sea: the Early Devonian Struie Formation;
the Middle Devonian Orcadia Formation; the Carboniferous Firth Coal Formation; the Middle Jurassic
Pentland Formation; and the Late Jurassic Kimmeridge Clay Formation (Greenhalgh, 2016). In the IMF,

the Firth Coal Formation is not present due to Early Permian removal of Carboniferous sediment, and the
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Kimmeridge Clay, despite containing high TOC, is believed to be too shallow and immature to produce
oil (Figure 3.17c; Greenhalgh (2016); Mackenzie et al. (1983); Peters et al. (1989)). Consequently,
current theories and geochemical research (Peters et al., 1989) infer that the IMF hydrocarbons is a

non-biodegraded co-sourced mix of both Devonian and Middle Jurassic sources (Stevens, 1991).

The Devonian source rock flagstones sit within the Old Red Sandstone (ORS) and were deposited
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Figure 3.17: Maps showing assumed (dashed line) and known (solid line) depositional extents of a)
Lower and Middle Devonian Old Red Sandstone (ORS); b) Brora Coal Formation; and c) Kimmeridge
Clay, in which TOC trends are shown. Modified from Brown et al. (1988) and Evans et al. (2003).
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in an extensive lacustrine region known as the Orcadian Lake (Brown et al., 1988), and are rich in Type
I amorphous kerogen, but also contain more minor Type II source material. The lacustrine environ-
ment varies in consistency across the basin, being isolated in the Early Devonian before becoming more
widespread in the Middle Devonian, and the extent of the lake is difficult to define, although it is thought
that during the Middle Devonian it extended across the entire northern North Sea (Figure 3.17a; Brown
et al. (1988); Greenhalgh (2016); Peters et al. (1989)). Sources are non-uniformally distributed, dark,
organic rich, laminated units, with the best source potential in thin, continuous, highly TOC-rich Fish
Beds within the flagstones, which were deposited during sea level-fluctuation-forced extinction events
(Greenhalgh, 2016; Trewin, 1989). In contrast, the Pentland Formation is a Type II-1II source restricted
to the Moray Firth (Figure 3.17b; Curry and Fisher (1982); Linsley et al. (1980); Richards et al. (1993)).
The formation is a coastal, alluvial flood-plain deposit in a freshwater swamp environment that experi-
enced periodic marine-brackish influences (Curry and Fisher, 1982; Linsley et al., 1980; Richards et al.,
1993), see Section 3.6.1.3 for further detail.

3.6.3.1 HYDROCARBON GEOCHEMISTRY

Biomarker and isotope analysis proves a non-correlative relationship between Kimmeridge Clay bi-
tumen and the IMF hydrocarbons, but does show a correlation between IMF hydrocarbons and both
Devonian siltstones and Pentland shales and coals (Table 3.1; Mackenzie er al. (1983); Peters et al.
(1989)). Furthermore, IMF hydrocarbons have a significantly higher wax content, higher pour point and
lower sulphur content than most other North Sea oils, which are typically Kimmeridge Clay-sourced
(Aalund, 1983). Despite a potential influx of plant matter into the IMF during the Late Jurassic causing
differing Kimmeridge Clay composition in the region to that of the rest of the North Sea, Mackenzie
et al. (1983) suggests that the Kimmeridge Clay could require a further 3 km of burial to reach maturity,
although this seems excessive. Extensive burial of the Kimmeridge Clay is rare in the IMF, however,
it possibly has occurred adjacent to the GGF to the NW of the Beatrice Field, thus offering a poten-
tial source location if the Kimmeridge Clay contributed to the IMF hydrocarbons, although evidence

suggests this contribution is unlikely (Mackenzie et al., 1983).

Peters et al. (1989) propose a Devonian:Pentland source-mixing ratio of 60:40 within the IMF hy-
drocarbons, however they state that thermal maturity biomarkers indicate that IMF hydrocarbons are
more mature than any potential sources, giving unreliable conclusions. The Devonian sources also con-
tain an unknown ratio of Type I and II oils, causing further source-mixing uncertainties resulting in
Devonian:Pentland ratios potentially varying between 58:42 (fully Type I) and 66:34 (fully Type II; Pe-
ters et al. (1989)). This complexity suggests a history much more convoluted than initially believed,
with maturation, migration, mixing and charging histories yet to be fully unravelled.

The minimal presence of desmethyl Cs3p-steranes in IMF hydrocarbons suggests partially marine
conditions, however strong perhydro-f3-carotene signatures in both the IMF hydrocarbons and Devo-
nian bitumen samples suggests a more saline lacustrine environment (Peters et al., 1989). The presence
of gammacerane and carotene in the Devonian kerogen indicates an algal source in a high salinity, anaer-
obic environment (Duncan and Hamilton, 1988; Greenhalgh, 2016). Maceral analysis and terpane dia-

grams show similarities between IMF hydrocarbons and Devonian bitumens, however, carbon isotopes
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suggest the Devonian cannot be the sole source (Peters et al., 1989). Mass chromatograms show match-
ing peaks between Pentland bitumen and IMF hydrocarbons of 1,2-benzopyrene and 3,4-benzopyrene,
proven to not be derived from anthropogenic contamination (Peters et al., 1989). The percentage of
normal paraffins within IMF hydrocarbons and the Middle Jurassic bitumens are significantly greater
than the other samples, and the mixing of Middle Jurassic and Devonian sources would generate a waxy

oil similar to that seen in Beatrice (Peters er al., 1989).

In summary, Peters et al. (1989) suggest a mix of a lacustrine source (Devonian) dominated by non-
marine organic matter alongside a marginal marine-to-fluvial source (Pentland) dominated by degraded
marine planktonic organic matter. Erosion and rifting events in the Permian likely significantly reduced
the volume of hydrocarbons generated in the Palacozoic due to the lack of seals and faults, however most
Devonian oil is thought to have reached mid-late maturity by the Late Palaeozoic (Greenhalgh, 2016;
Trewin, 1989). Significant Mesozoic maturity most likely occurred in regions where oil did not reach
maturity during the Palacozoic, with this inferred for the IMF hydrocarbons, and likely caused by the
North Sea Dome (Hogan et al., 1978). Cracking to gas would have been likely if IMF hydrocarbons was
emplaced earlier and within elevated pressure and temperature conditions for an extended time period
(Greenhalgh, 2016). This later heating may be the reason IMF hydrocarbons shows a higher level of

maturity than the inferred sources.

3.6.3.2 SOURCE KITCHEN LOCATIONS

Due to the limitations in constraining the Orcadian Lake, the low mobility of the Pentland Formation-
sourced hydrocarbons, the extent and connection to any potential Kimmeridge Clay maturation, the
basin’s complex tectonic history, extensive regional and local facies variabilities and thermal maturity
inequalities, defining the source regions and migration history of the Beatrice Field has not yet been
successfully accomplished (Greenhalgh, 2016). Due to its low mobility, long-range migration of the
Pentland Formation hydrocarbons is strongly doubted and its presence within the Beatrice Field (proven
by cores and well logs) suggests a more proximal kitchen than that of any other source (Hogan et al.,
1978). Conversely, two different arguments exist for the Devonian source kitchen. Marshall (1998)
offers evidence for the overprinting of an initially steep geothermal gradient, caused by deep burial in
the Palaeozoic, which deflectes away from a potential Devonian source kitchen close to Beatrice Field,
but Curran (1987a) and Underhill (1991) suggest long-ranged migration of Devonian hydrocarbons
occurred. However these differ, with Curran (1987a) proposing that the area around Well 12/27-1 (20
km SE of Beatrice) shows optimum conditions for a Devonian source kitchen, due to the presence
of the source intervals in logs and cores, whereas Underhill (1991) suggests optimum Devonian oil
production would have occurred in the north of the Sutherland Terrace, 20 km NW of Beatrice. Despite
this uncertainty, hydrocarbon generation modelling consistently infers that oil maturation occurred in
the Early Cretaceous (Greenhalgh, 2016; Robertson Research International, 2001).

In attempts to constrain the locations of IMF source kitchens, Parnell ef al. (2017) and Peters et al.
(1998) followed Underhill (1991) by analysing organic-rich veins within the Caledonian-age granitic
basement in the Helmsdale region, and oil-cemented fractures in brecciated sandstone clasts likely de-

rived from Helmsdale Fault gouge breccia, respectively. Geochemical analysis by Peters et al. (1998)

43



J.R. Perkins

Chapter 3: Geological Review

6S 609 LL9 T SY0  IT'T 790  veve- I1RdAL
N N N N A N A uawIN)Ig URIUOAJ(]
¢ €6 69¢y IT 190 89t 800 86€¢-  IdAL

N N A A N A N 8 (444 9¢'L 144 €S0 or'¢ - rLe uawnig stsseanf [ppHAN
A A N N N A N 0¢ L8E 8¢'CC 4! 760 8L'C 8CC 4% 1% uouwmyrg Ae[) SSpLISwwry]
N N A A A A A - - - IC - - I1°0 LLTE Su0QqIed0IPAY JINT
2 5 .
< Q = = O/ [ ~
o g ) ) < 5 Q 4
S = = = 3 o 3)
£ & 8 8 , 2 g &= £ & _ _ ~
m = W W QL o ) Lo ) o0 S S n %

o =) <) ] N >~ i
2 = Q Q S @} @ o O O vt 2 IS ~
o A~ - N = s O T T % ~ Q N )
s 9 R R £ F 5| w w » 0Z o = o

! 1 1 - m o
% o) < & O P g /m\ N
® N > " £ = = —_ I
IS 0 ag) — x» 5 = an) n
“ N ] [aw o
I\ A

sIoyIeworg SINSQY ANSTWAYD0AL)

(N) 2ouasqp 40 (£ ) 2ouasaid 112y Kq pajoudp v SA1YADUI01G 2JON
(6861 “T8 12 $4219J) puvjjods 2.10Yysuo uo &i4vng) ppaf] UL0qOf Jv SIUOISI]IS YI1L-D1UDSL0 UDIUOAI(] I]PPIA AD]1UIS WOLf P2]I2]]0d SU1aq 224108 [ 2dL]
UDIUOAI(] Y] pUD ‘S2UO0ISI|IS YI14-21UDEL0 UDIUOAI(] K17 wioLf Suypu1dLio JJ adK] uviuoaa(q ayy yim ‘r-,z/2I 112M woif uayvy asom sajdws [y ad«KJ
UPIUOAJ(] pupv Kv]) 28PLIGUIULY Y] ‘P21 2014IDAG Y] UIYIIM Z-0S/ [ 112M WO P2123]]0d Y10q 240M SI]AUDS UdWNIIG IISSDANS 2]PPLA PUD SUOGADIOIPLY
ANWIL YL (6861) T8 19 S1212d q paaridp ‘Sajdups 224N0S 42YJ0 pun SUOGIDIOIPAY JIN] Yl JO SIINSaL [DI1UdY2023 SulSLpuuns 2]quy 1°¢ dqelL

44



Chapter 3: Geological Review J.R. Perkins

shows the presence of 24-n-propylcholestanes and (3-carotenes, suggesting both marine and lacustrine
source rocks, respectively, inferring a mixed oil similar to that of Beatrice Field hydrocarbons, plus a
suite of biomarkers that indicate both mild and heavy biodegradation. Analysis also reveals the presence
of oleanane, typically suggesting a post-Cretaceous paralic marine shale source or, more rarely, an effec-
tive oleanane-bearing Pentland Formation marine source (Peters et al., 1998). Mass spectrometry of the
Pentland Formation in Well 11/30-2 confirms the presence of oleanane in the formation, therefore infer-
ring that fractures along the Helmsdale Fault were filled with forcibly-emplaced, heavily biodegraded,
co-sourced oils that closely resemble oil seen in Beatrice Field (Peters et al., 1998).

Parnell et al. (2017) conclude that both Devonian and Jurassic sources were possible in the organic-
rich sediment veins within the granitic basement, but sterane compositions relate the organic matter to
a Jurassic shale. Parnell et al. (2017) state that the veins were forcefully emplaced, and that oil was
present during sediment vein emplacement, potentially reflecting high fluid pressures associated with
post-Jurassic movement along the Helmsdale Fault. The presence of high-pressured fluids in the basin
is evidenced by Jonk et al. (2003) and specifically in the Helmsdale Fault by Parnell e al. (2017), with
these hydrofractures and faults potentially acting as conduits facilitating primary hydrocarbon migration,
with high fluid pressures capable of producing open fractures and dilatant faults at all depths associated
with hydrocarbons (Aydin, 2000).

3.6.4 IMF HYDROCARBON PRODUCTION HISTORY

Production of Beatrice Field came online in September 1981, but due to low field pressures, caused
by the low gas-oil ratio, poor aquifer influx and high oil viscosity due to its wax content, enhanced oil
recovery was necessary from the beginning, involving both electrical submersible pumping (ESP) and
water injection, chosen over gas injection due to the low gas-oil ratio in the field (Chorneyko, 2006;
Clifford and Duthie, 1987; Fielder and Johnson, 1986; Kilvington and Gallivan, 1983; Kilvington et al.,
1987; Stevens, 1991). Furthermore, due to the high wax content, giving high viscosity and high pour
point oil, pour point depressants (PPDs) and associated solvents were also utilised from the beginning of
production to reduce the oil viscosity and lower the pour point to a more viable temperature (Chorneyko,
2006; Clifford and Duthie, 1987; Fielder and Johnson, 1986; Kilvington and Gallivan, 1983; Kilvington
et al., 1987; Linsley et al., 1980; Stevens, 1991). Across the life of the reservoir, production rates
dropped dramatically from an initially strong rate of 30-40,000 barrels of oil per day (bopd) through
the first two years of production (1981-1983) down to less than 1000 bopd at the end of the field’s life
in the early 2010s (Figure 3.18; Kilvington and Gallivan (1983); Oil and Gas Authority (2018)). There
is limited information regarding both the Lybster and Jacky Fields, however there is data that shows
production, which occurred from mid-2012 to late-2017, and mid-2009 to mid-2014, respectively, was
initially strong before dramatically dropping off much quicker than Beatrice Field (Figure 3.18; Oil and
Gas Authority (2018)). Lybster Field had much lower production rates compared to the other fields,
due to low reservoir pressures, and the field was only viable due to its proximity to the coast and pre-
existing infrastructure, resulting in very low production costs. In comparison, whilst Jacky Field has
much smaller reserves it is under high pressure and thus production rates were initially high and the

field benefited from being in close proximity to the infrastructure developed for Beatrice Field.
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Figure 3.18: Graphs of monthly production rates (black) of the hydrocarbon fields within the IMF, with
calculated rates (blue) via best fit curves. Missing data is due to a lack of reported production rates, not
breaks in production. Data from Kilvington and Gallivan (1983) and Oil and Gas Authority (2018).

3.7 SUMMARY

This chapter has shown how the IMF has formed and evolved through its geological history, which
has differentiated the basin from other more Central North Sea depocentres. This evolutionary variation
offers this study the ability to compare the findings to other North Sea petroleum systems, as well as
those in other areas. Further variations are seen in the petroleum system, most clearly found within the
source rocks, where an apparent lack of Kimmeridge Clay-sourced hydrocarbons further differentiates
the IMF from the other North Sea regions, as does a likely mixed source hydrocarbon accumulation.
With only three known hydrocarbon fields in the IMF, understanding the petroleum system, through the
work in this study, offers the opportunity to investigate both the possible reasons why the basin has a
lower number of hydrocarbon accumulations compared to other reasons of the North Sea, and if any

previously unidentified accumulations exist.
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4.1 INTRODUCTION

This chapter covers the various methodologies used across this study, separated into magnetic analy-
ses and modelling analyses, both geological interpretations and basin and petroleum systems modelling.
Whilst there are overlaps between the two overarching analytical techniques used in this study, they are

two very different disciplines so have been separated accordingly.

4.2 MAGNETIC ANALYSES

The magnetic analyses used throughout Chapter 6 were carried out in an overarching two step pro-
cess - initially, samples were collected and processed according to what analytical technique was to be

carried out, and then the analysis itself. These two processes are outlined within this section.

4.2.1 SAMPLING AND PROCESSING

4.2.1.1 BGS CORE STORE SAMPLE COLLECTION

As part of all UK North Sea drilling licensing agreements, half of all core drilled (separated verti-
cally) is given to the British Geological Survey (BGS) upon extraction, and is then stored at the BGS
Core Store in Keyworth, Nottingham, offering the opportunity to sample across large swathes of core.
To select the sections of core most suitable for magnetic analysis, composite well logs were used to
initially identify the stratigraphy present in each well, and then to determine relevance to the petroleum

system, including key aspects of the reservoir body, most critically the oil-water contact(s).

Sample collection was done at the BGS Core Store, with samples being selected based on max-
imising the spread of samples across all reservoir intervals whilst also accruing samples around critical
research areas like the oil-water contact. Samples taken are between 2 cm and 7 cm in size, taken at

intervals of 1 m (3 ft) in reservoir sections and 30 cm (1 ft), or smaller, intervals in critical areas.

4.2.1.2 | SAMPLE PREPARATION - CUTTING & CORING IN ROCK PREP LAB

Due to the well consolidated nature of the sand samples, all samples that were structurally strong
enough were cored into 5 mm diameter cores in the Imperial College Department of Earth Science and
Engineering’s Rock Preparation Laboratory. These samples were then trimmed to 1 cm length using a
water-cooled circular saw. Samples were then weighed and stored in sample containers at the Natural

Magnetism Group (NMG) Laboratory at Imperial College London ready for analysis.

4.2.1.3 | SAMPLE PREPARATION - GRINDING IN NMG LABORATORY

Samples that were not suitable for coring, such as poorly consolidated sands and clays, were ground
in a quartz mortar and pestle in the Imperial College Department of Earth Science and Engineering’s
NMG Laboratory. These samples were then weighed and stored within sample bags at the NMG Labo-

ratory ready for analysis.

Samples that had core taken from them are also required to produce some ground samples for high
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and low temperature analyses. These were prepared in the same way as the non-cored samples. Samples
also sent to the Institute for Rock Magnetism (IRM) in Minneapolis, USA and Australia National Uni-
versity (ANU) in Canberra, Australia magnetism laboratories were prepared in this way, with samples

being ground, weighed and bagged before being sent to the relevant institutions.

4.2.2 LABORATORY METHODS

4.2.2.1 # MAGNETIC ANALYSES

HYSTERESIS MEASUREMENTS

Room temperature hysteresis measurements were undertaken with a Princeton Vibrating Sample
Magnetometer at the NMG Laboratory at Imperial College in White City, London to produce datasets
outlining the room temperature properties of the samples, to deduce grain size and magnetic mineralogy
within the samples. This magnetic analysis was done to determine the saturation magnetisation (Mj),
remanent magnetisation (M), coercivity (B.), coercivity of remanence (B, and high-field slope (Hgs)
of each sample via the formation of a hysteresis loop. Alongside the hysteresis loop, backfield curve and
isothermal remanent magnetisation (IRM) measurements were also carried out to further the analysis of

each sample. See Table 4.1 for information on the input controls of this analysis.

Furthermore, on the Princeton VSM at the NMG Laboratory, room temperature First Order Re-
versal Curve (FORC) data was collected in two forms - as standard FORC analysis, as developed by
Roberts et al. (2000), and as a remFORC measurement (set up within this study as an NMGremFORC;
Muxworthy and Baker (2022)). These processes are carried out at room temperature and produce sim-
ilar results through similar techniques however differ in one major way — FORC analysis measures the
points along the magnetisation curve (M(B;,B)) in-field, whereas remFORCs, also known as remanence
FORCs, measure M(B;,B) out of field, thus giving a remanence measurement for each M(B;,B) point.
This is beneficial as comparisons allow further analysis, and remFORCs offer the opportunity to mea-
sure noisy samples that otherwise would produce chaotic FORC diagrams. However, as the applied
field has to continuously switch from a specified value to zero then back, it takes significantly longer
than a standard FORC, approximately double the time (Zhao et al., 2017). The analytical techniques
for both FORCs and remFORC:s are similar, albeit with slightly differing inputs. Both have been run
on the VSM at room temperature, with similar input parameters (see Table 4.2 for information on the
input controls of the analysis), however remFORCs require the input of a python-written script on the
Princeton system. All samples underwent FORC analysis, however only the noisiest and most important

samples underwent remFORC analysis due to the timescales involved.

LOW TEMPERATURE ANALYSIS VIA MPMS

Low temperature measurements were carried out on Magnetic Property Measurement Systems (MPMS)
at the IRM and ANU. the low temperatures (10-300 K) are used to identify nanometric particles (<30
nm) that are hard to identify at room temperature (superparamagnetic minerals; Dunlop and Ozdemir
(1997)), and to classify the magnetic minerals in the samples through identification of crystallographic

transitions seen in certain minerals that occur below room temperature. The transitions include the Ver-
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Table 4.1: Table summarising the input parameters of the room temperature Vibrating Sample Mag-
netometer (VSM) analytical laboratory methods used for the ascertainment of key magnetic properties
within prepared samples.

Hysteresis

Backfield

Input controls Loop Curve IRM
Sensitivity 5-10 uAm? | 20-50 nAm?> | 20-50 nAm?
Applied field maximum 300 mT - -
Applied field increment 3.75mT - -
Averaging time 250 ms - -
Pause at maximum field Is - -
Averages 1 - -
Sequence - Nonlinear Nonlinear
Initial field - 1 mT I mT
Final field - 500 mT 500 mT
Number of points - 40 40
Saturating field (DCD) - 1T 1T
Pause at saturation - Is Is
Averaging time - 5s 5s
Pause at applied field - Is s
Pause at zero field - Is ls
Slew rate to applied field - 1 T/s 1 T/s
Commence demagnetizing at - - 550 mT
Exit demagnetizing at - - 0T
Field decrement (% of field) - - 5 %
Limit slew rate to < - - 200 mT/s
Limit slew time to > - - 300 ms
Pause at each applied field - - 60 ms

wey Transition within magnetite at 120-125 K (Verwey, 1939), the Morin Transition in hematite at 263
K (Morin, 1950) and the Besnus Transition in monoclinic pyrrhotite at 30-34 K (Besnus and Meyer,
1964; Rochette et al., 1990).

Three low temperature magnetisation analyses were run on the MPMS to identify these mineral

transitions within samples. Low temperature demagnetisation analysis was carried out, where samples
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Table 4.2: Table summarising the input parameters of the room temperature FORC and remFORC
analytical laboratory methods used for the ascertainment of FORC diagram data of prepared samples
carried out in a VSM.

Input controls FORC rellzllz/lOcl}{ C
Sensitivity 2 uAm? -
Saturating field +1T -

B; (min) -40 mT -

B; (max) +40 mT -

B. (min) 0T -

B. (max) +80 mT -
Averaging time 250 ms -
Field increment 1.93 mT -

Number of FORCs 100 -
Allow for smoothing factor of 7 -
Pause at saturating field Is -
Pause at calibration field Is -
Pause at reversal field Is -
Slew rate limit 1 T/s -
Number of measurements 1 -
Pause - 250 ms
Average time - 2s
B, max - 120 mT
B min - 100 mT
Max field - 1T
Number of FORCs - 70

were subjected to a strong applied field at room temperature to reach SIRM before being cooled to 20 K
and warmed back to 300 K in a zero-field, generating two curves known as cycling cooling and cycling
warming curves. Field cooled (FC) and zero-field cooled (ZFC) warming curves were also carried out,
where an applied field produces an SIRM at 10 K, and then is warmed in a zero-field to 300 K. These
two analyses differ through how the SIRM is reached — FC scenarios cool the sample whilst subjecting

it to an applied field, whereas ZFC scenarios cool the sample to 10 K in a zero-field.
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HIGH TEMPERATURE SUSCEPTIBILITY VIA KAPPABRIDGE

High temperature susceptibility measurements were carried out using a Kappabridge system at the
NMG Laboratory. Susceptibility is used to determine the mineralogy of samples based on their Curie
Temperatures via identification of sample thermomagnetic behaviour (Dunlop and Ozdemir, 1997).

Samples were heated from room temperature to 700 °C within a non-reactive argon atmosphere.

4.2.2.2  LOW AND ROOM TEMPERATURE MOSSBAUER SPECTROSCOPY

Maossbauer spectroscopy was carried out at the IRM in Minneapolis, at both room and low (20
K) temperatures. Mossbauer spectroscopy is used to assess mineral assemblages in samples, and was
first identified by Mossbauer (1958). A source produces gamma rays which are absorbed by iron as a
function of the iron mineral lattice, enabling the differentiation between minerals. It is typically done at
low temperatures for weakly magnetic samples, and up to room temperature for more strongly magnetic
particles. Natural samples, typically having low iron content, are rarely successful due to their weak

magnetism, and this also means measurements take 3-4 days to complete.

4.2.2.3 | SCANNING ELECTRON MICROSCOPY AND ENERGY DISPERSIVE X-RAY ANALY-

SIS

Samples for Scanning Electron Microscopy (SEM) analysis were pre-processed prior to imaging —
initially, whole-rock samples were crushed as per Section 4.2.1.3, before being sieved through a 500
um brass sieve. The sieved samples were then magnetically separated using the Frantz LB-1 Magnetic
Barrier Laboratory Separator located in the Department of Earth Science and Engineering at Imperial
College London. The samples were run through the separator three times to refine the volume of mag-
netic material. The non-magnetic separated sample was kept but is now no longer useful in the study.
The magnetic grains were then crushed again as per Section 4.2.1.3 to ensure as fine a texture as possi-
ble. These samples were then mounted on microscopy stubs using carbon tape before being coated with

15 nm of chromium within a Quorum Q150T S turbomolecular coater.

SEM imaging and Energy Dispersive X-ray (EDX) analysis were carried out in the Imperial College
London Centre for Electron Microscopy. SEM imaging was conducted on samples with a Zeiss Auriga
Cross Beam SEM system, which contains a Schottky field emission gun, Gemini electron column and
three detectors - a standard in-chamber ET detector and two in-column detectors, one secondary electron
detector and an energy selective backscattered electron detector. The system also has a Ga+ ion focused
ion beam (FIB), however this was not used. The SEM system operates between 100 V and 30 kV
resulting in spatial resolutions of 1.0 nm and has imaging resolution to 2.5 nm. EDX analysis was
conducted through the SEM that is connected to the Oxford Instruments INCA EDS analysis system.
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4.3 GEOLOGICAL ANALYSES AND MODEL FORMATION

4.3.1 SEISMIC INTERPRETATION

Seismic interpretation is critical in the development of a geological model, and is used within Chap-
ters 5 & 7, as it produces horizon surfaces and faults within the confines of the data area that are then
used to build the model. The seismic data acquired was depth converted prior to acqusition for this
study, thus no time-depth conversion was necessary during this project. Seismic horizon interpretation
was carried out using Schlumberger’s Petrel (Schlumberger, 2015) software and was undertaken using
a combination of manual, two-dimensional guided and three-dimensional guided interpretation tech-
niques. Guided autotracking methods utilise a manual input point from the interpreter that the software
uses as a basis for automated picking, which can be done in two and three dimensions depending on
the seismic data being interpreted. Fault interpretation is wholly manual and is dependant on the inter-
preter’s abilities. Both seismic and fault interpretations are then quality checked to ensure that both the

manual and automated picking are accurate.

4.3.2 WELL LOG ANALYSIS

Well log data is used to tie seismic interpretations with proven data, as well as offering the oppor-
tunity to draw conclusions on the lithologies seen around the wells through petrophysical analysis, as
shown in Chapter 5. Well log data was both purchased from IHS Markit and acquired under academic
licence from the Oil and Gas Authority (OGA) National Data Repository (Oil and Gas Authority, 2021).
This data is used to create well correlations, petrophysical analysis and well-seismic ties. Well correla-
tions and well-seismic ties were carried out in Petrel, where stratigraphic well tops, the depths at which
specified lithological units occur, are compared to each other in terms of depth and petrophysical prop-
erties seen in each unit in each well to determine consistency and continuity of units across the study

area, including lithological variation within units.

Petrophysical analysis was carried out in Interactive Petrophysics (IP; Lloyd’s Register (2018)) and
Schlumberger’s Petrel where “.las” petrophysical data files for each well are loaded and interpreted in
regards to their lithologies and relevant stratigraphy, geological properties, e.g. porosity and clay con-
tent, and petroleum system components, such as present hydrocarbons, oil-water contacts and organic
content of source rocks. Petrophysical analysis commences from the initial suite of data, such as gamma
ray, density and resistivity logs that are then implemented into a series of equations used to determine

petrophysical properties that cannot be acquired directly from the well log, such as porosity.

4.3.3 CORE ANALYSIS

This research carried out no original core analysis due to original post-drilling analysis producing
all the core data necessary for this project. Core analysis is used to accurately determine properties that
well log analysis can only estimate, such as porosity and permeability, and is also used to analyse source

rock properties. The core data required for this project, used to calibrate the models and log analysis,

53



Chapter 4: Methodologies J.R. Perkins

was taken from well reports. The properties acquired from the reports are porosity and permeability for

reservoir sequences, and total organic carbon (TOC) and vitrinite reflectance in source rocks.

4.3.4 GEOLOGICAL MODEL FORMATION

The conversion from a geological model in Schlumberger’s Petrel to a basin and petroleum system
model (BPSM) in Schlumberger’s PetroMod (Schlumberger, 2020) is the aggregation of all interpreted
surfaces and faults, petrophysical data and well top data and converting these into gridded objects. The
horizon interpretations were converted into 50 m resolution grid cells and faults were converted into a
Fault Framework that has gridded faults and analysed fault-fault relationships. The Fault Framework
was then utilised during the creation of a Fault History table that outlines the properties of the faults and
the ages at which the faults were active. This is critical in the petroleum system model, and specifically
within this project, as migration pathways are highly dependant on fault activity and fault properties.
Stratigraphic columns are formed to define the ages of each interpreted horizon with the gridded surfaces
then linked to the stratigraphic column during the exporting process. Facies modelling is also done
within Petrel, where lithology specified in the PetroMod project is used to develop a group of facies that

are then assigned to each stratigraphic interval.

4.3.5 BASIN AND PETROLEUM SYSTEMS MODEL FORMATION

Once the geological model is created in Petrel, it then must be exported to PetroMod at which point
it becomes a BPSM. All surfaces must be assigned ages from the stratigraphic column which leads to
the formation of units between them which are filled with facies. Faults, their properties and periods of
activity are also included in this initial exporting sequence, as are the assignment of erosion maps where
appropriate. Erosion maps are model-sized maps that identify any past thickness existing at a specific

ages that have been eroded away from the present day geometry.

Boundary conditions are some of the most critical parameters within the model, are the final inputs
into the BPSM and are heat flow (HF), paleo-water depth (PWD) and sediment-water interface tempera-
ture (SWIT). HF is the basal heat flow of sub-model geology, encompassing the heat flow of everything
beneath the model (e.g. basement lithologies, crustal heat and mantle heat; Hantschel and Kauerauf
(2009)). Controlling the amount of heat entering the model through the base, HF is heavily dependant
on rifting events and is the dominant control on model temperatures, which in turn controls the matu-
ration of source rocks and the existence of the oil/gas window(s) (Allen and Allen, 2005). PWD is the
past, and present, depth of the water body above the model (most frequently sea) and controls the depth
of the top of the model, which has a level of control on maturity and depths of all lithologies. SWIT is
the temperature of the model at its surface, thus corresponds to the PWD and controls the heat entering
the model from the surface. SWIT is significantly less impactful on the model than HF (Allen and Allen,
2005), and is typically unknown but is often calculated through AutoSWIT, based on the calculations
of Wygrala (1989). AutoSWIT takes the model’s PWD and latitude, and assigns variable temperatures
throughout time based on known or assumed temperatures at the specified latitude across the history of
the model. See Appendix Section A.1 for further detail.
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4.3.5.1 BPSM SIMULATION

Once the BPSM has all parameters and inputs acquired, the model is then simulated to create out-
putted data showing overarching events and properties such as paleogeometry, basin formation, basin
temperatures and erosive events, alongside petroleum system events and properties, such as source rock
maturation and hydrocarbon formation, migration and trapping. These output give rise to accumulations
and potential undiscovered reservoirs, as well as offering interpretable components that can be used to

understand and define the charge history of the basin.

Simulation options control what inputs and outputs can be used, specifically what migration meth-
ods and calibration outputs (e.g. vitrinite reflectance curves). One dimensional models were run on a
local computer but two- and three-dimensional models were run on Imperial College’s High Powered
Computing (HPC) cluster. This required the creation of the models locally prior to copying to a server
and the creation and submission of job scripts to the cluster. Use of the HPC both allowed computing-
intensive processes to be run externally, freeing up local computing power for other activities, and the
use of up to 512 times the processing power (up to 16 nodes each with 32 cores), speeding up the mod-
elling times, however is limited to the number of software licenses available, with one being required

for each additional instance of the software used within simulation on the HPC cluster.

4.3.5.2  MODEL CALIBRATION

Once models have been simulated, calibration must be carried out to ensure accuracy of the results
and to allow accurate modelling of planned variables to test different scenarios in the basin. Model
calibration is typically done through comparisons between calculated output well data and core or well
analysis data, most commonly temperature, vitrinite reflectance, pressure and porosity curves. Core and
well data is inputted into PetroMod and produces data points along well paths within the models and are
matched against the calculated data curves. Temperature and vitrinite data is most heavily dependant
on the HF inputs as well as paleogeometry and erosive thicknesses, whereas the other parameters are
heavily reliant on compaction, lithological and facies variations and erosive events. See Appendix
Section A.3 for further detail.
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5.1 INTRODUCTION

In this chapter, analysis of geological and geophysical datasets builds the understanding of the In-
ner Moray Firth’s (IMF) geology (Figure 5.1). The end goal of this chapter is to create a geological
framework model of the IMF using well log and seismic data interpretation, aided by core data and
literature, and to then fill this framework with data relating to the formations and facies seen within the
layers produced. To do this, extensive well log and seismic data has been collated from various sources,

leading to an in-depth dataset that builds the model through data-driven properties.

This study used 40 two dimensional (2D) seismic lines, 8 SW-NE inlines, 32 NW-SE crosslines,
totalling more than 2500km of seismic data and a 22 by 11 km three dimensional (3D) seismic cube to
develop the geological model within the basin’s geographical limits (Figure 5.2). Due to data availabil-
ity, only seismic data that had been depth converted prior to being supplied was accessible, therefore
this study was unable to both verify the accuracy of the depth conversion, and thus the interpretations
resulting from the seismic data, or to depth convert the data directly. Whilst this is not a major issue, the
lack of verification on the accuracy of the depth conversion should be mentioned as a possible flaw in the
appraisal of the basin geology. Alongside the seismic data, 57 wells distributed across the eastern two-
thirds of the basin were used to correlate facies, formations and depths across the IMF (Figures 5.1 &
5.2; Table 5.1). Due to exploration limitations, no wells have ever been drilled within the south-westerly

region of the basin (Quadrant 17), and consequently, this area has no well-derived model constraints.
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Figure 5.1: Map of the study area in the Inner Moray Firth highlighting the positions of known hydro-
carbon fields in the Inner and Outer Moray Firths and the wells used in this chapter’s analysis.
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Table 5.1: List of wells in the IMF used in this chapter and study, delineated by the North Sea Quadrant
in which they exist.

Quadrant 11 Quadrant 12 Quadrant 13 | Quadrant 18 | Quadrant 19
11/24-1 12/13-1 12/24-1 13/21b-2 18/03-1 19/01-1
11/24a-2 12/14-1 12/24-3 13/26-1
11/24b-4 12/14-2 12/25-1 13/26b-3
11/29-1 12/16-1 12/25-2 13/30-3
11/30-1 12/16-2 12/25-3
11/30-2 12/17b-1 12/26-1
11/30-4 12/18-1 12/26-2
11/30-5 12/20b-1 12/26¢-5
11/30-6 12/21-1 12/27-1
11/30-7 12/21-2 12/27-2
11/30a-8 12/21-4 12/27a-3
11/30a-9 12/21-5 12/27-4

11/30a-10 12/22-1 12/28-1
11/30a-A4 12/22a-4 12/28-2
11/30a-B7 12/23-1 12/28-3
11/30a-B9 12/23-2 12/29-1
11/30a-B10 12/23-3A 12/29-2

Within the IMF, there is a good distribution of wells in terms of both location and depth, with numer-
ous wells running through the basin’s entire stratigraphy from the Quaternary sediments to the Devonian
and sometimes the Caledonian Basement. Depth is generally interest-dependant, with the majority of
central IMF wells around Beatrice Field only drilled until they reach the Triassic, or wells along the
Inner-Outer Moray Firth border which drill through the Cretaceous then stop in the Kimmeridge Clay
or Heather Formations (Figures 5.3 & 5.4). Within this study, the wells of interest are all found in
Quadrants 11 and 12, with Quadrant 17 not containing any wells, and all of 13, 18 and 19 being on the
Inner-Outer Moray Firth border and out of seismic, and therefore model, range, thus ending up out of

the study’s area of interest.
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Figure 5.3: Depth distribution diagrams of wells across Quadrants 11 and part of 12.
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Within this chapter, a series of abbreviated terms are used in the various plots to identify the forma-

tions and age groupings being displayed. These are outlined here:

- CKn - Cromer Knoll

- WSa — Wick Sand

- KCF - Kimmeridge clay Formation
- BIS — Kimmeridge Black Shale

- Hea — Heather

- ASa — A Sand
- MSh — Mid Shale
- BSa—-B Sand

- BCo - Brora Coal

- Pnt — Pentland

- HSa - H Sand

- ISa -1 Sand

- LWS — Lady’s Walk Shale
- JSa —1J Sand

- RBd — Red Beds

- Cht - Stotfield Chert
- Tri — Triassic

- Zec — Zechstein

- Rot — Rotliegend

- Dev — Devonian

- URe — Upper Reservoir (A to B Sands, inclusive)

- LRe — Lower Reservoir (H Sand to Red Beds, inclusive)

62



Chapter 5: Geological Appraisal J.R. Perkins

5.2 WELL LOG ANALYSIS

Well log analysis is a critical focus of geological appraisal as it is one direct way of analysing the
formations seen within the study area through interpretable geophysical data. The data are collected in
drilled wells, and comes in a variety of forms, though typically is presented in five major ways — gamma
ray, sonic transit time, grain density, neutron porosity and fluid resistivity. Gamma ray logs show the
measured volume of radioactive particles within the formation, and is the key method of analysing
lithology, as shales and igneous and metamorphic rocks have high gamma ray values, whereas sands
and carbonates have low gamma ray values (Bjorlykke, 2010; Gluyas and Swarbrick, 2004). Sonic
velocity is the speed at which a sonic wave passes through the formation, and is used to test porosity
and cementation, as increased grain or cement density will decrease both porosity and sonic velocity
(Bjorlykke, 2010; Gluyas and Swarbrick, 2004). Density and neutron porosity have an inverse relation-
ship, where density is the calculated density of the lithology and neutron porosity is the estimation of
the percentage of pore space between grains, through the calculation of the volume of hydrogen atoms,
which occur most typically in fluids held in the pore spaces, but can also be used to assess fluid types
(Bjorlykke, 2010; Gluyas and Swarbrick, 2004). As such, increased density will typically result in de-
creased porosity and neutron porosity, and therefore these are plotted inversely to each other on log
plots. Resistivity is the calculation of the electrical resistance caused by various fluids within different
regions of the formation, and as such, is used to determine fluid contacts (e.g. the oil-water contact;
OWC) (Bjorlykke, 2010; Gluyas and Swarbrick, 2004). This is done through two or three resistivity
logs, one in the shallow, “invaded zone”, typically in the first few inches of the formation away from the
well, where water-based drilling mud has flushed the formation with water, and one in the deep, “virgin
zone” where the pre-existing fluids are unimpeded by drilling activity (Bjorlykke, 2010). These two val-
ues can also be joined by a medium resistivity, but the variation between the two, or three, resistivities
is what is interpreted - water has a lower resistivity than hydrocarbons (both oil and gas) and therefore
where hydrocarbons exist, the deeper resistivity log will show higher responses than the shallow log,

and the point where the two logs meet is the oil- or gas-water contact.

5.2.1 LOG FORMATION INTERPRETATION

As shown in Figures 5.3 and 5.4, the majority of wells are drilled through the Jurassic reservoir and
into the Triassic. Typically the Cretaceous deposits of the Cromer Knoll and Wick Sands are charac-
terised by low gamma ray values indicative of very sandy lithologies, with the Kimmeridge Clay and
Heather Formations showing higher gamma ray values indicative of shales (Table 5.2 & Figure 5.5).
Within the reservoir section, from the A Sand into the Red Beds, the boundaries between the shales
and the sands within the section are easily identified through the variations in gamma ray readings, as
clearly seen at the boundary of the Heather Formation and A Sand at approximately 1860 m (Table 5.2
& Figure 5.5).

Within the lithology below the reservoir, from the Triassic into the Devonian, shales are dominant
but interspersed with sands. Directly below the reservoir section, the Triassic is topped with the Stotfield

Cherty Rock that acts as a clear marker bed for the remainder of the shale-dominated lithology (Figure
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5.5). Whilst the Triassic and Permian sequences are shale-sand mixtures, there is a definitive change
in gamma response at the Rotliegend-Devonian boundary, shown by a marked increase in gamma ray
response seen in high-TOC shales. The only sequence with higher gamma ray responses is the basement,
which is predominantly granitic (Table 5.2 & Figure 5.5).

The stratigraphy of the IMF is relatively consistent and the log responses seen within Figure 5.5 are
commonplace across the well logs in the study. There is minimal variation in formation presence or log
response, with the only clear variations being formation thickness and resistivity variations caused by
the saturating fluids. Due to the consistency of the formations and the variations seen across the basin,
averages of the logs across the IMF are also consistent, with the sandy formations consistently having

gamma ray responses below 50 API, and shales increasing up to, and beyond 100 API (Table 5.2).

Table 5.2: Table outlining the average responses of the well logs across formations in the IMF, from
all the wells analysed in this study. The reservoir sands in the Mid Jurassic show generally much lower
gamma ray responses that the other clay-rich formations such as the Devonian, LW Shale, Mid Shale
and KC Black Shales.

Formation Gamma Ray Sonic Density | Neutron Porosity
(API) (us/ft) (g/cm?) (dec)
Cromer Knoll 44.953 130.546 2.230 0.323
Wick Sand 54.174 115.392 2.272 0.294
Kimmeridge Clay 61.902 98.606 2.346 0.277
KC Black Shales 86.775 97.281 2.370 0.334
Heather 68.579 89.365 2.442 0.281
A Sand 36.194 72.169 2.448 0.142
Mid Shale 85.854 88.603 2.441 0.337
B Sand 49.944 77.037 2.466 0.222
Brora Coal 64.598 89.374 2.188 0.360
Pentland 65.204 76.311 2434 0.233
H Sand 36.595 74.142 2.429 0.150
I Sand 39.438 73.924 2.443 0.150
LW Shale 85.960 77.408 2.500 0.252
J Sand 57.729 78.937 2.407 0.207
Red Beds 78.806 82.497 2.468 0.262
Stotfield Chert 50.932 85.170 2.369 0.191
Triassic 69.945 79.746 2.475 0.198
Zechstein 67.091 76.032 2.521 0.156
Rotliegend 53.584 77.094 2414 0.156
Devonian 94.021 63.195 2.592 0.116
Basement 161.192 54.926 2.642 0.041
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5.2.2 SEDIMENTARY LOGGING

To ensure that the well log analysis accurately reflects the geology of the system, sedimentary logs
were taken from several wells within the Beatrice Field region of the IMF from cores at the British Geo-
logical Survey’s Core Store in Keyworth, UK. These were logged to analyse and interpret the lithology
of the reservoir formations and to calibrate and correlate the well log analysis to direct observations
within the basin. In total, three wells were logged — Wells 11/30-2, 11/30a-8 and 11/30a-B10 — however
of these wells, only 11/30-2 was cored throughout the entirety of the reservoir section, with the core
availability of the others being constrained to either the upper reservoir (11/30a-8) or the lower reservoir
(11/30a-B10). Note that due to the age of the wells, wells drilled in the late 1960s and mid-late 1970s
were measured in feet and all logging and sampling was carried out in feet, not metres, thus this has

been continued both in the logging here and in the magnetic sampling in Chapter 6.

Within Well 11/30-2, the Heather Formation is quite fossil rich, containing belemnites, bivalves and
evidence of ammonite imprinting, very similar to the Mid Shale that sits between the two uppermost
reservoir sands, however, this also sees a shell bed and is more brown-grey rather compared to the
Heather Formation’s dark grey nature (Figure 5.6). The upper reservoir A and B Sands are somewhat
similar, in that they contain shell beds and are mostly heavily oil-stained, fine to medium grained sands
that grade into silts at their base (Figure 5.6). The Pentland Formation, topped by the coal-bearing Brora
Coal, is dominated by clay particles within hard, fissile, mid- to light-grey shales, with increasing sand

interbeds as it increases with depth.

Below the Pentland Formation in Well 11/30-2, within the lower reservoir section, good quality
sands dominate the H Sand, with these grading into shell bed-rich I Sand silts which grade into the dark
grey shales and clays of the Lady’s Walk Shale (Figure 5.6). The J Sand, whilst showing sand, appears
to contain more silt content and what sands exist are consolidated and likely cemented. Overall, the
log reflects a distinctive lower reservoir quality than the upper reservoir section, however the beds are

thicker and the H Sand does offer some good reservoir properties.

Within the other wells, 11/30a-8 and 11/30a-B10, the lithologies seen within the logged core is
broadly similar to those in Well 11/30-2 (Figure 5.7). The Heather Formation is fossil-bearing shale, the
A Sand is a high quality reservoir sand and the B Sand is of mixed quality, whilst the Pentland Formation
is a mix of sands and shales, and the lower reservoir is mixed quality also. The main difference in the
wells seems to be the varying sand-silt mix within the H and I Sands, the fossil presence within the
Lady’s Walk Shale in Well 11/30a-B10, and the higher quality reservoir sands in the J Sand of 11/30a-
B10 (Figure 5.7).

The sedimentary logs align very well with the well log gamma ray data, with the varying lithologies
initially analysed in the well logs being reflected in the cores. The variable reservoir quality seen within
the J Sand, as well as the Pentland Formation, which despite being a source has the sand interbeds that
act as reservoir units, is reflected in both analytical methods, and the lack of logged cores across the rest

of the basin is not significant.
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Figure 5.6: Gamma ray well log and interpreted log through the reservoir section of Well 11/30-2 within
the Beatrice Field, logged using symbols from Tucker (2011). Depths in feet MD brt.
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Figure 5.7: Gamma ray well log and interpreted log through the reservoir section of Wells 11/30a-8
and 11/30a-B10 in the Beatrice Field, logged using symbols from Tucker (2011). Depths in feet MD brt.
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5.2.3 OWC INTERPRETATION

Identification of OWCs within the wells of the IMF was Resistivity (ohmm)
92 2 20 200 2000

critical to this study, both to understand how the magnetic

minerals vary across the fluid contacts, but also to control
Top of reservoir

and analyse the petroleum systems modelling results. Inter- 2.5
Shallow

pretation of the OWCs was carried out in two forms - firstly Resistivity

Borehole

through analysis of well logs, and secondarily through visual Resistivity

metres
W

. . . . Deep
analysis of core. Well log OWC interpretation, as outlined Resistivity
previously, can be done through repeat formation tests, but

7.5 OwWC

in this study is done through resistivity logs, where a sepa-

ration in deep (higher, hydrocarbon-saturated) and shallow

(lower, water-saturated) resistivity logs indicates a differ- |,
ence in formation fluids, and where these meet is the OWC Figure 5.8: Example well log from Well

) o . .. 11/30a-8 showing resistivity logs and
(Figure 5.8; Bjorlykke (2010)). Whilst this is a good method their use in estimating the well’s OWC.
of identifying OWCs, it ideally needs thick sand bodies, it

can be open to interpretation, and localised sand bodies can create misleading contacts away from the
main OWC. Furthermore, well log resolution is typically 0.5 ft (15 cm), which is coarser than magnetic
variations, which can occur on a centimetre scale. As such, where possible, core analysis was used to

identify OWCs, and where required, both calibrates and supersedes the well log interpretation.

Across the cores analysed, the variation between visual and logged OWCs was minimal (within 1
m), however this, as previously mentioned, can cause issues with magnetic analysis sampling. Within
visual analysis, the change in saturating fluid is very obvious, as oil-saturated sands are a dark brown,
verging on black, and smell heavily of hydrocarbons, whereas clean (water-saturated) sands are a pale
yellow, or sometimes golden colour, although this varies by lithology. When analysing the core, OWC
identification is simply a case of finding the boundary between the oil-stained and clean sands (Figure

5.9), which can either be very sharp, with a gradational boundary less than 2 cm wide, or more of a

zone, which can be up to 5 m or greater.

(AT . ; - i il o
Figure 5.9: Annotated photograph of core from the IMF, showing the variations seen in oil- and water-
saturated sands and the location of the OWC.
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In this study, several wells from across the basin were highlighted and sampled to carry out the
magnetic analysis shown in Chapter 6. The majority of these wells were chosen as they contain visible
OWGCs that could be sampled, that were caused by both reservoir trapping and localised lithological
trapping, although other non-OWC-bearing wells were also analysed. Chapter 6 will cover this in greater
detail, however Table 5.3 outlines those OWC-bearing selected wells, the depths of the OWCs and what

formations they exist within, whilst Figure 5.10 shows their locations.

Table 5.3: Table outlining the wells containing OWCs that were selected for analysis in this study.

Well Region of the IMF Format:;’lg(gv%“ai“ing Ow&d;p;l;’,g)MD
11/24-1 Lybster Field B Sand 4948.0 (1506.65)
11/24a-2 Central NW A Sand 6130.0 (1863.02)
11/30-2 Beatrice Field A Sand & H Sand &6 2290(5 1(33346;)2)
11/30a-8 Beatrice Field A Sand 6925.0 (2110.24)
11/30a-B10 Beatrice Field I Sand & J Sand &6 24;;00( 1(346101451)6)
12/21-2 Jacky Field B Sand 7118.0 (2169.27)
12/25-3 East IMF, on OMF border Cromer Knoll 5603.0 (1706.29)
12/27-1 South-east of IMF Pentland 3735.8 (1138.47)
12/27-2 South-east of IMF B Sand 5207.8 (1587.09)
12/29-1 South-east of IMF Heather 6921.95 (2109.75)

M/“%b

Scotland

11/30a-8

12/21-2
o3

/ 1/30a-B10

11/30-2 12/27-1

Beatrice
Field

Jacky
Field

12/29-1
[ ]

® *12/272

(]
12/25-3

Z—>

e Well

Model Boundary
[ Hydrocarbon Fields

AV

Figure 5.10: Map of the IMF showing the selected wells with OWCs, as per Table 5.3.
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5.2.4 LOG CORRELATION

Well correlation is critically impor- /\/\/m

tant to determine how lithologies vary

Z—>

across the study area, and most cru-
cially within this study it focusses on a peoranc
NW-SE transect through the centre of
the basin, cutting orthogonally across
the IMF (Figure 5.11). Due to the
lack of wells drilled in the SW area

of the basin, correlation here was not

12/29-1

12/27-1

Beatrice
. . . Field
possible, and as a result, correlation is ©

heavily skewed by the significant depth
variations produced by the structurally

complex nature of the eastern half of

the basin. Correlation, therefore, fo- M Viodel Boundary
. I Hyds bon Fields
cusses on a series of four wells through e —

the centre of the basin — from Well Figure 5.11: Map showing the location and line of the wells
. ) used in the well log correlation in Figure 5.12 relatively to the

11/24-1 in Lybster Field, through Well IMF; the hydrocarbon fields and the BPSM model.

11/30a-10 in Beatrice Field, towards

12/27-1 then 12/29-1 in the SE of the basin.

Well correlation shows consistency in all lithologies regardless of location, with the dominant vari-
ations in the formations being thickness and depth, caused by the basin’s structure (Figure 5.12). The
Cromer Knoll Group and Kimmeridge Clay Formation are a mix of sandy shales and clay-rich sands,
separated by the clean sand of the Wick Sand at the Base Cretaceous Unconformity (BCU). The Kim-
meridge Clay Black Shales show high gamma ray responses, typical of an organic-rich shale, and over-
lay the sandy, shale-dominant, hydrocarbon-sealing Heather Formation. Below these are the relatively
much thinner, clean upper reservoir sands, with the Pentland Formation and Lower Reservoir sections
showing comparatively increased shale content. Below these is the very thin chert of the Stotfield Chert
which sharply transitions into sandy Triassic sediments, shale- and salt-rich Zechstein lithologies and
then clay-rich sands and sand-rich shales of the Rotliegend lithologies. Beyond the Rotliegend, the
Devonian flagstones and fish beds are strongly clay and organic matter-dependant, resulting in the high

gamma ray responses, followed by the even higher gamma ray responses of the basement.

Despite the main difference being formation thickness and depth, another clear difference is the lack
of post-Kimmeridge Clay sediments in Well 11/24-1 (Figure 5.12). This is due to movement of the GGF
and associated loss of shallow sediments during the late stage erosion. Furthermore, minor variations
are seen within the lithologies, predominantly in those above the reservoir, with the Heather in Well
11/24-1 being a lot sandier than in the other wells, but still being based by a hydrocarbon-sealing shale.
The Kimmeridgian Black Shales also vary in gamma ray response, likely as a result of varying organic

matter maturity between the shallower, less mature regions, and the deeper, more mature regions.
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Figure 5.12: Log correlation across the wells identified in Figure 5.11, showing the consistent presence
of formations in the IMF, controlled mainly by depth not thickness. Depth is in metres MD brt.
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5.2.5 LOG CROSSPLOTS

Well log crossplots are used widely in geological analyses as a method of double-checking well
log interpretations and refining the understanding of formations and how they vary. Crossplots aim to
identify the formation variations in broad senses, showing the variations across the entirety of the basin
through gamma ray (GR), sonic transit time (DT), density (RHOB) and neutron porosity (NPHI) well
log data. The majority of lithologies in the IMF are consistent across the basin, with little lithological
variation, however minor localised changes are expected and seen, such as alterations in sand-clay
ratios within the reservoirs, evidenced by changes in GR and DT responses, increasing cementation at
depth, evidenced by varying DT responses, varying total organic carbon (TOC) through source rocks,
evidenced by GR and RHOB variations, and sand influxes into sealing shale formations. M-N plots
investigate lithological variations through multiple well log datasets, through the difference between
sonic velocity-estimated porosity (M) and neutron porosity-estimated porosity (N). Originally developed
by Burke et al. (1969) and further outlined by Morton-Thompson et al. (1993), the M-N plot shows

binary and ternary mixtures of minerals via well log data through two equations (Equations 5.1 & 5.2).

Aty — At Ny — N
mM="L"% 001 5 N = N1~ OMiog

(5.2)
Plog — Pyi Piog — Pyi

Aty and Aty,, are the sonic velocities of the formation fluid and the logged lithological value, py
and pj,, are the densities of the formation fluid and logged lithological value and N, and @N,,, are
the neutron porosity values of the formation fluid and logged lithological value, respectively. In the
M equation, multiplication of the result by 0.01 is to bring the value to the same order of magnitude
as the N result. Fluid values are slightly different between freshwater and saltwater, where freshwater
sonic velocity, density and neutron porosity are 189 ps/ft, 1.00 g/cm® and 1.00, respectively, whereas
saltwater sees a slight change to 185 ps/ft, 1.1 g/ cm’ and 1.00, respectively (Burke et al., 1969; Morton-
Thompson et al., 1993).

M-N plots in this study, based on freshwater formation fluid calculations, analyse the formations of
the IMF split into both “sandy” (dot) and “shaley” (cross) log responses, using a gamma ray threshold
value of 50 API to separate the sandier and carbonate components with the shalier and hard rock com-
ponents of each formation (Table 5.4). The limitations of this M-N method are centred around not all
formations having both “sandy” and “shaley” lithologies, skewing the average M-N values towards the
smaller datasets, evidenced most clearly by the Devonian and Basement. Furthermore, not all formations
are solely “sandy” or “shaley”, exemplified by the Basement, Zechstein and Stotfield Chert formations,
identifiable by granitic gneiss, salt and cherty components, respectively. As such, some inaccurate in-
terpretations of these formations occur when analysing them within the plot (Table 5.4). Lastly, with
not all wells drilled through all formations, sample numbers are skewed towards the wells where these

formations have been drilled, limiting the ability to analyse cross-basin formation variations.

Despite the limitations, clear conclusions can be drawn from the M-N plots (Table 5.4; Figure 5.13).
The mean M and N values of the reservoir sands all plot within the sandstone region, providing fur-

ther evidence of their relatively clean sand nature (Figure 5.13b). However, as the various whole-data
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Table 5.4: Table showing the data input numbers and resultant outputs of the M-N calculations carried
out on the formations within the IMF. Note that the M and N values are dimensionless.

. Number of data points Sand Clay
Formation
Total Sand Clay M N M N
Cromer Knoll 52297 | 35766 16531 0.571  0.588 | 0.329  0.509
Wick Sand 7584 4189 3395 0.777  0.597 | 0.361 0.513
Kimmeridge Clay | 65990 | 23830 42160 | 0.722 0.595 | 0.643  0.509
KC Black Shales 21829 2968 18861 0.804 0.585 | 0.654 0477
Heather 28738 9076 19662 | 0.819 0592 | 0.641  0.466
A Sand 2563 1886 677 0.828  0.617 | 0.767  0.536
Mid Shale 1066 119 947 0.817  0.590 | 0.689  0.447
B Sand 2601 1413 1188 0.804  0.586 | 0.738 0.48
Brora Coal 753 207 546 0914 0.623 | 0900 0.551
Pentland 14024 4252 9772 0.805 0.594 | 0.806 0.522
H Sand 2259 1831 428 0.818 0.613 | 0.753  0.527
I Sand 3119 2350 769 0.816  0.617 | 0.748  0.515
LW Shale 2891 270 2621 0.764  0.576 | 0.755  0.498
J Sand 4759 1980 2779 0.825 0.611 0.766  0.538
Red Beds 4393 328 4065 0.772  0.552 | 0.734  0.505
Stotfield Chert 37706 19771 17935 | 0.804 0.598 | 0.705  0.583
Triassic 1714 308 1406 0.802 0.594 | 0.725 0.534
Zechstein 11659 3743 7916 0.774  0.563 | 0.733  0.555
Rotliegend 48010 19841 28169 | 0.805 0.595 | 0.788  0.602
Devonian 40269 2564 37705 | 0.816  0.613 | 0.795  0.556
Basement 1996 42 1954 0.763 0422 | 0.819 0.589

plots show, there is some degree of fluctuation and periodic, localised drift into the shale region (Fig-
ure 5.13ASa, BSa, HSa, ISa and JSa). The results of several formations are inconclusive, due to both
lithology variations not adhering to the plot segments (Chert, Zechstein), or vast number of data points
(Cromer Knoll). Within numerous formations, there is evidence of both calcite and carbonates (most
clear in the Chert, Zechstein and Rotliegend), as well as some evidence of secondary porosity (evi-
denced most clearly in the Brora Coal and Pentland). Curvature of the data points from the sand region
into the shale infers the presence of increased cementation, with this identifiable most clearly here in
the Chert and Zechstein, but also partially in the H, I and J Sands (Figure 5.13, Chakraborty et al.
(2015)). The flagstone-dominated Devonian, containing the mixture of hydrocarbon-generating shales,
carbonates and sands, is plotting mostly within the sand region, but shows influences of carbonates and
most significantly, both secondary porosity and gas or salt. With no geological evidence of salt in the
Devonian, it can be inferred that this data grouping is gas-enriched Devonian strata, formed as a result of
overmaturing of the Devonian source rocks, and the secondary porosity may well be a result of weath-
ering and/or erosion, suggesting that there could be some gas accumulations in the Devonian sequences
in the IMF, although this plot is the only evidence for this (Figure 5.13Dev).
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Figure 5.13: Petrophysical crossplots of the M-N ratio in the formations within the IMF. a) shows all
datapoints across all formations, b) shows the mean values and tie lines of sand-shale relationships of
the reservoir formations, c) shows the non-reservoir formations’ means and sand-shale tie lines. The
following sequence of plots show formation-separated data distributions.
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5.3 SEISMIC DATA ANALYSIS

Analysis of well log-calibrated seismic data is the foundation of both the geological and basin and
petroleum systems models in this study. It involves the interpretation of seismic datasets to highlight
faults and lithological packages, thus creating the framework of the basin within computational space,
giving insight into the basin’s structure and history, formation presence and thickness variation, and can

also indicate any leaking hydrocarbons.

The seismic dataset, shown previously in Figure 5.2, was acquired in 1997 and comprises numerous
two dimensional (2D) seismic lines across the majority of the IMF, and a three dimensional (3D) cube
across the Beatrice and Jacky Field region. Due to the data being predominantly 2D, whilst there is
good coverage across the basin, there are limitations surrounding the interpretations carried out due to
the extensive and consistent gaps between the lines, potentially hiding crucial information such as an

extra fault or formation pinch out.

This section covers seismic data interpretations and analyses done in this study, including showing
select seismic lines and associated interpretations, indicating how the basin evolves as it stretches from
near-coast in the west, through the basin centre and eastward towards the northern North Sea. Further-
more, it also shows the depth maps of the formations of the basin created as a result of the interpretations,

and the fault framework which outlines the faults and their widespread presence across the basin.

5.3.1 WELL-SEISMIC TIES

In geological analysis, it is important to connect the well analysis to the seismic analysis, as without
this connection, incorrect interpretations and conclusions could be made. The method of connecting
well and seismic data is through well-seismic ties, and the production of synthetic seismic traces from
well log data. Well-seismic ties are also crucial to producing accurate time-depth conversions of seismic
data, which is collected in a time domain and requires converting into metres depth below zero, however
as the seismic data in this study was provided already depth-converted, as previously mentioned, this

was not necessary here (Simm and Bacon, 2014).

The production of synthetic traces begins with sonic and density well logs, which are used to cal-
culate acoustic impedance. Acoustic impedance is the resistance by the geology to the sound waves
produced by the sonic log, which are typically continuously resampled during down-log calculations
to remove minor anomalies (Badley, 1985; Becquey et al., 1979; Simm and Bacon, 2014). The varia-
tions in the resampled acoustic impedance down-log are most often caused by changes in geology and
bedding planes, with these commonly occurring at formation boundaries, and are then used to calculate
a reflection coefficient. The reflection coefficient is the relative change in acoustic impedance down-
well and directly leads into the formation of a synthetic trace. This synthetic trace can then be directly
linked to its relative location within a seismic dataset and the interpretations taken from it and any initial
seismic interpretations can be compared and used to improve either one, or to develop a time-depth

relationship (TDR), which is required to depth-convert the seismic dataset (Simm and Bacon, 2014).

In this study, a well-seismic tie was undertaken on Well 11/30a-10, situated within the Beatrice
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Field, with this well chosen for its location, in the centre of the basin, in an area of significant interest
and on a 2D seismic line, and also because it was logged throughout the basin’s entire section, from
the surface to the Basement. Within the well-seismic tie, successful production of the synthetic trace
resulted in strong correlation between the synthetic trace and the seismic data traces (Figure 5.14). The
positive peaks and negative troughs of the reflection coefficient, and its produced synthetic trace, align
with those seen in the seismic data, and both successfully align with the picked well tops and associated
seismic interpretations. The main downside to the well-seismic tie within this study is the comparative
resolutions between the well log data and the produced synthetic trace and the seismic data, the former
of which is high quality, sub-1 m resolution, and the latter two are lower resolution, with resolutions

closer to 20 m and greater, due to the lower relative resolution of the seismic dataset (Figure 5.14).

The resolution of the seismic data is approximately 20 m, lower than the reservoir features of the
IMF (Figure 5.15). Due to the data being depth converted prior to being procured for this study, and
a lack of processing report being available, accurate definition of the trace frequency and therefore
resolution is not possible, due to a lack of the time data required to calculate the wavelength of the data.
However, seismic resolution is calculated through the following equations, where A is wavelength, V is

wave velocity and F'is frequency (Simm and Bacon, 2014):

A
A= 7 (5.3) Resolution = ) (5.4)

Despite being unable to accurately calculate the resolution of the seismic survey, estimates can
be gleaned by analysing the seismic data and measuring the thicknesses of the waves. Figure 5.15
shows that the wavelength between two peaks is approximately 80 m, and therefore, using Equation
5.4, the seismic resolution is approximately 20 m. Consequently, whilst this resolution is adequate for
interpreting thick sequences, it lacks the refinement required to successfully differentiate the formations

of the reservoir section, which is required for accurate modelling (Figure 5.15).

5.3.2 SEISMIC DATA INTERPRETATION

Interpretation of the seismic data, through both well-seismic ties and seismic trace amplitude analy-
sis, is a critical component of this study and was carried out on all forty 2D seismic lines and every tenth
trace within the 3D cube. This section covers the results of the seismic analysis through three of the
seismic lines, one through the south west of the IMF, one through the centre, and one through the north
east (Figure 5.16). Seismic interpretation is reasonably clear and possible in the shallower formations,
from the Cromer Knoll, at seabed, down to the Triassic, however the seismic quality decreases dramati-
cally below this, with interpretations of the Devonian and Basement being difficult and relying heavily
on well control. As previously discussed, seismic resolution is low and accurate interpretation of the
reservoir sequences is difficult, thus the figures below only highlight the “reservoir section”, which cov-
ers the sequences between the Top Reservoir (Top A Sand) and the base of the Red Beds (Top Triassic),
however seismic interpretation was split into three sections — the Upper Reservoir, grouping the A Sand,
Mid Shale and B Sand; the Pentland Formation; and the Lower Reservoir, grouping the H and I Sand,
Lady’s Walk Shale, J Sand and Red Beds.
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Figure 5.14: Well-seismic tie of Well 11/30a-10, showing the well log plots, the synthetic seismic trace
and the relevant position within the seismic survey, with additional traces either side, shown for context.
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Figure 5.15: Well-seismic tie across the reservoir section of the IMF, their synthetic seismic trace and
the associated seismic section showing the comparatively low seismic resolution, limiting interpretation
of the formations within the reservoir section.

Within seismic Line 1 (Figure 5.17), the most south-westerly line discussed in this section, the
formations appear as a relatively consistent layer-cake sequence. The bulk of the seismic within the
line is comprised of the sub-Triassic packages - the pre-rift basement and Devonian, syn-rift Rotliegend
and the post-rift Zechstein. The post-Triassic, mid-Jurassic reservoir sequence and Heather Formation
sit alongside the Kimmeridge Clay Black Shales in the pre- and post-rift sequences deposited between
the two major rifting sequences, in the Permian and Cretaceous (Andrews et al., 1990; Roberts et al.,
1990). The syn-Late Jurassic-rift Kimmeridge Clay Formation (KCF) then comprises the majority of
the sub-1000 m-depth upper sequence, which also sees areas of sediment loss at seabed, most clearly
defined by the lack of Wick Sand or Cromer Knoll sequence to the north of the GGF, and around the
Central Ridge and to the south of the Lossiemouth Fault.

Line 2, whilst maintaining similar characteristics to Line 1, does diverge in the thicknesses of the
packages seen within the layer cake sequence (Figure 5.18). Line 2 also sees significantly less exposure
at seabed of packages that are not Cretaceous Cromer Knoll, however it does also experience the KCF
exposure to the north of the GGE. Within Line 2, the pre-Triassic sequences do not dominate the line

to the same extent as seen in Line 1, but there is the same trend of pre-, syn- and post-rifting packages.
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Figure 5.16: Map showing locations of the interpreted seismic lines in Figures 5.17, 5.18, 5.19 & 5.20.

Furthermore, another difference is seen by the structures creating the hydrocarbon traps of Beatrice
and Lybster Fields, through which Line 2 intersects. The throw caused by the Smith Bank Fault at
approximately Trace 2500 has given rise to the fault-trapped high in which Beatrice Field sits and
small-scale faulting to the north of the GGF around Trace 4000 is where Lybster Field is situated, and
neither of these are seen in Line 1. Within the Beatrice Field region, the juxtaposition of the reservoir
intervals is also critical, as on Smith Bank Fault hanging wall, the reservoir sands are thrown against the
sealing shales of the Heather Formation and Kimmeridge Clay Black Shales, creating a fully-formed

trap, which again is not present within Line 1.

Line 3 continues the similar structure and sequences seen within the other lines outlined here (Fig-
ures 5.19 & 5.20). Structurally, there are some localised variations as a result of the large-scale, basin-
forming faults present in this eastern part of the basin, namely the Wick Fault, however the packages and
sequences seen within this line are consistent with the other lines in terms of layer cake sequencing. The
reservoir sequence sees a mix of characteristics seen within the other lines, as, whilst the Beatrice Field
region of the reservoir forms a high against the Smith Bank Fault, it throws against the sandy clays of
the KCF, thus does not form a trap. In turn, in the Lybster Field region, there is, akin to Line 1, a lack of
localised faults that are needed to create small traps within the reservoir sequence. Line 3 is one of the
few lines within the seismic dataset that covers the region to the far south east of the Lossiemouth Fault,
beyond the Lossiemouth sub-basin, and shows the Buckie Fault faulting out the reservoir sequence, so
that the Banff sub-basin does not have any of the sequences where currently known accumulations exist.
Furthermore, the Banff sub-basin is very heavily dominated by pre-Triassic sequences and shows very

little thickness within the post-Jurassic packages, thus differs greatly to the rest of the IMF.
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5.3.3 DEPTH MAPS

Depth maps are the product of converting seismic interpretations into interpolated surfaces covering
the entire study area (Hantschel and Kauerauf, 2009). They show the distinct structure of the basin

exists within the vast majority of the formations (Figure 5.21). Whilst thicknesses vary across the basin,
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Figure 5.21: Contour maps showing the depth to the top of all main sediment packages in the IMF, bar
the seabed. All sediment packages are heavily fault-controlled, bar the Devonian and Basement as these
formed predominantly prior to the IMF formation. X and Y Cells refer to the cells of the BPSM.
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the structure of each formation is relatively consistent, with only the pre-existing basement not showing
any fault block systems. The formations show a series of tilted fault blocks and grabens in the eastern
half of the basin, towards the Outer Moray Firth, all delineated and formed by the large, basin-bounding
faults controlled by the underlying Caledonian structures previously outlined (Figures 5.17, 5.18, 5.19
& 5.20). These controlling faults in the east, the Wick, Smith Bank, Central, Lossiemouth and Buckie
Faults, run to significant depths, and aid the structural formation of the Devonian, and thus also the basin
as a whole, whilst producing the deepest regions of all formations (Table 5.5; Andrews et al. (1990);
Roberts er al. (1990)). In the western half of the basin, towards coastal Scotland, there is much less fault
control through the central regions of the basin, although to the northwestern edge, the IMF is heavily
bound to the GGF through all formations. The Lossiemouth Fault, which runs through the south eastern
section of the basin, does control the most south westerly quarter of the IMF, where the formations tend
to reach their shallowest points, however due to its relatively small throws, despite its size, this is not

picked up on the depth maps (Table 5.5).

The other depth map observation is source rock viability; however, as this is present day depth,
not maximum burial, conclusions are only tentative and require further BPSM investigation. The Kim-
meridge Clay Black Shales are generally too shallow for the organic content to mature, with its average
depth to top of 1200 m and average temperature of approximately 50 °C, however in localised deeper
regions it may experience some maturity, as it reaches depths of over 2700 m and temperatures up to
130 °C (Table 5.5). The Pentland Formation is similar, however its deeper average depth of about 1700

m and temperatures of 60-70+ °C suggests that it can reach low maturity. In comparison to both of

Table 5.5: Table outlining the minimum, maximum and average present day depths of all formations in
the IME, bar the seabed. The depths of the source rocks within the IMF indicate that the deeper regions
of the Black Shales may reach maturity, but not the entirety of the formation, similarly to the Pentland
Formation. In comparison the Devonian Fish Beds are well in the maturation window.

Formation Minimum | Maximum Average
depth (m) depth (m) depth (m)

BCU Seabed 2224.0 633.61
Kimmeridge Clay Seabed 2308.0 801.82
KC Black Shales 22.0 2730.0 1244.94
Heather 119.0 3021.0 1427.73
Upper Reservoir 183.0 3181.0 1605.19
Pentland 209.0 3301.0 1725.66
Lower Reservoir 255.0 3490.0 1866.13
Triassic 261.0 3917.0 2033.17
Zechstein 394.0 4319.0 2269.24
Rotliegend 521.0 4327.0 2320.24
Devonian 861.0 5138.0 2920.05
Basement 2210.0 5273.0 3744.90
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these, the Devonian is consistently at hydrocarbon-maturing depths, averaging over 2900 m depth to
top. However, there is a different issue in the Devonian, in that it may become overmature and the oil

cracks to gas, replacing the oil in any traps present in the system.

5.3.4 THICKNESS MAPS

Thickness maps, calculated by the vertical distance between relevant depth maps, can be very helpful
in identifying basin-forming events, locating petroleum system components and indicating other geolog-
ical processes. Throughout the IMF, four formations show evidence for the basin-forming rifting events
previously outlined by Andrews et al. (1990) and Roberts et al. (1990) (Figure 5.22; Table 5.6). The
Devonian and Rotliegend were deposited on the pre-existing basement and during initial basin-forming
rifting, respectively, thus show evidence of initial basin fill and syn-rift deposition during basin infill,
shown as varying thicknesses across the basin within the thickness maps (Figure 5.22; Table 5.6; An-
drews et al. (1990); Roberts et al. (1990)). During the periods of relative stability post-Triassic, which
also shows some small-scale syn-rift deposition, the reservoir sequences, Heather and Black Shales all
are relatively consistent in their thicknesses. Above the Black Shales, within the Kimmeridge Clay For-
mation proper, there is large-scale, basin-wide evidence for syn-rifting deposition, evidenced both in
the thickness maps and in the cross sections, associated with the second basin-forming rifting event, the
Jurassic-Early Cretaceous subsidence (Figures 5.17, 5.18, 5.19 & 5.20; Andrews et al. (1990); Roberts
et al. (1990)). Wick Sand deposition occurred during relative stability prior to the Base-Cretaceous
Unconformity (BCU), where a hiatus occurred. This was prior to a further syn-rift depositional event
within the Cromer Knoll Group in the Early Cretaceous, where the third rifting stage occurred via
epeirogenic subsidence. The fourth rifting stage during the Triassic is not visible within the depth or
thickness maps, due to its occurrence within eroded sediments (Andrews et al., 1990; Barr, 1985; Mc-
Quillin et al., 1982; Roberts et al., 1990). Note that Figure 5.22 does not show the basement as the depth

to its base is unknown, thus within all the models created, it has a standardised depth of 6 km.

The KCF shows the most structurally-attributable thickness variations of any sediment package in
the IMF (Figure 5.22). Whilst the Devonian and Rotliegend deposits vary across the basin, they infill
the pre-existing basin, and despite the Cromer Knoll being deposited syn-rift, its thickness is heavily
constrained by the late-stage erosion and removal of the sediments above it. In comparison, the sed-
iments of the Zechstein, Triassic and Early-/Mid-Jurassic packages have consistent thicknesses across
the basin. Consequently, the KCF is a good target for gross depositional environment (GDE) mapping
to identify depositional variations between its deltaic, gravity flow, turbidite and crevasse splay sands
and clay-rich shaley facies (Figure 5.23; Andrews et al. (1990)). The thickness and GDE maps show
how the thickest sections of the KCF lay in the footwalls of the large, basin-bounding and basin-forming
faults, most notably the GGF, Helmsdale, Smith Bank and Wick Faults (Figure 5.23). The shapes of
these regions and their associations to the faults infers that these are large-scale clastic deposits, formed
as a result of depositional flows along the fault hanging walls that breach the faults and flow into the
deeper basinal regions during rifting. This clastic deposition appears to be occurring syn-sedimentation
of the wider-spread clays and shales of shallow marine shelf and deeper marine environments that are
prevalent within the KCF (Andrews et al., 1990).
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Figure 5.22: Contour maps showing the thicknesses of all main formation packages within the IMF, bar
the basement. Whilst the thicknesses of the Cromer Knoll, Rotliegend and Devonian are skewed due to
the removal of surficial sediments during late stage rifting, and the infill the pre-existing Caledonian-
Orogeny formed basin, respectively, the syn-rift sedimentation of the KCF is clear to see in its thickness
map. This is in stark contrast to the majority of sediment packages through the central section of the
IMF. X and Y Cells refer to the cells of the BPSM.
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Table 5.6: Table outlining the minimum, maximum and average depths of formations in the IMF. The
majority of the basin’s thickness is contributed by Cromer Knoll, Kimmeridge Clay, Rotliegend and
Devonian sediments, all formed via pre-existing basin infill and periods of syn-rift sedimentation.

Formation Minimum Maximum Average
thickness (m) thickness (m) thickness (m)
Cromer Knoll 0.0 2122.0 552.11
Wick Sand 0.0 992.0 169.55
Kimmeridge Clay 0.0 1498.0 442 .80
KC Black Shales 0.0 838.0 182.79
Heather 0.0 1639.0 177.46
Upper Reservoir 0.0 1243.0 121.47
Pentland 0.0 866.0 99.88
Lower Reservoir 0.0 926.0 167.99
Triassic 0.0 1148.0 226.06
Zechstein 0.0 311.0 49.00
Rotliegend 0.0 2845.0 599.81
Devonian 0.0 2570.0 824.85
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Figure 5.23: GDE Map of the KCF, showing the extensively thickened regions around the basin-forming
faults where the majority of the sands were deposited during its syn-rift formation, with the model extent
outlined on the GDE Map. Black dots indicate location of wells that drill through the KCFE, which is all
wells in the IMF. X and Y Cells refers to the cells of the BPSM.
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5.3.5 FAULT INTERPRETATIONS

The IMF is littered with both large-scale, basin-forming faults, and high numbers of smaller-scale
faults that are typically related to the larger ones to some degree, be it in shape, depth to base, or direct
connectivity (Figure 5.24). The faults within the IMF are crucial to its development as a basin as well
as the petroleum system within it, as faults act as both fluid pathways and barriers, and as such, it is
critical that they are understood, interpreted and built into the models. Within this study, 99 faults were
interpreted and built into a fault framework, shown in Figure 5.24, all of which exist in tandem with each
other and the formations that they intersect. The larger faults typically intersect all formations from the
Devonian to the Cretaceous, and often to the seabed, whereas the smaller ones are typically constrained
to the sequences between the BCU and the Triassic (Figures 5.17, 5.18, 5.19 & 5.20). The larger faults
are crucial to the formation of the basin, but also to the migration of the Devonian-sourced hydrocarbons
out of the deeper regions of the basin and into the Jurassic reservoir sequences, whilst the smaller ones
undoubtedly control localised trapping and migration against and through the shalier formations within
the reservoir section (the Pentland, Mid Shale and Lady’s Walk Shale).

Central £
Ridge /

Fault

Figure 5.24: Map showing the faults across the IMF, coloured solely for clarity, annotated with the
main basin-forming and controlling faults. Image extracted from Petrel (Schlumberger, 2015).
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5.4 CONCLUSION

Throughout this chapter, analysis of the geological data has resulted in an accurate three-dimensional
recreation of the IMF in the form of a geological model. Through the interpretation of seismic data to
form a surface and fault system, and analysis of well log data to determine the facies present within each
sediment package, this work has developed an understanding both of the formations present within the
IMF, but also how they relate, connect and change across the basin as a result of structural influences
caused by the geological processes occurring throughout the basin’s history. The analysis carried out in
this chapter has provided the basis for the magnetic and petroleum systems modelling conducted in this
study, both providing targets for magnetic mineral sampling and analysis, and to create the framework
for the basin and petroleum systems model which leads into the understanding of the hydrocarbon

generation, migration and accumulation patterns within the IMF.

Magnetic mineral analyses requires sampling of sand-rich lithologies due to the skewed results that
occur within clay-rich formations. As such, well log analysis helps identify these, focussing sampling
onto certain formations sand packages in shalier formations. This, in combination with the ability to
identify oil-water contacts, makes well logs a valuable tool within magnetic mineral analysis. Whilst
sampling mainly sand skews the results and analysis towards the thinner, less frequent sand bodies, such
as the upper and lower reservoirs, the Wick Sand and parts of the Heather and Cromer Knoll, these are

the areas of most interest.

Well log analysis has also refined the knowledge of the formations greater than analysis of literature
can do, as it has improved the understanding of lithological variations across the IMF and through differ-
ent formations. Lithological variations, such as the sandier components within the Heather Formation
in Well 11/24-1, or the more shaley sections of the J Sand and Red Beds within Well 11/24-1 and Well
11/30a-10 (Figure 5.12), compared to the other wells, allows a much greater control of the facies within

the basin and petroleum systems models.

The importance of faults within the BPSMs is made starkly clear by seismic analysis, as they
undoubtedly contribute vastly to the basin’s petroleum system. The faults initially formed the basin,
and created the structural traps in which accumulations can occur, and furthermore, the large, deeply-
penetrating faults potentially create pathways for hydrocarbons to migrate out of the Devonian source
rocks, through the clay-rich Permian and Triassic strata and into the sandier reservoir sequences. These
larger faults, and the smaller, more localised ones also offer routes to bypass the inter-reservoir shale
formations, making them crucial to the migration pathways of the hydrocarbons across the IMF, and

accurate interpretation and modelling of these is critical to a well-rounded understanding of the basin.

Interpretation and creation of depth maps and the associated creation of thickness maps, are also
critical within the model, as they not only give indications of formation extent and location within the
basin, but also aid initial investigations into source rock potential. At present day, the Kimmeridge Clay
Black Shales appear mostly immature except within the deeper basin regions (Figure 5.21), whilst the
Pentland Formation and Brora Coal are borderline. However, as the present day is not maximum burial,

these findings are tentative.
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6.1 INTRODUCTION

Samples collected for magnetic analyses were taken from numerous wells across the study area,
and, depending on core availability and quality, across as many formations within each well as possi-
ble (Figure 6.1). In total, 306 samples were collected, however due to various issues such as the sample
magnetic intensity, composition and formation, 35 samples were not analysed, thus in total, 271 samples
underwent room- (RT) and high-temperature (HT) magnetic analysis. The majority of the samples col-
lected were within Jurassic-age sandstone bodies, as these are most likely to contain crucial information
about the Jurassic-age reservoirs. However, with hydrocarbon migration very likely to have impacted a
wider variety of formations, samples were also taken from key intervals across the rest of the geological
section in the basin, including, where possible, source rocks from the Devonian Fish Beds, Pentland

Formation and Kimmeridge Clay Black Shales, the breakdown of which can be seen in Table 6.1.

The majority of wells that were sampled were magnetically analysed (Figure 6.1; Table 6.1), how-
ever Wells 12/16-1, 18/03-1 and 19/01-1 had samples that were not analysable due to the lithologies
cored. Sample distribution across the basin’s geology is reasonably varied, but the reservoir section in
the Middle Jurassic is the most heavily cored, and therefore sampled, region. This sampling is pre-
dominantly from the wells in the central IMF and around the Lybster Field in the north-west IMF, with
shallower intervals being sampled towards the outer regions of the basin. The sampling distribution co-
incides with the geology of the IMF, with the outer regions showing more Upper Jurassic and Cretaceous

formations in key depths and structures due to the shape of the basin.
. T
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Figure 6.1: Map of the Inner Moray Firth, highlighting the extent of the basin and petroleum systems
model, the positions of the known hydrocarbon fields in the region and showing the locations of the
wells where sampling of cores was possible, delineated by the number of samples from each well. Note
that not all wells in the study area were sampled, see Chapter 3 for the complete well dataset.

93




Chapter 6: Magnetic Analysis J.R. Perkins

Table 6.1: Table outlining the amount of core-derived samples collected from numerous wells across
the IME, delineated by both formation and well. The majority of samples are centered around the
Middle Jurassic reservoir section due to this being the most heavily cored section of the wells, but other
formations and sediment packages are sampled, however below the Lower Jurassic sediments there are
few due to the limited numbers of wells that were drilled, much less cored.

¢ NW IMF | Central IMF Fields Central IMF | N IMF E IMF
g E o
% Sl Yleeta oy ool S ez
< g 2l Floo 8 L oo | T s v S
S 1€ a2 2 s & g9z o9 d g g
= |82 2|22 =g3dddgggjggad
H o — p— —
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E;
5}
& Heather | 21 | 4 - 1 - 3 - - |- - - |- 3]|- - -10
]
2 ASand | 63|7 163 - 19 - 10[7 - - |- - |- - - -
& MidShale | 6 | - - |- - - - 13 - 2 - |- - |- - - -
H
2 BSand |S0|9 - |2 - 11 - 1201 - 3 12/- - |- - - -
o
S Pentland [33 |8 - |1 - - - 10| - - 14 - |- - |- - - -
2 HSand | 10]- - |6 4 - - |- - - |- |- - - -
S ISand |19 - - |- 5 - 14 - |- - - |- |- o o
=
5}
2 JSand |23 |- - |5 - - 18 - |- - - |- - . - - .
—]
Permian 2 - - e e .
Devonian ORS | 8 - - - - - - -|- -4 -3 -1 - - -

This chapter covers the magnetic analysis undertaken on samples from the wells, though does not
cover wells with less than ten samples, as no strong conclusions can be made from such a small sam-
ple set. Generally, closely-adjacent wells show similar sampling patterns, with this to be expected as
sampling is heavily dependant on core availability. As coring reflects the technical and economic deci-
sions made by the operators who drilled the wells, it results in sampling that is heavily skewed towards
hydrocarbon-bearing locations. This economic decision is shown by only one well, Well 12/21-4, being
described in the well report as dry and offering no evidence of any hydrocarbon influence in the sampled

sections. As such, identifying a clear background signal has been difficult.

Room temperature magnetic property analysis was carried out through magnetic hysteresis data,
with these providing initial assessments of the samples, and the formations and wells in which they are
located. Data quality within these hysteresis loops varies, with examples of high quality, mode quality,

and low quality hysteresis data presented in Figure 6.2.
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Figure 6.2: Example hysteresis loop data from room temperature analysis carried out in this study. The
hysteresis loops show examples of a) typical high quality data; b) most typical, mode quality data; and

c) low quality data. Note that the grey loop is the uncorrected hysteresis loop, and the black loop is the
corrected hysteresis loop.

6.2 BASIN-WIDE MAGNETISM

Analysing the basin-wide magnetism of the IMF through the magnetism of each formation (Table
6.2; Figures 6.3 and 6.4) and well offers an initial insight into the basin’s magnetism. Whilst accu-
rate conclusions can only be drawn from more localised analysis, an overview aids scrutiny. Table 6.2
shows how variable magnetic results are between different formations and between saturating fluids.
The Cromer Knoll, H and I Sands show drastic increases in magnetisation (M) in oil-saturated sam-
ples compared to water-saturated ones, suggesting an increase in magnetic mineral abundance, whereas
the other formations, bar A Sand, show relative M decreases in oil-saturated samples compared to
water-saturated ones. The reverse of these trends tends to be seen in the coercivity (B.) results, where
formations with higher Mg responses in oil-saturated samples than water-saturated samples experience
lower B, suggesting a decrease in magnetic grain size, responses in the oil-saturated samples than the
water-saturated ones, and vice versa. Therefore, broadly speaking, formations experience an increase in
magnetic mineral abundance alongside a decrease in magnetic grain size, or vice versa. The H Sands
show significantly higher B, responses in the water-saturated samples than their respective oil-saturated
ones, which is a relationship not seen within any of the other reservoir formations (Table 6.2). In con-
trast, the I Sands see a much higher coercivity of remanence (B;) in the oil-saturated samples than the
water-saturated ones Generally, the cleaner sands of the upper reservoir (A and B Sands) tend to have
high B,/B. ratios, i.e., more MD-like or SP-like, than the samples from other formations, including the

deeper, slightly shalier sands of the lower reservoir (H, I and J Sands; Figure 6.3).

The Cromer Knoll samples generally follow the mean IMF magnetic results for all characteristics
apart from remanent magnetisation (M;), which, as Figure 6.3c shows, has a much steeper gradient than
any other formation, forming the upper bound of the data. The other difference, though not as clearly
defined, is that the high-field slope (Hg) results plot only in the lower half of the data (Figure 6.3g-j).
The cause of these differences is likely due to lithological variations between this Cretaceous formation
and the others in the IMF that are Jurassic in age. As the Cromer Knoll is only sampled in one well,

12/25-3, the results will be investigated further in the depth-orientated analysis of that well.
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Figure 6.3: Series of data plots comparing the various room temperature magnetic characteristics of
samples across the IMF, delineated as a function of formation and by saturating fluid. a) shows a Day
Plot (Day et al., 1977), comparing M,/M; against B.,/B.; b) shows M,/M; against B.; and c) to j) are
a series of plots showing the relationships between M,, My, B, B¢y and Hg,. The data spread across all
Jormations and saturating fluids is relatively continuous with no initially observable patterns as a result
of either saturating fluid or lithological formation.

Whilst the Heather Formation is heavily shale-dominated, there are pockets of sand that have been
sampled, and these sandier samples plot very centrally within the magnetisation and coercivity data
(Figure 6.3a-f), however the Hg, results clearly group into the top half of the data (Figure 6.3g-j). Dif-
ferences in the magnetic results from the Heather Formation compared to the other formations in the
IMF are likely derived from lithological variations as the sands are isolated in pockets and do not act as
continuous bands across the basin. Consequently, the Heather Formation sands are heavily influenced
by the clays within the shales around them. The main contribution to the Heather Formation analysis is

Well 12/29-1 (Section 6.3.13) and this will offer further insight into the magnetic assemblage(s) seen in
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Figure 6.4: Series of plots showing the mean room temperature magnetic mineral properties of key
geological formations within the IMF, differentiated by age. The plots show that the Middle Jurassic
formations have the greatest mean My and high M, responses, with the Lower Jurassic formations
having the lowest mean My and M, responses. The formations with the greatest sampling density (A and
B Sands) show the greatest data variance.

the formation.

The diverse dataset of the A Sand shows magnetic fluctuation across the basin (Figure 6.3), despite
the samples plotting linearly along the lower border of the Ms-M; plot (Figure 6.3c), samples from
Well 11/24a-2 have much higher My values than others (Figure 6.3c). Furthermore, samples from Well
12/21-2 have much lower B, values than others, and both this well and 11/24a-2 have lower B, values
than other wells (Figure 6.3d-f). In contrast, despite its proximity to Well 12/21-2, the dry well 12/21-4
has more similarity to wells within Beatrice Field (11/30-2 and 11/30a-8). All of the variations in oil-
and water-saturated samples are indicative of differing magnetic assemblages across the basin, either
as mineralogy or volume of magnetic material, and the main reservoir sand can be used to identify the

causes behind them, as it is likely that there are multiple sources.

The B Sand has a similar data spread to the A Sand, with a mix of results from different wells,
however the M;, despite showing similar low values, does not extend as far into the upper reaches of
the M like the A Sand does (Figure 6.3c). The formation does show a separation between different
wells, with 12/21-2 showing lower coercivity than samples from Well 12/27-2 and a combination of
other wells situated in between (Figure 6.3d-f). The variance between wells is continued in the Hgg plots
(Figure 6.3g-j), with Well 12/27-2 showing an overall higher H¢ than the other wells, with 11/24-1 and

12/21-2 showing much lower values.

The Pentland Formation follows the same patterns as the A and B Sands regarding the separation
of results between wells, but does differ in other aspects (Figure 6.3). Whilst Well 12/21-2 has A
and B Sand similarities in the M; by showing lower values, but the other samples show a much more

concentrated grouping of results (Figure 6.3c). This disparity is matched in the coercivity results, but
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is not reflected in the Hg results which are widely spread and show no well-orientated correlations
(Figure 6.3g-j). The Pentland Formation results differ to the other heavily clay-influenced formation,
the Heather, as despite the magnetisation results being similar, the wider spread of Hgs in the Pentland
does not align with the Heather grouping. That these formations do not fully correlate suggests that

lithology is not the sole influence on magnetic assemblages.

The H Sand does not have a great number of sample points to analyse, however some tentative
conclusions can be made from the data available - the formation shows no clear separation of oil-
saturated magnetisation results compared to water-saturated ones (Figure 6.3c), although the water-
saturated samples show lower Mg and M; values than the oil-saturated samples. There are differences in
samples from different wells, despite their close proximity, as although they show similar magnetisation
results, there are differences in the coercivity values between Wells 11/30-2 (lower) and 11/30-5 (higher;
Figure 6.3d-f). The Hy results do not show much, however the results present do plot very centrally
within the data (Figure 6.3g-j).

The I Sands shows two groupings of coercivity results and, bar one anomalous value, very low and
concentrated magnetisation results (Figure 6.3a-f). The I Sand assemblage is similar to the H Sand in
many aspects, but both these formations differ from J Sand with their saturating fluid responses. The

cause of the data separation is unclear, as both saturating fluids are present in both groups.

The J Sand shows the clearest separation of oil- and water-saturated samples of all formations in the
IME, with oil-saturated samples having generally higher coercivity and M;/Mg values than the water-
saturated ones. Furthermore, the oil-saturated samples have a much tighter spread of Hg data than
the much more widespread water-saturated values. Akin to I Sands, the increased cementation asso-
ciated with these deeper formations is likely to have impacted the magnetic assemblage, although the
direct result is unclear. Alongside this, the J Sand has an increased clay content compared to the other
formations, and it shows a similarity to the clay-rich Heather Formation samples through its middling
alignment of the samples within the Ms-M; plot (Figure 6.3c¢) and the more upper bound Hgg results
(Figure 6.3g-)), suggesting that this could be a clay indicating characteristic.

6.3 WELL ANALYSIS

Well-scale investigations into magnetic responses aid the understanding of magnetic mineralogy
variations both across the IMF and caused by differing saturating fluids. Within this study, due to the
limited sampling in numerous wells, as outlined previously in Table 6.1, select wells were identified for
in depth analysis through room- and high-temperature methods, chosen through their locations, sample
numbers and the formations sampled in each. In the north west of the IMF, Wells 11/24-1, in Lybster
Field, and 11/24a-2 were selected, alongside the centrally-located Wells 11/30-2, 11/30-5, 1130a-8 and
11/30a-B10 in Beatrice Field, 12/21-2 in Jacky Field and 12/21-4, whilst Wells 12/27-1, 12/27-2 and
12/29-1 were selected in the south east of the IMF, and Well 12/25-3 in the east was chosen to investigate
the boundary between the Inner and Outer Moray Firth Basins (Figure 6.5). The magnetic responses
of the wells across the IMF vary somewhat, although there are minimal differences in the responses

recorded in differing saturating fluids (Table 6.3 & Figure 6.6).
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Figure 6.5: Map of the IMF and study area, outlining the location of the selected wells where samples
were taken for room- and high-temperature magnetic analysis, with a reference to the location of the
basin and petroleum systems model created in this study.

The mean well magnetism results show more similarities between oil- and water-saturated samples,
likely due to the removal of geological variations by averaging samples across the entire well section.
However, when plotted together, magnetic variations between the wells become clearer than between
formations (Figure 6.6). Whilst the majority of wells broadly plot across the entire data spread, two
wells are somewhat different, with Well 11/24a-2 having much lower B, but relatively high My values
compared to other wells, and Well 12/21-2 shows lower B, values and has a spread of My data lower
than the rest of the data (Figure 6.6a-c,e). There appears to be a very broad trend across the data, with
the wells near Lybster Field (11/24-1 and 11/24a-2) and Jacky Field (12/21-2 and 12/21-4) having lower
B. and My values, those from around Beatrice Field (the 11/30 wells) showing more average values, and
those from the south east of the IMF (Wells 12/27-1, 12/27-2 and 12/29-1) having higher values. From
this basic magnetic data alone, it is not clear why this trend occurs, and requires further investigation

through high temperature and FORC analysis.
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Figure 6.6: Series of data plots comparing the room temperature magnetic characteristics of samples
across the formations in the IMF, delineated by well and by saturating fluid. a) shows a Day Plot (Day
et al., 1977), comparing M,/My against B.,/B.; b) shows M,/M; against B.; and c) to j) are a series of
plots showing the relationships between M, My, B, B., and Hg;. The Day Plot (a) shows a linear range
of data with most wells spread across it, but with the Wells 11/24a-2 and 12/21-2 having lower B.,/B.
and M,/M; ratios than the others, reflected in the B, data in plots b, d, e and i.

6.3.1 HIGH TEMPERATURE MINERAL INTERPRETATION

Within the well-scale analysis, high temperature susceptibility measurements were used to assist

the identification of magnetic minerals alongside the room temperature analyses. The vast majority

of samples contain weakly magnetic but ubiquitous magnetite, limiting the effective interpretation of

the minerals at just room temperature, thus high temperature measurements are crucial to showing the

minerals present through their susceptibility variations as they reach their various, identifiable magnetic

unblocking temperatures. In this study, the high temperature measurements show evidence for at least

seven magnetic minerals, with the majority of samples containing at least two in combination. As such,
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Figure 6.7: Series of plots showing the mean room temperature magnetic mineral properties of several
wells across the IMFE, differentiated by location. The plots show that Well 11/24a-2 shows the highest
mean Mg and M, responses, with Well 11/30-2 having the greatest error bars, due to sampling limita-

tions.

there is extensive variety within the curves as the different minerals coexist in a variety of combinations,

however when simplified and the curves are unmixed into their individual components, each mineral

and the curves they are identified through become more clear. Throughout this section of the study,

the minerals are identified and specified through the following series of high temperature susceptibility

indicators:

- Magnetite (Fe30,4) — Figure 6.8a — Regardless of the activity on the heating curve, magnetite is

identifiable by the sharp increase in susceptibility on the cooling curve as the temperature drops
below its Curie Temperature of 580 °C (Dunlop, 2014; Dunlop and Ozdemir, 1997; Kittel, 1967).

Goethite (a-FeOOH) — Figure 6.8b — Goethite is evidenced by a double-jump in susceptibility as
it is heated, firstly at about 250 °C, then again at around 300 °C as it alters, with its susceptibility
peaking at around 450-500 °C. Typically, goethite alters into hematite via magnetite, and this
results in the susceptibility at 700+ °C not returning to its initial baseline, along with often a small
increase in susceptibility at the Curie Temperature of magnetite at 580 °C (Bustamante et al.,
2010; Dunlop and Ozdemir, 1997; Liu et al., 2006; Minyuk et al., 2011). Note that the goethite-
derived variation typically seen in magnetisation at 125 °C is not seen as these measurements are

of susceptibility not direct magnetisation.
Siderite (FeCO3) — Figure 6.8c — Siderite shows an increasing susceptibility on the heating curve
at around 400 °C, however beyond this temperature, siderite irreversibly alters to magnetite, so

also shows a large increase in susceptibility at 590 °C as the newly-formed magnetite returns to
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below it’s Curie Temperature (Abdulkarim et al., 2022a; Badejo et al., 2021c; Emmerton et al.,
2012).

Pyrite (FeS,) — Figure 6.8d — As with other iron sulphides, pyrite is evidenced by a sharp increase
in susceptibility peaking at approximately 300 °C, with minimal change on heating, but often with
a clear indicator around 300 °C, typically pyrite alters to pyrrhotite (Fe7Sg), producing the large
susceptibility increase on the cooling curve (Dekkers, 1989; Minyuk et al., 2013).

Lepidocrocite (y-FeOOH) — Figure 6.8e — This is a tricky mineral to identify as it shows a steep
increase in susceptibility on heating beyond approximately 300 °C, similar to where goethite
experiences an increase. However, lepidocrocite peaks at about 400 °C prior to showing an abrupt
decrease in susceptibility back to baseline by about 480 °C (Gendler et al., 2005).

Maghemite (Fe,O3) — Figure 6.8f — Maghemite initially has relatively high susceptibilities, before
seeing a valley between 200-500 °C during heating, typically before increasing again to approx-
imately 550 °C then decreasing again as it passes through the Curie Temperature of magnetite
which is has altered into (Gao et al., 2019).

Hematite (Fe,O3) — Hematite is very rarely seen present within samples, however is regularly
present as an alteration product, commonly from goethite and magnetite, and it results in suscep-
tibility curves that do not return to baseline when they reach 700 °C (Bustamante et al., 2010;
Dunlop and Ozdemir, 1997; Minyuk et al., 2011).
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Figure 6.8: Series of high-temperature susceptibility curves showing examples of the responses formed
by the six individual magnetic minerals identified in this study that are present across the IMF.
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6.3.2 WELL 11/24-1 - LYBSTER FIELD

Well 11/24-1 runs through the centre of Lyb- W
ster Field in the north-west of the IMF (Figure

Z—

6.9), and has been drilled through the system into
the Triassic, and has had Heather Formation, A
and B Sands, Mid Shale and the Pentland For-
mation cored. From these intervals, 28 samples
were taken and analysed at room temperature and
high temperature to identify magnetic character-
istics and mineralogy. Well 11/24-1 is one of the

shallowest wells in the study, so is potentially im-

pacted by biodegradation, and is located on the

edge of the basin, thus may vary magnetically to

+  Well
—— Model Boundary
Hydrocarbon Fields
P X

Figure 6.9: Map of the IMF and study area, show-
Well 11/24-1 has one of the best examples of ing the location of Well 11/24-1 in Lybster Field.

more central-basin wells.

magnetic enhancement seen at an OWC in this

study, where the OWC zone between 4948-4955 ft experiences an abrupt increase in Mg, M; and Hg,
but a decrease in B, and B, immediately below the top of the OWC zone at 4949 ft (Figure 6.10).
The increase at the contact is starkly different to the rest of the samples that stay relatively consistent

throughout the rest of the well, only the B, showing strong variations outside of the OWC zone.

The FORC assemblage broadly matches the direct magnetic results, with little variation from a
strong PSD component throughout the well with some other domains offering minimal input, however,
as Figure 6.11 shows, there is a difference in the FORC at the OWC enhancement which appears to
be more PSD-dominant than others. The increase in PSD but not other domains at the enhancement
would indicate an influx of solely-PSD grains in the formation water directly below the OWC. The
HT susceptibility curves show a large dominance of both magnetite and goethite in both the oil- and
water-saturated samples, as well as within the OWC zone (Figure 6.11A-G). There is minimal evidence
of other minerals, however there are some minor indications of pyrrhotite in both the oil- and water-
saturated samples, likely as a result of alteration of the goethite (Figure 6.11C), and siderite within
the water-saturated Pentland Formation samples (Figure 6.111,J). The assemblages in the oil-saturated
and OWC zone samples are mostly consistent, however they do differ to the water-saturated samples,

suggesting that there are variations between the saturating fluids.

In the low temperature curves of samples across the OWC zone, there is further evidence of goethite
and magnetite in each sample, thus agreeing with the room- and high-temperature data that Well 11/24-
1’s magnetic assemblage is dominated by goethite and magnetite (Figure 6.12). Goethite is evidenced
by a gap between the ZFC and FC curves until relatively high temperatures, approximately 200 K, and
the presence of magnetite is seen by its Verwey transition at 120 K (Verwey, 1939). Furthermore, there

is some evidence of siderite in the OWC zone (Figure 6.12iv,v), indicated by the sharp descent of the FC
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Figure 6.10: Plots of magnetic results against depth within Well 11/24-1, with gamma ray and resistivity
well log data used to identify formations and fluids. Well shaded in red is oil-saturated, blue is water-
saturated, purple is within the OWC zone, with the OWC zone shown. My = saturation magnetisation;
M, = remanent magnetisation; B. = magnetic coercivity; B., = coercivity of remanence; and Hy; = high
field slope, HT susceptibility-identified magnetic minerals at each sample are shown.

by the increased remanence.
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Figure 6.12: Series of low temperature ZFC, FC and RT Curves of select samples across the OWC zone
seen in Well 11/24-1, used to identify the magnetic mineral assemblages within the samples through
identification of mineral-specific behaviours. Early and sharp Ty responses (e.g. ii, iii) are expected
errors in measurements, as they are typically smoother (e.g. i). Note the increasing remanence values
measured towards the OWC, and immediately below it (ii, iii), which is indicative of increasing mag-
netite content. Goe = goethite, Sid = siderite, Ty = Verwey Transition indicative of Mag (magnetite).
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6.3.3 WELL 11/24A-2

Well 11/24a-2 is near Well 11/24-1 and Lyb-
ster Field in the NW IMF (Figure 6.13), drilled
through a high created by the Great Glen Fault, it
sits on the NW side of the basin-forming fault.

Z—

It has been drilled through the entire reservoir
section, however sampling was only available in
the A Sand and the Mid Shale, with all 16 sam-
ples in this study taken from the A Sand. The

sampled section is at a similar depth to wells in

the central IMF around Beatrice Field, so any

variation between the magnetic characteristics be- + well
. . —— Model Boundary
tween the two are likely location- and hydro- B Hydrocarbon Ficlds
P AN

carbon migration-derived rather than depth- and Figure 6.13: Map of the IMF and study area, show-
geologically-derived. ing the location of Well 11/24a-2 in the basin’s NE.

The OWC i1n this well is less defined, and also
shows reversed characteristics, than the OWC of 11/24-1. The Mg and M; responses see a small increase
above the contact at 6130 ft, and then a clear decrease below the contact, whilst the B., B.; and Hg
decrease above the contact then sharply increase below (Figure 6.14). When looking at the magnetism
as a whole, the oil-saturated samples show a generally lower magnetisation than the water-saturated

samples, though only marginally (Figure 6.15).
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Figure 6.14: Plots of magnetic results against depth within Well 11/24a-2, with gamma ray and resis-
tivity well log data used to identify formations and fluids. Well shaded in red is oil-saturated, blue is
water-saturated, with the OWC shown. My = saturation magnetisation;, M, = remanent magnetisation,
B. = magnetic coercivity; B., = coercivity of remanence; and Hy; = high field slope, HT susceptibility-
identified magnetic minerals at each sample are shown.
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The FORC diagrams in this well differ to Well 11/24-1, but do show consistency with the magnetic
response through variation between the samples above and below the OWC (Figure 6.15). The FORCs
within the oil-saturated region and below the OWC are PSD-dominated, with some minor MD influence
(Figure 6.15A-F). However, the FORC from just above the OWC (Figure 6.15G) shows a more MD-
dominated assemblage with some evidence for vortex behaviour, suggesting that an accumulation of

minerals different to the rest of the section is present just above the contact.

The continued difference in magnetic minerals between saturating fluids is further shown by the
high temperature susceptibility curves (Figure 6.15), with a clear variation between the two fluids. Oil-
saturated samples show unwavering evidence of pyrrhotite alongside pyrite and magnetite, with some
potential for goethite in two of the eleven samples, whereas the water-saturated samples show evidence
of goethite and magnetite, with some potential siderite in two of the samples. The extensive presence of
iron sulphides in this well is different to all other wells within the IMF, and raises a question as to where

the sulphur required to form them originated.

6.3.4 WELL 11/30-2 - CENTRAL BEATRICE FIELD

W

Well 11/30-2, the centrally located well in
Beatrice Field, is drilled through the Cretaceous-

Z—

Triassic section, including the Jurassic-age reser-
voir (Figure 6.16). Due to sampling limits, only
18 samples were collected and analysed, split be-
tween the A, B H and J Sands, the Mid Shale
and the Pentland Formation. The wells in Beat-
rice Field show evidence of two OWCs, likely
due to localised trapping as a result of interbed-
ded shales (the Mid Shale and Lady’s Walk Shale)

that exist within the reservoir section. Due to the

+  Well
—— Model Boundary
Hydrocarbon Fields
P X

Figure 6.16: Map of the IMF and study area, show-
pling of many formations within one well does of- ing the location of Well 11/30-2 in Beatrice Field.

fer cross-formation analysis and understanding of

sparse sampling distribution, clear analysis from
this well’s OWCs are difficult, however, the sam-

lithological variations within the same location.

The samples show strong consistency across the well, but with marginal fluctuations around the
OWC:s (Figure 6.17). Whilst the upper OWC, within the A Sand at 6385 ft, shows some variation and
an increase below the OWC compared to above, the distance between the samples is too great to confirm
a finely constrained enhancement similar to others in the study. In comparison, the lower OWC, in the
H Sand at 6879 ft, shows a very distinct change in the magnetic response directly below the OWC, with
the Mg, M; and Hg responses showing a decrease down to the OWC then minimal variation across it,
but a clear increase below. In opposition to these, B. sees a peak at the OWC before decreasing below

and B, shows a clear increase directly below the OWC before decreasing.
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Figure 6.17: Plots of magnetic results against depth within Well 11/30-2. Well shaded in red is oil-
saturated, blue is water-saturated, with the OWCs shown. My = saturation magnetisation; M, = re-
manent magnetisation; B. = magnetic coercivity; B, = coercivity of remanence; and Hy; = high field
slope, HT susceptibility-identified magnetic minerals at each sample are shown.
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Chapter 6: Magnetic Analysis J.R. Perkins

Both oil- and water-saturated samples are similar, showing clear goethite and magnetite presence, but
also indications of siderite, pyrite and potentially lepidocrocite (Figure 6.18). Generally the oil-saturated
samples contain relatively more goethite than the water-saturated samples, however, goethite is not
exclusive to either saturating fluid. The other minerals are not present within the oil-saturated samples,
and are solely identified within water-saturated samples. The low temperature curves of samples across
the upper OWC show some evidence of change across the contact, with the oil-saturated sample at 6870
ft showing evidence of magnetite, whilst the samples below the OWC, at 6879 and 6880 ft, show both

evidence of magnetite and goethite (Figure 6.19).

OWPC analysis is difficult due to the sampling limits and FORC diagram quality, however the FORC
diagrams do show some saturating fluid-caused variations (Figure 6.18). Around the upper OWC, the
FORC diagrams suggest varying levels of very PSD-dominated assemblages, but the sub-OWC FORC
diagram (Figure 6.18E) shows more SD behaviour compared to the super-OWC FORC diagram (Figure
6.18B). In comparison, the lower OWC shows differing changes across it, with the super-OWC FORC
diagram (Figure 6.18F) showing more MD influenced, PSD dominated behaviour than the sub-OWC
FORC diagram (Figure 6.18J), which shows more PSD control with less MD influence.
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Chapter 6: Magnetic Analysis J.R. Perkins

6.3.5 WELL 11/30-5 - CENTRAL BEATRICE FIELD

/L/“/l/vb

Well 11/30-5 is, akin to Well 11/30-2, lo-
cated in the centre of Beatrice Field and is drilled

Z—

through the Cretaceous-Triassic section, however
can only be sampled from the lower reservoir H,
I and J Sands (Figure 6.20). No OWC is present
within the samples collected, as it exists within
the upper reservoir, approximately 500 ft above
the samples analysed in this study. Analysis of
water-saturated samples below a hydrocarbon ac-

cumulation offers the opportunity to analyse for-

mations that have experienced migration.

+  Well
—— Model Boundary
Whilst the cored section of this well lacks an . B iydrocatbonRiclds

OWC, conclusions about the water-saturated sam- Figure 6.20: Map of the IMF and study area, show-
ing the location of Well 11/30-5 in Beatrice Field.

ples of the central Beatrice Field, in which the
samples are located, can be made, and these sam-
ples show relatively consistent results across the sampled section, with only two points either side of
the H Sand-I Sand boundary offering drastic variation (Figure 6.21). The fluctuation seen across the
formation change looks likely to be a result of lithology variation, as the increase in magnetisation seen

at 7248 ft (sample point A) is accompanied by a clear increase in resistivity and the decrease at about
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Figure 6.21: Plots of magnetic results against depth within Well 11/30-5, with gamma ray and resis-
tivity well log data used to identify formations and fluids. Well shaded blue is water-saturated. My =
saturation magnetisation; M, = remanent magnetisation; B, = magnetic coercivity; B., = coercivity of
remanence; and Hy; = high field slope, HT susceptibility-identified magnetic minerals at each sample
are shown.
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Chapter 6: Magnetic Analysis J.R. Perkins

7260 ft is associated with an increase in gamma ray response, both results of very localised lithology

change, with the rest of the section being consistent across all magnetic properties.

The FORC diagrams in the well match the consistency of the magnetic properties with, accounting
for data quality, very similar PSD-dominated, MD-influenced assemblages (Figure 6.22), although Fig-
ure 6.22B,C do show more SD and SP influences. The high temperature susceptibility curves within
Well 11/30-5 are all consistent, showing strong goethite and magnetite presence, but with some poten-
tial minor pyrite or lepidocrocite (Figure 6.22). These curves are characteristic of many water-saturated
samples seen within other wells across the IMF, and are indicative of samples that have seen hydrocar-
bon migration but little to no accumulation. As with other water-saturated samples in the other Beatrice
Field wells, the low temperature ZFC and FC curves in Well 11/30-5 show definite evidence of goethite
and magnetite (Figure 6.23). These reaffirm what the high-temperature susceptibility data shows, with

widespread goethite and magnetite.
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Figure 6.22: Series of high temperature susceptibility curves and room temperature FORC diagrams
of selected samples, as located on the gamma ray well log plot, across various depths and saturated
by water, in Well 11/30-5. All high temperature plots show consistent magnetic mineralogy, but FORCs
show some variation between SD and MD/PSD behaviours. Goe = goethite.
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used to identify the magnetic mineral assemblages within the samples through identification of mineral-
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6.3.6 WELL 11/30A-8 - SW BEATRICE FIELD

Well 11/30a-8 is in the very south western

Z—

sector of the Beatrice Field, and, alongside the
prior two wells 11/30-2 and 11/30-5, sits within
the same section of the field’s structure - the up-
permost fault block of the Beatrice trapping sys-
tem (Figure 6.24). 33 samples from Well 11/30a-
8 were taken from the upper reservoir A and B
Sands and cover an OWC in the A Sand.

The OWC in Well 11/30a-8, at 6925 ft within
the A Sand, shows surprising differences com-
pared to other wells within the IMF, with a de- e geﬂ | Bound.

ode! oundary
crease in magnetic (Mg and M;,) responses below . Hydrocarbiom Riclds

the OWC compared to above it, which is mirrored Figure 6.24: Map of the IMF and study area, show-
ing the location of Well 11/30a-8 in Beatrice Field.

in the Hgg response (Figure 6.25). In opposition,
the coercivity (B and B,) responses increase and

the B response shows wild fluctuation within the few feet directly below the contact.

The FORC diagrams from the well show consistent PSD-dominant assemblages with minor MD
influences (Figure 6.26). In the samples above the OWC, the heavily PSD-controlled assemblage shows
a strong MD component that is immediately lost at and below the contact (Figure 6.26A-D). As with
other wells in the IMF, Well 11/30a-8 is heavily magnetite- and goethite-rich, with minor evidence of
lepidocrocite, siderite, pyrite and possible pyrrhotite (Figure 6.26). The water-saturated samples show
the most variation however, unlike other wells, there is no localised changes around the OWC (Figure
6.26A-C), suggesting minimal change in mineralogy across the contacts and just enhancing pre-existing
assemblages. Within the oil-saturated region of Well 11/30a-8, the low temperature ZFC, FC and RT
curves show clear magnetite and goethite presence, with some siderite (Figure 6.27). The well also
shows a marginal increase in remanence towards the OWC in the oil-saturated samples (Figure 6.27i-

iii), with this an indication of ever-increasing magnetite content towards the contact.

Several Mossbauer spectra were taken from samples across 7019-7035 ft (Figure 6.28), where mag-
netisation variations suggest the potential for a paleo-OWC (Figure 6.25). Whilst this was initially
considered due to the other oil-saturated wells in Beatrice Field contained two OWCs, the spike in mag-
netisation around this depth was the sole indication of any potential paleo-OWC, thus is attributed to
lithological variation. The Mdssbauer spectra have no evidence for the typically sextet-showing mag-
netite or goethite (Murad, 1982; Risti¢ et al., 2017; Vandenberghe et al., 1986), despite Fysh and Clark
(1982) and de Grave and Vandenberghe (1986) showing that goethite in the presence of aluminium can
form doublets similar to those seen in Doublet 1. The shape and isomer shift and quadrupole split values
of Doublet 1 are most akin to an iron sulphide, probably pyrite (Evans et al., 1982; Kar et al., 2004),
however this suggests that more localised iron sulphides are present through the well. Doublet 2 is most

likely siderite, shown by the doublet behaviour and isomer shift and quadrupole split values akin to
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those in the works of Antonova et al. (2020); Bill (2019); Risti¢ et al. (2017); Zavarzina et al. (2020),

with this matching the samples’ high temperature susceptibility responses.
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Figure 6.25: Plots of magnetic results against depth within Well 11/30a-8, with gamma ray and resis-
tivity well log data used to identify formations and fluids. Well shaded in red is oil-saturated, blue is
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Figure 6.27: Series of low temperature ZFC, FC and RT Curves of select samples across the OWC and
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towards the OWC (1-3), which is indicative of increasing magnetite content. Goe = goethite, Sid =
siderite, Ty = Verwey Transition, for Mag (magnetite).
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Figure 6.28: Room and low temperature Mossbauer spectra of samples from 7021 (H in Figure 6.26
and 5 in Figure 6.27) and 7024 ft in Well 11/30a-8.

123



Chapter 6: Magnetic Analysis J.R. Perkins

Microscopy was carried out on three samples in the oil column, at 6900, 6906 and 6913 ft, and
three samples in the water column at 7019, 7021 and 7024 ft, aiming to identify the magnetic minerals
in the saturating fluids, however the assemblages were broadly consistent through both oil- and water-
saturated samples. Within the microscopy assemblages, large siliceous grains of the sandstone were
host to a wide variety of secondary minerals, including magnetic minerals. Within the images, several
highly common grains were found: small (<1 pm) rod-like grains, small (<1 um) globule-like grains,
small (<1 pm) framboidal grains and larger (>10 pm) hexagonal plates (Figure 6.29a-f,1). Furthermore,
there were several occurrences of a larger (>5 pm) framboidal grain formed of an amalgamation of
partially cubic or tetragonal grains (Figure 6.29g,h), as well as rarer occurrences of a triagonal, almost
tooth-like grain (Figure 6.291). Identification of the minerals is based on both magnetic responses from
other analyses as well as cross referencing literature, and suggests that the rod-like grains, globule-
like grains and plates are most likely to be framboidal magnetite, but may well be goethite or siderite,
whilst the small framboidal grains are most likely magnetite (Ai et al., 2018; Carneiro et al., 2013; Qu
et al., 2011; Zavarzina et al., 2020). The large framboidal grains, as well as the tooth-like ones are
identified as magnetite, however they could also be goethite or siderite (Elmore et al., 1987; Ohfuji and
Rickard, 2005; Qu et al., 2011; Zavarzina et al., 2020). Whilst energy dispersive x-ray (EDX) analysis
was attempted on the samples, the responses were too heavily skewed to the backing carbon tape and

siliceous sand grains to give accurate results.

Figure 6.29: SEM images from various samples within the water and oil columns of Well 11/30a-8. Sd
= siderite, Ma = magnetite, Go = Goethite. Samples a, b, ¢, g and h are from the oil column samples
(6900, 6906 and 6913 ft), whilst sample d is from 7019 ft, e, f and i are from 7021 and 7024 ft.
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6.3.7 WELL 11/30A-B10 - NE BEATRICE FIELD
Well 11/30a-B10, in the north east end of

Beatrice Field, has an OWC in the lower reser-

Z—

voir, as despite the OWC remaining at the same
approximate depth across the field, the north east
sector of the field is shallower than the rest of
the field, likely due to fault block tilting (Figure
6.30). Sampling is constrained to the lower reser-
voir I and J Sands, with 32 samples collected and
shows evidence of two OWCs, akin to Well 11/30-
2. The depths of the samples is purely a result 7

of the measured depth-vertical depth (MD-TVD) + well
variation of the drilled well which was deviated M X;’fﬁiﬁ’;&diﬁimg
from vertical, and as such, all samples are depth- Figure 6.30: Map of the IMF and study area, show-

defined by MD, which is approximately 1500 ft jng the location of Well 11/30a-B10 in Beatrice
greater than the TVD. Field.

11/30a-B10

Similarly to Well 11/30-2, the OWCs of Well
11/30a-B10 show differing enhancements to each other, with the upper of the two OWCs in Well 11/30a-
B10, at 8196 ft MD (6643 ft TVD) in the I Sand, showing no discernible magnetic enhancement, whilst
the lower OWC, at 8362.5 ft MD (6753 ft TVD), does (Figure 6.31). The lower OWC sees an increase
in Mg and M; below the contact having seen a sharp decrease immediately above the contact, but in
turn shows a clear decrease in B, B, and Hgs below the contact. The Hy response across the contact is
interesting as within the bulk of the oil-saturated region it shows a negative response, but turns positive
just above the contact, before returning back to negative below the contact. The presence of strong vari-
ations in magnetic properties within sample 8459 ft show no evidence of a paleo-OWC, and were fully
water-saturated, thus has been attributed to lithological variation. The FORC diagrams show minimal
change across the sampled sections, showing mostly PSD-focussed assemblages but with some MD,
SD and SP influences in parts (Figure 6.32). There is also no clear variation across the OWCs, with the

reason being unclear.

Within the high temperature susceptibility data, there is yet more clear evidence of magnetite and
goethite within both oil- and water-saturated samples as well as potential lepidocrocite presence within
several oil-saturated samples (Figure 6.32B). Furthermore, there is evidence of pyrite and pyrrhotite
within two water-saturated samples (Figure 6.32G,H), as well as evidence of siderite within the water-
saturated samples (Figure 6.32J). As with the other Beatrice Field low temperature analyses, there is
mixed evidence of magnetite and goethite within both oil-saturated and water-saturated samples, and
some siderite (Figure 6.33). There is also some increased magnetite presence in the samples around the

OWC (Figure 6.12i,ii), evidenced by the marginal increase in remanence recorded by the samples.
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6.3.8 WELL 12/21-2 - JACKY FIELD

Well 12/21-2 sits within Jacky Field, to the
immediate north-east of Beatrice Field (Figure

Z—

6.34), and is drilled through the same Jurassic-age
petroleum system at similar depths to the wells
in the shallowest sections of the Beatrice Field.
In total, 33 samples were collected from the well
across the A and B Sands, Mid Shale and the Pent-
land Formation, offering the opportunity to mag-

netically compare Jacky and Beatrice Fields. As

Jacky Field is under higher pressure than Beat-

rice, and is nearing being an overpressured sys- + well

. .. .. —— Model Bounda
tem, any differences or similarities between Jacky Hydrocarbon gitis
Field and Beatrice Field could be crucial to un- Figure 6.34: Map of the IMF and study area, show-

derstanding the connections between magnetic as- ing the location of Well 12/21-2 in Jacky Field.

semblages and hydrocarbon systems.

Well 12/21-2 has a very clear magnetic enhancement at the OWC, at 7118 ft in the B Sand, where
all magnetic characteristics show a rapid increase in response in the few feet above the contact from
within the oil column down to the OWC, at which point they all peak, then show sloped decreases in
the samples across the uppermost water-saturated samples (Figure 6.35). Unlike many other examples
in this study, all magnetic characteristics in Well 12/21-2 show increases directly below the OWC,
apart from B, which shows minimal variation. FORC diagram-derived domain assemblages are broadly
consistent across the samples in Well 12/21-2, showing largely PSD-dominated samples (Figure 6.36).
As with other wells in this study, the OWC enhancement is near-solely PSD grains, suggesting again
that all enhancement at OWCs in the IMF are caused by an accumulation of PSD domain grains, and
further analysis of the FORC diagrams from Well 12/21-2 can be seen in Section 6.4.1.7.

Akin to the other wells in the IMF, high temperature analysis Well 12/21-2 shows extensive presence
of magnetite and goethite, but far more siderite than seen in the other fields (Figure 6.36). Whilst
variations in ratios between the three minerals vary across the well, they occur in both oil- and water-
saturated samples, but are more prevalent in the water-saturated section (Figure 6.36B,F). Beyond the
three previously mentioned minerals, the only evidence of other minerals comes in the form of three

samples containing lepidocrocite, in tandem with goethite (Figure 6.36E,G).

The low temperature ZFC, FC and RT curves from Well 12/21-2 show very similar results to the
data collected from wells within Beatrice Field, with further extensive proof of goethite and magnetite,
plus siderite (Figure 6.37). The siderite is not as prevalent in the low temperature results as it is in
the high temperature results, however this is likely due to the disparity in sample numbers between the
techniques. Siderite is identifiable in low temperature analysis through a sharply declining FC curve
from 5 K to about 20 K, where is it joined by the ZFC curve and they track as a slower trend towards

room temperature, and here is most clearly seen in the sample from 7118.5 ft (Figure 6.12iv). There is
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also some increased magnetite presence in the samples around the OWC (Figure 6.12), evidenced by

the marginal increase in remanence recorded by the samples trending towards the contact.
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well log data used to identify formations and fluids. Well shaded in red is oil-saturated, blue is water-
saturated, with the OWC shown. Mg = saturation magnetisation;, M, = remanent magnetisation; B,
= magnetic coercivity; B, = coercivity of remanence; and Hy = high field slope, HT susceptibility-
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Figure 6.37: Series of low temperature ZFC, FC and RT Curves of select samples across the OWC
seen in Well 12/21-2, used to identify the magnetic mineral assemblages within the samples through
identification of mineral-specific behaviours. Early and sharp Ty responses (e.g. iv, v) are expected
errors in measurements, as they are typically smoother (e.g. i). Note the increasing remanence values
measured towards the OWC (i-iii), which is indicative of increasing magnetite content. Goe = goethite,
Ty = Verwey Transition indicative of Mag (magnetite), Sid = siderite.
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6.3.9 WELL 12/21-4

Well 12/21-4, located to the south west of the
Beatrice and Jacky Fields (Figure 6.38), is the
only well in the IMF that this study found and
sampled that was classed as dry by the drilling

Z—

company. The well was drilled through the
Jurassic-age reservoirs but found no oil or traces
of oil, indicating no present or past interaction

with hydrocarbons, as such, it makes a good well

for analysing background samples of the IMF

to compare against hydrocarbon-saturated wells.

Within Well 12/21-4, 11 samples were collected + well
from the upper reservoir A and B Sands, that are M: r;iiclzlﬂd;rizlds
situated approximately 200 feet shallower than Figure 6.38: Map of the IMF and study area, show-

the Beatrice and Jacky Field equivalents. ing the location of Well 12/21-4 in the centre of the

) IMF.
The samples from this solely water-saturated

well shows that magnetic responses do vary re-

gardless of saturating fluid, with lithology and formation water being the causes, as seen by the increas-
ing responses as a result of clay content in the B Sand at approximately 6810 ft (Figure 6.39). Similarly,
the FORC diagrams across the well are very similar, showing strongly PSD-dominated assemblages

with some clear SD and SP influence throughout the samples analysed (Figure 6.40).

The high temperature analysis of the samples from Well 12/21-4 show extensive dominance not only
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Figure 6.39: Plots of magnetic results against depth within Well 12/21-4, with gamma ray and resistivity
well log data used to identify formations and fluids. Well shaded in blue is water-saturated. M =
saturation magnetisation; M, = remanent magnetisation; B, = magnetic coercivity; B., = coercivity of
remanence; and Hy; = high field slope, HT susceptibility-identified magnetic minerals at each sample
are shown.
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of magnetite, but of goethite and lepidocrocite (Figure 6.40A,D,E). The samples show no evidence of
siderite, but some potential for iron sulphides, likely pyrrhotite, as an alteration product during high
temperature susceptibility analysis (Figure 6.40C). The distinct lack of siderite would suggest that this
well could possibly be completely dry; Abdulkarim ef al. (2022a) indicates that siderite is a proxy for
vertical hydrocarbon migration, however this requires connection with the basin and petroleum systems

model to determine if it is truly non-hydrocarbon bearing.
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Figure 6.40: Series of high temperature susceptibility curves and room temperature FORC diagrams
of selected samples, as located on the gamma ray well log plot, across various depths and saturated
by water, in Well 12/21-4. The high temperature susceptibility plots show relative consistency across
the samples, matched in the consistent FORC diagrams. Goe = goethite, He = hematite, Lep = lepi-
docrocite.

134



Chapter 6: Magnetic Analysis J.R. Perkins

6.3.10 WELL 12/25-3

Well 12/25-3 was sampled due to it border-
ing the edge of the study area, bounding the Outer

Z—

and Inner Moray Firths, with the aim of analysing
both the difference in assemblages on the IMF’s
perimeter and also the Cretaceous Cromer Knoll
Group through which the well was drilled (Fig-
ure 6.41). The Cromer Knoll group in this re-
gion of the IMF is a potential reservoir due

to the large volumes of sand between interbed-

ded shales, whilst maintaining large lateral thick-

nesses. As such, Well 12/25-3 was drilled solely + well
through the Cromer Knoll Group, and 20 samples M X;’fﬁiﬁ’;&diﬁimg
were taken from two depth intervals. The upper Figure 6.41: Map of the IMF and study area, show-

sample grouping, within a sand pocket between ing the location of Well 12/25-3 in the east of the

4510 and 4600 ft, are all oil-saturated, with the IMF on the border of the Inner and Outer Moray
Firth Basins.

lower sample grouping showing a localised OWC,

potentially caused by lithological trapping, that occurs at 5603 ft.

The shallower Cromer Knoll samples are relatively magnetically consistent, both within themselves
and with the deeper section, except for around the OWC (Figure 6.42). At the OWC at 5603 ft, there
is a clear change in the magnetic response, with a sharp increase in Mg, M; and B, and decrease in B,
immediately above the OWC that maintains to the OWC, with the OWC also seeing a peak in Hg, before
all properties rapidly drop below the OWC. The strong magnetic response seen within the oil column at

4571 ft shows no clear evidence of OWC behaviour, consequently is attributed to lithological variation.

The FORC diagrams in both sections of the well are relatively consistent, being heavily PSD-
dominated, but some oil-saturated samples do show more SD components (Figure 6.43E,I) and water-
saturated show more MD components (Figure 6.44P,Q,S), however these are more localised variations
than widespread trends. In comparison, there are variations seen around the OWC, where directly
above the contact there is evidence of more SP and vortex behaviours which are not seen in the slightly
more MD-containing sample directly below (Figure 6.44M,N). High temperature susceptibility anal-
ysis shows that the majority of samples are magnetically quite weak but contain magnetite, siderite
and goethite across both oil- and water-saturated samples (Figures 6.43 & 6.44). The majority of sam-
ples are consistent, however the samples immediately above the OWC show distinct presence of pyrite,
unlike any other samples in the well, which is immediately lost when crossing the contact into the

water-saturated samples.
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Figure 6.42: Plots of magnetic results against depth within Well 12/25-3, with gamma ray and resistivity
well log data used to identify formations and fluids. Well shaded in red is oil-saturated, blue is water-
saturated, with the OWC shown. Mg = saturation magnetisation;, M, = remanent magnetisation; B,
= magnetic coercivity; B, = coercivity of remanence; and Hy; = high field slope, HT susceptibility-
identified magnetic minerals at each sample are shown.
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6.3.11 WELL 12/27-1

Well 12/27-1 is situated in a shallower loca-

Z—

tion in the south-south east of the IMF, south east
of the Beatrice Field (Figure 6.45). The well
has been drilled through the Jurassic-age reservoir
section and down into the Devonian source rocks,
with 23 samples taken, including four from the
Devonian for analysis on the source rocks, how-
ever no true source rock (Devonian Fish Beds)

were available to sample, so the analysis carried

out on the Devonian Flagstones are not included

in this section. The reservoir-equivalent section in + well

. . . —— Model Bounda
the well is significantly shallower than the Beat- Hydrocarbon gitis
rice Field, with the top of the reservoir sitting at Figure 6.45: Map of the IMF and study area, show-

approximately 3500 ft (approximately 1060 m), ing the location of Well 12/27-1 in the SE of the
but does have an OWC occurring within the mid- basin.

Jurassic Pentland Formation.

The magnetic responses seen within the well are relatively consistent in both oil- and water-saturated
samples except around the OWC zone at 3735.8-3745 ft (Figure 6.46). The magnetic properties show
clear variations immediately below the top of the oil-water interface at the uppermost point of the OWC
zone, with Mg, M; and B, showing strong increases with B, showing a strong decrease, whilst Hg; shows
a very minimal increase. A secondary, although much more limited, enhancement also is apparent below
the base of the OWC zone, which shows an increase in Mg and M;, but negligible change in the other
parameters. Well 12/27-1, along with Well 11/24-1, are the two best examples of very closely contained

magnetic enhancement at the OWC, and interestingly are both within OWC zones.

The FORC diagrams show some variation between the oil- and water-saturated samples, with the
oil-saturated samples showing a SD-SP-PSD assemblage (Figure 6.47). In comparison, below the OWC
in the centre of the water-saturated section there is a much clearer PSD-dominant assemblage, and
immediately below the OWC at the interface the increase in PSD grains compared to the oil-saturated

section above becomes apparent.

The high temperature susceptibility curves of both oil- and water-saturated samples show strong
variation, despite both containing magnetite, with the oil-saturated samples containing more goethite
than the water-saturated samples, whilst also containing a high abundance of siderite (Figure 6.47A-E).
In comparison, the water-saturated samples are heavily siderite-dominated with limited goethite present
(Figure 6.471,J), whilst the samples through the OWC zone deviate drastically from both the oil- and
water-saturated samples, containing solely magnetite and maghemite (Figure 6.47F-H). This presence
of maghemite diverges from the rest of well assemblages within the IMF, as it is not seen in any other

well, with the reason for this unclear.

139



Chapter 6: Magnetic Analysis J.R. Perkins

LLD (ohmm e ~ . .
0 2 (20 20(? 2000 T E T HT-identified
‘ ] e = magnetic
—~ g o minerals
8  LLS (ohmm) “g 2 £
> < = . = N g o
= 0 2 20 200 2000 N - S o w S 2
= « 2 g [aa) bl =0
R SE—— ~ = = jan} o = 5
= = w o v = o 5 - E 8 o, =5
a GR (AP]) — o 82 @ M S~ o~ 2 == 38
L 288 828 3 =2 8 s =223 985c3
A 0 50 100 150 200 250 S S S SSs s 8 & —— =2 =2 - 2 =293 < §37‘2§%
3650 R RR=|
‘> Mid Shale
B Sand / /

=
L)
Y

3675

3700

3725 { ;;
OWC Zone Top

f fg OWC Zone Base

3750 {

/'\\//\ — \L
-
T
|
L

3775 {

Figure 6.46: Plots of magnetic results against depth within Well 12/27-1, with gamma ray and resistivity
well log data used to identify formations and fluids. Well shaded in red is oil-saturated, blue is water-
saturated, purple is within the OWC zone, with the OWC zone shown. My = saturation magnetisation;
M, = remanent magnetisation; B, = magnetic coercivity; B., = coercivity of remanence; and Hy; = high
field slope, HT susceptibility-identified magnetic minerals at each sample are shown.
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6.3.12 WELL 12/27-2
Well 12/27-2 neighbours Well 12/27-1 to its

immediate north west, however the section is

Z—

deeper here by approximately 1500 ft (Figure
6.48). This well was drilled throughout the entire
Cretaceous to Devonian system, however sam-
pling was limited to a very constrained area of
the upper reservoir, as such, 12 samples were col-
lected from the B Sands and the Pentland Forma-
tion. Due to its close proximity, and similar sam-
pling distribution to Well 12/27-1, analysis of this

well is useful to see how localised variations can + well
. . —— Model Boundary
be, and if, to what extent, depth can influence the Hydrocarbon Ficlds
P ) A

magnetic assemblages. Figure 6.48: Map of the IMF and study area, show-
Well 12/27-2 shows a strong magnetic en- an .the location of Well 12/27-2 in the SE of the
asin.

hancement at the OWC at 5207.8 ft, however this

could be affected by the change in lithology ap-

proximately 3 ft below the OWC (Figure 6.49). Despite this, there is a clear increase in Mg, M; and
B. immediately below the OWC, however this B, increase is preceded by a rapid decrease immediately
above the OWC, whilst H¢s shows a rapid increase above the contact followed by an immediate decrease.
FORC diagrams across the samples all show varying degrees of PSD dominance, with oil-saturated sam-
ples showing some PSD, but more SD, SP and MD behaviour compared to the water-saturated samples
that are more PSD (Figure 6.50). The high temperature susceptibility curves are, again similarly to
Well 12/27-1, showing differences between the saturating fluids, with evidence for dominant goethite
within oil-saturated samples alongside some siderite present in most samples, but water-saturated sam-
ples contain more evidence for solely containing siderite, alongside the ubiquitous magnetite (Figure

6.50). There are also two occurrences of lepidocrocite within the oil-saturated samples (Figure 6.50A).
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Figure 6.49: Plots of magnetic results against depth within Well 12/27-2. Well shaded in red is oil-
saturated, blue is water-saturated, with the OWC shown. Mg = saturation magnetisation;, M, = remanent
magnetisation; B. = magnetic coercivity; B., = coercivity of remanence; and Hy; = high field slope, HT
susceptibility-identified magnetic minerals at each sample are shown.
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6.3.13 WELL 12/29-1

Well 12/29-1 is the most south easterly well
magnetically analysed in this study, and despite

Z—

being drilled through the entire Jurassic reser-
voir section, sampling is constricted to cores
taken within the Heather Formation, in isolated
sand bodies between the large-scale shale inter-
vals (Figure 6.51). Consequently, the OWC in the
well is most likely a lithological one, with hydro-
carbons being trapped within a small sand body

rather than within a larger, fault-controlled struc-

tural trap. + Wl
—— Model Boundary
Well 12/29-1 differs slightly to the majority MMJ- Hydrocarbon Fieds

of other wells in the IMF as it sees an increase Figure 6.51: Map of the IMF and study area, show-
ing the location of Well 12/29-1 in the SE of the

basin.

in magnetisation (Mg and M;) directly above the
OWC, which sits at 6921.95 ft, prior to a drastic
decrease below the OWC (Figure 6.52). In tan-
dem with these properties, B, also shows an above-OWC increase followed by a below-OWC decrease,
whereas B, shows a rapid decrease above and increase below the OWC. These coercivity responses also
differ to the majority of the other wells in that they are reversed, with most other wells showing matching
magnetisation-B; and opposing magnetisation-B., responses. The FORC assemblages within the well
show minimal variations across the samples, with all showing strong PSD-dominance and limited influ-
ence of any other components (Figure 6.53). This continuity across the saturating fluids is seen within
the high temperature susceptibility curves, where there is little variation in the magnetite-dominated

assemblages, although all samples show evidence of what appears to be goethite (Figure 6.53).
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Figure 6.52: Plots of magnetic results against depth within Well 12/29-1. Well shaded in red is oil-
saturated, blue is water-saturated, with the OWC shown. M = saturation magnetisation; M, = remanent
magnetisation; B. = magnetic coercivity; B., = coercivity of remanence; and Hy; = high field slope, HT
susceptibility-identified magnetic minerals at each sample are shown.
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6.4 FORC PRINCIPAL COMPONENT ANALYSIS

Principal Component Analysis (PCA) of FORC data is a common technique to identify the domain
assemblages of samples through analysis of their FORC diagrams and was first proposed by Lascu
et al. (2015) and evolved by Harrison et al. (2018). PCA is carried out by identifying the number of
principal components (PCs) through a scree plot showing eigenvalues. Following the PC identification,
endmember (EM) grain domains (PSD, MD, SD, etc.) are identified, which are always EM = PCA + 1,
1.e., two principal components will have three endmembers, which is the case in the samples seen in
the IMF. However, the IMF endmembers were picked predominantly through the planar distribution
of samples (Figure 6.54), with the difficulty in developing and presenting FORC PCA data increasing
dramatically beyond three endmembers, despite the potential for up to 5 or 6 endmembers based on the
eigenvalues seen. EM definition is done by plotting all data points in principal component space, and
picking the EMs through the spread of data, with each EM producing a clear domain-specific FORC
diagram. EM proportions and absolute values at each data point, based on mass-normalising of the data,
are then used to classify the domain assemblage at the points, which is then analysed for changes across

variables such as location, depth, formation and fluid.

This study’s FORC PCA data identifies grain assemblage changes between multiple variables. Within
the samples analysed (Table 6.4), two principal components (PCs) and three endmembers (EMs; PSD,
MD and SD) were identified (Figure 6.54). The PSD (EM1), MD (EM2) and SD (EM3) EMs were
identified by through the PC plot and the idealised FORC diagrams for each EM, with the majority of

Table 6.4: Table outlining the breakdown of samples across formations and wells within the IMF, used
for Principal Component Analysis within this study. Due to the coring patterns in the wells of the basin,
sample numbers are skewed towards the upper reservoir sequence of the A and B Sands.
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Figure 6.54: Series of plots summarising the identification of the three PCA end-members identified
within this study’s FORC diagram analysis. Upper left shows the scree plot of the PCA components
and eigenvalues produced, upper right is a PCA plot of all the data points used in the PCA, with the
end-members identified. Lower left, middle and rift are the three end-members identified in this study’s
PCA, present in the FORC diagrams of the samples of the IMF — PSD, MD and SD, respectively.

analysed samples showing similar characteristics to the idealised FORC diagrams, but with variations
dependent on the sample domain assemblage. PSD grains dominate the samples analysed and are also
somewhat MD-like, with fewer showing clear MD and SD behaviour (Figure 6.54).

With PCA requiring quality data across multiple sample points for accurate results, many of the
samples that were magnetically characterised were not suitable for PCA. However, 219 of the original
271 samples through several formations were analysed across 12 wells within the IMF. The data spread
across the samples and wells in the IMF for PCA is good, however the lack of quality samples in the
mid-reservoir shales, Permian and Devonian means they were not analysed, and neither was the Upper
Jurassic Wick Sand due to the lack of samples (Table 6.4). However, with 219 samples analysed, only
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approximately 20 % of the samples collected were not used, and although there is a clear skew in sample

numbers towards the A and B Sands, this is reflective of the overall sample distribution (Table 6.1).

Figure 6.54 shows that the majority of data points are strongly PSD, with ever-decreasing influence
from MD and SD grains. However, Figure 6.54 shows all undifferentiated data from the PCA, which
does not offer insight into localised changes in the assemblages. To identify variations caused by lo-
calised factors, Figure 6.55 shows the PCA results from two perspectives, formation and well, separated
by saturating fluid type (oil and water). Any domain assemblage variations between formations, or
across depth, saturating fluids or location in the IMF, should be identifiable through this separation of
data. Formation analysis is also necessary to control data skews seen by anomalous data points in wells

and to draw conclusions on how OWCs vary in assemblage based on the formation they occur in.

Figure 6.55 highlights that, whilst there are some similarities between well and formation results,
there are also identifiable differences, with even clearer differences seen between the results from dif-
fering saturating fluids. Whilst there is an obvious grouping of PSD-dominated oil-saturated samples,
there are numerous oil-saturated samples that show clear MD- and SD-dominance, whereas the majority

of water-saturated samples are constrained into the PSD-dominated sector.

A further variation seen within well results is the difference in end members across samples in
different locations around the IMF - Wells 11/24-1, 11/24a-2 and 12/21-2 strongly plot along the PSD-
MD tie line, whereas wells 12/25-3, 12/27-1 and 12/27-2 plot along the PSD-SD tie line. In contrast,
the remaining wells (11/30-2, 11/30-5, 11/30a-8, 11/30a-B10, 12/21-4 and 12/29-1) plot predominantly
within the PSD space, and spread centrally through the plot, showing no major inclination towards
either MD or SD dominance. The separation may be a result of the differing formations within each

well, however this is where the formation-orientated PCA becomes crucial.
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Figure 6.55: PCA plots of all samples analysed in this study’s FORC PCA, delineated by saturation of
oil and water, through two perspectives — well (left) and formation (right). The two perspectives allow
analysis into both geographical variations, through investigations into the variations between wells,
and geological variations, through investigations into the variations between formations.
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PCA of the Cromer Knoll is limited due to all samples originating from the same well, 12/25-3,
resulting in heavy bias towards local variations seen in the extremities of the outer IMF. The concen-
tration of samples does not give a good data spread across the basin, and as such cannot be trusted to
represent the entirety of the IMF. Despite this, conclusions can be drawn, and the majority of Cromer
Knoll data points show PSD and SD domains, with nearly no MD influence (Figure 6.55). The data
spread is different to the other formations seen within the IMF, with Cromer Knoll samples showing
similarly high PC1 scores in both SD and MD domains, and much lower PC2 scores in MD domains.
This domain distribution is quite different to deeper formations where, for the majority of formations,
there is no score alignment between domains. Furthermore, when separated into oil- and water-stained
samples, there is a very obvious difference, with all water-saturated samples tightly grouped in the PSD
region, whereas the oil-saturated samples are much more SD-dominated, with some minor MD influ-
ence. The difference between fluids suggests that they are directly responsible for magnetic variations

to some extent in the subsurface, but most definitely within the Cromer Knoll Group.

The Heather Formation is predominantly shales, as it acts as the petroleum system seal within the
IMF, as such, there are few samples drawn from localised sandier intervals. The PCA data within these
sands shows clear variations between wells (Figure 6.55), with 12/29-1 samples grouped in the PSD
region and 11/24-1 more MD, whilst 11/30a-8 and 11/30-2 are more SD-leaning. The samples in the
central IMF (11/30-2 and 11/30a-8) are less conclusive than the others from the basin-marginal wells,
however this may be due to a lack of samples in 11/30-2, whilst those from 11/30a-8 mostly sit centrally
within the end-member triangle, suggesting a more even influence between all three domains. Similar
to the Cromer Knoll Group, the water-saturated samples from the Heather Formation, whilst there are
not many, do group within the PSD region of the PCA plot, with other oil-saturated samples spreading
towards more MD- and SD-influences. On the other hand, the water-saturated samples are from Well
12/29-1, and the oil-saturated samples from this well also plot in a very tight PSD-dominated grouping,
unlike the Cromer Knoll Group from Well 12/25-3, suggesting that lithological variations may be having

an effect on magnetic assemblage.

PCA of the A Sand broadly follows similar trends to the trends of the entire dataset PCA - water-
saturated samples mostly clustering within the PSD sector and oil-saturated samples tracking along the
tie lines between PSD and other EMs (Figure 6.55). Where A Sand differs is that all oil-saturated
samples fall solely along the PSD-MD tie line. The oil-saturated samples can be roughly split along
the tie line, with wells 11/24-1, 11/24a-2, 11/30-2 and 11/30a-8 remaining dominated by PSD grains,
whereas Well 12/21-2 spreads extensively towards the MD EM. This difference is unclear, as Well
12/21-2 is geographically a lot closer to wells 11/30-2 and 11/30a-8 than Well 11/24a-2, so influences
beyond regional variances must be the cause(s). Due to A Sand being the uppermost reservoir unit,
most wells where sampling was possible have purely oil-saturated samples or an insufficient number of
water-saturated samples to draw conclusions, thus deriving same-well fluid saturation variations in the
A Sand is difficult. However, Well 11/30a-8 offers some insight, with the majority of the water-saturated
samples are PSD-dominated, save for the three outliers that exist in the centre of the end members, whilst

the oil-saturated samples plot along the PSD-MD tie line alongside the other oil-saturated samples.

Despite the B Sand being lithologically similar to A Sand, the PCA distributions differ (Figure 6.55).
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Whilst most water-saturated samples are PSD dominated, like A Sand, there is a significant difference
with the oil-saturated samples, which are much more SD dominated than the A Sand equivalents, and
show little MD influence. The most obvious outliers in the B Sand samples are the oil-saturated ones
from Well 12/21-2, that plot with ever-increasing MD influence, akin to those seen in the A Sand.
Comparatively, the samples from Well 11/24-1 do not show formation-crossing patterns, as where the
oil-saturated A Sand samples track from PSD to MD influence, those in B Sand track from PSD to SD,
although it must be noted that a couple of samples do show significant MD influences. The difference
in B Sand assemblage in the wells to the south east of the IMF (12/27-1 and 12/27-2) compared to
the centre and north west is clear - the water-saturated samples are PSD-dominated, the oil-saturated
samples trend along the PSD-SD tie line. Well 12/27-1 and 12/27-2 exist nearly adjacent to each other
in the IMF and are lithologically and geologically near identical, suggesting that the differences they

show compared to the rest of the wells in the IMF could be a result of localised variation.

The Pentland Formation, whilst sampling was from sands, is a very shale-dominated formation,
and as such has lithological differences when compared to the reservoir sands, especially the A and
B Sands. However, the PCA assemblage shows relatively similar results to the reservoir sands (Figure
6.55), which a general grouping of water-saturated samples in the PSD region, and oil-saturated samples
leaning towards the SD region. The clearest outlier within the Pentland PCA is the water-saturated
samples from Well 12/21-2, which show ever-increasing MD-influences, very similarly to the well’s
oil-saturated samples seen in the A and B Sands. The second most notable difference between this PCA
and those in other formations is the spread of data spread through the water-saturated samples of Well
11/24-1 that show increasing SD influences. This is a departure from the water-saturated samples seen

in B Sand, that were strongly clustered in the PSD sector, suggesting that some variation is occurring.

Due to limited sampling in the H Sand, it is difficult to draw widespread conclusions from the
formation, as only a few samples from two adjacent wells offer PCA results. The majority of water-
saturated samples show PSD-dominated results, however three water-saturated samples show a mix of
both MD and SD influence (Figure 6.55). The two oil-saturated samples are relatively central within
the PCA plot, showing no major end member dominance, suggesting that there is fluid influence on the

magnetism, akin to the other formations, although it is less conclusive than others.

PCA of the I Sand differs to other formations in the IMF as water-saturated samples show MD or SD
influence and the oil-saturated samples are PSD dominated (Figure 6.55). Due to limited samples, the
difference may be a function of a lack of diversity, but similar assemblages are seen within the J Sand
also, suggesting a degree of continuity and lithological influences on the magnetic assemblage. There is
also a difference in assemblage within the two wells, 11/30-5 and 11/30a-B10, with the water-saturated
11/30-5 samples trending approximately along the PSD-MD tie line, whereas the samples from Well
11/30a-B10 show clear separations between water- and oil-saturated samples. Water-saturated 11/30a-
B10 samples group tightly in the SD region, whereas the oil-saturated samples are widespread, though
predominantly cluster in the PSD sector. The variation in assemblage between the wells is curious, as
they are positioned very close to each other, and both sit within the Beatrice Field, the main difference
in the two formations is the depth they occur at - the top of I Sand in Well 11/30-5 is at approximately
7260 ft (2210 m), whereas in Well 11/30a-B10 the top of the I Sand is at approximately 8080 ft (2460
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m). The difference in depth, whilst not great, may be large enough to create lithological variations, such

as an increase in cementation, that could cause differences in the magnetic assemblage.

Akin to I Sand, J Sand shows an inverse saturating fluid-PCA relationship, with most water-saturated
samples showing MD and SD influences and oil-saturated samples being more PSD dominated (Figure
6.55). Also similar to I Sand is the variation between wells, with Well 11/30a-B10 containing SD
water-saturated samples, while Well 11/30-2 contains more MD water-saturated samples. The depth
variation between these formations across wells is similar to I Sand also, with the top of J Sand sitting
at approximately 7120 ft (2170 m) and 8340 ft (2540 m) in Wells 11/30-2 and 11/30a-B10, respectively.

When analysing FORC PCA data as a function of formation, there are clear trends across both
formation and location in the IMF (Table 6.5). The Cretaceous, Upper and Middle Jurassic formations
have PSD dominated water-saturated samples and a mix of all domains in oil-saturated samples. In
contrast, whilst the H Sand of the Lower Jurassic follows the patterns of the formations above, the I
and J Sands are the opposite, with MD- and SD-dominated water-saturated samples and oil-saturated
samples are PSD dominated. The cause of the shift in domain assemblage at depth is unclear, but with
the H Sand being lithologically similar to the Pentland Formation sands, and the deeper I and J Sands
being increasingly cemented and much shalier than than the shallower A and B Sands, the cause could
well be lithological rather than fluid-related. In order to further identify the mineral assemblages and
determine any causes of variations, analysing the FORC data through well bore-orientated analysis is

crucial, and will be carried out in the following section.

Table 6.5: Summary table outlining the varying PCA end-member presence across the formations anal-
ysed in the IMF, delineated by saturating fluid. There are little clear trends present within the data,
though this is likely a result of the formation-based analysis grouping all well-derived results together,
limiting clarity towards geographical variations.

Age  Formation Oil Water
K. C. Knoll SD PSD
U. J. Heather PSD, MD, SD PSD
;_.j A Sand PSD, MD PSD
é B Sand SD, (PSD, MD) PSD
= Pentland PSD, SD PSD, MD
% H Sand Mix PSD
§ I Sand PSD SD, (PSD)
3 J Sand PSD MD, SD
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6.4.1 WELL PCA

6.4.1.1 WELL 11/24-1 - LYBSTER FIELD
The samples from Well 11/24-1 show an overall PSD

grains domination in the assemblage, with SD and MD
grains offering a significantly smaller proportion of the mag-
netic signal (Figure 6.56). Throughout the samples all points
have generally consistent proportions, with PSD grains ac-
counting for between 50 and 90 % of the magnetic min-
eral assemblage at each point. At the majority of points
within the A and B Sands, PSD grains account for over 75
% of the assemblage, with both sand bodies having average
PSD:MD:SD grain domain ratios of 76:12:12 % across their

samples. This contrasts with the Pentland Formation that
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9% domination of PSD grains in the assemblage, compared
to the 4.0 % and 5 % contribution of MD and SD grains, re-
spectively. The return to normalcy from samples at 4949.5
and 4951 ft show that this enhanced signal is very narrowly
constrained to the top few centimetres of the contact zone,
and suggests that the magnetic mineral accumulation was
halted from further surface-ward movement by the fluid den-
sity differences between oil and water. Unfortunately, due
to core constraints, the base of the OWC zone could not be
sampled, and therefore it is not possible to ascertain if there
is a secondary enhancement zone where hydrocarbons cease
to be prevalent. The PSD enhancement at 4949.1 ft is di-
rectly comparable to the enhancement in magnetic moment
and saturation magnetisation see in Section 6.3.2. This indi-
cates that the increase in magnetisation is likely due to the
formation or accumulation of solely PSD grains, as there is

little fluctuation of SD and MD grain influence across the
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sation is likely a result of goethite altering to magnetite at
the redox boundary caused by the OWC.
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Samples from the Pentland Formation show a slightly different domain assemblage to that of the

cleaner sands of the upper reservoir. The difference is likely to be a result of lithological variation, as,

despite sampling in the Pentland being done within the sandy intervals, these intervals naturally contain

a higher clay content than the reservoir sands. However, it is interesting that the domain assemblage is

still PSD-dominant, with SD and MD offering approximately equal influence.

6.4.1.2 WELL 11/24A-2

Unlike the other wells in the IMF, Well 11/24a-2, in the
NW flank of the basin, shows significantly greater MD grain
behaviour (Figure 6.57). MD grains periodically match and
exceed the magnetic contribution of PSD grains throughout
the sampled interval within the A Sand, whilst SD grains
maintain a similar low proportion, akin to the other wells.
The variation in domains is seen in PSD:MD:SD ratios
within the sampled section of 68:30:2 %, equivalent to mean
absolute value ratios of 5.92:3.07:0.16 Am?T2g"!. Across
the OWC at 6130 ft, there is a clear variation in domain as-
semblage, with the greatest proportion of MD grains seen
within the well occurring above the contact at 6127.3 ft, and
the largest PSD proportion occurring below the contact at
6137 ft, an increase on the emergence of PSD domination
at 6132.8 ft. The PSD:MD:SD assemblage ratios at 6127.3
ft are 13:85:2 %, and at 6137 ft are 87:3:10 %. The assem-
blage variation matches the direct magnetic variations seen
across the contact, as identified in Section 6.3.3, which gives
further evidence of PSD, but locally MD, grains forming the

bulk of the magnetic enhancement around OWCs.

The periodic influx of MD grains at varying points
within the hydrocarbon column is unique to this well. In ad-
dition to this, the MD peak above the OWC in Well 11/24a-2
is not seen at any other location within the IMF, which would
infer a localised variation in mineral assemblage, potentially
as a result of its proximity to the Great Glen Fault. There is a
chance that the periodic re-activation of the Great Glen Fault
during rifting events (Andrews et al., 1990) has caused inter-
mittent, surface-ward fluid flow up the fault line. These pe-
riods of fluid flow could have created localised magnetic as-

semblage variations at points through the hydrocarbon col-
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Figure 6.57: PCA plot of samples, and
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ples in Well 11/24a-2.

umn as the local area around Well 11/24a-2 filled with hydrocarbons. However, this requires testing

through the basin and petroleum systems model. With the extensive presence of iron sulphides within
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this well that is not seen elsewhere, it suggests that MD grains in this well are iron sulphides or poten-

tially framboidal greigite.

6.4.1.3 WELL 11/30-2 - BEATRICE FIELD

Despite Well 11/30-2 containing samples across multiple formations, due to sampling constraints
they are too widely dispersed to accurately draw any conclusions from. Consequently, whilst the sam-
ples have been included in the formation analysis, they are not included in this section. The general
trends of the well follow those seen elsewhere, with a broadly PSD-dominant assemblage throughout,
and lesser MD and SD components, with an average PSD:MD:SD ratio of 49:27:24 %.

6.4.1.4 WELL 11/30-5 - BEATRICE FIELD

Due to sampling limits, Well 11/30-5 was not sampled across the OWC. However, the samples
across water-saturated H and I Sands do give some insight into the assemblage in the central regions
of the Beatrice Field (Figure 6.58). The PSD:MD:SD ratio averages 43:36:21 % across all samples in
well, but there are extensive variations, including large localised peaks in all three EMs at various data
points. The small sample set in this well means limited conclusions can be taken from it, but the data

spread is broadly similar to other regions.
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6.4.1.5 WELL 11/30A-8 - BEATRICE FIELD
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Well 11/30a-8 shows similar grain domain assemblages
in A and B Sands to other wells across the IMF (Figures 6.59
& 6.60). PSD grains dominate the samples, with an average
PSD:MD:SD ratio of 62:14:24 %, but with localised vari-
ation. Akin to other wells, there is variation in the assem-
blage across the OWC, as, despite the continued PSD con-
trol above and below the contact, directly above the contact
there is a relatively great increase in MD influence, which
then, alongside the PSD influence, drops off at the contact

before increase again below.

Whilst the strong PSD component around the contact
can be directly attributed to altered goethite-derived mag-
netite presence, similar to numerous other wells in the basin,
the immediate drop in PSD contribution below the contact is
different to the other wells. This directly correlates to a lack
of identified magnetite but consistent presence of goethite in
the sample. As goethite is typically antiferromagnetic and
has a very big coercivity that does not saturate, it does not
contribute to FORC PCA, resulting in this clear decrease.
Furthermore, the sharp increase at 7030 ft relates to the hy-
pothesised, but proven inconclusive, paleo-OWC, with the
FORC PCA behaviour very similar to actual OWCs.
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6.4.1.6 WELL 11/30A-B10 - BEATRICE FIELD
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crease in PSD and marginal change in MD and SD influence Figure 6.62: Depth plot showing mass-
corrected proportions of grain domains

below the contact compared to above, but they are nowhere seen in samples in Well 11/30a-BI10.

near as clear as other examples seen within this study.
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6.4.1.7 WELL 12/21-2 - JACKY FIELD
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Figure 6.63: PCA Plot of samples from Well 12/21-2, sep-
arated by formation and saturating fluid.
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Whilst the lower, water-saturated section of Well 12/21-
2 in the Pentland Formation shows a more even distribu-
tions of domains, akin to wells in Beatrice Field, MD grains
are more dominant, unlike the other locations, and the sam-
ples around the OWC at 7118 ft show further differences
(Figure 6.64). Above the OWC, a sharp increase in SD
and decrease in PSD influence follows a rapid increase in
PSD and decrease in SD influence at the OWC and be-
low the OWC, both PSD and SD influences decrease, but
at vastly different values. The PSD:MD:SD ratios vary
from: 4:2:94 % above; 82:1:17 % at; and average 75:8:17
9% below the contact. Despite the SD-dominant assemblage
at 7114.5 ft being potentially anomalous, the variation in
average PSD:MD:SD assemblages above (56:6:38 %) and
immediately below (76:7:17 %) the OWC show a defini-
tive fluid-derived alteration. Whilst the differences between
the B Sand and the Pentland Formation shows variation is
largely a result of lithology, the increase in in PSD influence
from below towards the OWC links directly to magnetite
formation from goethite, producing both stronger magnetic

signals as well as greater PCA contributions.
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6.4.1.8 WELL 12/21-4

Well 12/21-4, as the only completely dry, hydrocarbon-free well in the study area, provides infor-
mation on the background magnetism seen in the geology of the IMF, although information is severely
limited by the lack of samples, with only A Sand having any core (Figure 6.65). The A Sand of 12/21-4
does give an insight into the magnetic assemblage, however, with PSD grains still maintaining a strong
dominance on the assemblage, however there are clear differences in this well compared to others re-
garding the MD and SD influences, with SD grains offering a larger component than the MD grains,
unlike other wells within the IMFE. On average, across the samples, the A Sand of Well 12/21-4 has a
PSD:MD:SD ratio of 74:5:21 %.

The differing proportions of MD and SD grains compared to other locations within the IMF could
be circumstantial, however it could suggest that hydrocarbons are either transporting, generating or
altering grains that are of large enough size to be either MD or PSD in nature. Considering that other
wells within the IMF are PSD-dominated, it is possible that hydrocarbon influx is responsible for the

addition of MD grains into the magnetic assemblages in hydrocarbon-bearing regions of the IMF.
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Figure 6.65: PCA plot of samples, and depth plot showing EM contributions and mass-corrected pro-
portions of the samples in Well 12/21-4.

6.4.1.9 WELL 12/25-3

Well 12/25-3 was sampled to investigate the differences between the Inner and Outer Moray Firth
and the PCA analysis shows that there is a clear difference (Figure 6.66). Whilst the upper section
of the Cretaceous Cromer Knoll Group maintains the IMF-like PSD grain domination, this changes in
the lower section to a more MD-dominated assemblage, with a unique SD peak above the localised
OWC, and increased MD presence across the contact. Akin to Well 11/24a-2, the presence of iron

sulphides identified in the high temperature susceptibility analysis and the correlated presence of MD
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grains here suggests that MD grains in this well are also iron sulphides, although the strong presence of
iron sulphides align with the SD peak above the OWC.

15000 4

Cromer Knoll

The upper section of the Cromer Knoll is broadly re-
flective of the overall IMF assemblage, with an average o | e St
PSD:MD:SD ratio of 74:20:6 % but with some variance
across sample points, whereas the lower section differs dras-
tically, with an average PSD:MD:SD ratio of 15:65:20 %.

Across the samples encircling the localised OWC, the vari-

5000 -

PC2

ation in assemblages is of stark difference to those else- o0

where, with samples immediately above the OWC, at 5601

and 5602.9 ft, showing PSD:MD:SD ratios of 2:2:96 % and ™1 &o
4:43:53 %, respectively. Directly below the contact, at 5604 T et
ft, the PSD:MD:SD ratio alters to 10:72:18 %, before it av- __ EMI
erages a 9:84:7 % ratio across the samples below. Ei/][)z anﬁ;@tﬁed

The reasons behind the variation between the two o 2/[1\]/? 3 minerals
Cromer Knoll regions is unclear, although it is likely due to P éi—é
lithological variations, with the upper section being a larger, M grogomjn ;:2) 23 f? §

Am'T kg ) E£A S

more homogeneous sandstone body, whereas the lower sec- 0.000 0.001 < § = § g
tion is more chaotically sand-and-shale interbedded. These ' '
interbeds are also likely to have caused the localised OWC, 4520 15—
with large sections of shale existing above this small sand
body likely trapping a small pocket of oil. 4540

6.4.1.10 WELL 12/27-1

Well 12/27-1 follows the IMF pattern of magnetic as- o
semblages, with a PSD dominance, and minor MD and SD
components (Figure 6.67). However, the assemblage does 43807
vary compared to others nearby, such as Wells 12/27-2 and
12/21-4, in that it has an OWC zone, which sits between .,
3735.8 and 3745 ft, that shows two PSD increases below the 0.000 0.001
beginning and end of the zone. Above the zone at 3735.6 ft, ' B
PSD:MD:SD ratios are 77:13:10 %, which then increases di- 5600 L OWC
rectly below the top of the zone at 3738 ft to 87:3:10 %. The I
PSD dominance then drops through the body of the contact 56201 )
zone, to an average PSD:MD:SD ratio of 68:8:24 %, before

it increases again below the bottom of the zone at 3749 ft to

80:14:6 %. Akin to other wells, increased presence of PSD Figure 6.66: PCA plot of samples, and

) o ) ) depth plot showing EM contributions and
domain grains immediately below the contact likely relate ;,455-corrected proportions of the sam-

to increased presence of magnetite as an alteration product ples in Well 12/25-3.

of goethite. The marginal prominence of SD grains over MD grains in the oil-saturated section directly

159



Chapter 6: Magnetic Analysis J.R. Perkins

EM 1

PSD " HT.identified
EM2  magnetic

MD minerals
__ EM3
15000 - SD -
EM 1=PSD -+ B Sand b
EM 2=MD 235
EM 3 =SD ¢ Pentland EM proportion 8 =~ & é
_ ] B o=
Cross = Oil Saturated EM3 (Asz 2kg l) 2 =T & -8
10000 Circle = Water Saturated = Q g g o
0.000 0.001 S5xn.23
3680 - [7 1
5000 -
+H Pentland Fm
(o}
g
+ 3700 .
0 i'_. °
EM1
~
K 3720 - 1
5000 \
h \L
OWC Zone Top
3740 5 ﬁ
—10000
EM2 OWC Zone Bottom
—10000 -5000 0 5000 10000 15000 20000 25000
PC1
3760
3780

Figure 6.67: PCA plot of samples, and depth plot showing EM contributions and mass-corrected pro-
portions of the samples in Well 12/27-1.

relate to the presence of siderite that is not seen within the water-saturated section which also sees no

siderite.

6.4.1.11 WELL 12/27-2

Well 12/27-2, whilst showing strong magnetic enhancement at the OWC (Section 6.3.12), shows
consistent MD and SD contribution throughout the samples of the well, with the enhancement occurring
through PSD domain grains (Figure 6.68). The lack of MD and SD variation significantly contrasts
to the PSD component, which shows a massive influx at the OWC, linking to the increased magnetic
enhancement over the contact. The assemblage has an average PSD:MD:SD ratio above the contact of
34:50:16 %, which contrasts to the post-contact assemblage ratio of 80:17:3 %. Whilst the oil column
in the well shows unusually even domain distribution, the distinctly low magnetic signal is likely to
be a cause, as most wells in the IMF have stronger signals accompanied by stronger PSD components.
The heavy-PSD dominance in the assemblage, which links directly to the magnetic signal, is made even
clearer at the contact, and this would suggest that PSD minerals are those most likely to have formed or
accumulated directly below the OWC. The PSD accumulation would suggest, similar to other wells in
the study area, this this well sees a connection between extensive goethite across the well being altered

to magnetite around the OWC, causing the below-contact enhancement in PSD domain dominance.
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Figure 6.68: PCA plot of samples, and depth plot showing EM contributions and mass-corrected pro-
portions of the samples in Well 12/27-2.

6.4.1.12 WELL 12/29-1

The samples within the Well 12/29-1 differ to those in other study wells in the IMF as they are
located within a localised sand body in the Heather Formation. The sand body has an OWC due to
an apparent influx of hydrocarbons that were lithologically trapped into a small accumulation. The
lithological difference is partially reflected in the domain assemblage, however generally, there is still a
dominating PSD component, and smaller MD and SD components, reflected in an average PSD:MD:SD
ratio of 74:16:10 % (Figure 6.69).

The most interesting difference between the assemblage in Well 12/29-1 and in other wells is the
variation in components across the OWC. In 12/29-1, above the contact there is a sharp increase in both
MD and SD grains at 6919 ft that corresponds to a relatively low PSD component, prior to an increase
in PSD influence up to the contact at 6921.95 ft. The assemblage seen at 6919 ft is starkly different
to anywhere else across the sampled area, with a PSD:MD:SD ratio of 37:35:28 %. Despite the PSD
grains showing reduced influence in the samples above 6919 ft, up to 6903 ft, the relative percentage
does not fluctuate massively, with a low of 70 % and a high of 86 %. This variation corresponds to
the direct increase in magnetisation seen as depth increases up to the OWC, and would confirm that the
PSD grains are providing a large majority of the magnetic component. Following the variation at 6919
ft, the other unique variation in this well is seen at the contact, where the PSD influence takes a clear
drop from 2.77 Am>T2g"! (85 %) above the contact at 6921.9 ft to 2.65 Am>T2g"! (72 %) below the
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Figure 6.69: PCA plot of samples, and depth plot showing EM contributions and mass-corrected pro-
portions of the samples in Well 12/29-1.

contact at 6922 ft. The decrease in PSD is opposed by an equal increase in MD influence across the
same depths, from 0.39 Asz'zg'l (12 %) above the contact to 0.94 Am>T2 g'1 (25 %) below.

Whilst it is unclear what the cause of the MD and SD peak is at 6919 ft, the most likely scenario
is lithological variation. The alternate is a shallower paleo-contact, with hydrocarbons locally filling,
developing an assemblage showing an increased MD and decreased PSD variation similar to that of
the present day OWC, then filling further with a secondary charge period. The main argument against
this is the significant increase in SD grains seen at 6919 ft that is not reflected at the OWC, although
there is a chance that a paleo-contact would have a differing assemblage to the present day contact.
Interconnecting identified minerals, the sole presence of magnetite and goethite in the well suggest that

these are the dominant contributors to the PSD grains.

6.4.1.13 SUMMARY

The FORC PCA of the selected wells in the IMF show that all assemblages are dominated by PSD
grains, with this most likely to be the pervasive magnetite, but with this magnetite also potentially
derived from alteration of goethite (Table 6.6). Where enhancements at OWCs are seen, there are
variations in which magnetic domain is enhanced, with no distinct observable patterns in the domain
variations beyond the broadly consistent enhancement of PSD domain grains. In Wells 11/24-1, 12/27-1
and 12/27-2 PSD domain grains are enhanced with limited variation in the other domains, Well 11/24a-
2 sees an MD enhancement above the contact but PSD below, 11/30a-8 sees a PSD and minor MD
enhancement above the contact, 12/21-2 sees an SD enhancement above and PSD enhancement below,
12/25-3 sees a massive SD enhancement above the contact, with minor MD enhancement, and 12/29-1

sees an increase in PSD and SD above the contact and MD below.
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Table 6.6: Table summarising the FORC PCA results from the analysed wells across the IMF in this
study alongside the magnetic minerals identified in each well, highlighting the end-members seen in
both oil- and water-saturated samples, in order of presence from highest to lowest, where applicable.

PCA domains Identified minerals
Region Well
Oil Water Oil Water
11/24-1 PSD, SD, MD | PSD, SD, MD | Mag, Goe, Sid | Mag, Goe, Sid
NW IMF
11/24a-2 PSD, MD, SD | PSD, MD, SD | Mag, Goe, FeS | Mag, Goe, Sid
11/30-2 PSD, MD, SD | PSD, MD, SD Mag, Goe Mag, Goe, Sid
11/30-5 - PSD, MD, SD - Goe, Mag, Lep
Beatrice . .
. Sid, Goe, Sid, Goe, Mag,
Field 11/30a-8 | PSD, MD, SD | PSD, SD, MD Mag, Lep Lep, FeS
11/302-B10 | PSD, SD. MD | PSD, MD, SD | Mg Goe, Mag, Goe,
Lep Lep, FeS
12/21-2 | PSD, SD, MD | PSD, SD, MD 1\/;;(%, SOC’ Né’i‘ﬁ’ SOC’
Jacky & SE 1d, Lep 1d, L.ep
of Beatrice
Mag, Goe,
12/21-4 - PSD, SD, MD - Lep. (Sid)
EastIMF | 12/25-3 | PSD,SD.MD | MD, PSD, D |  ag Goe, Mag, Goe,
Sid, FeS Sid
12/27-1 PSD, SD, MD | PSD, MD, SD | Goe, Sid, (Mag) Mag, Goe
SE IMF 12/27-2 MD, PSD, SD | PSD, MD, SD | Goe, Sid, Lep Sid, Mag, Goe
12/29-1 PSD, SD, MD | PSD, MD, SD Mag, Goe Mag, Goe

The domains lack direct connectivity to the minerals present in the IMF, predominantly because
goethite, siderite, lepidocrocite and pyrite do not contribute to FORC PCA, and with it being a pervasive
mineral in the basin, this limits conclusions. However, there is consistent enhancement of PSD domain
grains at the OWCs, which is connected to the increase in magnetic response seen in low temperature
analysis, and is attributed to enhanced presence or magnetic response of magnetite, likely produced from
alteration of goethite. Whilst it is difficult to determine if the three end-members individually represent
one of the seven magnetic minerals identified (magnetite, hematite, goethite, siderite, lepidocrocite,
iron sulphides and maghemite), because the minerals typically occur in a variety of domain states,
broad interconnections are possible. PSD-dominated samples typically contain goethite and magnetite,
whilst MD-dominated samples are strongly associated with iron sulphides, evidenced most clearly by
Well 11/24a-2, and SD-dominated samples most readily contain one or multiple of siderite, goethite and
lepidocrocite. However, due to the minerals other than magnetite lacking contributions to FORCs, it is

not possible to directly connect the domain states and minerals.
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6.5 DISCUSSION

6.5.1 MAGNETIC MINERAL ASSEMBLAGES ACROSS THE IMF

Magnetic mineral presence varies across the IMF, however the variation is primarily seen in mineral
abundance rather than presence or absence, with the majority of magnetic minerals seen basin-wide. Due
to magnetite’s prevalence across the samples in the basin, for the purpose of clarity, focus is centred on
the other magnetic minerals identified through the various analytical techniques and to what extent they
influence the magnetic behaviours across the IMF. Beyond magnetite, goethite has widespread presence

in nearly all samples in all wells (Figure 6.70; Table 6.7). In comparison, siderite and lepidocrocite are

W

Scotland

I Goethite O Oil-saturated samples
B Siderite O Water-saturated samples

Iron sulphide Model Boundary

it hotit
(pyrite or pyrrhotite) I Hydrocarbon Fields
I [ cpidocrocite

f\\/ I Maghemite
g Y I T

Figure 6.70: Map showing the IMF, with pie charts from each well magnetically analysed showing
the relative presence of each magnetic mineral identified within this study, ignoring the ubiquitous
magnetite, split into oil- and water-saturated samples. Values are relative percentages of samples from
each well and saturating fluid that show evidence of the respective minerals, to remove the bias caused
by varying sample numbers.
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Table 6.7: Table showing the wells in the IMF that were magnetically analysed in this study, highlighting
the total number of samples, and the number of samples within each saturating fluid containing the
relevant magnetic mineral, identified through high temperature susceptibility curves. Mag = magnetite,
Goe = goethite, Sid = siderite, Lep = lepidocrocite, FeS = iron sulphides, grouping pyrite and pyrrhotite,
and Mgh = maghemite.

Well Saturating Total Number of occurrences
€ .
Fluid Samples | \Mag | Goe | Sid | FeS | Lep | Mgh
Oil 20 20 17 2 0 0 0
11/24-1
Water 8 6 6 4 0 0 0
Oil 11 11 3 0 7 0 0
11/24a-2
Water 5 5 3 2 0 0 0
Oil 5 4 3 0 0 0 0
11/30-2
Water 12 12 5 1 0 1 0
Oil n/a - - - - _ -
11/30-5
Water 8 2 8 0 0 3 0
Oil 10 7 9 4 0 2 0
11/30a-8
Water 23 18 17 7 1 7 0
Oil 12 12 9 0 0 2 0
11/30a-B10
Water 18 16 9 5 2 3 0
Oil 16 16 8 12 0 3 0
12/21-2
Water 16 15 7 11 0 2 0
Oil n/a - - - - - -
12/21-4
Water 8 11 8 0 0 6 0
Oil 14 14 5 4 2 0 0
12/25-3
Water 6 6 4 2 0 0 0
Oil 13 7 7 6 0 0 5
12/27-1
Water 4 4 2 0 0 0 1
Oil 8 0 7 5 0 3 0
12/27-2
Water 4 3 1 2 0 0 0
Oil 7 7 6 0 0 0 0
12/29-1
Water 3 3 3 0 0 0 0

present across the basin, but in significantly smaller quantities than either goethite or magnetite, and
iron sulphides, both pyrite and pyrrhotite, are present in limited numbers, most extensively within Well

11/24a-2. There is one well, 12/27-1, that indicates the presence of maghemite, and solely around the
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Table 6.8: Table the shallowest and deepest presence of each non-magnetite magnetic mineral seen

within the IMF in this study

Magnetic Mineral Shallowest presen?e, ft (& m) | Deepest presence., ft (& m)
& Formation & Formation
) 3656.0 (1114.4) 7323.2 (2232.1)
Goethite Mid Shale I Sand
. 3662.6 (1116.4) 11148.7 (3398.1)
Siderite Mid Shale Devonian
) 4917.7 (1498.9) 6122.9 (1866.3)
Pyrrhotite A Sand A Sand
FeS
Pyrit 5600.0 (1706.9) 6122.9 (1866.3)
yrte Wick Sand A Sand
) ) 5190.6 (1582.1) 7323.2 (2232.1)
Lepidocrocite B Sand ISand
) 3736.0 (1138.7) 3749.0 (1142.7)
Maghemite Pentland Pentland

well’s OWC zone (Figure 6.70; Table 6.7). There are little to no clear patterns seen within the magnetic
mineral distribution across the IMF, with goethite present in abundance in all wells, siderite present in
nine of the twelve wells, in a mix of both oil- and water-saturated samples and iron sulphides present in
a wide variety of scenarios (Figure 6.70; Table 6.7). The only differential is lepidocrocite, which solely
occurs in the samples of the central IMF, across the Beatrice and Jacky Fields region, although there is

also lepidocrocite in three samples from the oil-saturated samples in Well 12/27-2.

The relative abundance of minerals in the two saturating fluids varies across the basin, with goethite
being the dominant mineral in eight out of ten oil-saturated sections, with the exceptions being in Wells
11/24a-2 and 12/21-2 (Figure 6.70; Table 6.7). Comparatively, siderite is a minor presence in the oil-
saturated sections of five wells, and the dominant magnetic mineral in another. The only oil-saturated
section to not be dominated by one of goethite or siderite is Well 11/24a-2, which contains a very high
proportion of iron sulphides, mostly pyrite but with some pyrrhotite or greigite formed from alteration of
other minerals. In comparison, beyond the wells within Beatrice Field, which have goethite dominated
water-saturated samples, there is a higher proportion of siderite in the water-saturated sections of wells
than in their related oil-saturated sections, most clearly seen in Wells 12/21-2 and 12/27-2, but Wells
11/24-1, 11/24a-2 and 12/25-3 all also show a relatively greater siderite presence in the water-saturated
sections when compared to Wells 11/30-2, 11/30a-8 and 11/30a-B10 in the Beatrice Field.

The magnetic minerals occur at varying depths across the basin, with some forming in very con-
strained depths, and others being present across the entire depth sequence of the IMF (Table 6.8). The
most tightly constrained mineral is maghemite, with its sole presence occurring in six samples around
3740 ft (1140 m) in Well 12/27-1. In comparison, goethite and siderite are present throughout large
swathes of the basin, from 3656 ft (1114 m) to 7323.2 ft (2232 m) and 11148.7 ft (3398 m), respec-

tively. Interestingly, beyond magnetite, siderite is the only magnetic mineral seen within samples from
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the Devonian flagstones. In comparison, samples from the Pentland Formation show all magnetic min-
erals, and the KCF show evidence for magnetite, goethite and siderite. The shallowest presence of
lepidocrocite is deceptive, as it is defined by three samples within Well 12/27-2 at 5190 ft (1582 m),
however beyond these, the next presence is at 6752.3 ft (2058 m). The anomalous localised presence of
lepidocrocite in Well 12/27-2, adjacent to the maghemite-bearing Well 12/27-1, could be a result of an
alteration sequence between the two, as dehydration and dehydroxylation of lepidocrocite results in the
formation of maghemite (Cheng et al., 2019; Gendler et al., 2005; Guyodo et al., 2016; Song and Boily,
2016). However, this does not directly give reason as to why lepidocrocite is present in this region, ap-
proximately 1500 ft (500 m) shallower than the mineral’s presence across the rest of the basin, although

it could be an indicator of biodegradation.

6.5.2 MAGNETIC MINERAL ASSEMBLAGES AT OIL-WATER CONTACTS

Analysis of the magnetisation across the wells in this study identifies two clear differences in the
magnetic responses around the oil-water contacts (OWCs). Some observations show that magnetisation
is enhanced at the contact, in agreement with Badejo (2019) and Badejo et al. (2021b,c), however this
study pinpoints further developments in this relationship. Beyond the initial identification of enhance-
ments, this study discovers two different enhancements around the contacts. One set of wells experience
magnetic enhancement above the contact, e.g. Well 12/29-1, and another set of wells experience mag-
netic enhancement below the contact, e.g. Wells 11/24-1 and 12/27-1 (Figure 6.71).

Of the twelve wells that were discussed in this study, ten contain OWCs, with two of the wells in
Beatrice Field containing dual OWCs, resulting in twelve contacts being analysed (Figures 6.71 & 6.72;
Table 6.9). Of these twelve contacts, three OWCs see increased magnetisation above the contact, and
seven have increased magnetisation below the contact, plus there are two contacts, in Well 11/30a-8
and the upper OWC from Well 11/30a-B10, which show very subtle below-contact enhancement. The
OWCs with enhanced magnetisation above the contact come from wells 11/24a-2, 12/25-3 and 12/29-1
and are relatively clear and well defined. In comparison, the OWCs with enhanced magnetisation below
the contact come from wells 11/24-1, 11/30a-8, 11/30a-B10, 12/21-2, 12/27-1 and 12/27-2. Wells
11/24-1, 12/27-1 and 12/27-2 offer the best examples, whilst Well 11/30-2 is less conclusive due to the
sampling constraints placed upon it. The strongest example, Well 11/24-1 shows a clear, uninterrupted
sharp increase in magnetisation within the first 2 feet of the water column at the top of the OWC zone,

which then proceeds to return back to baseline (Figure 6.71).

The two types of enhancements show evidence of goethite and siderite with strong consistency
(Figures 6.71 & 6.72), however, only the wells showing above-contact enhancement, Wells 11/24a-2
and 12/25-3, have distinct and consistent presence of iron sulphides, alongside a small section of Well
11/30a-8, which has inconclusive OWC enhancement (Figure 6.71; Table 6.9). In contrast, there is no
evidence of iron sulphides in any of the below-enhancement wells. Furthermore, the wells showing no
evidence of iron sulphides show increased influence of magnetite (Fe;O,4) around the OWC, intercon-
necting with decreasing influence of goethite, suggesting that goethite is unstable around the contact

and alters to magnetite. As such, is it possible to broadly classify the two series of wells (Table 6.9):
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Figure 6.71

the IMF that both bear OWCs (highlighted) and show mineralogical variation. Note that the depth (Y

axis) are not consistent between wells.
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- Goethite-rich wells — these wells show no evidence of iron sulphides and often show magnetite-

derived enhancement at the OWC, with a below-OWC enhancement.

- Iron sulphide-rich wells — these wells show iron sulphide presence and are more goethite-poor,

but still show presence of it and siderite, and have above-OWC enhancement.

Table 6.9: Table summarising the OWC locations and depths (in MD, bar 11/30a-B10 which is TVD),
magnetic responses and magnetic minerals present the wells studied in the IMF, ignoring the pervasive
magnetite, separated by saturating fluid, and the classification of each OWC-bearing well, based on
its characteristics. Goe = goethite, FeS = iron sulphides, Lep = lepidocrocite, Sid = siderite, Mgh =
maghemite.

OWC-bearin Magnetic OWC | HT-y identified | LT-identified
Well Formation g enhancement | PCA minerals minerals Classi-
in relation | enhan- fication
(& Depth) to OWC cement | Water | Oil | Water
B Sand Goe, Goe, )
11/24-1 (4948 ft) Below PSD Goe Sid Goe Sid Goe-rich
A Sand MD, FeS, Goe, .
11/24a-2 (6130 ft) Above PSD Goe Sid n/a FeS-rich
A Sand (6385 ft)|  Below Goe,
11/30-2 H Sand (6879 ft) Below PSD Goe ilei; Goe | Goe | Goe-rich
Goe Goe,
A Sand PSD ’ Sid Goe
_ 9 B . 1) P} 9 L
11/30a-8 (6925 ft) Below MD iled, Lep, Goe Sid ?Goe-rich
p FeS
Goe,
I Sand (6643 ft) 7Below Goe, Sid, Goe, | Goe, N )
H730a-B10 |y o4 (6753 fo) Below | Y14 [on | Lep, | Sid | Sid | ‘Goerich
FeS
Sid, Sid,
12/21-2 B Sand Below | '°0> | Goe. | Goe. | Goe | Sid | Goe-rich
(7118 ft) SD Lep Lep
Goe
Cromer Knoll SD, Goe, L )
12/25-3 (5603 ft) Above MD Sid lS:;dS n/a FeS-rich
Goe
Pentland L Goe, )
12/27-1 (3735.8 fo) Below PSD I\S/Ilgfl Mgh n/a Goe-rich
Goe
B Sand C Sid, .
12/27-2 (5207.8 o) Below PSD ISJlec; Goe n/a Goe-rich
Heather PSD,
12/29-1 (6921.95 ft) Above (MD) Goe Goe n/a unclear
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Goethite-rich Iron sulphide-rich
) Example . . Example .
Decreasing . Increasing Decreasing S Increasing
. magnetisation . . magnetisation .
mineral mineral mineral mineral
presence presence presence presence
Goe Goe  FeS
Magnetic
enhancement
above
- =
OoOwWC OoOwWC
enh
G S Mag G S FeS
Decreasing Increasing Decreasing Increasing
mineral mineral mineral mineral
presence presence presence presence

Figure 6.72: Schematic showing how magnetic minerals interact around oil-water contacts in the IMF.
Wells dominated by goethite (Goe, G) see decreasing goethite signals towards the OWC in tandem
with increasing magnetite (Mag) presence towards the contact, with siderite (S) present in wells that
experience extensive vertical migration of the hydrocarbons. Wells with low concentrations of goethite
see this same pattern, but with increasing iron sulphide (FeS)-presence towards the OWC.

Through this classification, the wells with OWCs can be separated and Wells 11/24-1, 11/30-2,
11/30a-B10, 12/21-2, 12/27-1 and 12/27-2 are all goethite-rich wells, whilst Wells 11/24a-2 and 12/25-3
are iron sulphide-rich wells, with Wells 11/30a-8 and 12/29-1 being unclassifiable as they show incon-
clusive OWC enhancement. This classification directly correlates to the location of the enhancements
around the OWCs, with the goethite-rich wells being those that have below-contact enhancement, and
the iron sulphide-rich wells being those that have above-contact enhancement. The iron sulphide-rich
wells directly correlate to the behaviour seen in the Central North Sea study by Badejo ef al. (2021c¢),
who identify above-contact enhancement alongside high iron sulphide presence. This suggests that cer-
tain magnetic minerals cause certain magnetic enhancements, regardless of location. Furthermore, the
lack of goethite identified in the Central North Sea study of Badejo et al. (2021c) suggests that mag-
netic mineral assemblages also do vary between locations. This raises the potential for environments
impacted by petroleum systems to form similar magnetic mineral assemblages in similar conditions,
regardless of location, but also for differing conditions to form alternate magnetic mineral assemblages.
As such, there is the possibility that petroleum systems and their components could be identified through

the magnetic minerals seen in the system.

The magnetic signals created by the samples also show broad trends that partially align with the
well classification. Five wells, Wells 11/24-1, 11/30a-8, 11/30a-B10, 12/27-2 and 12/29-1, three of
which are below-contact enhanced goethite-rich wells and the other two are unclassifiable, see broadly

decreasing magnetic signals as the samples become closer to the OWC, with the signals increasing
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into both oil- and water-saturated regions. In contrast, the other five wells, Wells 11/24a-2, 11/30-2,
12/21-2, 12/25-3 and 12/27-1, see the opposite trend, where magnetic signals broadly increase towards
the OWC from both saturating fluids, with two of these being the two iron sulphide-rich wells with
above-contact enhancement. Consequently, there is a rough correlation between magnetic enhancement
and magnetic mineral presence and the trends of the magnetic signals, with the localised increase in
magnetisation and decrease in coercivity around the OWCs suggesting that the the goethite-rich wells

experience accumulation of a relatively large abundance of small magnetite grains (Figure 6.72).

The alteration of goethite to magnetite is complex, as typically goethite dehydroxylates directly into
hematite (Cudennec and Lecerf, 2005; Till and Nowaczyk, 2018), however other studies have shown
that dehydroxylation of goethite can also form magnetite (Goss, 1987; Ibrahim et al., 1994; Lima-de
Faria, 1967; Lowrie and Heller, 1982), whilst other work has shown that goethite can alter to magnetite
in the presence of organic matter (Schwertmann and Fechter, 1984), as well as through reductive diage-
netic alteration (Abrajevitch et al., 2009; Peter D. Rude, 1989). As such, it is likely that the alteration
of the pervasive goethite identified through the IMF could alter to magnetically stronger, ferromagnetic
magnetite immediately below the redox boundary caused by the OWC. Furthermore, it could be pos-
sible for the magnetite to form within the water column during the migration of hydrocarbons, thus
providing the required organic matter, and then being transported within the migration hydrocarbons
before accumulating at the density boundary caused by the two fluids. In comparison, iron sulphides,
predominantly pyrite, form and are stable, in reducing environments, such as those formed by hydrocar-
bon accumulations (Machel and Burton, 1991a,b; Machel, 1995), thus the magnetic enhancement seen
in iron sulphide-rich wells being situated above the OWC is a result of accumulation and formation of

stable minerals above the redox boundary.

Whilst FORC PCA analysis shows a limited relationship between magnetic minerals and grain do-
mains, due to the majority of magnetic minerals in the system not contributing to FORC:s, there are con-
nections between the domains and the well classification seen in this study. The increase in magnetite
presence at the OWC in the goethite-rich wells is reciprocated in the FORC PCA through the enhance-
ment of PSD-domain grains, most clearly seen in the increase in PSD contributions in Wells 11/24-1 and
12/27-2 (Figure 6.71). In comparison, the iron sulphide-rich wells see enhancements at contacts of both
MD (Well 11/24a-2) and SD (Well 12/25-3) domains (Figure 6.71). This further supports the classifica-
tion of the wells and the behaviours seen within them at the OWCs, through increased PSD magnetite

presence in goethite-rich wells, and MD or SD iron sulphide increases in the iron sulphide-rich wells.

6.5.3 MINERAL SOURCES

Magnetite is the most prevalent magnetic mineral in the IMF system, despite often occurring in low
levels, as it is the most dominant magnetic mineral in the vast majority of rocks on Earth (Stacey and
Banerjee, 1974). Magnetite forms in a variety of conditions due to the extensive commonality of its two
components, iron and oxygen, and remains in many environments due to its stable nature (Dunlop and
Ozdemir, 1997). Hematite is also widely common within geological environments due to its common

formation occurring through the oxidation of numerous other minerals (Dunlop and Ozdemir, 1997;
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Evans and Heller, 2003; Kilgore and Elmore, 1989). Hematite also forms through heating of magnetite,
thus is commonly the end-member of many magnetic mineral alteration chains (Dunlop and Ozdemir,
1997). Consequently, the ubiquitous nature of both magnetite and hematite makes constraining their
influence in the IMF difficult, however, there is a clear connection between the increased presence of

magnetite around OWCs as an alteration product of goethite.

Iron hydroxides, present in this study as goethite and lepidocrocite, form through the oxidation of
Fe?*, commonly via the alteration of other magnetic minerals (Dunlop and Ozdemir, 1997). There
is also widespread evidence that iron hydroxides form within lacustrine deposits (Fortin et al., 1993;
van der Zee et al., 2003) and red beds (Berner, 1969; Gendler et al., 2005; Weibel, 1999). The presence
of iron hydroxides in lacustrine environments and red beds originate through precipitation of reductively
dissolved magnetic minerals in anaerobic sediments and the alteration of detrital magnetite, respectively
(Berner, 1969; Fortin et al., 1993; Gendler et al., 2005; Weibel, 1999; van der Zee et al., 2003). Fur-
thermore, there is evidence that varying the volume of carbon, either in the form of carbon dioxide
or carbonate, varies the ratios between lepidocrocite and goethite (Carlson and Schwertmann, 1990).
Kars et al. (2014) shows that goethite forms in environments where burial temperatures are below 80
°C, which is typically peak hydrocarbon-generation temperature, further supporting the connection be-
tween goethite and hydrocarbons. It has been shown that lepidocrocite alters to maghemite through
topotactic thermal dehydration as well as dehydroxylation (Cudennec and Lecerf, 2005; Gendler et al.,
2005). This alteration could explain the presence of maghemite within the OWC zone of Well 12/27-1,
as there is evidence of lepidocrocite in this region in the neighbouring Well 12/27-2, potentially due to

the development of a reducing environment caused by the present of hydrocarbons within the zone.

Siderite requires dissolved iron Fe?* and carbonate ions (CO3?) to react in anoxic, reducing condi-
tions, without the presence of hydrogen sulphides, to form (Bachan and Kump, 2015; Berner, 1981; Lin
et al., 2020). Consequently, the reducing conditions created in the presence of hydrocarbons provide
ideal conditions to allow siderite to form (Emmerton, 2012; Machel and Burton, 1991a; Machel, 1995).
Abdulkarim et al. (2022a) suggest that siderite forms in petroleum systems through vertical migration,
connecting the presence of siderite in the IMF to potential charging mechanisms investigated within this
study’s petroleum systems modelling. Through this method, it can be inferred that all of the known hy-
drocarbon accumulations within the IMF, Beatrice, Lybster and Jacky Fields, could be charged to some
degree by vertical migration, with wells in these fields showing evidence of siderite (Wells 11/24-1,
11/30-2, 11/30a-8, 11/30a-B10, 12/21-2). In addition, it can be hypothesised that vertical hydrocar-
bon migration has occurred in other regions of the IMF where siderite is present, for example Wells
11/24a-2, 12/25-3 and 12/27-1.

The formation of multiple iron sulphide phases, e.g. pyrite and pyrrhotite, is very common across
numerous environments, as they are both stable and require only the addition of sulphur into a reducing,
anoxic system to form (Berner, 1984; Canfield and Berner, 1987; Horng and Roberts, 2006; Sagnotti,
2007; Thiel et al., 2019; Volk et al., 2016). Sedimentary pyrite forms during early diagenesis, and the
amount formed is related to the amount of available sulphur not iron, with the most common source
being organic matter (Berner, 1984). In addition, pyrite can be formed by magnetotactic bacteria during

biodegradation (Thiel et al., 2019), however, the depths of most samples within the IMF limit biodegra-
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dation potential, especially through the basin centre, which is supported by the geochemical analysis of
Peters et al. (1989). In contrast, some samples and wells, e.g. Well 11/24-1 in Lybster Field, are shal-
low enough and of low enough temperature to aid the occurrence of biodegradation, although there is
limited variation in the magnetic mineral assemblages to support this. In comparison, pyrrhotite forms
slowly at temperatures below 180 °C, suggesting that, despite its typical formation in early diagenesis
of anoxic sediments, akin to pyrite, it is unlikely to be prevalent (Horng and Roberts, 2006). In con-
nection to hydrocarbon presence, Aubourg et al. (2008), Aubourg and Pozzi (2010) and Aubourg ef al.
(2012) show how pyrrhotite and iron sulphides are prevalent at low temperatures (below 85 °C), but
when heated beyond this to around 250 °C, magnetite becomes more dominant in replacement of the
iron sulphides. This variation in magnetic mineral formation as a function of temperature could be a

cause of the differing well behaviour.

Geochemical analyses of the hydrocarbons of the IMF (Peters et al., 1989) suggest that the Devonian
and Pentland hydrocarbons have low sulphur content (maximum 0.62 wt%), as does the mixed oil itself
(0.11 wt%). In contrast, Kimmeridge Clay Black Shales have a much higher sulphur content of 2.59
wt% (Peters et al., 1989). This variance suggests that the Devonian and Pentland organic matters are
not main sulphur contributors, but that the Black Shales could be. With literature suggesting that there
is no Kimmeridgian influence on the hydrocarbon accumulations (Linsley et al., 1980; Peters et al.,
1989; Stevens, 1991), the extensive presence of iron sulphides in some wells, most clearly Well 11/24a-
2, means that basin and petroleum systems modelling is required to refine and clarify the hydrocarbon

mixing and influence of Kimmeridge Clay Black Shales.

Beyond the possible Kimmeridge Clay contributions to iron sulphide formation, hydrocarbons pro-
duce anoxic, reducing environments, thus is is possible that minor presence of sulphur in the IMF could
be a result of preferentially-formed iron sulphides when hydrocarbons entered the area. In contrast,
the relatively strong presence of iron sulphides in Well 12/25-3 and the dominating presence of iron
sulphides in Well 11/24a-2 is different (Figure 6.71). The Cretaceous-age Cromer Knoll sediments that
bear the iron sulphides in 12/25-3 are stratigraphically shallower than the Kimmeridge Clay, thus any
mature Black Shale hydrocarbons could have migrated upwards into the Cromer Knoll sediments, and
aided the increased iron sulphide presence observed in this well. Well 11/24a-2 is complex, as the sam-
ples are taken from the reservoir sequence that is stratigraphically deeper than the Kimmeridge Clay
Black Shales, however the well is located on the hanging wall side of the Great Glen Fault, so the reser-
voir sequence is at a shallower depth than the Black Shales. I hypothesise that the Great Glen Sub-Basin
matured some Kimmeridge Clay Black Shale organic matter, and these hydrocarbons migrated up-fault
and across the Great Glen Fault into the Well 11/24a-2 region, bringing an influx of sulphur as well as

producing an anoxic, reducing environment; however, this must be tested in the BPSM.

6.5.4 COMPARISONS TO PUBLISHED WORK

This study has shown the presence of numerous magnetic minerals that both correlate and contrast
with other published studies. Abdulkarim et al. (2022a,b,c) identifies not only pervasive magnetite,

alongside pyrrhotite and siderite, and the potential of vivianite, lepidocrocite, and other iron sulphides
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including greigite. The extensive presence of iron sulphides in the Central North Sea (Abdulkarim ez al.,
2022a,b,c; Badejo et al., 2021a,b,c) partially correlates with the iron sulphides identified in the IMF,
however, whilst the iron sulphides are present in the IMF, they are more minor than in the Central North
Sea studies. Furthermore, neither Abdulkarim et al. (2022a,b,c) nor Badejo et al. (2021a,b,c) identify
a decrease in iron hydroxide presence in correlation to increased iron sulphide presence. In contrast,
the identification of siderite, and its proxy for vertical migration (Abdulkarim et al., 2022a), directly
correlates with the magnetic mineral assemblages across the IMF. However, the widespread presence of
goethite in the IMF is not seen in the Central North Sea studies (Abdulkarim et al., 2022a,b,c; Badejo
et al., 2021a,b,c), thus there is a clear difference between the magnetic mineral assemblages across the

North Sea, potentially linked to differing source rock and petroleum system components.

Abubakar (2015) and Abubakar et al. (2020) identified iron sulphides, in association with Type II
kerogen, deep marine-deposited source rocks in the Wessex Basin, UK. The magnetic minerals are iden-
tified in both immature and pyrolysed kerogen samples, thus indicating that the magnetic minerals are
directly associated with the source rocks (Abubakar, 2015; Abubakar et al., 2020). The identification
of minor iron sulphides in the IMF and the presence of Kimmeridge Clay within it, including the po-
tential influence through hydrocarbon charging, directly correlating to the work of Abubakar (2015)
and Abubakar et al. (2020), however, the dominance of goethite in the IMF is a clear departure. In
comparison, Emmerton et al. (2012) identify extensive siderite across Wessex Basin samples, alongside

hematite and magnetite, which aligns with the IMF results.

The magnetic minerals and behaviours seen in the co-sourced system of De la Rosa ef al. (2021),
align with the work of this study, combining the presence of iron sulphides and iron hydroxides. Aldana
et al. (2011) identify high hydrogen sulphide presence and the degradation of hydrocarbons that both
directly correlate to greigite presence, although there is limited evidence of greigite presence in the
IMF magnetic mineral assemblage Peters et al. (1989). Costanzo-Alvarez et al. (2019) also identify
two diagenetic stages on the kerogens of the Vaca Muerta Shale in the Neuquén Basin, through which
previously formed magnetite, titanomagnetite and pyrrhotite dissolve during the first stage, and the
second stage sees the replacement of pyrite with pyrrhotite. This diagenetic alteration and formation of
iron sulphides in the presence of sulphide-rich kerogens is a further connection between the magnetic

minerals and certain source rocks.

6.5.5 IMPLICATIONS ON THE PETROLEUM SYSTEM

Interconnections can be made between the magnetic mineral analysis conducted in this chapter and
the petroleum system of the IMF. Firstly, and most importantly, the dominance of the iron hydroxides
goethite and lepidocrocite in the IMF is a departure from the work of Abdulkarim et al. (2022a,b,c);
Badejo (2019); Badejo et al. (2021a,b,c), which show more dominance of iron sulphides and iron car-
bonates in the Cenozoic systems of the Central North Sea. These petroleum systems were charged
by the Type II kerogen, deep marine, Kimmeridge Clay, akin to the Kimmeridgian Black Shales seen
within the IMF. Consequently, the presence of completely different magnetic mineral assemblages can
initially suggest that the system within the IMF is not charged by the Kimmeridge Clay Black Shales,
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which supports the geochemical analysis carried out on the basin by Peters e al. (1989, 1998). Whilst
Abdulkarim et al. (2022b) note some indications of lepidocrocite presence, due to the mineral’s readi-
ness to form through alteration of numerous other magnetic minerals, and the relatively low presence

seen in the IMF, this is not a strong correlation between the two systems.

Secondly, the dominance of iron hydroxides, which form within both lacustrine environments and
iron-rich red beds (Berner, 1969; Fortin et al., 1993; Gendler et al., 2005; Weibel, 1999; van der Zee
et al., 2003), indicates that these iron hydroxides could well be produced by the Devonian Fish Beds,
a Type I, lacustrine-formed hydrocarbon source rock that is thought to be the dominant source rock of
the IMF (Peters et al., 1989). Providing the basin and petroleum systems modelling correlates these
findings (Chapter 7), it can be hypothesised that goethite forms in association with Type I source rocks,

and thus could be used as a proxy for hydrocarbon source rock identification.

The work of Abdulkarim et al. (2022a) shows that siderite can be used as a proxy for vertical mi-
gration within a petroleum system, a connection established by Badejo ef al. (2021a,b) and examined
further in Abdulkarim et al. (2022b). The magnetic mineral assemblages of the IMF show broad pres-
ence of siderite, including within known accumulations, thus requires investigation within the basin and
petroleum systems modelling to understand to what extent vertical migration has charged the petroleum
system of the IMF. The relatively low presence of siderite in Beatrice and Lybster Fields compared to
Jacky Field suggests that Jacky Field was charged through more vertical migration than the other two
fields, with this pattern matched in the south eastern wells 12/27-1 and 12/27-2, that both show higher

siderite presence.

The petroleum system of the Falcon Basin, NW Venezuela, is sourced predominantly by a Type II
black shale (Agua Clara Formation), but shows potential influences of a continental source rock of the
Cerro Pelado Formation. This mixed-source region shows evidence for numerous magnetic minerals
including hematite, magnetite, maghemite, goethite and iron sulphides (De la Rosa ef al., 2021). Whilst
these magnetic minerals are predominantly associated with hydrocarbon seepages, thus do not directly
correlate to the IMF petroleum system, the presence of similar magnetic minerals in a multiple-source
rock system indicates that a wide variety of magnetic minerals can coexist is a system charged by

multiple hydrocarbon sources (De la Rosa et al., 2021).

Beyond the direct implications of magnetic mineralogy and the understanding of the IMF petroleum
system, Zhang et al. (2020) follows Zhang et al. (2018, 2019) in investigating the magnetic behaviours
around breached reservoirs within petroleum systems and those that experienced extensive hydrocarbon
loss post-peak accumulation. Most clearly seen within this work is the chemical remagnetisation of
minerals during rift events which typically cause reservoir breaching. With the extensive rifting and
late-stage evolution of the IMF, it is of critical importance to understand how the impact of potential

hydrocarbon loss could influence the magnetic mineral assemblages and properties.
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6.6 CONCLUSION

In conclusion, the magnetic mineral assemblages of the IMF show minimal variation at basin-scale,
with no distinct pattern seen across the IMF, however, at well-scale, there are localised patterns that
are most likely a result of environmental changes and source rock influences. The magnetic mineral
assemblages of the IMF are broadly consistent across the basin, with all twelve wells showing evidence
of goethite, alongside nine wells showing evidence of siderite. In comparison, lepidocrocite is also seen
in seven of the wells, six of which are located in the centre of the basin in and around Beatrice Field.
There is also evidence of minor iron sulphide presence, through pyrite and pyrrhotite in four wells,
one of which, Well 11/24a-2 is dominated by them, in a departure from the other magnetic mineral
assemblages. There is also one occurrence of maghemite, in Well 12/27-1, across the well’s oil-water

contact zone, which can be attributed to dehydration or dehydroxylation of lepidocrocite.

In the wells that contain oil-water contacts, clear magnetic enhancements are seen at contacts in
eight of the ten wells, with two wells showing no clear enhancement across them, Wells 11/30a-8 and
11/30a-B10. This enhancement supports the work of Badejo et al. (2021c), but goes further by identify-
ing two different magnetic enhancements at the OWCs, some wells experience the magnetic enhance-
ments above the contact, and others experience them below. These enhancement trends correlate to the

magnetic minerals identified within the wells, allowing for classification of the wells into two groups.

The first group, goethite-rich, is the most dominant, with six of the ten OWC-bearing wells contain-
ing no iron sulphides, but strong presence of goethite and siderite and magnetic enhancements below
the OWCs. The second group, iron sulphide-rich, is represented by two OWC-bearing wells, with both
of these showing less goethite in tandem with clear iron sulphide presence, and an above-OWC mag-
netic enhancement, whilst two of the wells are unclassifiable. Furthermore, the goethite-rich wells show
increasing ferromagnetic material around the OWCs in the form of magnetite, which the FORC PCA
shows is PSD and this is the origin of the magnetic enhancement seen. The increased presence of mag-
netite at the contacts is connected to the alteration of unstable goethite into magnetite around the contact,
due to the variable redox conditions surrounding it. The FORC PCA behaviour is expanded further in
the iron sulphide-rich wells which see relative enhancements of MD and SD domain grains at the con-
tacts, differing from the goethite-rich well behaviour. The presence of iron sulphides in place of iron
hydroxides when sulphur is present, as seen in the iron sulphide-rich wells, infers that reducing, anoxic
conditions exist within these wells, causing preferential formation of sulphur, and thus iron sulphides,
instead of iron hydroxides. Alternatively, it is possible iron sulphides formed elsewhere, away from the

wells, and migrated to them, potentially connecting to possible source rock variations.

The formation of goethite is linked to lacustrine depositional environments (Berner, 1969; Fortin
et al., 1993; Gendler et al., 2005; Weibel, 1999; van der Zee et al., 2003), and iron sulphides with Kim-
meridge Clay-sourced hydrocarbon accumulations (Abdulkarim et al., 2022a,b,c; Badejo, 2019; Badejo
et al., 2021a,b,c). As such, well classifications can indicate: 1) which source rocks charged the hydro-
carbons present in the wells, and 2) how the hydrocarbons migrated into the well region. Consequently,
correlating siderite presence within goethite-rich wells to migration methods, and any potential pres-

ence of Kimmeridge Clay-sourced hydrocarbons within iron sulphide-rich wells is of key importance
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within the basin modelling. With the presence of siderite in numerous wells inferring the existence of
vertical hydrocarbon migration, magnetic mineral assemblages aid the understanding of the petroleum
system, however this must be supported by basin and petroleum systems modelling. In comparison, the

magnetic mineral analysis in this chapter offers no clear indication for lateral migration.
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7.1 INTRODUCTION

This chapter, covering this study’s investigation into the Inner Moray Firth’s (IMF) petroleum sys-
tem, builds, analyses and develops a successful basin and petroleum systems model (BPSM) of the IMF.
The BPSM is crucial to understanding the basin’s petroleum system components, in order to analyse
the impacts of the basin’s complex geological history on the petroleum system and how the hydrocar-
bons have formed accumulations in localised pockets of the basin. Furthermore, it allows investigations
into the magnetic variations seen in Chapter 6 and to what extent they may be directly related to the
petroleum system. The BPSM also aims to build understanding into the different source rocks within
the basin, what degree of maturity they each reach, and to what extent they may or may not contribute

towards the hydrocarbons accumulated within the three known and produced fields within the IMF.

The BPSM is derived directly from the analysis undertaken in Chapter 5, as well as previous lit-
erature and scenario testing within the models themselves, to understand how variables in the basin
impact the petroleum system. The BPSM framework, created in Schlumberger’s PetroMod (Schlum-
berger, 2020) is a direct copy of the geological model’s faults and depth maps that were created in
Schlumberger’s Petrel (Schlumberger, 2015) in Chapter 5, as the framework created in Petrel considers
the basin’s structure and filling, whilst the PetroMod model considers the petroleum system’s timings
and fluid movements. This chapter covers the results of the BPSM, the conclusions and interpretations
drawn from them and the impacts it has on present knowledge of the IMF as a petroleum system. The
model underwent extensive building with numerous inputs required to produce a viable BPSM, there-
fore for clarity, the framework and production of the BPSM is outlined within the Appendix of this
study (Appendix A.1). However, several key components of the model that impact the results of it are

outlined below.

7.2 KEY COMPONENTS OF THE MODEL

7.2.1 AGE ASSIGNMENT

The age assignment table of the BPSM, the delineation of events that occur, their timings and the
relative impacts they have on the model’s behaviour is of key importance, due to the chaotic structural
history of the IMF. The age assignment of the BPSM in this study is seen in Table 7.1, and is derived
from geological data (Chapter 5) and literature (e.g. Andrews ef al. (1990) and Roberts et al. (1990)).

7.2.2 BOUNDARY CONDITIONS

The boundary conditions of the model control the heat impacting the model from both above (Sediment-
Water Interface Temperature; SWIT) and below (Heat Flow; HF), and the relative depth of the model
controlled by sea level through time (Paleo-Water Depth; PWD). These conditions are key to the model
and maintain influence over it, especially through the temperature controls, and as such, they are critical

to the success of the petroleum system (Figure 7.1).
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Table 7.1: Table outlining the ages and main events assigned to the BPSM of the IMF in this study, and
the facies assigned to layers. The facies are derived from the properties available within PetroMod, in-
cluding mixing multiple facies, determined through core and wireline log analysis, and, where required,
supported by literature (Andrews et al., 1990; Brown et al., 1988; Glennie et al., 2003; Linsley et al.,
1980, Roberts et al., 1990; Stevens, 1991).

Age (Ma) Horizon Layer (activity below horizon) PetroMod lithology assigned to layer
0.00 Present day Non-deposition then Q deposits Sandstone
23.00 End K & Cz subsifience, Basir'l-formin.g Events 3 & 4; )
erosion & uplift variable sediment removed
66.00 Top Cretaceous (rerf;l\fie(li((;ilsltr?rrltgcui)g?tljgcsgigzion) Clay-rich sands
120.00 | Top Cromer Knoll Group Cromer Knoll deposition Clay-rich sands
13200 | BCU | Hiatus event | -
133.00 Top Wick Sand Wick Sand deposition Sandstone
140.00 Top KCE (& Baggioﬁg(iﬁlgul(ﬂ);\lfent 2) soht;g);;lfdsy(,) zgii?f Slte(:rllesffale
152.00 Top KCF Black Shales KCF Black Shales deposition Black Shale
15730 | Top Heather Formation | Heather Formation depositon | Shale
163.50 Top A Sand A Sand deposition Sandstone
164.70 Top Mid Shale Mid Shale deposition Shale
164.90 Top B Sand B Sand deposition Sandstone
16610 |  TopBroraCoal | Brora Coal deposition | Purccoal
166.30 Pentland Formation Pentland Formation deposition 75% sandstone, 25 % black shale
17765 | TopHSand | HSand deposiion | Sandstone
180.15 Top I Sand I Sand deposition Sandstone with minor cementation
18260 | Toa-Pliens Unconformity | NSD-caused hiatus event | -
182.70 Top LW Shale LW Shale deposition Shale
183.40 Top J Sand J Sand deposition Clay-rich, partially cemented sands
192.35 Top Red Beds Red Beds deposition Clay-rich, partially cemented sands

Equal mix of clay, sand,
carbonates and chert

201.30 Top Stotfield Chert Stotfield Chert deposition

206.30 Triassic Unconformity 5 O(S)nlflsleflri(l)‘ligi ?Z;Ig;e d -

208.15 Top Triassic Triassic deposition Clay-rich sands
. . .. 40 % sandstone, 20 % carbonate,
251.90 Top Zechstein Zechstein deposition 10 % shale, 30 % halite/anhydrite
259.00 Top Rotliegend Rotliegend deposition Clay-rich sands
298.90 End of basin-forming Basin-forming Event 1; all
’ inversion & erosion 2000 m of C sediment removed )
310.00 Top Carboniferous Carboniferous deposition Sandstone
0Old Red Sandstone Flagstones — 47.5 % orgamc—lean, carbon-
37750 Top Devonian fAasstones and fish bed aceousshales, 47.5 % silts, 5 % sandstone.
’ op Levoma g .. Fish beds — 75 % organic-rich shales, 20 %
deposition :
carbonaceous silts, 5 % sandstone
392.50 Top Basement Basement formation Granite

420.00 Base of Model - -
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7.2.3 SOURCE ROCK PROPERTIES

In the BPSM, hydrocarbon generation properties must be assigned to potential source rocks. These
properties, total organic carbon (TOC) content, hydrocarbon index (HI) and source rock kinetic, con-
strain the source rocks’ amount of organic matter, and capability to mature the organic matter and gen-
erate hydrocarbons, respectively (Bjorlykke, 2010; Hantschel and Kauerauf, 2009). Within this BPSM,
TOC and HI were taken from core analysis within well reports and published literature (Peters et al.,
1989), and were back-calculated (Jarvie et al., 2007) to create original, pre-generation TOC (TOCg)
and HI (HIp) values (Table 7.2). The kinetics used were taken from the analysis of Baur (2019) and
di Primio and Horsfield (2006), and derived from the source rock types (Table 7.2).

Table 7.2: Table of properties applied to the source rocks of the IMF in the BPSM. TOC and HI were
derived from well report core analysis and Peters et al. (1989), and then back-calculated to define an

original TOC (TOCp) and HI (Hlp) value, using Jarvie et al. (2007), whilst the 4-component source
rock kinetics were taken from the work of Baur (2019) (Ba) and di Primio and Horsfield (2006) (DP).

Source Rock TOCqo (%) | HIg (mg HC/g TOC) Kinetic
Devonian Fish Beds 5.5 930 Type I (Ba)
Pentland Formation 4.0 400 Type II-III (Ba)

Brora Coal 60.0 60 Type III (Ba)
KCF Black Shales 6.5 400 Type II (DP)

7.2.4 FAULT PROPERTIES

Due to the extensive and pervasive nature of the faults in the IMF (Andrews et al., 1990; Roberts
et al., 1990), accurate fault properties throughout time are a key component of the IMF BPSM. With
faults’ ability to trap or migrate fluids, they are crucial to how the petroleum system of the IMF operates,
and those used within this study’s BPSM can be seen in Table 7.3. Due to the IMF experiencing four
basin-forming and -constraining events, reflected in three stages of instability interspersed between four
of stability, various fault properties had to be considered. Faults are considered more open, fluid migra-
tion pathways during periods of instability, and more closed, barriers to fluids during periods of stability,
with this reflected in the BPSM. This behavioural framework was then scenario tested (Appendix A.3)
to determine the degree to which the faults were more open and more closed (fluid pathways or barriers)

in the relevant time periods.

7.2.5 EROSION VOLUMES

The amount of material eroded and removed from a basin throughout its geological history can be
influential within a BPSM (Hantschel and Kauerauf, 2009), as it not only considers the removal of
sediment, resulting in the shallowing of pre-existing lithologies, but also the initial deposition above
what exists at present day, thus potentially burying lithologies deeper than they presently appear. Both
of these impacts influence the petroleum system as they not only mature source rocks through burial,

but also compact lithologies, release faults, create structural traps and assist hydrocarbon migration.
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Table 7.3: Table of properties applied to the faults within the IMF BPSM, showing the variation in
Sfault behaviour — more closed during basin stability, thus acting as fluid migration barriers; and semi
permeable-to-open during periods of rifting and instability, where the faults act as fluid pathways.

Age From (Ma) | Age To (Ma) Instability or stable | FCP (MPa) | Fault Perm. (mD)

23.00 0.00 Stable 11 -6.14

66.00 23.00 Cenozoic uplift 2.5 -3.48
206.30 66.00 Stable 11 -6.14
208.15 206.30 Triassic Rift 2.5 -3.48
298.90 208.15 Stable 11 -6.14
310.00 298.90 Carboniferous inversion 2.5 -3.48
421.00 310.00 Stable 11 -6.14

The erosion that occurred during the late-stage subsidence and associated uplift is uneven across the
IME, giving the basin a tilt (Andrews et al., 1990; Argent et al., 2002; Barr, 1985; Hillis et al., 1994;
Roberts et al., 1990). Consequently, an erosion map specifying varying amounts of erosion, and thus
the volume of extra material deposited, across the basin was produced, derived from well log analysis
based on work by Thomson (1993), focused on wells in Figure 7.2. The erosion map produced (Figure
7.3) shows that the Great Glen Fault acts as the main axis for varying erosion volumes, with extensive

erosion occurring to the fault’s northern side and decreasingly less erosion occurring to the south east.
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Beatri o 122723 12/29-1 Ross &
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: 012/27-4 o Field 13/30-3
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Figure 7.2: Map showing the locations of the wells used to create the erosion map used for the late-stage
uplift in the BPSM, including the reference well within Cromarty Field. Wells were selected through data
availability, with limitations in certain regions as a result of reduced data coverage.
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Figure 7.3: Map showing the amount of sediment eroded across the IMF during the late stage Cenozoic
uplift and erosion, estimated through well log analysis and calculations based on the work of Thomson
(1993), with the locations of the wells used and the basin-bounding faults from which the erosion is
centred. The majority of the erosion is bound to the Great Glen Fault (GGF) and the greatest volume of

lost sediment occurs in the Sutherland Terrace to the north of the GGF.
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7.3 ONE-DIMENSIONAL MODELLING

1D models are used to calibrate the basin’s burial history at points across the basin, typically se-
lected based on the availability of vitrinite reflectance data, the most crucial and widespread HF cali-
bration dataset (Figure 7.4), and to investigate how these vary through geological time (Figure 7.5). 1D
modelling is also used to identify the key components of petroleum systems, to develop and refine the
boundary conditions, and to calibrate both these and other components of the models for scaling up to
2D and 3D (Hantschel and Kauerauf, 2009). 1D models are typically developed directly at well loca-
tions, but can also be at proxy “wells” on seismic lines where wells have not been drilled. 1D models
take input data in the form of formation top depths, boundary condition data and any erosion or hiatus
events, and then output series of time- and depth-orientated data. The output data is calculated by taking

the depth inputs and expanding them into a 1 km diameter cylinder, with the input data, i.e., the well,

’/‘/M e

Z—>

Scotland ®12/16-1
Lybster
Figlld ® 12/21-1
Jacky ® 12/23-3A
12/21-5 @ field
%o ®12/21-4
11/30-3 12/28-14  ®12/29-1
11/30a-8 11/30-2 °
Beatrice 12/27-1@ 12/28-3
Field o

12/26-1

/

® Calibration well

Model Boundary

M B | Hydrocarbon Fields
P el AV

Figure 7.4: Map of the IMF showing the location of the wells used for 1D modelling calibrations. The
well distribution across the IMF is generally strong, however the wells available are limited to those
with calibration data.
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Figure 7.5: Burial history plots of the formations seen in the IMF, created in this study, from Wells
11/24-1, in the Lybster Field, 11/30-5 in Beatrice Field, and 12/27-1 in the south west of the IMF. The
burial histories in these three wells are the same throughout the Devonian-Triassic sequence, prior to
variations from the Late Jurassic into the Cenozoic, where the influence from the erosion maps occurs.
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at its centre. Burial history plots offer insights into the depths and temperatures reached within the for-
mations through time, and also show how variations in PWD can impact the system. The PWD is kept
consistent across the basin as it varies through time, therefore it has minimal impact upon the system

until the present day, where sea level is much more accurately measured during drilling.

The point where burial varies across the basin most extremely is within the late-stage Cretaceous
and Cenozoic subsidence and uplift (Figure 7.5). This saw burial and erosion varying between 2 km
and less than 500 m across the IMF, resulting in various degrees of burial within the formations below.
This is most starkly seen within the burial history of Well 11/24-1 (Figure 7.5a), which experiences over
1.5 km of Cretaceous and Cenozoic sediments deposited and then eroded between 120 Ma and 23 Ma.
In comparison, Well 12/27-1 experiences approximately 500 m of sediment shift within the same time
frame (Figure 7.5¢). In the same period, the region around the Beatrice Field, evidenced by Well 11/30-5
(Figure 7.5b) sees more sediment upheaval than at Well 12/27-1 to the south east, but significantly less
than Well 11/24-1 to the northwest. This degree of burial likely contributed to the maturity of the source
rocks around the reservoir to degrees not seen elsewhere within the basin, either being too low, and not
offering sufficient depth and temperatures for maturity (in the southeast) or too great a burial, creating
over-maturity in the northwest. The significant obstacle within this theory is the presence of Lybster
Field, within which Well 11/24-1 is located, and thus is a key issue that requires attention within the 2D
and 3D modelling. The likely over-maturity of the source rocks in the Lybster Field region suggests that
the field was charged from another region of the IMF instead of directly beneath it.

The boundary conditions within the model are based on geological history and estimates, and thus
need calibrating against known sample data. This requires 1D modelling of wells containing vitrinite
reflectance data, which acts as a proxy for source rock maturity, as a result of temperature and depth,
and identified the need for a lower heat flow than typically expected due to the thick crust within the
IMF (Andrews et al., 1990). 13 wells were used from various locations within the basin (Figure 7.4),
and the results of the final calibrations can be seen in Figure 7.6. Overall, calibration via 1D wells was
successful, with 9 of the 13 calibration wells successfully matching the simulated vitrinite reflectance
curves to the core analysed data (Figure 7.6). The four that do not calibrate as strongly, Wells 12/21-1,
12/21-4, 12/21-5 and 12/23-3A, exist within the central eastern sector of the basin (Figure 7.7), with
several possible reasons as to their miscalibration. Firstly, the quality of the data in these wells could be
low, however this appears unlikely. Secondly, the wells are grouped within the same region, around the
edges of the Smith Bank High horst, suggesting the presence of a localised geological variation. This
is a more likely cause as two of the four wells (12/21-1 and 12/23-3A) only drill through the Cromer
Knoll and Kimmeridge Clay Formation, both of which are heavily influenced by the late stage Cenozoic
instability. It is possible that there was less burial and erosion in this region that was not reflected in the
calculated erosion values. Despite testing all variables available to these wells, successfully calibrating
these wells without causing erroneous calibration on the other wells was not possible, therefore these

uncalibrated wells have been deemed anomalous.

In the 1D calibration, various sub-divisions of the different layers are developed to refine the model,
add accuracy within the facies and to account for variations across the basin. Whilst the Cretaceous,

Kimmeridge Clay, Black Shales and Heather Formations are not subdivided, those within the layers
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Figure 7.6: Well calibration plots of calculated vitrinite reflectance curves (lines) plotted against the
core sample tested vitrinite reflectance data (crosses) from the calibration wells used within the IMF
model. Note that the model base is 6km, but the plots are limited to the drilled depths of the wells. The
different calculated lines represent different calculation techniques from Burnham et al. (2016) (blue),
Nielsen et al. (2015) (orange) and Sweeney and Burnham (1990) (black).
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Figure 7.7: Map of the IMF showing the wells used for calibration and their success in matching
calibration data to calculated values against the backdrop of the depth map of the Top Reservoir. The
majority of the wells see strong calibration between the simulated results and the calibration data,
however several around the perimeter of the Smith Bank High, suggesting the formation of this horst.

beneath these, from the reservoir to the Devonian, are. The Upper Reservoir section is divided into the
A Sand, Mid Shale and B Sand, the Pentland Formation has a sub-5 m thick Brora Coal added to the
top of it, and the Lower Reservoir is divided into the H Sand, I Sand, Lady’s Walk Shale, J Sand and
Red Beds. Below the reservoir section, the thin (sub-30 m) Stotfield Chert is added to the top of the
Triassic, the Permian layer is split into the Zechstein and Rotliegend intervals, and the Devonian is sub-
divided into the sandstone, flagstone and fish bed intervals that exist across the basin. The Devonian is
topped by the John O’Groats Sandstone, which contains a thin fish bed at its centre, and the flagstones
beneath have fish beds distributed somewhat evenly throughout (Andrews et al., 1990; Newman and
Dean, 2005). However, these thin fish bed layers are not suitable for the upscaled nature of PetroMod’s
BPSM, and create numerous issues that had to be resolved by condensing them into one unit and placing

it at the average depth of all the Fish Beds within the Devonian.
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7.4 MULTI-DIMENSIONAL MODELLING

In this study, modelling in two- and three-dimensions was conducted simultaneously to assess the
testable variables. Models consist of grids with cell sizes of 200 m by 200 m, creating a 3D model over
the IMF with a surface grid of 531 by 489 cells, totalling 259659 cells, covering an area equating to
106.2 km by 97.8 km. The move from 1D to 2D modelling introduces fluid flow into the model, whilst
2D modelling allows for relatively fast simulation and testing of different variables, alongside vertical
and lateral analysis of the system (Hantschel and Kauerauf, 2009). 2D modelling is primarily utilised
as a method of understanding lithological variations and fault properties and their relative influences on
the petroleum system, with the tested variables then being applied to the 3D model. Due to the inability
of 2D modelling to account for fluid flow across a second lateral axis that 3D does, the 2D models can
develop inaccurate results, thus a constant feedback loop between the 2D and 3D models is required.
The majority of 2D modelling in this study concentrates on cross-sections across the centre of the basin,
from the north-west edge by Lybster Field, through Beatrice Field then to the south-east. This focus
is a response to the locations of the known accumulations and to the seismic lines on which the 2D
modelling was based. Furthermore, this orientation is orthogonal to the majority of the faults across the

IMF, including the major basin-bounding faults, which typically trend north-east to south-west.

2D models were extracted from the 3D BPSM, allowing for the most accurate correlation between
the two dimensions, however, this resulted in the same fault-derived artefacts that occur in 3D models
where the BPSM struggles to replicate formation juxtaposition against faults (Figure 7.8). This juxtapo-
sition is caused by the production of surfaces through geological modelling techniques and the need for
each layer in the BPSM to have continuous top and basal surfaces with no overlap. As a result, faults
within BPSMs act as less of a basin-forming process and more of a fluid flow component and it is com-
mon for faults to produce phantom accumulations where fluids trap against faults in artificial structures
that do not represent the real-world counterpart. It is possible to create basin- and geologically-accurate
fault juxtaposition, however it requires manual correction at each of the 259659 cells, thus demands a

huge time input that far outweighs the comparative results it produces.

Accurate accumulatlon Accurate accumulatlon Phantom

p—

ﬁ accumulation
Real world scenario BPSM recreation _

Figure 7.8: Schematic diagrams showing how BPSMs recreate fault-lithology relationships compared
to an idealised real-world example, and the potential for erroneous accumulations within the reservoir
layer in the footwall of the modelled fault.
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7.4.1 FINAL MODEL RESULTS

This section covers the outputs of the final, selected model, chosen from extensive sensitivity testing
that is discussed in Appendix A.3 and what results, discoveries and understandings it can provide about
the petroleum system within the IMF. The variables provide a successful BPSM that both accumulated
hydrocarbons within the known fields of the IMF, as well as providing a mixing ratio within the fields
that is similar to the estimated mixing ratio provided by geochemical analyses (Peters et al., 1989). In

summary, the refined scenarios used to create this model are as follows:

- Original thermal conductivities

- Heat flows peaking at 90 mW/m? in the Permian and 60 mW/m? at 66 Ma in the Cenozoic, with an

overall low average heat flow of 45 mW/m? due to the thick crust.

- Erosion of 2000 m of additional Carboniferous sediments, and a variable amount of erosion, based on

sonic-derived compaction trends in the Cenozoic.

- Two fault property systems, one where faults are more closed during stability, with an FCP of 11 MPa
and permeability of -6.14 mD, and one with faults that are more open during rifting and instability,
with an FCP of 2.5 MPa and permeability of -3.48 mD.

- Highly sealing facies being assigned the sealing capabilities of a shale, and varying volumes of dif-

fering lithologies in the formations.
- A Pentland Type II-III kinetic activation energy, but commencing at lower temperature.

- TOC values of 5.5 % in the Devonian Fish Beds, 4 % in the Pentland Formation, 60 % in the Brora
Coal, and 6.5 % in the Kimmeridge Clay Black Shales.

- HI values of 930 mg HC/g TOC in the Devonian Fish Beds, 400 mg HC/g TOC in the Pentland
Formation, 60 mg HC/g TOC in the Brora Coal, and 400 mg HC/g TOC in the Kimmeridge Clay
Black Shales.

7.4.1.1 HYDROCARBON GENERATION

The start of any BPSM is the effectiveness of the source rocks to produce the hydrocarbons necessary
to flow through the system. Within the BPSM of the IMF, of the four source rocks, only two reach high
levels of hydrocarbon generation, the Devonian Fish Beds and the Pentland Formation, but both the
Brora Coal does not generate any hydrocarbons and the Kimmeridge Clay Black Shales experiences
only partially generation (Figure 7.9; Table 7.4). In the IMF, source rock maturity in the formations
besides the Fish Beds is mostly constrained to the deepest regions of the basin, the Great Glen and
Wick Sub-Basins and eastern end of the Lossiemouth Sub-Basins, however the Fish Beds generally do
not follow this trend, as the majority of the formation is sufficiently deep to ensure a high degree of
hydrocarbon generation. The only exception to this is the southern edge of the basin, where the TR
of the Fish Beds only reaches approximately 40 % (Figure 7.9; Table 7.4). The lack of generation
in the Brora Coal and Black Shales confirms what past literature, Andrews et al. (1990); Greenhalgh
(2016); Mackenzie et al. (1983); Peters et al. (1989); Stevens (1991), suggests — that the Black Shales

are broadly immature in the IMF, contrary to in the central North Sea, where it operates as the dominant
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Figure 7.9: Maps showing the average transformation ratio (TR) in the model cells of the four source
rocks of the IMF at present day, and time plot showing the source rock maturity via generation mass,
in Mtoe, through time across the entire IMF. The maps show how for the non-Devonian source rocks,
the Great Glen Sub-basin is the main centre of maturity for the source rocks. For the generation mass,
indicative of the ever-increasing maturity of a source rock, is that the Devonian Fish Beds begin to
mature in the late-Carboniferous during the early basin-forming inversion, however, the bulk of maturity
in the Fish Beds, alongside the other source rocks, occurs from approximately 150 Ma, due to the
deposition of large volumes of sediment alongside the mid- and late-Jurassic rifting events.
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Table 7.4: Table showing the rounded results from the final model of source rock hydrocarbon totals,
generation, expulsion and accumulation totals across the entirety of the IMFE, in gigatons of oil equiva-
lent (Gtoe) and converted billion barrels of oil equivalent (Bboe), due to the very large totals involved,
based on the conversion rate of 1 toe = 7.142857 boe. Results are rounded due to the degree of accuracy
available in the BPSM.

Total hydro- Total Remaining | Accumulated Total
Source Rock | carbon mass | generated potential in source expelled

Gtoe Bboe | Gtoe Bboe | Gtoe Bboe | Gtoe Bboe | Gtoe Bboe
Black Shales | 62 441 5 33 57 408 2 15 3 18

Brora Coal 2 14 0 0 2 14 0 0 0 0
Pentland 20 144 8 59 12 85 6 40 3 19
Devonian 11 82 9 66 2 15 1 5 9 61

IMF Total 95 680 22 158 | 73 522 8 60 14 98

source rock, although very minor Kimmeridgian influences in the hydrocarbon mixing ratios shows that
there is some maturation occurring, reflecting the marginal maturation seen in Figure 7.9. The lack of
hydrocarbon generation in the Brora Coal offers a possible cause as to why there is little gas in the

system, as coals are gas prone, thus had potential to flood the reservoir intervals with gas.

The model shows that the majority of hydrocarbon potential within the IMF comes from the Kim-
meridge Clay Black Shales, which has approximately double the hydrocarbon potential of all other
source rocks collectively. However, the Kimmeridge Clay Black Shales generate less than half the
amount of hydrocarbons than the Pentland Formation and Devonian Fish Beds combined, with a further
half of the Kimmeridge Clay Black Shale hydrocarbons generated not being expelled out of the source
rock (Table 7.4). Of the nearly 62 Gtoe of potential hydrocarbons within the Kimmeridge Clay Black
Shales, less than 5 Gtoe is generated, approximately 8 % (Table 7.4). Whilst the Kimmeridge Clay
Black Shales contribute 21.4 % of the expelled hydrocarbons in the system, they lack an effective seal
and trap which to contain the hydrocarbons, and thus also lack a sufficient pressure differential to force
expulsion downward into the Mid-Jurassic reservoir sequence. Alongside the Kimmeridge Clay Black
Shales, the immature Brora Coal do not generate any hydrocarbons from the potential hydrocarbons it

contains (0 Gtoe generated from 2 Gtoe potential).

The Pentland Formation and Devonian Fish Beds in the BPSM generate large volumes of hydro-
carbons, with the Pentland Formation generating 8 Gtoe of hydrocarbons from 20 Gtoe of potential
hydrocarbons (40 %), whilst the Devonian Fish Beds generated 9 Gtoe of hydrocarbons from 11 Gtoe
of potential hydrocarbons (81.8 %; Table 7.4). The Pentland Formation expels proportionally signif-
icantly less hydrocarbons than the Devonian Fish Beds, with this due to the high sand content within
the Pentland offering an in-source reservoir rock, thus skewing results. The Pentland Formation is also

overall less mature than the Devonian Fish Beds, further impacting expulsion volumes.

The generation of hydrocarbons from all of the source rocks bar the Devonian Fish Beds does not

begin until after 150 Ma (Figure 7.9). The Fish Beds initially see generation beginning at around 330
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Ma, but this plateaus after the end of the Carboniferous. The initial Fish Bed generation begins due to
the Carboniferous sediment deposition, followed by the initial basin-forming inversion event that conse-
quently removed the Carboniferous sediments. In comparison, the Pentland Formation and Kimmeridge
Clay Black Shales do not see any hydrocarbon generation before 150 Ma, due to a lack of burial and
the associated higher temperatures needed. These requirements are supplied at around 150 Ma by the
deposition of the Kimmeridge Clay Formation as well as the late-Jurassic rifting event. This burial and

temperature increase also restarts the stalled generation of the Devonian Fish Beds (Figure 7.9).

As the syn-rift deposition of the Kimmeridge Clay occurred, and the basin began building towards
maximum burial at 66 Ma, the transformation ratio (TR) of both the Fish Beds and Pentland increase
at steady rates. As the late-stage subsidence leads into the basin’s maximum burial, prior to causing
uplift and erosion, all three effective source rocks experience a relative sharp increase in TR. The uplift,
caused by crustal flexure, results in the source rocks reaching peak hydrocarbon generation at maximum
burial, and not during the uplift and consequential influx of heat. Therefore, it can be concluded that the
main driver of maturity within the IMF is the extensive later-stage burial of the source rocks, not large

influxes of heat from rifting and instability.

In summary, due to the lack of maturity within the Brora Coal, it is removed as a consideration for
source rock contributions to the petroleum system of the IMF. However, the Kimmeridge Clay Black
Shales are, and consequently, the Devonian Fish Beds, Pentland Formation and Kimmeridge Clay Black

Shales are investigated regarding hydrocarbon expulsion during primary migration.

7.4.1.2 MIGRATION PATHWAYS

Following hydrocarbon generation, the next stage of petroleum system analysis is hydrocarbon mi-
gration through the basin, both initially as primary migration through expulsion out of the source rock,
then secondary migration through the system in carrier beds towards the reservoir formations and trap
locations. As Section 7.4.1.1 shows, the Devonian Fish Beds and the Pentland Formation are the main
contributors to generated hydrocarbons within the IMF, as the Brora Coal no hydrocarbons, and the
Kimmeridge Clay Black Shales, whilst generating low amounts of hydrocarbons in the deeper regions
of the formation, lacks sufficient hydrocarbon generation potential formation- and basin-wide to con-

tribute as significant amounts of hydrocarbons as the Devonian and Pentland source rocks.

Hydrocarbon migration, through expulsion out of source rocks, occurs in a similar pattern and time
sequence as hydrocarbon generation (Figure 7.9). The expulsion of Devonian-sourced hydrocarbons
began early, between 320-310 Ma, shortly after generation was initiated, whilst the expulsion of Pent-
land Formation- and Kimmeridge Clay Black Shale-sourced hydrocarbons all commenced post-140 Ma,
again approximately 10 million years after generation began. All source rocks show evidence of expul-
sion occurring at maximum burial at 66 Ma, suggesting that the hydrocarbons are generated during this

time and near-immediately, on a geological time-scale, are expelled from the source rocks (Figure 7.10).

Early Devonian expulsion in the Late Carboniferous is a result of the initial basin-forming, Permian
inversion that removed the entire Carboniferous sediment package, with the Carboniferous deposition

moving the Devonian deeper into the beginning stages of maturation. However, once the Carboniferous
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Figure 7.10: Time plots of expulsion mass, in million tons of oil equivalent, of the three effective source
rocks in the IMF, the Devonian Fish Beds, Pentland Formation and the Kimmeridge Clay Black Shales,
alongside the immature Brora Coal. The expulsion masses of hydrocarbons broadly reflect the gener-
ation masses of the source rocks, outlined in Figure 7.9, but with a delay due to the time needed to
generate and then expel the matured hydrocarbon. The expulsion masses show how there was an early
stage of hydrocarbon production of the Devonian Fish Beds, but the vast majority of hydrocarbons were
expelled after 150 Ma, especially in the Pentland Formation and Kimmeridge Clay Black Shales.

sediments were eroded, Devonian expulsion was halted (Figure 7.10), and the early expelled hydrocar-
bons lacked any suitable reservoir or trap in which to accumulate, so were lost. However, the majority of
expulsion occurs after 152-140 Ma, which coincides with two increases in heat flow, one preceding the
expulsion at around 170 Ma caused by the North Sea Thermal Dome (Underhill and Partington, 1993),
and then during the expulsion, between 152-140 Ma, as a result of the second stage of basin rifting. The
initial heat influx increased hydrocarbon generation in the Devonian, before the hydrocarbons were then
expelled during the rifting phase. This sequence of maturity followed by expulsion is matched around 66
Ma during the onset of the main generation and expulsion event that expels the majority of the Pentland
and Black Shales hydrocarbons, except they occur together in the late-stage uplift sequence. Within the
late-stage, Cenozoic tilting, the source rocks initially generate hydrocarbons during the subsidence and

burial between 140-71 Ma, prior to being expelled during the uplift (Figure 7.10).

At the point when each source rock begins to expel their generated hydrocarbons, all three effective
source rocks are overlain by porous and permeable lithologies. Whilst the Devonian Fish Bed source
rocks are situated within the clay-rich Old Red Sandstone flagstones, these flagstones have a high enough
sand content to facilitate migration (Figure 7.11; Andrews et al. (1990); Brown et al. (1988)). Once
hydrocarbons breach the top of the Devonian, in the early stages of the basin, they would encounter the
sand-bearing Carboniferous sediments and likely be lost to leakage, however hydrocarbons generated
in the late generation and expulsion period post-150 Ma would encounter sand-bearing, porous and
permeable lithologies in the Rotliegend, Zechstein and Triassic, which all facilitate migration through
the basin. Within the Zechstein and the Triassic, salt and chert, ascertained through well log analysis and
scenario testing, respectively, offer minor inhibitors to migration, however these may also implement

more lateral than vertical migration, instead of complete hydrocarbon trapping.

Hydrocarbons migrating out of the Pentland Formation must pass through the Brora Coal to ver-

tically migrate into the Upper Reservoir A and B Sands, but must also migrate vertically downwards
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into the Lower Reservoir H, I and J Sands. Whilst coals are typically not highly porous (sub-10 %
porosity) or permeable (0.01-0.04 mD; Li et al. (2012)) and often have high capillary entry pressures
(Dabbous et al., 1976), the Brora Coal is very thin, typically less than 5 m thick, and thus is easily
broken through by the pressure build up of the hydrocarbons beneath. This near immediate connection
between reservoir sand above and source rock below, through a structurally limited thin bed means ver-
tical migration from the Pentland directly into the Upper Reservoir is extensive within the IMF (Figure
7.12). Secondarily, downward migration out of the Pentland is also prevalent due to the presence of the
Lower Reservoir directly beneath the source rock. The clay- and shale-rich nature of the source rock
causes a higher capillary entry pressure across the source rock, limiting upward migration potential for
the hydrocarbons generated in the deeper regions of the formation. As such, the hydrocarbons expel

downward into the H and I Sands.

Whilst the Kimmeridge Clay Black Shales tend to be less mature than the Devonian and Pentland
source rocks, the BPSM has proven that generation and expulsion of hydrocarbons occurs in deeper
regions of the IMF, thus migration must be analysed. There lacks any sealing lithologies above the
Black Shales, as it is followed by the sand-bearing Kimmeridge Clay Formation, the Wick Sand and
the Cromer Knoll Group before reaching the seabed. Consequently, the majority of hydrocarbons gen-
erated within the Black Shales are likely to have vertically migrated upward out of the formation into
these porous and permeable lithologies, before being lost at the surface due to the lack of seal (Figure
7.13). Despite this significant loss of hydrocarbons vertically, there is evidence through the hydrocar-
bon mixing ratios in several locations across the IMF BPSM of very small (sub-0.1 %) contributions of
Black Shales in the reservoir sands, suggesting that downward migration from the Black Shales does
occur. This downward migration is most likely developed through the same patterns seen in the Pentland
Formation, however the Black Shales overlay the clay-rich Heather Formation, which seals the reservoir
section, thus there is less likelihood of the hydrocarbons migrating downward out of the Black Shales

into the Heather Formation, compared to the Pentland Formation.

To ascertain the locations of the hydrocarbons that charge the three fields of the IMF, migration
analysis was carried out through differentiation of the source rock kinetics assigned to the source rock
formations in the basin. For both the Devonian Fish Beds and Pentland Formations, two identical
facies were assigned to the formations, a “deep-basin” one assigned to the most mature regions of the
basin, the the Great Glen, Wick and Lossiemouth Sub-basins, acting as a proxy for lateral migration
through carrier beds, and a “proximal” kinetic assigned everywhere else, acting as a proxy for vertical
migration directly into the fields (Figure 7.14). Analysis shows that Beatrice Field is predominantly
charged by proximal hydrocarbons, with these contributing 80 % of the hydrocarbons, compared to 20
% from the deep-basin regions (Table 7.5). In comparison, Jacky Field, despite its adjacency to Beatrice
Field, shows an even 50:50 % split in its charge between proximal and deep-basin hydrocarbons, whilst
Lybster Field sees a marginal control of proximal hydrocarbons over those from the deep-basin (Table
7.5). These differences seen across the fields hint at different charging mechanisms between them, most
clearly between Beatrice and Jacky Fields. The analysis suggests that Jacky and Lybster Field rely more
heavily on lateral and up-dip charging from the more mature Great Glen Sub-basin than Beatrice Field,

which sees more vertical migration.
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Figure 7.14: Maps of the IMF showing the structure of the basin through a Top Reservoir depth map
(left) and the regions of different migration methods used to determine the charge history of the known
hydrocarbon accumulations in the basin (right). The deepest regions of the basin, through the Great
Glen, Wick and Lossiemouth Sub-basins, are where the source rocks of the IMF reach highest maturity,
but, as discussed, large swathes of the basin reach maturity in both the dominant source rocks.

7.4.1.3  KNOWN ACCUMULATION CHARGING

Charging of the three known fields in the IMF, Beatrice, Jacky and Lybster Fields, occurs both ver-
tically and laterally (Section 7.4.1.2). The accumulated volumes of the three fields vary, from the large
480 Mboe accumulation in Beatrice Field, to the 40 Mboe in Lybster Field to the much smaller 5.2
Mboe estimated to be accumulated in Jacky Field (Kilvington and Gallivan, 1983; Izundu, 2008; Oft-
shore Magazine, 2012; Oil and Gas Authority, 2018; Stevens, 1991). There is a lack of geochemical
analysis investigating the hydrocarbon mixing ratios in each field, however the work of Peters et al.
(1989) suggests the mixing ratios of the oils sampled in the IMF are approximately 60:40 % Devo-

nian:Pentland. Whilst the mixing ratio likely varies across the basin, controlled by maturity variations

Table 7.5: Table outlining the results of the differential migration methods used to analyse the hy-
drocarbon charging of the three known hydrocarbon accumulations within the IMF (Beatrice, Jacky
and Lybster Fields). The table shows the split between deep-basin migration from the sub-basins, and
proximal migration from beneath alongside the relevant contribution of each source rock to the field’s
hydrocarbon mixing ratio. Note that the relevant migration totals, or source contributions, in Lybster
Field do not sum to 100 % due to the 1 % influence of the Kimmeridge Clay Black Shales.

Devonian Migration (%) | Pentland Migration (%) Deep )
Hydr(.)carbon Basin Proximal
Field ]]3);::1)1 Proximal | Total I]S)zf:ill,l Proximal | Total | Total (%) Total (%)
Beatrice Field | 12 55 67 8 25 33 20 80
Jacky Field 36 25 61 14 25 39 50 50
Lybster Field | 37 30 67 9 23 32 46 53
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of the source rocks, but especially the Pentland Formation, the analysis carried out by Peters e al. (1989)

gives an approximate goal to focus on.

In the final model, successful charging of the three fields occurred and filling volumes closely match
the estimated published volumes, with some minor but expected variations (Table 7.6). The filling of
the Beatrice Field region closely matched the estimated published volume of 480 Mboe from Stevens
(1991), with the BPSM calculating a filling volume of 481 Mboe, a sub-0.2 % variation, and a mixing
ratio of 66:34 Devonian:Pentland, an approximately 10 % variation on the estimated ratio of Peters
et al. (1989). However, the filling of Jacky Field in the BPSM (94 Mboe) is far greater than the estimated
accumulation (5.2 Mboe; [zundu (2008)), however the mixing ratio matches the estimated ratio of Peters
et al. (1989) — 61:39. The mismatch in filling volumes could be a result of a wide variety of reasons,
such as minor, sub-seismic resolution faults around the field that allow hydrocarbon leakage, less porous
or permeable migration pathways due to localised lithological variations or a lower quality reservoir

compared to the Beatrice Field.

In comparison, the charging of Lybster Field, in the north west of the basin, was successful however
the volumetric estimations calculated by the BPSM differ slightly to the published volume estimates
from Offshore Magazine (2012). Unfortunately, no published literature exists on Lybster Field so finding
an accurate estimate on its volume was not possible, however the calculated volume was close to the only
published estimate found from Offshore Magazine (2012), of 40 Mboe, approximately 20 % greater than
the calculated volume in the BPSM of 32 Mboe. The mixing ratio of the hydrocarbons within Lybster
Field is also very similar to those of Peters ef al. (1989), and to those of Beatrice Field, being 67:32:1
Devonian:Pentland:Black Shales. The minor presence of the Black Shales within Lybster is likely a
result of vertical migration out of the Black Shales in the Great Glen Sub-basin, migration across the
GGF and then into the relatively shallower reservoir sequences within the Sutherland Terrace, where
Lybster Field is located (Table 7.6).

Table 7.6: Table showing the basin and petroleum systems model simulated hydrocarbon mass (in mil-
lion tons of oil equivalent; Mtoe), equivalent calculated volume (in million barrels of oil equivalent;
Mboe) and hydrocarbon mixing ratio results from the three known accumulations within the IMF, Beat-
rice, Jacky and Lybster Fields, alongside their published estimated volumes, and mixing ratio, from
Izundu (2008); Offshore Magazine (2012); Oil and Gas Authority (2018); Peters et al. (1989); Stevens
(1991). Volume calculations are based on the conversion rate of 1 toe = 7.142857 boe. Bl. Sh. refers to
the Kimmeridge Clay Black Shales.

Simulated Calculated Published | Accumulation contribution %
Hydrocarbon
Field hydrocarbon | hydrocarbon | hydrocarbon .
mass (Mtoe) | vol. (Mboe) | vol. (Mboe) | Devonian | Pentland | Bl. Sh.
Beatrice Field 67.32 481 480 66 34 0
Jacky Field 13.19 94 5.2 61 39 0
Lybster Field 4.42 32 40 67 32 1
Published estimates 60 40 0
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Charging of all three fields begins at approximately 120 Ma, with varying changes in relative percent-
age of each hydrocarbon source rock throughout time (Figure 7.15). Beatrice Field charges at consistent
ratios until 71.3 Ma, prior to a sharp increase in Pentland contribution to 66 Ma, before a large loss
of hydrocarbons caused by the late-stage uplift and faults opening (Figure 7.15). Jacky Field initially
charges with Devonian hydrocarbons, prior to the Pentland contribution increasing from approximately
110 Ma. The drop in accumulation volume after the peak volume at 66 Ma is relatively smaller one than
within Beatrice Field (Figure 7.15). In comparison to the other two fields, Lybster Field sees a slow,
limited charge prior to the faults opening at 66 Ma, at which it sees a rapid charging of the field via
predominantly Devonian hydrocarbons (Figure 7.15). Once this significant charge post-fault opening

occurs, Lybster Field experiences the same loss of hydrocarbons as the other fields until fault closure at
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Figure 7.15: Time plot showing the filling history, in mass (million tons of oil equivalent) of the three
known accumulations in the IMF — Beatrice (top), Jacky (middle) and Lybster (bottom) Fields. The
fields filled at varying rates throughout geological time, post-deposition of the sealing Heather Forma-
tion, with the filling histories split into the hydrocarbon components and their relative contributions, as
calculated by the final model produced in the BPSM.
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23 Ma, showing how critical the faults are in both filling and leaking of Lybster Field.

In the central-IMF fields (Beatrice and Jacky), once the large loss of hydrocarbons occurs after 66
Ma, the hydrocarbon volumes and mixing ratios remain relatively stable until the faults close at 23 Ma,
and in the case of Beatrice Field, this fault closure leads to marginal continuation of filling. This pattern
is not reflected in Lybster Field, as discussed, which sees a continued loss of hydrocarbons that were ini-
tially charged through fault opening. However, the amount of hydrocarbons lost during the time period
is roughly similar across the three fields. The steady decline in volumes beyond this initial loss within
the central-IMF fields suggests that whilst the faults are the cause of the main loss of hydrocarbons in
the region, the fields are not fully constrained by fault activity, although any hydrocarbons charging the
fields during this open fault period between 66-23 Ma are lost. The large volume of lost hydrocarbons
from faults is supported by Parnell et al. (2017) and Peters et al. (1998) who identified IMF-type oils
in fault breccias onshore to the north of the IMFE. At the peak filling of each field, at 66.01 Ma for the
central-IMF fields and at 60 Ma for Lybster, the fields are filled to several multiples of the final, present
day total (Table 7.7; Figure 7.16). In Beatrice Field, the present day simulated hydrocarbon volume of
481 Mboe is just over a third (37.9 %) of its peak filling volume, 1270 Mboe, which is a similar scenario
in both Jacky and Lybster Fields, where Jacky loses just over half of its peak filling volume, with a final
volume 49.7 % that of its peak, and and Lybster’s present day simulated volume of 32 Mboe is 46.4 %
of the field’s maximum simulated volume of 69 Mboe (Table 7.7).

Table 7.7: Table showing the basin and petroleum systems model simulated hydrocarbon masses (in
Mtoe) and equivalent calculated volume (in Mboe) at both present day and at the peak of hydrocarbon
charging, at 66.01 Ma, prior to faults opening during the late-stage uplift event in the IMF. Volume
calculations are based on the conversion rate of 1 toe = 7.142857 boe.

Hvdrocarbon Final Peak Final Peak Relative
y Field hydrocarbon | hydrocarbon | hydrocarbon hydrocarbon | hydrocarbon
mass (Mtoe) | mass (Mtoe) | volume (Mboe) | volume (Mboe) loss (%)
Beatrice Field 67.32 177.83 481 1270 37.9 %
Jacky Field 13.19 26.49 94 189 49.7 %
Lybster Field 4.42 9.69 32 69 46.4 %

MIGRATION MIXING HISTORY

As discussed in Section 7.4.1.2, distinct separations can be made between the migration mixing types
used to charge the different known accumulations. Whilst this showed that Beatrice Field at present day
shows a hydrocarbon charge comprised of predominantly proximally migrated hydrocarbon, compared
to the more even proximal-deep basin split seen in Jacky and Lybster Fields, analysis of the charging
through time shows that this migration mix was not consistent throughout the fields’ history. As Figure
7.15 has shown, the fields charge broadly in the same mixing ratios through their filling history, with
a high Devonian Fish Bed component early before the Pentland Formation begins to influence the mix
after approximately 110 Ma, however to fully understand the proximal-deep basin mix within each

source rock, further refinement is necessary.
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Figure 7.16: Series of maps showing the changes in petroleum saturation percentage, above a threshold
of 30 %, across the Beatrice and Jacky Field region of the IMF through geological time. The maps show
the early stages of charging (120 Ma), through to the peak of filling (66 Ma), the significant losses post-
uplift commencement, and then through to present day.

In the Beatrice Field, the proximal- and deep basin-migration charge mix is heavily proximal-
influenced, with an early dominance by proximal Devonian hydrocarbons, followed by an increasing
amount of the other migration types (Figure 7.17). Prior to the faults opening at 66 Ma, the mix sees an
early proximal dominance followed by an increasing amount of deep-basin influence, which peaks at 90
Ma, before slowly decreasing, and seeing a rapid drop when the faults open at 66 Ma. Post-fault open-
ing, the mix of migration methods remains relatively stable, but the fault openings sees a small increase
in proximal Devonian hydrocarbons and somewhat large increase in proximal Pentland hydrocarbons,
whilst the influence of both deep-basin hydrocarbons diminished (Figure 7.17). This suggests that either

the deep basin-migrated hydrocarbons leaked out via faults when the faults opened, or that they were
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Figure 7.17: Time plots from Beatrice Field showing the proximal and deep-basin migration mixing
of the Devonian Fish Beds and Pentland Formation through time. The plots show both the regions and
source rocks of the IMF where hydrocarbons migrated from and the combined totals of each migration
region, in accumulated mass and relative percentages. The influence of deep-basin hydrocarbons is
greatest prior to the opening of the faults at 66 Ma, before the dominance of proximal charge becomes
clear.

displaced by proximal-sourced hydrocarbons that migration up faults in the region to charge the field,
or a combination of both. What is clear from the migration mixing analysis is that when the faults open,

all types of sourced hydrocarbons see massive losses.

Jacky Field shows somewhat similar behaviour to Beatrice Field with its migration mixing through

time, with an initial dominance by Devonian-sourced hydrocarbons, both proximal and deep-basin, prior
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to more Pentland influence post-100 Ma (Figure 7.18). However, in the early charge of the field, prior
to 100 Ma, where Beatrice experiences a dominance of proximal Devonian charge, Jacky sees a much
greater influence from deep-basin migrated Devonian hydrocarbons. This suggests that Beatrice Field is
initially sourced through more vertical migration than Jacky, which experiences a more lateral charge in

its early stages. Post-100 Ma, when the influence of both Pentland methods increases, patterns between
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Figure 7.18: Time plots from Jacky Field showing the proximal and deep-basin migration mixing of
the Devonian Fish Beds and Pentland Formation through time. The plots show both the regions and
source rocks of the IMF where hydrocarbons migrated from and the combined totals of each migration
region, in accumulated mass and relative percentages. The relative influence of both migration types
is somewhat consistent through the charge history after the initial dominance of deep-basin Devonian,
with the migration mix post-66 Ma being relatively even across.
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the migration methods in Jacky Field approximately match those of Beatrice, however post-66 Ma,
when Beatrice sees a small increase in proximal Devonian charge, Jacky experiences a more deep-basin

Devonian influence increase that sees a marginal decrease in proximal Devonian influence.

In comparison to the central-IMF fields, the charging of Lybster Field occurs post-fault opening at
66 Ma, with this reflected in the migration mixing (Figure 7.19). The field sees a slow accumulation rate
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Figure 7.19: Time plots from Lybster Field showing the proximal and deep-basin migration mixing of
the Devonian Fish Beds and Pentland Formation through time. The plots show both the regions and
source rocks of the IMF where hydrocarbons migrated from and the combined totals of each migration
region, in accumulated mass and relative percentages. There is a near-total dominance on the charge
by proximal migration until the faults open at 66 Ma, when the deep-basin migration charge enters and
the two combine to create a near-even mix.
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prior to 66 Ma, where early proximal Devonian dominance gives way to proximal Pentland dominance
by 66 Ma, with minimal deep-basin hydrocarbon influence. Once the faults open and the field reaches
maximum fill at 60 Ma, the migration mix sees a rapid increase in proximal migration influences, but
also a distinct influx of deep-basin hydrocarbons, reflected in the rapid increase in deep-basin Devonian
hydrocarbons from 66 Ma which remain stable until present day. Post-peak fill, as with the other fields,
Lybster sees a relative stability in the migration mix, despite the loss of hydrocarbons due to fault-

derived leakage.

In summary, all fields see a stability in the migration mixing ratio once the faults have opened at
66 Ma, however, all three have distinct differences. Whilst Beatrice Field sees its greatest influence
of deep basin-sourced hydrocarbons prior to the faults opening, and having a present day migration
mix dominated by proximal-sourced hydrocarbons, the adjacent Lybster Field sees a much more deep
basin-sourced hydrocarbon mix. In comparison, Lybster Field is heavily reliant on the fault opening and
late-stage uplift to both charge the field and remove large volumes of hydrocarbon, but it experiences
a mirror in influence to the central-IMF fields. This mirroring involves little to no deep basin-sourced
hydrocarbons charging Lybster Field until the faults open and cross-fault migration can occur over the
GGeF, at which point the field is rapidly charged with both proximal and deep-basin hydrocarbons, and

the mixing ratio between the two becomes more even.

7.4.1.4 POSSIBLE UNKNOWN ACCUMULATIONS

Within a BPSM, identifying unknown but potentially present accumulations of hydrocarbons (un-
known accumulations; UA) is a key aspect. Due to the age of the exploration that occurred in the IMF,
initially in the 1970s through to the 1990s, basin and petroleum systems modelling was not a tool avail-
able at the time, or sufficiently widespread to be used during the later years of development. As such,
the work in this study can be used as a tool to aid the identification of UAs and offer some potential new
discoveries within the IMF that previously may have been missed. Several components of the BPSM
are required to successfully identify potential accumulations, but most critically a lack of previous ex-
ploration in the area, through the drilling of wells, and a sufficient accumulation of hydrocarbons (over
10 Mboe) is required. Furthermore, potential accumulations that have been drilled before have been
ignored as these have either been decreed as dry and not hydrocarbon-bearing, or not pursued. In this
study, fifteen potential UAs have been identified and investigated, with these potential accumulations

split into location across the basin (Figure 7.20; Table 7.8).

Of the fifteen UAs, five can be considered too small to be economically viable, with UAs 2, 7, 11,
12 and 13 all showing estimated accumulated volume less than 30 Mboe. Whilst initially UA 13 was
selected for its location within the same region and geology as both Lybster Field and UAs 11 and 12,
it lacks any distinct accumulated volume, despite the reservoir unit cells having simulated petroleum
saturations. UA 2 and 7, alongside UA 9, are likely phantom accumulations, formed as artifacts of the
conversion between seismic interpretations and surface production in Schlumberger’s Petrel, and thus
can be discounted. This artifact is also the likely cause of the very large phantom accumulation to the

east of UAs 9 and 10, which has been drilled and was not oil-saturated.
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Table 7.8: Table outlining the properties of the various potential previously-unidentified accumulations
highlighted within the BPSM of the IMF in this study. Volume calculations are based on the simulated
mass, converted to barrels of oil through the conversion rate of 1 toe = 7.142857 boe.

UA | Accumulation | Accumulation Accumulation contribution %
number | mass (Mtoe) | vol. (Mboe) | Devonian | Pentland | Black Shales Comment
1 10.03 72 81 19 0 Good potential
2 3.94 28 100 0 0 Too small
3 15.89 114 79 21 0 Good potential
4 15.18 108 56 44 0 Phantom
5 12.58 90 78 22 0 Phantom
6 38.57 276 91 9 0 Unclear
7 1.59 11 88 12 0 Too small
8 39.04 279 70 30 0 Phantom
9 25.51 182 8 92 0 Phantom
10 12.37 88 44 56 0 Phantom
11 1.97 14 32 64 4 Too small
12 1.57 11 36 61 3 Too small
13 0 0 - - - Too small
14 6.52 47 48 31 21 Phantom
15 15.48 111 82 16 2 Best potential

UA 3, adjacent to the oil-saturated Well 12/27-1, is a good potential accumulation, as it is estimated
to have just over 100 Mboe (114 Mboe) of accumulated hydrocarbons, mixed in an 79:21 ratio between
Devonian and Pentland source rocks, respectively. In comparison, UAs 4 and 5 sit in the depths of
the Smith Bank Graben, and form solely due to their proximity and association to the Lossiemouth
Fault, within no structural high, and as discussed, the faults remove extensive volumes of hydrocarbons
during the late-stage uplift, thus these are likely phantom accumulations also. UA 6 is a complex
potential accumulation, as despite it being situated in a structural high similar to that which forms
Beatrice Field, it has been drilled by Well 12/21-4, which has no evidence of oil saturation, declared
a dry well. However, the BPSM produces an accumulation along the length of the structure, with a
very large accumulation (275 Mboe), but a very different mixing ratio of that seen in Beatrice Field,
approximately 90:10 % Devonian:Pentland. The accuracy of UA 6 as an accumulation is very difficult
to ascertain, as it is possible that Well 12/21-4 did not pass through the accumulated hydrocarbons,
as it was not drilled into the peak of the structure, however it is also possible that the accumulation is
phantom, and forms as a result of the structure, but was not charged due to one of any number of reasons
beyond the ability of the model to determine. UAs 1, 8 and 10 show more potential as accumulations
that others that run parallel to the central basin faults, as they all are located along the same structure,
and same fault system as Beatrice and Jacky Fields. Whilst UA 1 is at the very end of the region
of influence of the Beatrice and Smith Bank Faults, UAs 8 and 10 do not, however UA 8 is located
on the opposite side, the footwall side, of the Beatrice Fault, thus is likely a phantom accumulation,
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as UA 10 is also likely to be, however this is less conclusive. UAs 11, 12 and 13 all sit along the
same structural and lithological line as Lybster Field, however unlike Lybster Field, as discussed, show
very small accumulation volumes. Hypothetically, should these accumulations exist, they could be
extracted in similar methods to Lybster Field via wells drilled from onshore, however this is still likely
to produce very limited economic success, with a total estimated volume of approximately 25 Mboe. In
comparison, UA 14, similarly to UA 4 and 5, are located in the footwall of a basin-forming fault, in this
case the Great Glen Fault, thus is unlikely to be accurate in the same way as those other accumulations,

with the GGF most likely removing the hydrocarbons during the late-stage uplift.

UA 15 shows strong potential for an accumulation, as whilst is sits against a fault, it is in the hanging
wall, and thus is less likely to see as extensive hydrocarbon losses as the other UAs analysed. Further-
more, it has a large enough estimated volume (110 Mboe) to possibly be economically viable (Table
7.8; Figure 7.21). The mixing ratio of the accumulation is heavily Devonian-controlled (82:16 % De-
vonian:Pentland at present day), with minor Kimmeridge Clay Black Shale influences. The location of
UAIS (Figures 7.20 & 7.22), in the fringes of Great Glen Sub-basin, provides it direct access to the most
mature regions of the source rocks, and its position against a fault offers it charging capabilities similar
to those that charged Beatrice and Jacky Fields (Figure 7.22). Consequently, UA 15 has the strongest
potential to be an as-yet unproven accumulation in the IMF, determined by this study.

The mixing ratio and charging history of UA 15 follows the trends of the known fields, through early
stage Devonian dominance in the charge, followed by increasing Pentland contributions to peak filling
at 66 Ma. Following the opening of the faults, hydrocarbon volumes decrease but the mixing ratio does
not vary extensively. One difference in the mixing history of UA 15 compared to the known fields is that
the steady decline of hydrocarbon volume is predominantly Pentland-sourced hydrocarbons. At peak
filling, 66 Ma, the mixing ratio was 75:23:2 Devonian:Pentland:Black Shales, however by present day
this ratio had altered to 82:16:2, thus the relative volume of Devonian hydrocarbons showed little to no

fluctuation or loss, but the Pentland hydrocarbons did (Figure 7.21).

Figure 7.22 shows how the structure of UA 15 is similar to Jacky Field, however mirrored, being
located on the northern flank of the Great Glen Sub-basin compared to the south flank position of Jacky

Field. The highs in which the reservoir formations are located are trapped against a large-scale fault,
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Figure 7.21: Time plot showing the filling history of the unknown accumulation UA 15, in the northern
region of the Great Glen Sub-basin, split into the relative hydrocarbon source rock contributions.
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again similar to Jacky Field, however as Table 7.8 indicates, it has a significantly smaller Pentland
Formation contribution. This reduced Pentland contribution is likely due to the shape of the Great Glen
Sub-basin and its position within it, where the deepest point of the reservoir formations in the sub-basin
are to the immediate south of UA 15, therefore all Pentland-generated hydrocarbons from this point

towards the south will preferentially migrate up-dip towards Jacky Field.

7.5 DISCUSSION

7.5.1 MODELLING IMPLICATIONS ON THE IMF

The BPSM in this study has proven that the Devonian and Pentland source rocks within the IMF
are the dominant contributors to the hydrocarbons in the basin’s petroleum system. The Kimmeridge
Clay Black Shales, whilst producing minor hydrocarbon volumes that contribute to the Mid-Jurassic
reservoir intervals, they do not exert a large influence over the known accumulations in the IMF. With
the source rocks being below and within the reservoir unit, the majority of migration is vertical and

direct expulsion from the source into the reservoirs.

The main influence on the petroleum system of the IMF is the late-stage subsidence, uplift and tilting
with associated fault activity in the Cretaceous and Cenozoic. This was proved by fluctuating the proper-
ties of the faults, and varying their ability to trap or migrate fluids. Consequently, it can be hypothesised
that should the faults have impacted the system less, and tilting of the basin had been less extensive,
then the fields within the IMF could have accumulated much greater volumes of hydrocarbons. This
was evidenced by the peak filling of Beatrice Field in the BPSM, at 66 Ma prior to the uplift, which
was over 1200 Mboe, and the final filling volume of the field being less than 500 Mboe. This roughly
60 % decrease undoubtedly impacted the viability of the IMF as a petroleum system as productive and

widespread as the other regions of the North Sea.

The hydrocarbon loss due to trap malfunction or fault leakage during the late-stage uplift could be the
cause of the double-OWCs present within the Beatrice Field, seen in the cores. The Pentland Formation,
alongside the Lady’s Walk Shale and Mid Shale could have locally trapped bodies of hydrocarbons in the
region as the faults opened and large volumes of hydrocarbons were lost. Whilst this hypothesis can not
be directly proven, it is a strong possibility, as localised hydrocarbon trapping through small structures
or lithological traps are common in petroleum systems, and the past extensive filling of Beatrice Field

is proof that there were sufficiently high enough volumes of hydrocarbons in the region to trap.

7.5.2 COMPARISONS TO PUBLISHED WORK

The BPSM-calculated mixing ratios of the hydrocarbons in the three fields of the IMF follow the
geochemical analysis carried out by Peters e al. (1989), whilst both Aalund (1983) and Mackenzie
et al. (1983) agree with Peters et al. (1989) that there is a lack of Kimmeridge Clay influence in the
hydrocarbons, which is also supported by the BPSM calculations in this study. Whilst there is minor
Kimmeridge Clay Black Shale presence in the basin, is is sufficiently small enough to not impact the

geochemical composition of the hydrocarbons.
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Figure 7.22: Two 2D lines extracted from the central northern region of the IMF, see Figure 7.20, across
the Great Glen Sub-basin, highlighting UAs 6 and 15, and Jacky Field. The upper 2D extraction shows
the lithologies and structures present, and the lower 2D extraction shows the petroleum saturation of
the section, highlighting the locations of accumulated modelled hydrocarbons.
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Prior to this study, Greenhalgh (2016) states that the source regions and migration history of the
IMF has not been successfully accomplished. Hogan et al. (1978) suggests that long range Pentland mi-
gration is unlikely due to its low mobility caused by a high waxy content, and this is supported by this
study’s BPSM, especially for Lybster Field, which sees a very small contribution of deep-basin, later-
ally migrated Pentland Formation hydrocarbons, whilst both Beatrice and Jacky Fields show marginally
greater deep-basin Pentland contributions, it is still the smallest contributor to the fields, bar the Kim-
meridge Clay Black Shales. This is in direct opposition to Marshall (1998) who suggests that Beatrice
Field-adjacent Devonian source maturation is unlikely, whereas this study’s BPSM suggests that proxi-
mal Devonian charging is possible, and is the greatest contributor to the field. However, this study does
agree with Marshall (1998) in the relative lack of maturation of the Devonian to the south and south west
of Beatrice Field. Curran (1987a,b) and Underhill (1991) offers the likelihood that Devonian hydrocar-
bons could experience long-range migration, which is supported by this study which shows deep-basin
Devonian sourcing of the fields. However, this study disagrees with the suggestion by Curran (1987a)
that the region around Well 12/27-1 reaches sufficient Devonian maturity to be a source kitchen, where,
whilst this region does reach some maturity, there are more preferential regions, such as the sub-basins,
which is the theory of Underhill (1991).

Whilst Parnell et al. (2017) and Peters et al. (1998) attempt to constrain the location of IMF source
kitchens through geochemical analysis, this study and its BPSM shows that large swatches of the Devo-
nian in the IMF reach maturity, matched by the Pentland Formation reaching maturity most successfully
in the Great Glen, Wick and Lossiemouth Sub-basins. This suggests that the deepest regions of the basin
are most likely to be the optimal source kitchens, however the main impact on the petroleum system is
not the location of greatest maturity, but the fault activity caused by rifting and instability. This theory is
supported by Aydin (2000), Jonk et al. (2003) and Parnell et al. (2017) who all investigated the presence
of fault-emplaced high-pressured fluids.

7.5.3 UNCERTAINTIES AND ASSUMPTIONS

Prior to the modelling, the depth maps were produced from the seismic interpretation carried out
in this study (Chapter 5). As discussed, the interpretations were carried out on seismic data that was
depth converted before being supplied for this study, and as such, there is a degree of uncertainty in the
seismic dataset used to create the model. Whilst there are unlikely to be large-scale errors in the depth
conversion, as the seismic-well ties show good correlation between the drilled wells and the seismic data,
there could be erroneous areas of data that are not clear and obvious, however this is not something that

can be easily corrected without the original time-domain seismic data.

The main uncertainties in the model creation revolving around the inputs for the BPSM. Whilst depth
maps and fault presence are open to minor assumption based on the supra-reservoir sequence seismic
resolution, and interpretations of seismic data is often subjective, these components of the models are
more stable than those requiring scenario testing. All of the scenario-tested inputs are open to variance as
a result of the potential for what are deemed correct results, but are based on compounded assumptions.

For example, to create a similar hydrocarbon generation total to that within the final model in this
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study, a decrease in heat flow and increase in TOC, or vice versa, could theoretically produce similar
results. Whilst these variables were tested and constrained to well and core reports, alongside published

estimates, they are still constrained estimates not guaranteed accurate values.

The main uncertainties in the model outputs are the fault properties and the facies continuity within
formations. As the properties of the faults impact the volumes accumulated within the known hydrocar-
bon fields the most, these are crucial to the BPSM. As discussed in Section A.3.0.7, the fault properties
were extensively tested and the confidence in the final choice is high, however the potential for further
analysis via fault investigation would increase certainty. Furthermore, the upscaled nature of BPSMs
lead to difficulties in accurately defining how facies and lithologies vary within a formation. Variations
in facies, especially the sand and clay ratios in the Pentland Formation would have significant influences
on the hydrocarbon source contributions in different areas of the basin, as well as impacting both mi-
gration routes and hydrocarbon generation. This is also reflected in the Brora Coal, as coals are very
rarely continuous across large swathes of land, thus the Brora Coal is unlikely to be as consistent across
the IMF as it is portrayed within the BPSM. Refining these variables is only possible through extensive
drilling and coring of the basin, followed by sample analysis and core logging, leading to very high

costs and time requirements.

7.5.4 IMPLICATIONS ON MAGNETIC MINERAL ANALYSIS

The modelling undertaken in this study, whilst occurring independently, can aid the understanding of
the magnetic mineral assemblages across the IMF that were discussed in Chapter 6. The understanding
of the petroleum system through the BPSM allows for a base of evidence from which conclusions can
be drawn between the petroleum system and the magnetic mineral assemblage. This will be discussed
in greater detail in Chapter 8, however initial implications are outlined here. Firstly, the source rocks
within the IMF are different to the majority of the hydrocarbon fields in the rest of the North Sea, with
the IMF being dominated by Type I Devonian and Type II-1II Pentland source rocks, compared to the
Type II Kimmeridge Clay in the rest of the North Sea. This offers the ability to compare and contrast
the magnetic mineral assemblages between the work in this study, and the work done in others, such as
Abdulkarim et al. (2022a,b,c), Abubakar et al. (2020) and Badejo et al. (2021a,b,c).

Beyond comparisons to petroleum systems outside of the study area, analysis within the IMF is also
possible. With the ability to estimate mixing ratios of the multiple hydrocarbon sources, this could be
used to investigate any potential correlation between relative magnetic mineral presence or abundance
and the different hydrocarbon sources. If there are clear differences between the magnetic minerals
associated with different source rocks or kerogen types, then these could be used in correlation with the

BPSM to narrow down the mixing ratios of hydrocarbons in the accumulations across the IMF.

7.6 CONCLUSION

In conclusion, the BPSM created and analysed in this study confirms the literature on the IMF
that indicates the petroleum system is charged by Devonian and Pentland source rocks with limited

influence from the Kimmeridge Clay Black Shales (Linsley et al., 1980; Peters et al., 1989; Stevens,
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1991). Furthermore, the mixing ratios between these hydrocarbon sources, as derived from analysis of
the BPSM, align with the geochemical analysis carried out on the hydrocarbons and kerogens of the
IMF by Peters et al. (1989) and Peters et al. (1998). The estimated mixing ratio of the hydrocarbons
in the IMF by Peters et al. (1989) is 60:40 % Devonian:Pentland, which is reflected in similar mixing
ratios within the known accumulations in the basin, of Beatrice, Jacky and Lybster Fields. The mixing
ratios of these three accumulations are 66:34 %, 61:39 % and 67:32 % Devonian:Pentland, respectively,

with Lybster Field having a minor 1 % Kimmeridge Clay Black Shale influence.

The model suggests that the majority of hydrocarbons charged vertically, both directly through the
intermediate formations between the Devonian and the Jurassic reservoir sequences, but also vertically
surface-ward through the numerous faults in the basin. Furthermore, the Pentland Formation, located
in the middle of the reservoir sands, expel hydrocarbons vertically, both surface-ward and downward,
and likely also migration laterally up-dip into the structural highs the reservoir sands occupy. The most
dominant geological control on the hydrocarbon migration, filling, and accumulation is the pervasive
faults across the basin, as these have been proven to remove vast volumes of hydrocarbons from the
accumulations produced prior to 66 Ma. The loss of hydrocarbons caused by the faults and associated
trap malfunction is likely why the IMF is not as productive a petroleum system as the other regions of
the North Sea.

Beyond the three known accumulation in the basin, this study has identified several potential previ-
ously unidentified hydrocarbon accumulations of potential economic value, with the accumulation with
the greatest potential located on the opposite flank of the Great Glen Sub-basin to Jacky Field. This un-
known accumulation, UA 15, has a similar charge history pattern to the known accumulations, but with
a significantly greater dominance of Devonian-sourced hydrocarbons, with a mixing ratio of 82:16:2
Devonian:Pentland:Black Shales. This Devonian dominance is likely a result of limited lateral migra-
tion of Pentland Formation from the Great Glen Sub-basin into the accumulation, with the majority of

these hydrocarbons migrating to fill Beatrice and Jacky Fields.

By proving the contributions of multiple sources and their varying inputs into the hydrocarbon accu-
mulations in the IMF, the model provides an area of focus within the magnetic mineral analysis carried
out in this study. Comparisons between the magnetic mineral assemblages in the IMF and other regions
of the North Sea can further expand on the understanding of the connections between hydrocarbons and
magnetic minerals in different environments. Furthermore, the potential for utilising magnetic minerals
to understand relative source rock contributions via varying magnetic mineral presence can be inves-
tigated through this study. In summary, the BPSM produced within this study both concurs with the
dominant literature on the basin regarding the source rock components of the petroleum system, as well
as successfully accumulating hydrocarbons in the correct regions and with mixing ratios similar to the

published estimates derived through alternative techniques.
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8.1 INTRODUCTION

To achieve the aims of this study, set out in Chapter 1, it is necessary to correlate the results and
findings from the magnetic mineral analysis (Chapter 6) to the basin and petroleum systems modelling
(BPSM; Chapter 7), to identify the relationships that connect the two different disciplines. Whilst each
discipline has stand-alone discoveries and conclusions, to fully achieve the objectives of this study,
developing the interconnections between them is crucial, and is what this chapter covers. This chap-
ter combines the previous chapters’ analyses to build knowledge on the Inner Moray Firth’s (IMF)
petroleum system and how it is related to, and constrained by, the magnetic mineral behaviour, and

further compares these findings to other systems and research.

8.2 WELL-SCALE MAGNETISM-BPSM CORRELATIONS

Magnetic mineral analysis shows limited patterns in magnetic mineral behaviour across the IMF
on a basin-scale (Chapter 6), however the analysis shows clear patterns of behaviour at well-scale, not
only within the magnetic mineral assemblages but also in magnetic mineral behaviour around oil-water
contacts within the wells. To investigate the comparisons between the BPSM and magnetic analyses at
well-scale, extractions from the BPSM are analysed and used to produce well-scale data from petroleum
system, including hydrocarbon mixing ratios, the region’s charging history and local accumulation vol-
umes. To produce the extractions, the cells in the model where the wells are located are identified, and
a three-by-three grid cell area of interest is produced (Figure 8.1). The larger area of interest is neces-
sary to not only remove the potential for anomalous results within a single cell, but to also obtain more
data around the wells, as each model cell is 200 m2. This small area produces limited BPSM results
and creates the requirement for more data, therefore, by increasing the area of interest to 600 m?, more

accurate and effective model-derived data is available.

8.2.1 MIXING RATIOS AND MAGNETIC MINERALS

Comparisons between the hydrocarbon mixing ratios and the magnetic minerals within wells are
crucial to determine how the source rocks and their relative contributions may influence the magnetic
mineral assemblages in the wells across the basin. The comparisons are carried out on wells where both
oil- and water-saturated samples were collected and analysed. Goethite is present in all the wells, in
both saturating fluids, with this reflected in the mixing ratios that contain Devonian and Pentland hydro-
carbon contributions (Table 8.1). There are no correlations between mixing ratios and siderite presence,
indicating that siderite within the magnetic mineral assemblage is a result of vertical migration, not
differing hydrocarbon sources. In contrast, the clearest correlation between source rock contribution
and magnetic mineral presence is seen in Well 11/24a-2, which is the only well that shows Kimmeridge
Clay Black Shales contribution above 1 %, with the contribution in this well >50 % (Table 8.1). This
dominance of Black Shale-sourced hydrocarbons within Well 11/24a-2 is reflected in the magnetic min-
eral assemblage in the oil-saturated samples, which are dominated by iron sulphides. The other wells

containing iron sulphides only have minor presence of the magnetic minerals, likely caused by localised
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Figure 8.1: Systematic figure outlining the method of delineating the region around each well for hy-
drocarbon mixing ratio analysis. The accurate extraction of a precise area around each well on a small
scale within the BPSM is not possible, thus delineating the area based on the BPSM cells is the more
accurate method, despite variations in distance from wells occurring in different directions.

sulphur presence; no well has as high proportion of iron sulphides as 11/24a-2 (Table 8.1). Conse-
quently, this enhances the connection between iron sulphides and deep marine, Type II kerogen source
rocks, a connection evidenced by Abdulkarim et al. (2022a,b) and Badejo et al. (2021a,b,c).

Constraining the relationship between magnetic mineral abundance and hydrocarbon source rocks
is difficult, as estimating the absolute abundance of magnetic minerals within samples is challenging. In
this study, abundance was estimated through a mineral presence against total sample count, where if one
of the indicator minerals (goethite, lepidocrocite or maghemite for Devonian and Pentland sources, iron
sulphides for Black Shales) was present in a sample, it was counted against those samples where they did
not, creating a percentage (Table 8.2). Whilst this method has drawbacks, such as sample distribution
constraint, it does give an insight into the relationship. The Devonian and Pentland source-dominated
oil-saturated sections of wells all have at least 50 % of samples containing one of the indicator minerals,
with five of the eight wells having an indicator mineral present in over 90 % of the samples (Table
8.2). In comparison, the single well that was not dominated by a Devonian or Pentland source charge,
Well 11/24a-2, shows only 27 % presence of a Devonian or Pentland indicator mineral (Table 8.2), but
does have seven out of eleven samples (64 %) showing Black Shale-indicating iron sulphide presence,
with this confirmed by the dominance of Black Shale-sourced hydrocarbons in the mixing ratio. The
limited presence of Devonian and Pentland source indicators is reflected in the mixing ratio that shows

no Devonian contribution and less than 50 % Pentland contribution (Table 8.2).

The most clear relationship between the magnetic mineral presence and hydrocarbon source rocks is
related to the iron sulphide existence, which shows that the other magnetic minerals are highly sensitive
to the presence of sulphur (Table 8.2). The high abundance of iron sulphides in Well 11/24a-2 (64 %;
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Table 8.1: Table summarising the hydrocarbon mixing ratios and magnetic minerals present in the wells
sampled for magnetic analysis in the IMF that contain both oil- and water-saturated samples, and the
dry well 12/21-4, for reference. The mixing ratios are calculated in the BPSM and the magnetic mineral
presence is the percentage of samples containing the relevant magnetic mineral against the total number
of samples in each well, note that minerals can occur concurrently within samples. Dashes indicate no
presence of relevant magnetic mineral. Dev. = Devonian Fish Beds, Pent. = Pentland Formation, Bl
Sh. = Kimmeridge Clay Black Shales, Goe = goethite, Sid = siderite, FeS = iron sulphides (either pyrite
or pyrrhotite), Lep = lepidocrocite, Mgh = maghemite.

Well Source mix (%) Saturating Magnetic mineral presence (%)
e .
Dev. Pent. BI Sh. Fluid Goe | Sid | FeS | Lep | Mgh
Oil 85 10 - - -
11/24-1 59 40 1
Water 75 50 - - -
Oil 23 - 64 - -
11/24a-2 0 49 51
Water 60 40 - - -
Oil 60 - - - -
11/30-2 57 43 0
Water 42 8 - 8 -
Oil 90 40 - 20 -
11/30a-8 40 60 0
Water 74 30 4 30 -
Oil 75 - - 17 -
11/30a-B10 | 100 0 0
Water 50 28 11 17 -
Oil 50 75 - 19 -
12/21-2 71 29 0
Water 44 69 - 13 -
Oil 54 46 - - 38
12/27-1 78 22 0
Water 50 - - - 25
Oil 88 63 - 38 -
12/27-2 54 46 0
Water 25 50 - - -
Oil 86 - - - -
12/29-1 57 43 0
Water 100 - - - -
12/21-4 Dry Well Water 100 - - 75 -

Table 8.1) combines with a much lower presence of the other magnetic minerals in the samples (27 %;
Table 8.2). This is in direct contrast to the other wells seen across the basin, which all show above 50 %
abundance of non-iron sulphide minerals in association with low iron sulphide presence (Tables 8.1 &
8.2). This shows that the presence of sulphur within a region directly impacts the creation of magnetic

minerals, either through direction formation, or alteration of other minerals.
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Table 8.2: Table outlining the comparison between the mixing ratio contributions of the Devonian Fish
Beds and Pentland Formation source rocks and the relative abundance of goethite, lepidocrocite and
maghemite in oil-saturated samples in wells across the IMF. The mixing ratios are calculated from the
BPSM and the relative abundance is investigated through the presence in each sample of one of the
three minerals, roughly equating to abundance in the magnetic mineral assemblages in each sample, as
direct abundance estimates are not possible. Note that multiple minerals can occur concurrently within
samples, but this does not impact the count. Dev. = Devonian Fish Beds, Pent. = Pentland Formation,
Bl. Sh. = Kimmeridge Clay Black Shales, Goe = goethite, Lep = lepidocrocite, Mgh = maghemite.

Source mix (%) Sum of Number of % samples
Dev. & Total samples showing
Well .
Dev. Pent. BL Sh. Pent. Samples | showing Goe, | Goe, Lep
(%) Lep or Mgh or Mgh
11/24-1 59 40 1 99 16 15 94
11/24a-2 0 49 51 49 11 3 27
11/30-2 57 43 0 100 5 3 60
11/30a-8 40 60 0 100 10 9 90
11/30a-B10 | 100 0 0 100 12 9 75
12/21-2 71 29 0 100 17 9 53
12/27-1 78 22 0 100 15 14 93
12/27-2 54 46 0 100 8 8 100
12/29-1 57 43 0 100 7 7 100

8.2.2 MIGRATION METHODS AND MAGNETIC MINERALS

To further refine the charging mechanisms of the petroleum system, separation of the Devonian and
Pentland source rocks within the BPSM to produce both deep basin and proximal hydrocarbons shows
where the hydrocarbons that charge the known accumulations is generated, and thus how they migrate
into the fields (Figure 8.2). Deep basin hydrocarbons are sourced from the Great Glen and Lossiemouth
Sub-basins, and require lateral migration to access the fields of the IMF, whereas proximal hydrocarbons
represent direct vertical migration into each field. To further the work of Abdulkarim et al. (2022a), this
refinement is also used to investigate if there is a direct connection between the amount of proximally

charged (vertical) hydrocarbons and siderite within wells across the IMF.

Of the nine wells analysed, five show a dominant proximal charge — Wells 11/24-1 and 11/24a-2 in
the NW of the basin, and Wells 11/30-2, 11/30a-8 and 11/30a-B10 in Beatrice Field. Of the other four,
Wells 12/21-2, 12/27-1, 12/27-2 and 12/29-1, 12/21-2 and 12/27-1 sit outside the deep basin charge
region (Figure 8.2), and this is represented in the similar mixing ratios seen between them (28:72 %
proximal:deep basin for 12/21-2; 30:70 % proximal:deep basin for 12/27-1; Table 8.3). These migration
ratios are starkly different to those in the deep basin regions, with 12/27-2 and 12/29-1 both being
dominated by deep basin charge, at 7:93 % and 15:85 % proximal:deep basin, respectively (Table 8.3).
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Figure 8.2: Maps of the IMF identifying the regions separated for deep basin and proximal hydrocarbon
charging, highlighting the Great Glen Sub-basin (GG SB) and the Lossiemouth Sub-basin (Loss. SB),
and the wells utilised in this analysis. The majority of wells are located within the shallower, proximally
charged regions of the basin, however two, Wells 12/27-2 and 12/29-1, sit within the deep basin-charge
region of the Lossiemouth Sub-basin.

Consequently, the migration mixes of Wells 12/27-2 and 12/29-1 are inconclusive, as their location
within the Lossiemouth Sub-basin results in a high likelihood that hydrocarbons generated from deep
basin sources, used elsewhere as a proxy for lateral migration, actually charges the wells, leaving seven

wells with varying migration mixing ratios for analysis.

The connection between siderite presence and proximally sourced hydrocarbons within wells is con-
sistent across the IMF, with all wells that contain siderite also being at least partially charged by prox-
imally sourced hydrocarbons, bar Well 12/29-1 which has consistently proven inconclusive evidence
across all magnetic analysis (Table 8.3). The dominant proximal contribution in Wells 11/24-1, 11/24a-
2, 11/30a-8 and 11/30a-B10 is matched by high siderite presence in the water-saturated samples. This is
further correlated by the presence of siderite in the water-saturated samples of Well 11/30-2 (Table 8.3).
In contrast, whilst there is extensive presence of siderite in Well 12/21-2, this is not corroborated by a
proximal-dominant hydrocarbon charge, with this also reciprocated by Well 12/27-1. In comparison to
the proximal-dominated wells, the extensive presence of siderite in Well 12/27-2 contrasts to the heavily
deep basin-charged hydrocarbon mix. However, as discussed, due to the location of the well in a deep
basin region, there is uncertainty in the migration mixing ratios (Table 8.3). Consequently, it can be
concluded that whilst proximally charged hydrocarbons closely associate with siderite presence, there

is no clear link between degree of proximal charge and extent of siderite presence.

8.3 HYDROCARBON PROSPECTIVITY

Whilst analysis of the BPSM has shown potential for accumulations at locations across the basin,
they all consist of small hydrocarbon bodies with the majority bearing limitations and therefore hav-

ing limited chance of success. However, the BPSM has shown how the petroleum system has formed
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Table 8.3: Table outlining the source rock mixing percentages, mixing percentages of the source loca-
tions of the Devonian and Pentland source rocks, and magnetic mineral presence at wells across the
IMF. The mixing ratios and migration ratios are calculated in the BPSM and the magnetic mineral pres-
ence is the percentage of samples containing the relevant magnetic mineral against the total number of
samples in each well, note that minerals can occur concurrently within samples. Dashes indicate no
presence of relevant magnetic mineral. Dev. = Devonian Fish Beds, Pent. = Pentland Formation, Bl
Sh. = Kimmeridge Clay Black Shales, O = oil, W = water, Goe = goethite, Sid = siderite, FeS = iron
sulphides (either pyrite or pyrrhotite), Lep = lepidocrocite, Mgh = maghemite.

Source mix (%) Migration mix (%) Mineral presence (%)
Well Fluid
Dev. Pent. Bl Sh. | Proximal Deep B. Goe | Sid | FeS | Lep | Mgh

@) 8 [ 10 | - - -

11/24-1 59 40 1 51 49
W 75 | 50 | - - -
O 23 | - | 64 | - -

11/24a-2 0 49 51 53 47
" 60 | 40 | - - -
O 60 | - - - -

11/30-2 57 43 0 79 21
Y 42 | 8 - 8 -
0 90 | 40 | - 20 -

11/30a-8 40 60 0 67 33
W 74 1 30| 4 | 30 -
O 75 | - - 17 -

11/30a-B10 | 100 0O 0 65 35
W 50 | 28 | 11 | 17 -
O 50 |75 | - 19 -

12/21-2 71 29 0 28 72
W 44 | 69 | - 13 -

O 54 | 46 | - - 38
12/27-1 78 22 0 30 70
Y 50 | - - - 25

0] 88 | 63 | - 38 -

12/27-2 54 46 0 7 93
W 25 | 50 | - - -
0 86 | - - - -

12/29-1 57 43 0 15 85
W | 100 | - - - -

and evolved, with broad hydrocarbon prospectivity possible. The hydrocarbon generation proven in the
Devonian Fish Beds and Pentland Formation have shown the likely sources of hydrocarbons within the
IMEF, but with evidence that the Kimmeridge Clay Black Shales reach low levels of maturation, shown
through transformation ratios and generation masses, this offers the possibility of other hydrocarbon ac-
cumulations existing, especially within shallower lithologies such as the Wick Sand and Cromer Knoll.
This potential source rock-reservoir combination would rely heavily on localised lithological trapping,
as the Cromer Knoll and other Cretaceous sediments are likely too sand-rich to be successful seals.
However, thick sand bodies of the Wick Sand in the north of the Great Glen Sub-basin could offer
hydrocarbon accumulation potential, charged by a combination of the hydrocarbon generating source

rocks, including the Kimmeridge Clay.

223



Chapter 8: Discussion J.R. Perkins

8.4 COMPARISONS TO OTHER WORK

The interactions between the magnetic minerals across the IMF and the petroleum system within it
agree with past work identifying a connection between the two (Abdulkarim et al., 2022a,b; Abubakar,
2015; Abubakar et al., 2020; Badejo et al., 2021a,b,c; Costanzo-Alvarez et al., 2006, 2019; Donovan
et al., 1979, 1982; Elmore et al., 1987; Elmore and Crawford, 1990; Emmerton et al., 2012, 2013;
Kilgore and Elmore, 1989; Machel and Burton, 1991a,b; Machel, 1995). Whilst many of the previous
investigations were influenced by biodegradation (Badejo et al., 2021b,c; Costanzo-Alvarez et al., 2006;
Emmerton et al., 2012, 2013), and the IMF lacks biodegradation of the hydrocarbons (Peters et al.,
1989), this is solely one area of influence over the magnetic minerals. Initial predictions by Machel
(1995) shows how different magnetic minerals form in different depths and different conditions due to
the environments impacting formation, with magnetite, hematite and pyrrhotite the most likely minerals
to be present away from the hydrocarbon influence, compared to more pyrite and siderite the closer to
the hydrocarbons the investigations become. Whilst the lack of definitively dry, hydrocarbon-free wells
limited the investigation of background signals in this study, the presence of siderite and iron sulphides,
among other minerals, in the hydrocarbon-influenced regions of the IMF is broadly correlative with
the predictions of Machel (1995). This work was also corroborated by Abubakar et al. (2015, 2020)
who also showed that hydrocarbon generation can also directly form magnetic minerals, which aids the

connections from this study between varying magnetic minerals and different source rocks.

8.4.1 BURIAL ESTIMATIONS, TEMPERATURE AND MAGNETIC MINERALS
Via the work of Aubourg et al. (2008, 2012), Aubourg and Pozzi (2010) and Kars et al. (2012, 2014),

the remagnetisation of magnetic minerals as they pass through various temperatures offers the possibility
of creating a pseudo-burial history, and in turn, to conduct organic matter maturity analysis. They show
how pyrrhotite is common from 40-85 °C, before magnetite occurs through the alteration of pyrrhotite
up to 250 °C. Above this, to 320 °C, pyrrhotite dominates prior to pyrite occurring above 320 °C. The
lack of pyrrhotite across the IMF, extensive abundance of magnetite and minor pyrite presence suggests
that the basin typically experienced temperatures between 85-250 °C, or above 320 °C. However, the
presence of hydrocarbons in the pyrite-bearing regions, and the relative lack of both over-maturity and
hydrocarbon cracking in the basin (Peters et al., 1989), suggests that it is unlikely the basin reached
these temperatures within the hydrocarbon-bearing sequences. In contrast, the extensive presence of
magnetite, albeit in low concentrations, both across the basin and increasingly towards the oil-water
contacts in wells, (Chapter 6), indicates that the majority of the hydrocarbon-bearing formations of the
IMF experienced temperatures between 85-250 °C at points during its history, likely during rifting or
maximum burial. In comparison, the present day temperature gradient calculated from the BPSM is
approximately 28 °C/km (Figure 8.3). Consequently, the presence of pyrrhotite, based on the estimates
of Aubourg et al. (2008, 2012), Aubourg and Pozzi (2010) and Kars et al. (2012, 2014) would occur
between approximately 1.4 km and 3 km, encapsulating all reservoir units, reaffirming the iron sulphide

presence within the magnetic mineral assemblages.

The Devonian Fish Beds reach the highest maximum temperature of any of the source rocks (191
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°C), yet remain in the magnetite range of Aubourg et al. (2008, 2012), Aubourg and Pozzi (2010) and
Kars et al. (2012, 2014). Furthermore, the lowest maximum temperature reached in the formation (99
°C) is above the lower threshold (Figure 8.3). In comparison, the two other source rocks, the Pent-
land Formation and Kimmeridge Clay Black Shales, experience similar maximum temperature ranges
of 39.25-148.00 °C and 32-125 °C, respectively. Whilst the lowest maximum temperatures seen within
these formations is below the magnetite threshold, there are significant regions of the formations that are
above the 85 °C threshold (Figure 8.3). In the oil-bearing reservoir sequence, the maximum temperature
range is similar to the non-Devonian source rocks (37-143 °C), with the regions of known accumula-
tions, in the centre and north of the basin, consistently showing magnetite-forming temperatures (Figure
8.3). This temperature indication directly relates not only to the widespread presence of magnetite in
the samples of this study, but also to the increasing magnetite presence towards OWCs, although it
should be noted that, as discussed, magnetite very readily forms in a variety of environments (Dunlop

and Ozdemir, 1997), so this correlation is more corroborative than it is definitive.

In contrast to the works of Aubourg et al. (2008, 2012), Aubourg and Pozzi (2010) and Kars et al.
(2012, 2014), Abdulkarim et al. (2022c) offers a different temperature-centred analytical method for
understanding petroleum systems, offering two different enhancements at oil-water contacts, referenced
therein as oil-water transition zones, akin to this study. Whilst the enhancements shown by Abdulkarim
et al. (2022c) are defined by pyrrhotite at shallow depths (<80 °C) and lepidocrocite at deeper depths
(>80 °C), these are also iron sulphide- and iron hydroxide-defined enhancements that match those seen
in this study. However, the model in this study estimates temperatures at the OWCs of each well to be
below 80 °C, and as such, it cannot directly correlate the pyrrhotite-lepidocrocite relationship seen by
Abdulkarim et al. (2022c). Furthermore, the temperature at the iron sulphide-rich Well 11/24a-2 (63
°C) is the highest seen within this study of the IMF, with the wells across Beatrice and Jacky Fields
being closest to this temperature at between 58-61 °C. Consequently, the relationship seen in the IMF
is the inverse of that seen within the Central North Sea region of Abdulkarim et al. (2022c). However,
Abdulkarim et al. (2022c) offers the suggestion that the relationship seen within the Central North Sea
is a result of biodegradation in the cooler regions forming the pyrrhotite, with no biodegradation seen
within the IMF (Peters et al., 1989), it is possible that the relationship shown by Abdulkarim et al.

(2022c¢) is critically controlled by biodegradational processes.

8.4.2 SOURCE ROCKS AND MAGNETIC MINERALS

Badejo et al. (2021c¢) highlighted the enhancement of magnetisation at oil-water contacts, attributing
it not to the concentration of grains between the saturating fluids, but of the precipitation of new grains,
either through diagenetic changes or biodegradation. The identification of enhancements at the OWCs
across the IMF, and the lack of biodegradation seen within the IMF (Peters et al., 1989), suggests that
in the IMF, the magnetic enhancement at the OWCs is a result of diagenetic influences on the region
around the fluid contacts. Whilst there is no consistent correlation between enhancements and OWCs,
there are many occasions where enhancements occur as found by Badejo et al. (2021c), and suggests
that enhancement occurs across petroleum systems, regardless of the system and the differences between

them. Abdulkarim ez al. (2022a) also outline how siderite can be a direct proxy for vertical migration,
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Figure 8.3: Contour maps of varying sequences through the BPSM of the IMF showing the maxi-
mum temperature reached across the basin, highlighting the highest and lowest maximum temperatures
reached. These temperatures are derived from the BPSM and show that all sequences exist within the
magnetite-formation window between 85-250 °C defined by Aubourg et al. (2008, 2012), Aubourg and
Pozzi (2010) and Kars et al. (2012, 2014). KC Bl. Sh. = Kimmeridge Clay Black Shale.

which is reflected in this study, where siderite is seen in numerous samples across the IMF basin, and
the BPSM in this study proves that vertical migration occurs across the basin, from both the Devonian

Fish Beds and Pentland Formation source rocks.

Work by Badejo et al. (2021a,b,c) showed the interconnection of iron sulphides with the petroleum
system of the central North Sea, where these magnetic minerals were not present in non-hydrocarbon-
bearing samples. Whilst the magnetic mineral assemblages in the work of Badejo et al. (2021b,c) are
dominated by these iron sulphides, this contradicts the magnetic mineral assemblages of this study,
which have been shown to contain widespread goethite, alongside magnetite, siderite, lepidocrocite and
more minor iron sulphides, alongside very minor maghemite. Furthermore, the studies of Abubakar
et al. (2020) and Abdulkarim et al. (2022a,b,c) all show presence of magnetite and pyrrhotite, and
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siderite, iron sulphides and titanium oxides, respectively. The starkly contrasting magnetic mineral as-
semblages between this study and those presented suggest that there is not a set group of magnetic
minerals that form within all petroleum systems, and that the petroleum system and the basin geology
control the assemblages to a certain extent, suggesting the potential for different source rocks to form,
and exert influence over, magnetic minerals. Beyond this, it is clear that the presence of sulphur within
a petroleum system has critical control over the magnetic signal and presence of other magnetic miner-
als. Consequently, it is likely that the dominance of iron sulphides seen in other studies (Abdulkarim
et al., 2022a,b,c; Abubakar et al., 2015, 2020; Badejo et al., 2021a,b,c) limits the ability for alternative

magnetic minerals to be present in those regions.

With Abubakar et al. (2020) showing that hydrocarbon generation forms magnetic minerals, and
Badejo et al. (2021a,b,c) showing direct connections between iron sulphides and the deep marine, Type
IT kerogen, Kimmeridge Clay-sourced hydrocarbons of the Central North Sea, and numerous works
(Berner, 1969; Fortin et al., 1993; Gendler et al., 2005; Weibel, 1999; van der Zee et al., 2003) showing
how red beds, alongside lacustrine (Type I kerogen) and lagoonal, shallow marine (Type II-III kerogen)
depositional environments can form iron hydroxides (goethite, lepidocrocite), it can be concluded that
different kerogen type source rocks deposited in different depositional environments could form differ-
ent magnetic minerals that can be used as a proxy for source rock kerogen type identification. This
conclusion is supported by the presence of extensive iron sulphides in the oil-saturated samples of Well
11/24a-2, where BPSM-derived hydrocarbon mixing ratios show how Kimmeridge Clay Black Shales
dominate the hydrocarbon contribution in the area around the well. As such, this study proposes that
Type I kerogen, lacustrine-deposited and Type II-111, lagoon- and shallow marine-deposited source rocks
can be identified through the dominance of goethite, and possibly lepidocrocite, formed during source
rock deposition. Furthermore, this study also proposes that Type II kerogen, deep marine-deposited
source rocks can be identified through the dominance of iron sulphides in the assemblage, linked di-

rectly to the sulphur content of the source rock, however these correlations must be tested further.

The increased presence of sulphur in Type II kerogen source rocks compared to Type I or Il is a
result of the depositional environments in which each source rock forms (Peters et al., 2004). Whilst all
source rocks require anoxic conditions to preserve organic matter, and sulphate-reducing, H,S-forming
bacteria are widespread in these anoxic environments, different environments contain different amounts
of other minerals that readily combine with the H,S to create new compounds that remove the sulphur
from the system, most typically dissolved iron which produces iron monosulphides (Peters et al., 2004).
When sulphur is not combined into new compounds, it is typically absorbed by the kerogen and organic
matter of the source rock (Peters et al., 2004). As such, the greater the amount of sulphur-combining
minerals and compounds in the system, the lower the sulphur of the source rock, and vice versa, with
deep marine, Type II kerogen-forming environments often lacking in these compounds compared to
the other source rock-forming environments that are often in much shallower water (Dembicki, 2009;
Dembicki Jr, 2017; Peters et al., 2004).
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8.4.3 MIGRATION, ACCUMULATION AND MAGNETIC MINERALS

The magnetic mineral analysis within this study identifies widespread magnetite across samples,
with scanning electron microscopy showing the presence of magnetite in framboidal form, and also sees
the iron sulphide presence in Well 11/24a-2 extensively impacting the other magnetic minerals within
the samples. This relationship was also shown initially by Elmore et al. (1987), ElImore and Crawford
(1990) and Kilgore and Elmore (1989), who identify the formation of magnetite as a result of hydrocar-
bon influx. Further analysis by Gonzdlez et al. (2002), Aldana et al. (2003, 2011), Costanzo-Alvarez
et al. (2006) and De la Rosa et al. (2021) also see this magnetite correlation as well as iron sulphide
formation during hydrocarbon influx in petroleum systems across South America. Aldana et al. (2003)
and Costanzo-Alvarez et al. (2006) also experience the formation of secondary framboidal magnetite
in association with initial magnetite caused by the creation of a reducing environment from hydrocar-
bon migration. Aldana et al. (2003) continue to suggest that iron sulphides form solely where there is
a source of sulphur from migrating hydrocarbons, supporting the iron sulphide-magnetite relationship
seen within the IMF in this study. The correlations between magnetite formation, and where sulphur
is present, iron sulphide formation, not only in this study in the IMF but in other petroleum systems
across the globe, suggests that this connection is a result of the environments created by migrating and

accumulating hydrocarbons rather than petroleum system-specific conditions.

Research into paleo-reservoirs and the tectonism-derived destruction of hydrocarbon reservoirs by
Zhang et al. (2018, 2019, 2020) reaffirm how hydrocarbon migration causes widespread remagnetisation
within an area, regardless of the post-accumulation evolution of the reservoir. Akin to the analysis in
this study, and previously discussed other research, Zhang et al. (2018, 2019, 2020) identify magnetite
formation during hydrocarbon migration, and also identify the formation of pyrite and pyrrhotite when
sulphur is present in the system. Zhang et al. (2018, 2019) shows the formation of magnetite during
hydrocarbon influx, as a result of the change in environmental conditions, and also identify iron sulphide
mineral formation solely when sulphur is present within the hydrocarbons of the system. This directly
correlates to the magnetic minerals identified in this study, with the Kimmeridge Clay Black Shales
providing sulphur to initiate iron sulphide formation in Well 11/24a-2 and not in any other well, as
well as other research previously outlined. In contrast to this study, Zhang et al. (2020) experiences the
alteration of pyrite into magnetite as a result of fluid migration, whereas this study sees both minerals

present together where sulphur exists in sufficient amounts to produce iron sulphides.

8.5 SUMMARY

When collating all of the data from this study and combining it with other research in this chapter,
a clear image is produced regarding the behaviour of the petroleum system and how the magnetic min-
erals associated with components of it align. Firstly, different potential source rocks in the IMF, and
possibly beyond, bear different magnetic minerals depending on their depositional environments, which
directly relate to varying magnetic mineral assemblages within the IMF petroleum system (Figure 8.4).
The presence of goethite and lepidocrocite in association with the Type I and Type II-III source rocks of

the lacustrine-deposited Devonian Fish Beds and lagoonal-deposited Pentland Formation, respectively,
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Figure 8.4: Cross-section across the Great Glen Sub-basin showing the relationships and behaviours
between the petroleum system and the hydrocarbon-generating source rocks, and the magnetic minerals
within the basin.

are seen across the basin, including in Beatrice, Jacky and Lybster Fields. In comparison, iron sulphides
associated with the Type II, deep marine-deposited Kimmeridge Clay Black Shales are only seen in
certain areas of the IMF, due to a combination of a lack of hydrocarbon generation and structural con-
straints (Figure 8.4). Furthermore, both modelling and magnetic mineral analysis combine to affirm the
presence of siderite formed during vertical hydrocarbon migration, with this predominantly occurring

in association with the migration of Devonian- and Pentland-sourced hydrocarbons (Figure 8.4).

8.6 CONCLUSION

The presence of the iron hydroxides goethite and lepidocrocite contradict the magnetic mineral
assemblages found for Type II-source petroleum systems which are more iron sulphide-dominant (Peters
et al., 2004). This infers a connection between the formation of iron hydroxides and Type I and II-III
source rocks, a connection supported by literature which indicates the lacustrine and lagoonal-to-shallow
marine depositional environments of the IMF source rocks are ideal environments for iron hydroxides
to form. The connection between iron sulphides and Type II kerogen, deep marine-deposited source
rocks is evidenced within the IMF, where Well 11/24a-2 is shown to have Kimmeridge Clay Black

Shale-dominated hydrocarbons present in its vicinity, and is the only well that has significantly high
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proportional presence of iron sulphides in oil-saturated samples in the IMF.

The presence of siderite as a proxy for vertical migration is further supported by this study, as siderite
is identified across the IMF, and the BPSM has shown how vertical migration is widespread within the
IMF petroleum system, moving hydrocarbons from both the Devonian Fish Beds and the Pentland For-
mation into the mid-Jurassic reservoir sands. The presence of siderite across the IMF in alignment with
the consistent proximal-sourced hydrocarbon charging supports the effectiveness of siderite presence as
a vertical migration proxy. However, this study shows that there is less of a correlation between the rel-
ative proportion of vertical migration and extent of siderite presence, although there is room for further

investigation into this connection beyond the scope of this study.

When compared to other research, consistent conclusions can be drawn across numerous study ar-
eas globally. The formation of magnetite and iron sulphides as a result of hydrocarbon migration is
consistent, and typically as a result of the changing of environments and the formation of reducing
environments when hydrocarbons influx into a region. Furthermore, this study supports findings of
other studies that suggest iron sulphides form preferentially when sulphur is brought into a region
via sulphur-bearing hydrocarbons. The iron sulphide behaviour directly connects to the Kimmeridge
Clay Black Shale-charged well 11/24a-2, with geochemical analysis showing that the Kimmeridge Clay
source rocks are typically more sulphur-rich than the Devonian and Pentland source rocks of the IMF.
However, with the challenge in deriving magnetic mineral abundance, it is difficult to assess if there is

a direct correlation between iron sulphide abundance and degree of source rock contribution.
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9.1 INTRODUCTION

The aims outlined in Chapter 1 have been successfully achieved, with an effective basin and petroleum
systems model producing conclusive results surrounding the petroleum system of the IMF. Further-
more, the interconnection between the BPSM and the magnetic mineral analysis has shown direct links
between components of the petroleum system and various magnetic minerals and magnetic mineral be-
haviour. As such, it can be concluded that the aims set out prior to this study have been met and that this
work successfully contributes to the knowledge surrounding magnetic minerals and their relationships

with hydrocarbons.

This sequence of conclusions covers the analytical work conducted in this study. Whilst conclusions
have been drawn and outlined at the end of each of the main chapters of this work, Chapters 5, 6 and
7, this chapter compiles them and connects them together to complete this body of work. This study
has proven successful, and the Inner Moray Firth (IMF) has been a strong candidate for this project,
through good seismic data and core availability, alongside numerous wells and well data through which
analysis has occurred. Furthermore, the identification of non-Kimmeridge Clay-sourced hydrocarbons
offered this study and the study area as a whole the opportunity to correlate and compare the IMF to the
Central North Sea not only through their petroleum systems but also through their magnetic mineral as-
semblages. This study has added a new layer of investigation and discovery onto not only other research
from Imperial College London into the connections between magnetic minerals and hydrocarbons (Ab-
dulkarim et al., 2022a,b; Abubakar et al., 2015, 2020; Badejo et al., 2021a,b,c; Emmerton et al., 2012,

2013), but also from other institutions on other areas of the globe.

9.2 GEOLOGICAL APPRAISAL

Chapter 5 investigates the structure and sediments of the IMF through well log analysis and seismic
data interpretation, and creates a geological model of the basin from them. Well log analysis shows how
relatively consistent the formations are across the IMF, through both well log data and core logging,
proving that the basin exists as a structurally complex layer cake sequence. In tandem with this, seis-
mic interpretation supports the consistency of units across the basin, but also shows how complex and
fault-reliant the basin is. The development of depth and thickness maps for the sequences of the IMF
also produced initial understanding of the petroleum system and its components, and suggest that the
Kimmeridge Clay and Brora Coal source rocks are likely too shallow to effectively generate hydrocar-
bons when compared to the deeper Pentland Formation and the Devonian Fish Beds. Comparatively,
seismic interpretation shows the structural highs and potential fault-trapped locations of the basin into

which hydrocarbons could migrate and accumulate.

9.3 MAGNETIC ANALYSIS

In Chapter 6, this study presents and discusses the extensive magnetic analysis conducted on core-

derived samples from across the Inner Moray Firth. Through room temperature magnetic hysteresis
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property, high temperature magnetic susceptibility and low temperature magnetic remanence analy-
sis, this study proved the presence of seven magnetic minerals in the basin. Pervasive magnetite and
goethite are seen across the basin, supported by extensive siderite presence, and lesser iron sulphide,

lepidocrocite, hematite and maghemite presence.

The magnetic minerals show broadly consistent trends across the IMF, with no clear variation iden-
tified on a basin-scale, however, at well-scale, there are localised patterns that are likely a result of
environmental changes. At basin scale, all twelve wells discussed in Chapter 6 show evidence of mag-
netite and goethite, and nine contain siderite, whilst lepidocrocite is within seven wells, iron sulphides
are identified in four, and maghemite is seen in one. Whilst siderite is seen in wells across the basin, and
iron sulphides are seen in wells in the north west, east and central IMF, only lepidocrocite is constrained

into a part of the basin, through the central region of the IMF.

At well scale, magnetic enhancement, seen most clearly by increases in room temperature magneti-
sation (M), is experienced at oil-water contacts across the basin, reflecting the work of Badejo et al.
(2021c). Of the twelve analysed wells in Chapter 6, ten show evidence of oil-water contacts, identified
through the methods discussed in Chapter 3, and of these ten wells, eight show clear enhancement of
their magnetic responses at their oil-water contacts through increases in Mg. Beyond this identifica-
tion, however, is the discovery of different types of magnetic enhancement in tandem with differing
magnetic mineralogy. This study has shown that the majority of magnetic enhancement-experiencing,
OWC-bearing wells, six out of eight, have below-OWC magnetic enhancement and two out of ten have
above-OWC magnetic enhancement. The enhancement behaviours of the wells align with the magnetic
mineral assemblages identified within the wells, as the six below-contact magnetically enhanced wells
show dominant goethite and magnetite, often with siderite. In comparison, alongside the two wells that
do not experience magnetic enhancement, the above-contact magnetically enhanced wells are the only
wells to show evidence of iron sulphide presence. This shows that the magnetic enhancement is directly
influenced either by the magnetic minerals present in the region, or by the environments necessary to

facilitate the formation of specific magnetic minerals.

The classification of the two groups of wells, the “goethite-rich”, below-OWC enhanced wells and
the “iron sulphide-rich”, above-OWC enhanced wells, shows that whilst mineralogy does fluctuate
across the basin, there is a lack of pattern in the magnetic mineralogy when looked at from a purely
magnetic analysis standpoint. This is proven by the locations of the wells, with the two iron sulphide-
rich wells being located in the north west and east of the basin, whilst the two non-enhanced wells
are situated in Beatrice Field. As such, location relative to the basin cannot be defined as the cause of
the magnetic mineral and enhancement variations alone, with variations in material presence the likely

cause.

The goethite-rich group of wells show evidence of increased ferromagnetic material around the
OWOC, identified as magnetite through the low temperature analysis and the FORC PCA, with this at-
tributed to the pervasive goethite altering to magnetite around the contact. The direct cause of this
alteration is unclear, however the instability of goethite around OWCs compared to further away from

the contact suggests that the change in environment from oxidising to reducing conditions, or vice versa,
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is the cause. In comparison, this behaviour is not seen in the iron sulphide-rich wells, where enhance-
ment at the contacts comes in the form of MD- and SD-domain grains, thus likely representing a direct
increase in the iron sulphides, with this behaviour, enhancement and mineralogy matching those of
Badejo et al. (2021c). Consequently, it can be concluded that the change in magnetic enhancement and
magnetic mineral presence is a direct result of sulphur presence in a region, which not only preferen-
tially forms ahead of other more unstable minerals, but also impacts the alteration of minerals when

present.

Beyond the investigation in well-scale magnetic behaviour, broadly understanding the environments
required to form and stabilise the various magnetic minerals identified in the basin is crucial to under-
standing their implications. In this study, this is done through analysing literature, and has shown that
there are direct connections between the depositional environments of the formations in the IMF and the
environments required to form the dominant minerals of the basin’s magnetic mineral assemblage. Due
to its ability to form in a wide variety of environments, magnetite is the most commonly formed and
observed magnetic mineral on Earth, forming in locations where there are iron and oxygen molecules
present (Dunlop and Ozdemir, 1997; Emmerton et al., 2012). This relatively simple formation is also
seen in hematite, as it is a end-product of the oxidation of a wide range of magnetic minerals (Dun-
lop and Ozdemir, 1997; Evans and Heller, 2003). Goethite has been shown to form in abundance in
lacustrine sediments and red beds, predominantly due to its relationship with hematite, and is also ca-
pable of forming within swamp and lagoonal environments (Berner, 1969; Fortin et al., 1993; Gendler
et al., 2005; Klein and Hurlbut, 1985; Weibel, 1999; van der Zee er al., 2003), and has also been shown
to alter into magnetite if given the necessary environments (Abrajevitch ef al., 2009; Cudennec and
Lecerf, 2005; Goss, 1987; Till and Nowaczyk, 2018; Ibrahim et al., 1994; Lima-de Faria, 1967; Lowrie
and Heller, 1982; Peter D. Rude, 1989; Schwertmann and Fechter, 1984). Siderite requires Fe2* jon-
and carbonate-rich, anoxic, reducing environments lacking in hydrogen sulphides (Bachan and Kump,
2015; Berner, 1981; Lin et al., 2020). The production of reducing environments and the supply of carbon
by the presence of hydrocarbons offer the ideal environment for siderite formation (Emmerton, 2012;
Machel and Burton, 1991a; Machel, 1995), whilst Abdulkarim et al. (2022a) show how the depressurisa-
tion of molecules during vertical migration also forms siderite. Iron sulphides form in highly reducing,
organic-rich deep marine environments, most commonly as pyrrhotite and pyrite Kobayashi and No-
mura (1972). Following this, Abdulkarim et al. (2022a,b); Badejo et al. (2021b,c) identify widespread

presence of iron sulphides in Kimmeridge Clay-sourced petroleum systems.

9.4 BASIN AND PETROLEUM SYSTEMS MODELLING

The basin and petroleum systems modelling conducted in this study, as covered in Chapter 7, was
utilised to understand how the petroleum system of the Inner Moray Firth formed and evolved through-
out its geological history. Modelling was undertaken in two- and three-dimensions, and has proven that
of the four source rocks present within the IMF, one, the Brora Coal, is immature for gas, one, the
Kimmeridge Clay Black Shales, is nearly wholly immature, and two, the Devonian Fish Beds and the

Pentland Formation, generate nearly all of the hydrocarbons within the system.
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Modelling shows that the majority of hydrocarbons have charged vertically, not only directly through
the intermediate formations between the source rocks and the reservoir sequences, but also vertically
surface-ward through the pervasive faults in the basin. Vertical charging from the Pentland Forma-
tion occurred both surface- and down-ward into the reservoir sands within which it is located. Lateral

migration is also extensive, typically occurring up-dip into the structural highs of the basin.

The most dominant control on the hydrocarbon migration, filling and accumulation is the faults that
exist across the basin, as proven by the modelling which shows how significant volumes of hydrocarbons
are lost from accumulations post-66 Ma when faults opened and traps malfunctioned. This fault-derived
loss of hydrocarbons, alongside the tilting of the basin during its late-stage rifting is likely why the IMF
is not as productive a petroleum system as the other regions of the North Sea. The basin modelling has
shown that the hydrocarbon generation of the source rocks is sufficient to form extensive accumulations
should the rest of the components be in place, however this is not the case due to the late-stage evolution

of the basin.

Modelling shows that accumulation of hydrocarbons in the known fields of the IMF, Beatrice, Jacky
and Lybster Fields, begins at approximately 120 Ma, with variations in each source rock contribution
occurring from this until present day. At present day, the mixing ratios between the Devonian and
Pentland source rocks differs between each field, but all three broadly correlate with the geochemical
analysis of Peters et al. (1989), who suggested that the petroleum system is comprised of 60 % Devonian
and 40 % Pentland hydrocarbons. The modelling refines the mixing ratios of the three fields to be
66:34 % Devonian:Pentland in Beatrice Field, 61:39 % Devonian:Pentland in Jacky Field, and 67:32 %
Devonian:Pentland in Lybster Field, which also contains a 1 % contribution of the Kimmeridge Clay

Black Shale-sourced hydrocarbons.

The modelling in this study has identified several potential previously unidentified hydrocarbon
accumulations of potential economic value, with one showing the greatest potential, located on the op-
posite flank of the Great Glen Sub-basin to Jacky Field. This unknown accumulation has a similar
charge history to the known accumulations but modelling suggests a much more Devonian-dominated
hydrocarbon mixing ratio of 82 %, compared to the 16 % and 2 % Pentland and Kimmeridge Clay
contributions, respectively. Beyond this potential accumulation, the discovery of partially mature and
low hydrocarbon generating Kimmeridge Clay Black Shales within the sub-basins of the IMF offer
the potential for Late Jurassic and Early Cretaceous hydrocarbon accumulations bearing a, likely par-
tial, Kimmeridge Clay hydrocarbon contribution. The potential of the Wick Sand in the north of the
IMF, within the Great Glen Sub-basin to accumulate hydrocarbons is reasonable, however it is heavily

dependant on clay-rich lithological constraints in the overlying Cromer Knoll Group sediments.

The hydrocarbon mixing ratios produced in the modelling of this study aligns with the analysis of
Peters et al. (1989), as do Aalund (1983) and Mackenzie er al. (1983). Various estimates of the source
kitchen locations have been produced and published, with this study agreeing with Hogan et al. (1978)
in suggesting that long-range Pentland-sourced hydrocarbon migration is unlikely due to its high wax
content. This study opposes Marshall (1998) who suggest that Beatrice Field-adjacent Devonian source

maturation is unlikely, as the modelling of this study shows that proximal Devonian charging is not only
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possible, but is the greatest contributor to the field. This study agrees with the suggestion of long-range
Devonian-sourced hydrocarbons from Curran (1987a,b) and Underhill (1991), supported by the work of
Parnell et al. (2017) and Peters et al. (1998), who offer potential regions of maturation away from the
accumulations. This long-ranged migration is likely assisted by the extensive faults and their activity, as
shown by this study’s modelling and is supported by the work of Aydin (2000) and Jonk et al. (2003).

9.5 CONNECTIONS BETWEEN MAGNETISM AND MODELLING

Deriving connections between the separate magnetic mineral behaviour and BPSM analysis proved
critical to the understanding of both components, with this covered in Chapter 8. With the formation of
goethite in lacustrine and swamp/lagoonal depositional environments, there is a direct connection be-
tween the extensive presence of goethite in all wells and the near-total Devonian Fish Beds and Pentland
Formations contributions to the hydrocarbons of the petroleum system. Whilst this connection may be
purely coincidental, the differences seen between the majority of the wells and the iron sulphide-rich
Well 11/24a-2 suggest that there is a correlation. This is supported by the connection between the mag-
netic mineral assemblage of Well 11/24a-2 and the modelled hydrocarbon mixing ratios in the same
region, which show dominance of Kimmeridge Clay-sourced hydrocarbons. This correlation is the
same as the hydrocarbon source and magnetic mineral assemblages seen in the work of Abdulkarim
et al. (2022a,b,c) and Badejo ef al. (2021a,b,c) in the Central North Sea. As such, this study proposes
tentative connections between iron sulphides and Kimmeridge Clay-type hydrocarbons, thus potentially
extended to Type II, deep marine-deposited source rocks, and iron hydroxides and Devonian Fish Bed-

or Pentland Formation-type hydrocarbons, thus also potentially kerogen Type I or II-III hydrocarbons.

This study found limited connections between magnetic mineral abundance and hydrocarbon source
rocks due to the difficulty in estimating the abundance of magnetic minerals in samples. In this study,
the Devonian- and Pentland- dominated oil-saturated regions of wells have 50 % of samples containing
one of the indicator minerals (goethite, lepidocrocite or maghemite for Devonian and Pentland sources,
iron sulphides for Black Shales), with the majority having indicator mineral presence in over 90 % of
samples. In contrast, the only well that was not dominated by a Devonian or Pentland charge, Well
11/24a-2, shows 27 % of samples containing a Devonian or Pentland indicator mineral, but seven of
eleven samples (64 %) show the Black Shale indicator mineral (iron sulphides). This correlates to the
over-50 % contribution to the well of Kimmeridge Clay Black Shale-sourced hydrocarbons, as shown
by the modelling. Attempts to constrain the relationship between siderite presence and vertical migra-
tion were successful, as all wells that experience BPSM-derived vertical migration showing siderite.
However, this study shows a lack of connection between siderite abundance and percentage of vertical
migration in comparison to lateral migration, although this is likely due to the limitations of estimating

mineral abundance and the production of migration contribution calculations within the modelling.

The interactions between the magnetic minerals across the IMF and its petroleum system reflect past
work identifying a connection between the two components (Abdulkarim et al., 2022a,b; Abubakar,
2015; Abubakar et al., 2020; Badejo et al., 2021a,b,c; Costanzo-Alvarez et al., 2006, 2019; Donovan
et al., 1979, 1982; Elmore et al., 1987; Elmore and Crawford, 1990; Emmerton et al., 2012, 2013;
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Kilgore and Elmore, 1989; Machel and Burton, 1991a,b; Machel, 1995). This study correlates with
the work of Badejo er al. (2021c) followed by Abdulkarim et al. (2022a), who show how siderite is
formed as a result of vertical migration. The widespread vertical migration shown by the modelling
within this study and the extensive presence of siderite identified in the well analysis. Beyond this
connection, the identification of Kimmeridge Clay-sourced hydrocarbons is supported by the work of
Badejo et al. (2021a,b,c) followed by Abdulkarim et al. (2022a,b), who find extensive iron sulphides
in association of Kimmeridge Clay-sourced petroleum systems of the Central North Sea, furthering
the correlation this study finds between varying magnetic minerals and the source rocks producing
the hydrocarbons they are associated with. This study also directly correlates to the research conducted
across petroleum systems in South America (Aldana et al., 2003, 2011; Gonzalez et al., 2002; Costanzo-
Alvarez et al., 2006; De la Rosa e al., 2021) that follow original work by Elmore et al. (1987), Kilgore
and Elmore (1989) and Elmore and Crawford (1990) in identifying secondary framboidal magnetite as
a result of alteration of pre-existing minerals when not in the presence of sulphur, which preferentially
forms non-magnetite forming iron sulphides. However, this study goes beyond those works by linking

this magnetite formation to the altering conditions around oil-water contacts.
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A.1 BPSM FRAMEWORK

This section of the Appendix covers the generation of, and inputs required to develop, a working
basin and petroleum systems model (BPSM), as carried out in production of the model in this study,
discussed in Chapter 7. The following discusses the various inputs used to build the BPSM, from
geological properties such as formation ages, depth maps, facies and rifting events, to fault presence
and properties, and the external basinal events such as the seabed-depth defining paleo-water depths
(PWD) and the model-bounding temperatures - the sediment-water interface temperature (SWIT) from
above, and underlying heat flow (HF) from beneath. The geological properties of formation ages and
depths are stable across all models and are directly taken from the geological model built in Petrel
(Schlumberger, 2015) and outlined in Chapter 5. The other inputs, which are discussed here, can vary
and ultimately are testable properties rather than directly known or completely provable, and are the
basis of the different testing scenarios undertaken in this study through 1D, 2D and 3D models. When
compiled and then simulated within the various models, these inputs are calibrated against a range of

known datasets collated from core and well log analysis.

A.1.1 STABLE GEOLOGICAL MODEL INPUTS

The first layer of the BPSM is the stable inputs which do not change across model scenarios taken
directly from the geological model. These stable inputs act as the skeleton for which every other variable
is built upon, and therefore are crucial to the success of the models. Due to these inputs being created
directly from data, beyond the issues with depth map interpolation between 2D seismic lines, they are

the most reliable model inputs and are rarely subject to change once created.

A.1.1.1 DEPTH MAPS

The interpreted depth maps, built in Petrel and exported into PetroMod were previously discussed
within Chapter 5, see Figure 5.21. The interpreted depth maps of the Triassic and Jurassic from the
geological model were augmented in the BPSM by the addition of further depth maps created by split-
ting the layers between the original depth maps, to add finer detail of formations that were too thin
to interpret directly, as they exist below seismic resolution. The thin (sub-30 m thick) Stotfield Chert
was added into the top of the Triassic layer, whilst the upper and lower reservoirs and the Pentland
Formation layers were also subdivided further. Splitting of the reservoir layers allowed for the addi-
tion of the mid-reservoir shales, the Mid Shale in the Upper Reservoir and the Lady’s Walk Shale in
the Lower Reservoir, and to refine the reservoir sand facies, which varied in quality across the section.
Furthermore, the splitting of the Pentland Formation allowed for the addition of the thin (maximum 5
m thick) formation-topping Brora Coal. The splitting was controlled and aided by the well log data,
which showed extensive presence of the Stotfield Chert across the basin, the varying reservoir quality
in the lower reservoir, predominantly the J Sand, and the consistent presence of shales and coals in the

relevant regions of the reservoir section.
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A.1.1.2 FAULT PRESENCE

Akin to the depth maps, the faults are exported, as part of the geological model, out of Petrel and
into PetroMod, and as they are direct interpretations from seismic data, are stable within the models
and are not subject to change. Whilst the existence of the faults is not a variable to test, the properties
applied to the faults is, such as timings, fault capillary pressures and fault permeabilities, however these

will be discussed in a following section.

A.1.1.3 AGE ASSIGNMENT

The age assignment inputs are the connection between geological time and the formation layers, and
are linked to the formation depth maps, which indicate both the top of the formation, and thus the age of
final deposition. They are the PetroMod equivalent of a chronostratigraphic chart. The BPSM uses the
ages of the depth maps above and below the layer, and the thickness of the layer, to calculate a constant
deposition rate of the layer throughout its period of formation. These deposition rates, ages and present
day depth maps (those from the geological model) create a burial history of the model, which can be
further altered and impacted by rifting, extra deposition and erosional events. Whilst the burial history

is subject to fluctuation depending on the inputs, the age assignment of the formations do not change.

The age assignment table created for this study’s BPSM is outlined in Table A.1, and contains
a complete sequence of the events the IMF experienced throughout its post-basement formation and
development. The table is separated into both below-, above- and within-reservoir sections and after
each major rifting event. In total, 30 events and ages are included, from the beginning of basin formation
at the base of the model at 420 Ma which began the formation of the basement, prior to the rest of the
basin-forming events to present day (0 Ma). As discussed within Section A.1.1.1, the reservoir section

was heavily subdivided, resulting in a very finely detailed series of events through the Jurassic.

A.1.2 TESTABLE GEOLOGICAL MODEL INPUTS

The testable model inputs from a geological perspective are the properties assigned to the layers and
the faults. Whilst these are known and understood from literature and well log and core analysis, there
is uncertainty in basin-wide consistency and variation where analysis was not possible. As such, there

is testing different scenarios must be conducted to refine model accuracy and results.

A.1.2.1 FAULT PROPERTIES

The faults properties in the BPSM control the fluid flow across and up faults through time, and
ac as either fluid seals or pathways, and thus can heavily influence the petroleum system. Producing
accurate information about fault properties is time consuming, thus they are typically tested through
scenario analysis. In this study, several scenarios were analysed, however the starting point for the fault
properties is thus: the faults act as more of a barrier to fluids during periods of stability, and act as more
of a pathway for fluids during periods of rifting, and the degree to which these occur (more or less of
a barrier and more or less of a pathway) is the testable property. As such, a framework of periods of
stability and rifting was created and applied through testing (Table A.2).
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Table A.1: Table outlining the ages and main events assigned to the BPSM of the IMF in this study, and
the facies assigned to layers. The facies are derived from the properties available within PetroMod, in-
cluding mixing multiple facies, determined through core and wireline log analysis, and, where required,
supported by literature (Andrews et al., 1990; Brown et al., 1988; Glennie et al., 2003; Linsley et al.,
1980, Roberts et al., 1990; Stevens, 1991).

Age (Ma) Horizon Layer (activity below horizon) PetroMod lithology assigned to layer
0.00 Present day Non-deposition then Q deposits Sandstone
23.00 End K & Cz subsifience, Basir'l-formin.g Events 3 & 4; )
erosion & uplift variable sediment removed
66.00 Top Cretaceous (rerf;l\fie(li((;ilsltr?rrltgcui)g?tljgcsgigzion) Clay-rich sands
120.00 | Top Cromer Knoll Group Cromer Knoll deposition Clay-rich sands
13200 | BCU | Hiatus event | -
133.00 Top Wick Sand Wick Sand deposition Sandstone
140.00 Top KCE (& Baggioﬁg(iﬁlgul(ﬂ);\lfent 2) soht;g);;lfdsy(,) zgii?f Slte(:rllesffale
152.00 Top KCF Black Shales KCF Black Shales deposition Black Shale
15730 | Top Heather Formation | Heather Formation depositon | Shale
163.50 Top A Sand A Sand deposition Sandstone
164.70 Top Mid Shale Mid Shale deposition Shale
164.90 Top B Sand B Sand deposition Sandstone
16610 |  TopBroraCoal | Brora Coal deposition | Purccoal
166.30 Pentland Formation Pentland Formation deposition 75% sandstone, 25 % black shale
17765 | TopHSand | HSand deposiion | Sandstone
180.15 Top I Sand I Sand deposition Sandstone with minor cementation
18260 | Toa-Pliens Unconformity | NSD-caused hiatus event | -
182.70 Top LW Shale LW Shale deposition Shale
183.40 Top J Sand J Sand deposition Clay-rich, partially cemented sands
192.35 Top Red Beds Red Beds deposition Clay-rich, partially cemented sands

Equal mix of clay, sand,
carbonates and chert

201.30 Top Stotfield Chert Stotfield Chert deposition

206.30 Triassic Unconformity 5 O(S)nlflsleflri(l)‘ligi ?Z;Ig;e d -

208.15 Top Triassic Triassic deposition Clay-rich sands
. . .. 40 % sandstone, 20 % carbonate,
251.90 Top Zechstein Zechstein deposition 10 % shale, 30 % halite/anhydrite
259.00 Top Rotliegend Rotliegend deposition Clay-rich sands
298.90 End of basin-forming Basin-forming Event 1; all
’ inversion & erosion 2000 m of C sediment removed )
310.00 Top Carboniferous Carboniferous deposition Sandstone
0Old Red Sandstone Flagstones — 47.5 % orgamc—lean, carbon-
37750 Top Devonian fAasstones and fish bed aceousshales, 47.5 % silts, 5 % sandstone.
’ op Levoma g .. Fish beds — 75 % organic-rich shales, 20 %
deposition :
carbonaceous silts, 5 % sandstone
392.50 Top Basement Basement formation Granite

420.00 Base of Model - -
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Table A.2: Table of the fault property framework in the BPSM, from which testing was carried out.
Testing was based on the correlation between faults becoming more permeable and more capable of
migrating fluids during periods of basin rifting and instability, and faults being less permeable and
more of a barrier to fluids during periods of stability.

Faul;gzzgerty Age From (Ma) | Age To (Ma) Rifting or stable Fa?:;g;%ll)g ty
1 421.00 310.00 Stable Barrier
2 310.00 298.90 Carboniferous Rifting Pathway
3 298.90 208.15 Stable Barrier
4 208.15 206.30 Jurassic Rifting Pathway
5 206.30 66.00 Stable Barrier
6 66.00 23.00 Cenozoic Rifting Pathway
7 23.00 0.00 Stable Barrier

A.1.2.2  FACIES

The facies applied to layers within the BPSM are a series of calculable properties that are assigned
to the cells within the model, and these properties vary with the facies. The facies of a formation is
crucial to the modelling as they control the geological properties of the formations, such as compaction
rate, and in turn porosity, permeability, thermal conductivity, capillary pressure and rock stresses, all
of which impact the formations contributions to the petroleum system. Whilst the overarching facies
of each formation is known, there are localised geological variations that cannot be ascertained as data
is not present across the entire basin. This results in a need to test both localised changes in certain
regions, as well as testing mixing ratios of the lithologies used within the layers. Within the models
created in this study, several facies were applied to the formations, but variations on these were tested,
and discussed within Chapter 7 (Table A.3).
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Table A.3: Table outlining the facies assigned to layers in the BPSM, derived from the properties avail-
able within PetroMod. All facies, such as sandstone, shales, carbonates, etc. are assigned geological
properties in PetroMod, produced through calculations and literature, and mixing these facies will cre-
ate new ones with updated and refined properties reflective of the lithologies they replicate.

Layer Baseline Facies
Quaternary Typical sandstone
Cretaceous/Cenozoic Typical sandstone

Cromer Knoll

Typical sandstone

Wick Sand Typical sandstone
Kimmeridge Clay Fm 50:50 % mix of sandstone and sandy, organic lean shale
Kimmeridge Clay Black Shales Black shale
Heather Fm Typical shale
A Sand Typical sandstone
Mid Shale Typical shale
B Sand Typical sandstone
Brora Coal Pure coal

Pentland Fm sands & shales

Mix of 75% sands and 25 % black shale

H Sand Typical sandstone
I Sand Typical sandstone with minor cementation
LW Shale Typical shale
J Sand Clay-rich, partially cemented sands
Red Beds Clay-rich, partially cemented sands
Stotfield Chert Equal mix of clay, sand, carbonates and minor chert
Triassic Clay-rich sands
Zechstein Mix of 40 % sands, 20 % carbonates,
10 % clays and 30 % halite and anhydrite
Rotliegend Clay-rich sands
Carboniferous Typical sandstone
Flagstones — mix of 47.5:47.5:5 % organic-lean
. carbonaceous shales and silts and typical sandstone
Devonian . . .
Fish beds — mix of 75 % organic rich shales, 20 %
carbonaceous silts and 5 % sandstone
Basement Granite
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A.1.3 EROSION MAPS

Erosion maps in PetroMod control the amount of sediment removed during erosive events through
adding then subtracting specified volumes of material. This volume is a further testable input, but differs
from those covered previously as it relates to the basin’s structure rather than the properties of the cells
within it. Consequently, the erosion events within the IMF were tested during calibration and then kept
constant across all further models. Erosion of the Carboniferous at the beginning of the IMF’s formation
was estimated to have removed approximately 2 km of sediments within the IMF (Andrews e? al., 1990;
Brown et al., 1988; Johnson et al., 2005; Roberts et al., 1990; Whitbread and Kearsey, 2016), and as
the calibration fitted this value, it was kept as this and applied to the erosive, rifting event at 298.9
Ma. Similarly, the smaller erosion associated with the late-Triassic unconformity saw 500 m of Triassic

sediment removed across the entire system at 206.3 Ma.

In comparison to the other erosive events, rifting within the Cretaceous and Cenozoic saw uneven
removal of sediment from the basin, resulting in tilting of the system (Andrews et al., 1990; Argent et al.,
2002; Barr, 1985; Hillis et al., 1994; Roberts et al., 1990). To create an accurate erosion map relating
to this tilted, uneven erosive event, apparent erosion at various wells was calculated and converted into

a calibrated map, following the methods of Thomson (1993).

The method is underpinned by the theory that porosity decreases as depth, temperature and com-
paction increases, which results in lower than expected porosities post-exhumation, evidenced by faster
sonic velocities, as seen in the wells within the IMF (Baechle et al., 2008; Berry, 1959; Giles et al.,
1998; Hillis et al., 1994; Jankowsky, 1962; Lang, 1978; Poelchau, 2001; Raymer et al., 1980; Thom-
son, 1993)). The amount of erosion in over-compacted sediments is estimated through the difference in
sonic velocities between the compaction-altered well under consideration and the undisturbed, “normal”

compaction trends seen in a reference well (Hillis ef al., 1994; Thomson, 1993)).

To maintain consistency and accuracy, all calculations are undertaken in a sand-rich formation that
is prevalent within each analysed well and the reference well. Within this study, the Kimmeridge Clay
Formation was selected as the formation for analysis, and Well 13/03-3, in the Outer Moray Firth, was
chosen as the reference well (Figure A.1. To determine the validity of Well 13/30-3 as a reference
well that hasn’t been impacted by uplift or erosion, Athy’s Law (Athy, 1930) was used to determine a
porosity versus depth curve, which was used to produce a sonic transit time curve for typical sandstones
in the same depth region as Well 13/30-3, based on the work of Geldart and Sheriff (2004), which can
be seen in Figure A.2. For each well analysed, apparent erosion (E,) is calculated by the following
equation, where A7y and Afg are the mean sonic velocity of the analysed well and the reference well,
respectively, m is the gradient of the sonic-depth relationship in the analysed well, and dy; and dy are the

depths to the formation midpoint below seabed of the analysed well and the reference well, respectively:

(AZ‘U —AtR)
m

Ex = —dy +dg (A.1)
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Figure A.1: Map of the Inner and Outer Moray Firths, and Northern North Sea showing the locations
of the wells used to build the erosion map of the sediments removed during the late-stage rifting event in
the IMF. Highlighted are the hydrocarbon fields across the region, and the positions of the wells cused
to calculate the erosion volume and the location of the non-erosion impacted reference well, 13/30-3.

Smoothing of the data is necessary for the equation, and in this study is done via a 130-point rolling
average, which not only removes anomalous data but also removes the first and last 65 datapoints from
the logs, thus removing any potential influence from other formations. Following the smooth, Az,
Atg and m are calculated, the latter through the calculation of a trendline of the smoothed data. Once
Ej4 is calculated (Table A.4), the values are plotted on a map and contoured (Figure A.3). The main
limitations to this method are well log availability, evidenced by the lack of wells in the SW of the IMF,
and confidence in the reference well. However, as the Athy’s Law-calculated curve shows, Well 11/30-3
was does not greatly differ from the calculated compaction-formed sonic transit time, proving that it is

a good reference well.

The wells in the IMF have extensive sonic offsets compared to the reference well (Figure A.2).
The reference well is both significantly deeper than the wells of the IMF, and also has slower sonic
velocities at relative depths to the IMF wells, shown by its trendline in Figure A.2. The offset between
the reference well trendline and those of the IMF wells is used to develop the apparent erosion values
in Table A.4, and the erosion map of Figure A.3. The calculated erosion values within the IMF show
distinct variations between the northwest, south and east of the basin, with the highest areas of erosion,
in the northwest, being in the vicinity of the GGF to the northwest and Wick Fault to the north. In
comparison, the south and east of the basin has seen much lower sediment loss, although this may be
skewed due to the previously discussed lack of wells. The erosion map successfully calibrates against

the calibration data, and thus represents the erosion within the rifting event occurring at 66-23 Ma, as
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a result of epeirogenic subsidence and flexural uplift. As this event is in the later stages of the basin’s
evolution, the erosion of material within the Cretaceous and Cenozoic, which this map removes, exerts
significant control on the late-stage evolution of the basin, causing extensive tilting and variations in
compaction, source rock maturity and migration pathways between the greater burial-then-erosion in

the northwest and the lesser burial-then-erosion in the southwest.
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Figure A.2: Sonic-Depth plot of all wells used to calculate apparent erosion, and both their original
sonic velocities (grey) and rolling average results (coloured), alongside their m gradient line. Note
reference Well 13/03-3 is plotted in yellow, and its midpoint sonic velocity is highly correlatable with
the Athy’s Law calculation estimate. The reference well is significantly deeper but has a slower relative
sonic velocity than the wells from the IMF.
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Table A.4: Table outlining the inputs to calculate the apparent erosion within the Cenozoic of the IMF
used in the BPSM, and the reference well (13/30-3) alongside the Athy’s Law calculation used to confirm
the lack of erosion in the reference well.

Well Sonic-depth | Mean sonic velocity | KCF midpoint | Apparent erosion
gradient (m) (Aty; ps/ft) depth (dy; m) (Ep; m)
?gf /'0\1631)1 -0.01888 79.586 2870.99 .
Athy Calc. -0.00647 77.386 2875 -
11/24-1 -0.02960 101.056 422.13 1312
11/24a-2 -0.03800 90.798 417.03 1860
11/29-1 -0.04510 90.837 999.61 1275
11/30-1 -0.05690 97.520 1086.56 835
11/30-2 -0.04126 97.318 1156.24 776
11/30-4 -0.02884 100.128 1104.39 679
11/30-5 -0.01604 99.003 1194.22 648
11/30-7 -0.05660 99.368 1102.79 720
11/30a-10 -0.05550 97.360 1086.22 843
11/30a-8 -0.05013 95.438 1199.12 832
11/30a-B7 -0.03410 92.109 1470.83 737
11/30a-B9 -0.04640 91.596 1501.45 733
12/13-1 -0.05071 86.860 1153.63 1332
12/14-1 -0.04832 76.773 2055.02 965
12/16-2 -0.01182 94.940 619.52 1438
12/18-1 -0.02663 97.835 930.84 974
12/21-2 -0.02521 95.185 1187.07 858
12/21-4 -0.02343 93.332 1266.40 877
12/21-5 -0.04999 93.132 1262.28 891
12/22a-4 -0.03191 86.802 1582.26 907
12/23-2 -0.03882 92.799 1079.01 1092
12/24-1 -0.02052 85.792 1723.82 818
12/26¢-5 -0.03590 94.682 1243.82 828
12/27-2 -0.15570 105.683 986.96 502
12/27-4 -0.05425 104.620 1036.53 509
12/27a-3 -0.03772 91.894 1282.84 936
12/28-1 -0.03093 89.908 1420.84 903
12/29-1 -0.02628 89.150 1502.50 862
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Figure A.3: Map showing the calculated variation in volume of eroded material across the IMF and
the locations of the wells used to calculate it, based on the offset from the relevant wells in the IMF to
the reference well, 13/30-3 in the Outer Moray Firth. Locations of the wells used to develop the map
are shown, including locations of the known hydrocarbon fields within the IMF, and the basin-forming
Sfaults that the erosion is influenced by. Note that X and Y Cells refers to the grid of the BPSM.

A.1.4 MODEL BOUNDARY CONDITIONS

Basin-bounding properties in the BPSM control the conditions around the model through three dif-
ferent components - paleo-water depth (PWD), sediment-water interface temperature (SWIT), and heat
flow (HF). PWD is the depth of the seabed throughout the geological history of the basin, and controls
the height of the model with respect to overlying water. SWIT is derived directly from PWD, and is the
temperature at the top of the model, imposing heat from above as a result of varying sea levels. HF in
the opposing condition to SWIT, in that it controls the underlying heat beneath the model, controlled by
geological processes, most significantly the heat created through rifting. As PWD and HF are estimated

values, and SWIT is calculated from PWD, the conditions are subject to variation and require testing,
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but once they are calibrated successfully, they are kept consistent throughout the models.

PWD is typically estimated through facies variations through geological time, where depositional
environments are used as proxies from sea level. Whilst this gives an estimation of the PWD, there is
variation that must be tested. Post-calibration, the PWD developed and assigned to the models in this
study sees relatively shallow water within the Devonian through to the Triassic, before seeing much

deeper water levels through the late Jurassic and the Cretaceous (Figure A.4).

The SWIT is calculated directly through the PWD, using methods developed by Wygrala (1989).
The SWIT is calculated by estimating temperatures throughout geological time, which vary by latitude,
and factoring in the PWD values. This calculation is built into PetroMod, and is known as Auto-SWIT,
where the inputs required are the PWD throughout time, and the present day latitude of the model, in
this case, S1°N. Once the calculation is complete, the temperature throughout time is assigned to the
model (Figure A.4). As the SWIT is controlled by the PWD, it is not a directly testable input, but does

impact the model and needs to be calibrated as a function of the PWD.

The most dominant boundary condition on petroleum systems is the HF, as it controls the most
impacting condition on the models, and consequently, HF demands intense calibration. HF is estimated
based on work by Allen and Allen (2005), who determine average HF values for a variety of basin-
forming processes, as well as typical baseline, stable values. These values are then applied to the
events within the BPSM, and calibrated against the calibration data in the models, to ensure that the
temperatures within the basin, and the maturity that the source rocks reach, is accurate. Within this
study, a HF was created and successfully calibrated, and contains high HF influxes during the basin-

forming rift in the Permian, and more minor HF influxes within the later rifting events (Figure A.4).

Within this study, whilst the boundary conditions were tested, analysed and altered based on cali-
bration results, this was done prior to the addition of any petroleum systems-based variables. This was
because it was imperative to limit the amount of variables within the models once the petroleum sys-
tems components (e.g. source rock kinetics and facies heterogeneity) were involved, and as such, once

calibration was complete, the conditions were maintained.
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A.1.5 SOURCE ROCK PROPERTIES

Transforming source rocks from simple facies into productive components of the BPSM requires
additional geochemical inputs in the form of source rock properties. These properties — a source rock
kinetic, total organic carbon content and hydrogen index — control the volume and ability of a source
rock to generate hydrocarbons. These properties, akin to the others within the BPSM are variable and

rarely known in complete totality, and as such, are tested to various degrees within the models.

A.1.5.1 SOURCE ROCK KINETICS

Source rock kinetics are sets of characteristics and properties that define how source rocks mature,
thus how they generate and expel hydrocarbons (Bjorlykke, 2010; Dembicki Jr, 2017; Hantschel and
Kauerauf, 2009; Tissot and Welte, 1984). These properties are applied to the cells of the model at-
tributed to the source rock formations, which in turn are used to simulate and calculate maturity levels
in the formations. Kinetics vary between different source rocks and the kerogen types within them, and
due to variations in both of these across geological time, location and depositional environment, they are
subject to alteration and thus must be tested (Bjorlykke, 2010; Dembicki Jr, 2017; Hantschel and Kauer-
auf, 2009; Pepper and Corvi, 1995a,b; Pepper and Dodd, 1995; Tissot and Welte, 1984). In this study,
four kinetics were collated, assessed and applied to the four potential source rocks in the Devonian Fish
Beds, Pentland Formation, Brora Coal and Kimmeridge Clay Black Shales.

The Devonian Fish Beds, Pentland Formation and its topping Brora Coal all lack peer-reviewed and
published kinetics developed for their unique source rock properties, and as such, were assigned the
standardised kinetics produced by Baur (2019). The Devonian Fish Beds were assigned the lacustrine-
depostied Type I kerogen kinetic, the Pentland Formation was assigned the oil-prone, lagoon and
shallow-marine deposited Type II-III kinetic, and the Brora Coal was assigned the gas-producing, marsh-
and swamp-deposited Type III kinetic Baur (2019). In contrast to these, the deep marine, Type II Kim-
meridge Clay Black Shales do have a unique kinetic, developed by di Primio and Horsfield (2006),

which was used and allowed the Black Shales to be modelled more closely to its real-world properties.

A.1.5.2 | TOTAL ORGANIC CARBON (TOC) CONTENT

TOC is the relative percentage of organic carbon in a source rock and is therefore directly relevant
to the amount of hydrocarbons that can be generated from in the source rock. Furthermore, due to this
relationship, TOC decreases as hydrocarbon generation increases as the organic matter is converted into
hydrocarbons. Consequently, a mature source rock’s present day TOC is typically lower than it would
be prior to hydrocarbon generation, thus TOC requires either analysis of immature samples or a back
calculation to estimate the original TOC (Jarvie et al., 2007). The downside with back calculations is
that no one calculation can be applied to all source rocks and their varying kerogen types (Jarvie et al.,
2007), thus making the back calculation an estimation in itself. Consequently, in this study more simple
estimates were created and scenario tested, based on estimates from geochemical work carried out by
Peters et al. (1989) who offered present day TOC values within the IMF source rocks of 4.68 %, 3.40

% and 5.78 %, in the Devonian, Pentland Formation and Kimmeridge Clay Black Shales, respectively.
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A.1.5.3  HYDROCARBON INDEX (HI)

HI is the amount of hydrogen relative to the amount of organic matter within a source rock, in mg/g
TOC, and varies depending on the source rock, kerogen type and depositional environment (Dembicki
Jr, 2017; Hantschel and Kauerauf, 2009; Tissot and Welte, 1984). It is similar to TOC in the BPSM
in that it controls the amount of hydrocarbons generated in the source rocks, and a higher HI typically
results in greater amounts of hydrocarbons being generated. As with TOC, it decreases as hydrocarbons
are generated and it is calculable through source rock sample analysis, or through calculations. As
original, pre-generation HI is typically more stable than TOC, it is easier to estimate values to apply
to the source rocks within the models. However, as HI does vary, both due to kerogen type and source
rock formation, it is crucial that it is also tested. Again similar to the TOC estimations, the HI testing
originated from the work of Peters et al. (1989) who calculated present day HI values of 933, 222 and
387 mg/g TOC for the Devonian, Pentland Formation and Kimmeridge Clay Black Shales, respectively.

A.1.6 HYDROCARBON MIGRATION METHODS

When modelling hydrocarbon migration, the methods of how the fluids migrate are vitally impor-
tant to the model, as methods vary in their calculations, requirements, results and usefulness, with three
methods being the most used — Darcy Flow, Flowpath and Invasion Percolation (Hantschel and Kauer-
auf, 2009). Darcy Flow is the most accurate, using multi-component phase flow calculations based on
relative permeabilities and capillary pressures to move molecules through pore spaces using Darcy’s
Law. However, due to the complexity of the calculations, Darcy Flow requires extensive simulation
time within lots of short-spanned time-sequences, and consequently, takes far longer than deemed ac-
ceptable to be used on large scales (Hantschel and Kauerauf, 2009). Flowpath is a more simple migration
technique that relies on buoyancy to move hydrocarbon molecules surface-ward, and as such is com-
paratively very fast, although struggles to perform within complex basins as it ignores lateral migration
within low permeability regions and flow through time, resulting in very fast hydrocarbon migration
through the models that may be somewhat inaccurate. Invasion Percolation also centres on buoyancy-
derived migration, however it includes geological timescales within the migration, as well as capillary

pressures, giving a more accurate migration calculation than Flowpath.

Due to the mixed accuracies of the migration methods, typically two are combined within a model,
with Darcy Flow used to migrate fluids out of low permeability source rocks, and either Flowpath or In-
vasion Percolation used to migrate the fluids through the carrier beds and into the reservoirs (Hantschel
and Kauerauf, 2009; Schlumberger, 2020). In PetroMod, these combinations are called Hybrid Migra-
tion (Darcy Flow and Flowpath) and Combined Migration (Darcy Flow and Invasion Percolation). Typi-
cally Hybrid is fastest and recommended, however it struggles to calculate migration within sub-layered
model layers (e.g. an interbedded shale and sand layer), and as the IMF is geologically complex, whilst
hybrid was used to more quickly analyse the tested scenarios, Combined Migration was used within the

vast majority of the models.
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A.1.7 CALIBRATION DATA

Calibration data is data collected from sample analysis from wells. Typically calibration data is taken
directly from core analysis, and includes predominantly petroleum system data as well as geological
data that cannot be directly calculated by well log data, such as porosity and permeability. Calibration
data is used to control the simulated, calculated outputs from the BPSM with real-world, collected data
to improve the accuracy of the models, bringing them away from hypothetical, idealised models into

grounded, accurate, interpretable, analytical tools.

Within this study, calibration data was collected from analysis carried out then published in well
reports procured through the Oil and Gas Authority (2021), with no calibration data collected directly.
Predominantly, calibration of the models is done through vitrinite reflectance data, as this is the closest
proxy to petroleum system maturity widely tested through analytical methods. Whilst TOC, HI and
Tmax (maximum temperature at which hydrocarbon generation has occurred) are used as typically
more accurate calibration techniques, these are less widely available within the wells of the IMF, due
to the wells being drilled before these methods were used more consistently. The calibration data used
within this study is outlined in Table A.5. Other data was included in the well reports, such as initial
TOC estimates, S1 and S2 data (source rock quality values from pyrolysis), formation density and
hydrocarbon saturation, however these were not used to calibrate the models as they were in very few

wells, thus could not be relied upon to reflect the properties of the entire basin.

Table A.5: Table outlining the calibration data, and wells containing it, within this study.

Calibration Data Well

Porosity 11/24-1, 11/24a-2z, 11/25-1, 11/30-1, 11/30-2, 11/30-5, 11/30-6, 11/30-
7, 11/30a-8, 11/30a-9, 11/30a-10, 11/30a-A29, 11/30a-B7, 11/30a-B9,
11/30a-B10, 12/13-1, 12/14-1, 12/16-1, 12/21-2, 12/21-3, 12/21-4, 12/21-
5, 12/22-2,12/24-2, 12/25-3, 12/26-2, 12/27-1, 12/27-2, 12/27-4, 12/29-1

Permeability 11/24-1, 11/25-1, 11/30-1, 11/30-2, 11/30-5, 11/30-7, 11/30a-8, 11/30a-
9, 11/30a-10, 11/30a-A29, 11/30a-B7, 11/30a-B9, 11/30a-B10, 12/13-1,
12/14-1, 12/16-1, 12/21-2, 12/21-3, 12/21-4, 12/21-5, 12/22-2, 12/24-2,
12/25-3, 12/26-2, 12/27-2, 12/27-4, 12/29-1

Vitrinite Reflectance | 11/30-2, 11/30-5, 11/30a-8, 12/16-1, 12/21-1, 12/21-3, 12/21-4, 12/21-5,
12/22-2, 12/23-3A, 12/24-2, 12/26-1, 12/27-1, 12/28-1, 12/28-3, 12/29-1

Temperature 11/24a-2z, 11/25-1, 11/30-1, 11/30-2, 11/30-5, 11/30-6, 11/30-7, 11/30a-8,
11/30a-9, 12/21-1, 12/21-2, 12/21-3, 12/21-4, 12/21-5, 12/22-2, 12/23-3A,
12/24-2, 12/26-1, 12/27-1, 12/27-2, 12/28-1, 12/28-3, 12/29-1, 12/29-2,
13/26a-2, 13/26a-4

TOC 11/30-1, 11/30-2, 11/30-5, 11/30-6, 11/30-7, 11/30a-8, 12/16-1, 12/18-1,
12/21-1, 12/21-2, 12/21-3, 12/21-4, 12/21-5, 12/22-2, 12/23-3A, 12/24-2,
12/26-1, 12/27-1, 12/28-1, 12/28-3, 12/29-1, 12/29-2

HI 11/30a-8, 12/16-1, 12/18-1, 12/21-1, 12/21-3, 12/21-4, 12/21-5, 12/22-2,
12/24-2, 12/27-1, 12/28-3
Tmax 11/30-6, 12/16-1, 12/18-1, 12/21-3, 12/21-4, 12/24-2, 12/28-3
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A.2 BPSM FIELD VOLUMETRIC EXTENTS

In the 2D and 3D modelling, initial understanding of the basin and the locations of the hydrocarbon
fields was carried out through shapefiles collated from Oil and Gas Authority (2018), which delineate
the known extents of the fields. However, there are small-scale variations between these delineated
extents and those within the BPSM in this study, most likely due to the seismic resolution limiting the
extent and accuracy of the interpretations. As a result, the outputs of the models within this study do
not directly correlate to the shape and size of the known delineated fields’ extents, and as investigating
localised model results requires constraining the outputs through polygons, the published shapefiles
were not applicable and new ones were required. These new delineations were derived from the final
model extents, but controlled by the most extreme outputs where extensive filling of the fields occurred,
so that the results and investigations therein were accurate to all scenarios tested (Figure A.5). As
such, note that, where applicable, all volumetric comparisons outlined within this study are constrained

through these more refined delineations.

5 km Published delineation

Jacky Field

; | ] r I
B
- =
e
. Beatsiceg¥ield

5 km This study's delineation

z—>

- This study's delineation

Figure A.5: Figures showing the published (upper; red) and this study’s (lower, blue) delineations of
the three hydrocarbon fields within the IMF for accurate volumetric comparisons against the greatest
petroleum saturation volume created in BPSM testing.
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A.3 BPSM SCENARIO TESTING

This section covers the route through model scenario testing that resulted in the successful produc-
tion of a 3D BPSM of the IMF, what variables were required to make it function as expected, what
components are key to the system and what are the results of the source mixing assessment. To reach
the final model, as outlined in Figure A.6, iterative processes were implemented, tested and altered
where required. Within the process, several variables were altered within each component and these
are outlined in Table A.6. It should be noted that whilst Table A.6 outlines a large number of tested
variables in terms of the upper, lower and median inputs, the table does not reflect the total number of
variables tested within this study for each component, due to the need for concision. Furthermore, the
variables within each component that combined for the successful, final model are highlighted in italics.
Within the scenario testing phase, all modelling was carried out on upscaled models, in both 2D and 3D,
where cells were “merged” on a sampled grid of 400 m by 400 m cells, significantly speeding up the

simulation processes without losing significant data quality.

Geological Model inputs: .
- Depth maps —» 2D Modelling |&——

- Chronostratigraphy Fault
- Faults (locations & extents) Properties

l Facies
Erosion
—| 1D Modelling |
Source
/ \ Kinetics
Facies Boundary 0
(ThK and ¢) Conditions ToC
Erosion HI
l Calibration
Calibration successful?
successful? ¥ N
/ \ Yes No —>
Migration
—— No Yes —  Yes <— o > No—>
/ successful?
Apply changes Accumulation
-« -«
to 3D model Yes successful? No
v R | 3D Modelling } ------------------------
Calibration > No |
successful? Mierati
L yes - v igrAUON » No —»

successful? A lati
ccumulation
LYes—> —————» No —»
successful? .
Volumetrics

L Yes > > oy
Yes accurate? No \

Mixing ratios
Lyes—> g - No
accurate?

Final 3D Model|<— Yes <€ I

Figure A.6: Flow chart outlining the iterative processes involved in the creation of this study’s final 3D
BPSM. ThK refers to thermal conductivity and @ refers to porosity.
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Table A.6: Table outlining the components and variables tested within the modelling carried out in this
study, with variables in bold italics being those used in the successful final model.

Tested Variables
Component Point of
P Implementation Upper Median Lower
Limit Limit
All formations 30% increase | No Change | 30% decrease
Thermal Only Fms below reservoir 30% increase | No Change | 30% decrease
Conductivity Only Fms above reservoir 30% increase | No Change | 30% decrease
Only Basement 30% increase | No Change | 30% decrease
Permian rift peak 110 mW/m? | 90 mW/m? 70 mW/m?
Heat Flow K-P rift - peaking at 23 Ma 80 mW/m? | 60 mW/m? | 40 mW/m?
K-P rift - peaking at 66 Ma 80 mW/m? | 60 mW/m? | 40 mW/m?
Permian rift 3000 m 2000 m 1000 m
Erosion ) Erosion Map
K-P rift 2000 m (Figure A.3) 500 m
Open stage (mor n) 3 MPa & 2.5 MPa & 1 MPa &
pef stage tmore ope 390mD | -3.48mD | -1.80mD
Fal;‘l{zscs:af;lls‘zry Open stage 1 . 6MPa& | 5MPa& 4 MPa &
e pen stage 1ess ope 500mD | -475mD | -4.50 mD
permeability
Closed stage 12 MPa & 11 MPa & 10 MPa &
sec slag -630mD | -6.14mD | -5.80mD
Devonian Fish Beds As 7 beds As 2 units As 1 unit
Zechstein salt % 40 % 30 % 20 %
. . . Original
Zechstein sealing capability (full seal) As shale As sand
Stotfield Chert sealing capability Original As shale As sand
Formation Facies (full seal)
Mid-reservoir shale sand % 40 % 20 % 0%
Pentland Fm clay-silt ratio 100-0 % C-S | 50-50 % C-S | 0-100 % C-S
Pentland Fm sand % 75 % 50 % 25 %
. . Original
Brora Coal sealing capability (strong seal) as shale as sand
c . . Baur (2019) | Baur (2019) | Baur (2019)
Kinetic Type Pentland Formation Type II Type IIS Type II-II1
Kinetic Type II-111 . Original Mix of Types | Like Type II
Activation Energy Pentland Formation Type I | IFIT & IIS | or IS
Devonian Fish Beds 10 % 5.5 % 2%
Pentland Formation 7.5 % 4 % 2.5 %
TOC
Brora Coal 70 % 60 % 50 %
KC Black Shales 8 % 6.5 % 5%
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A.3.0.1 THERMAL CONDUCTIVITY

Testing the thermal conductivity of facies in the model is necessary for accurate calibration, and
varying it by 30% above and below the original values of the facies allowed for testing how the heat
fluctuations impact the model (Table A.6). Both increases and decreases of the thermal conductivity
lead to less well calibrated results than the original, unchanged thermal conductivities (Figure A.7).
Furthermore, only varying parts of the basin, e.g. either above or below the Jurassic section, did not im-
prove the calibration enough to warrant varying from the original values (Figure A.7). As such, despite

the calibration with unchanged thermal conductivity not matching perfectly, as outlined previously, no

changes to the thermal conductivity were necessary in the final model.

0, 0 0, 0
Roos 1 23 Repgs 1 23 Rgsy 23 Rgsy 53
0 —— 0 —— 0 —— 0 ——
Cromer Knoll
+ + + + . :
5001 i 500 i 5001 i 500 i Kimmeridge Clay
Black Shales
1000 —+ #\\ . 1000 — #\\ N 1000 —+ #\\ . 1000 | ﬂ# \T Heather Fm
" — N — i — N — Upper Reservoir

- 15001 \ 15001 \ 15001 \ 15001 \ Pentland
~ Lower Reservoir
= 20001 2000 1 2000 A 2000
§ Triassic

25001 2500 1 25001 25001 Zechstein

1? .
i fi Rotliegend
3000 1 30001 3000 1 + 30001 3 Devonian
+ + + +
+ +
] + | | + | +
3500 # 3500 ‘* 3500 ;‘* 3500 @*
Unchanged \ Low Base. \ All Fms inc\ All Fms dec.
4000 4000 4000 4000

Figure A.7: Series of depth plots from Well 12/16-1, in the North of the IMF, showing the results
of varying thermal conductivities on calculated vitrinite reflectance curves and their relationships to
calibration data.

A.3.0.2 HEAT FLOW

Heat flow, being the main, direct influence on basin temperatures required extensive scenario testing.
Based on the estimated heat flow values from Allen and Allen (2005), the upper and lower limits of
the various rifting phases were estimated and tested. The lower limits of the heat flows resulted in
insufficient temperatures to both meet the vitrinite reflectance calibration data and mature the source
rocks of the basin. In contrast, the upper limit of the heat flows resulted in temperatures greater than
necessary for the calibration, and also overmatured the source rocks, especially the Devonian Fish Beds.
This resulted in the use of the median value of the estimated heat flow, that accurately matured the basin
and matched calibration data (Table A.6).

A.3.0.3 RIFT TIMINGS

Rifting timings are also a area of uncertainty as there are no post-Early Cretaceous sediments to
analyse, increasing the importance of regional understanding to its constraints (Andrews et al., 1990;

Bird et al., 1987; Thomson, 1993). Two different scenarios of when this rifting occurred were tested
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within the heat flow variables. Whilst rifting is constrained to the Late Cretaceous and Cenozoic, the
peak of rifting is unknown. Testing the peak at 23 Ma and at 66 Ma resulted in the peak at 23 Ma, fin-
ishing at 2.53 Ma, being discarded as not viable for both basin temperatures and hydrocarbon migration.
In contrast, peaking the rift at 66 Ma and finishing at 23 Ma was highly successful for both (Table A.6).

A.3.0.4 EROSION AMOUNTS

Erosion during rifting events, akin to the uncertainty around timings, is not directly calculable, thus
required testing. Due to the total removal of the previously extensive and thick Carboniferous sediments
in the basin during the Permian rift, estimates of the amount of removal were necessary. Testing the
removal of between 1000 m and 3000 m of Carboniferous sediments led to accurate results through
the removal of 2000 m of sediment (Table A.6). The addition and removal of 1000 m of sediment did
not bury the Devonian sufficiently for it to achieve maturity, and also led to insufficient maturity of
the vitrinite reflectance estimates compared to the sub-Jurassic calibration data points. In opposition to
this, addition and removal of 3000 m of sediment overmatured the Devonian and calibration estimates,

resulting in a very gas-dominated Devonian hydrocarbon contribution.

A.3.0.5 FORMATION FACIES

The facies applied to the formations in the BPSM exerted extensive influence over the petroleum
system, and numerous testing scenarios were carried out to refine these facies within the IMF. The first
facies scenario tested was the presence of the Devonian Fish Beds within the flagstones in the basin, as
whilst there are believed to be seven thin fish beds spread somewhat evenly through the Devonian (New-
man and Dean, 2005), this refined nature is difficult to replicate within a BPSM. The difficulties are due
to BPSMs typically existing as upscaled versions of known properties, and the implementation of seven
sub-5m thick formations, as outlined by Andrews et al. (1990); Brown et al. (1988); Greenhalgh (2016);
Newman and Dean (2005); Peters et al. (1989), proved unsuccessful. The fish beds in the BPSM acted
as intra-Devonian hydrocarbon seals, with each fish bed trapping the hydrocarbons produced from the
fish bed below it, creating a tiered system of traps within the Devonian with no hydrocarbons migrating
out of the formation. Several tests were carried out to ascertain the best combination of the number
of fish beds and their performance in the BPSM, but the only successful result came with all fish beds
combined thickness being merged into one unit positioned at their average depth within the Devonian
(Table A.6). This clearly creates some uncertainty in the model, as differing maturities would occur in
differently located fish beds, however the thickness of the unit matches the total estimated thickness of

the combined fish beds, thus limiting this uncertainty as much as possible.

The Zechstein facies in the IMF are of some debate, as whilst the Zechstein in the North Sea proper
is salt dominated, in its fringes, as in the IMF, there is ever increasing clastic influences (Glennie et al.,
2003). Whilst it is believed that salt is present in the Zechstein of the IMF (Andrews et al., 1990), it
is unclear what percentage of the facies is salt-based, and as salt plays a extensively controlling part
in the North Sea petroleum systems (Stewart and Clark, 1999), it is necessary to test its impact. No
wells show direct salt presence, however this is likely a result of the salt being mixed within other facies

(Andrews et al., 1990), and no cores analysed were cored in the Permian, so defining a salt percentage
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is difficult. Initial salt estimates of 30 % of the facies (Andrews et al., 1990), 15 % each anhydrite and
halite proved successful, both partially controlling hydrocarbon migration but also not acting as a seal
trapping the Devonian hydrocarbon surface-ward progress. Further variations, both lower and higher
percentages proved to have limited impacts beyond minor variations in sealing capability, as such, the
initial estimates, taken from literature, were used. The secondary consideration in the Zechstein is the
sealing capability of the mixed clastic-salt facies, as PetroMod automatically makes a facies containing
salt a perfect seal, which is not the case within the IMF. Consequently, whilst this perfect seal was tested,
it naturally produced a trapping scenario that sealed all Devonian hydrocarbons within the Rotliegend,
so two other seal scenarios were investigated, one where the facies had the seal capability of a shale,
and one of sand’s sealing capability (Table A.6). The sand seal properties proved inadequate as some
degree of sealing within the Zechstein is required to focus the hydrocarbons towards the structural highs
and faults, and the sand-based properties were both geologically inaccurate and allowed significantly
greater and easier vertical migration through the system than needed to fill the structures. Therefore, the
shale-based sealing properties were chosen as these act as both sufficiently sealing and controlling, but

weak enough to allow fluid migration through the formation, unlike a perfect seal would do.

Akin to the Zechstein salt sealing capabilities, the presence of Chert within a PetroMod facies also
results in the assignment of that facies as a perfect seal. Within the Stotfield Chert, at the top of the
Triassic, the chert presence, despite only contributing to 25 % of the facies, therefore resulted in the
Stotfield Chert acting as a perfect seal at the base of the Jurassic reservoir unit, limiting the surface-
ward migration of the Devonian hydrocarbons. Similarly to the Zechstein sealing testing, shale- and
sand-based seal properties were tested, and again, the shale-derived sealing properties were ideal in
both focussing the hydrocarbon accumulations yet allowing migration through formation to occur (Table
A.6).

As the log analysis showed in Chapter 5, whilst the mid reservoir shales, the Mid Shale in the Upper
Reservoir and Lady’s Walk Shale in the Lower Reservoir, are mostly clay-dominated, there is localised
sand influences. Whilst these sand influences are difficult to model as they vary across the basin, a
general addition of an amount of sand within the facies accounts for this well, but this sand contribu-
tion must be tested (Table A.6). Initially mid reservoir shales with 0 % sand were tested however these
drastically limited through-reservoir migration, especially of the Devonian hydrocarbons, preventing
any discernible volume of hydrocarbons accumulating within the Upper Reservoir section. In contrast,
having 40 % sand in these shales did not produce the localised sealing affects seen in the various reser-
voir formations that created localised pockets of hydrocarbons, as well as controlling the accumulations
within the formations. Furthermore, 40 % sand resulted in the mid-reservoir shales beginning to act as
reservoir formations also, which is inaccurate. As a result, a sand contribution of 20 % provided both
the requisite sand component in the shales, whilst also allowing them to act as the local seals they need
to be.

In the Pentland Formation, there are three variables that demand testing within the facies properties
— the shale properties, the amount of sand, and the sealing capabilities of the topping Brora Coal (Table
A.6). Similar to the issues faced within the Devonian and the Fish Beds, the shale in the Pentland Forma-

tion acts as an intra-formational seal between the interbedded sands where the generated hydrocarbons
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accumulate. As such, a shale facies acts as both source rock and seal, preventing expulsion out of the
formation into the reservoir lithologies of the IMF, and required alteration. To maintain the very fine
grained nature of the source rock portion of the Pentland, the scenarios were constrained between shale
and silt, with varying ratios of the two grains the focus of the tests. Any degree of shale contribution
resulted in limited outward migration of the hydrocarbons into the surrounding reservoirs, and as such,
the source rock components of the Pentland Formation were altered to be completely silty in nature.
Whilst this is not totally accurate to the geology seen within the logged cores outlined previously, it is a
function of the way the basin models operate that cannot be avoided. Secondly, the source to sand ratio
in the Pentland is of some uncertainty also, as the formation is chaotically interbedded with no accurate
correlation between the interbeds possible between wells. Consequently, it was necessary to assess how
much sand was present within the formation in a general sense across the basin, and the testing proved
that too much sand resulted in large hydrocarbon accumulations within the Pentland between the more
sealing source rock, limiting outward migration and too little sand limited outward migration due to the
dominant sealing source rock. The successful ratio of source rock to sand was 50:50 %, as this allowed
for both accumulation within the formation and expulsion outward, whilst also not biasing the model
towards either facies without the proof required to justify one being more dominant over the other. The
final variable in the Pentland was one seen deeper in the basin in the Zechstein and the Stotfield Chert,
with the coals of the Brora Coal acting as a very successful seal preventing hydrocarbon migration
from below into the Upper Reservoir section, due to the high capillary pressures generated within coals.
Consequently, as with the other sealing formations, altering the sealing properties of the coal to a shale-
based seal property system, this removed the strong sealing capabilities of the coals whilst also retaining

a degree of seal needed to balance the system.

A.3.0.6 KINETIC TYPES

Kinetic type and activation energy are two variables that control the extent to which hydrocarbons
are generated from the source rocks, thus variations in these can lead to fluctuations in the results. The
activation energy is the energy required to begin generation of various hydrocarbon fractions, and is
most heavily influenced by temperature. As such, the effectiveness of activation energies on a source
rock is often shown through a plot of temperature against transformation ratio (TR), with TR being
the percentage of hydrocarbons generated from a variable number of hydrocarbon components within
the source rock at that location (or cell, in BPSM terms). The assessment of these variables were
primarily focussed on the Type II-III Pentland Formation, with this being the source rock subject to
the most uncertainty in its properties (Figure A.8). Whilst initially a Type II kinetic was employed,
the accuracy was poor, and testing switched to an oil-prone Type II-III kinetic, reflecting the mixed
terrestrial/marine nature of the source rock. Initially, the original activation energy for the Type II-11I
kinetic was used (Figure A.8a), however the Pentland Formation is on the borderline of maturity in large
swathes of the basin, and this combined with its low TOC (sub 3%) meant the original activation energy
was insufficient to mature the source rock enough to generate the necessary amount of hydrocarbons
reported in the known fields (Izundu, 2008; Offshore Magazine, 2012; Oil and Gas Authority, 2018;
Stevens, 1991). In response, the slightly higher activation energy of the original Type II kinetic was
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Figure A.8: Graph showing the transformation ratios and the temperatures they require of the different
kinetics used to test hydrocarbon generation in the Pentland Formation, and their associated maps

showing the degrees of maturity the Pentland Formation reached using them, based on the final model’s
Pentland Formation TOC of 4 %.

applied, but again this proved insufficient for generating adequate hydrocarbon volumes as the onset
of maturity was too late (Figure A.8b). The Type II-III activation energy was then shifted to match the
activation energy onset of a sulphur-rich Type II, but with the trend of the Type II-III, and whilst this was
somewhat successful, it was still not fully acceptable (Figure A.8c). Consequently, the activation energy
was shifted to begin prior to the sulphur-rich Type II kinetic, allowing for early onset of hydrocarbon

transformation, and this provided the necessary charge of early generation needed to produce sufficient
volumes of hydrocarbons (Figure A.8d).

A.3.0.7 FAULT PROPERTIES

Testing the properties of the pervasive faults across the IMF shows how crucial they are to the
petroleum system. Fault Capillary Pressure (FCP) and associated fault permeabilities, calculated by
Schlumberger geoscientists and conveyed to this author (O. Schenk, personal communications, Jan 31,
2022), control how easily fluids flow across and up faults. Within this study, two sets of faults were
required — those during periods of fault closure, during basin stability, and open faults, during periods
of rifting. As such, several combinations were tested, and whilst the closure period tests showed no
variation in results, the openness of the faults did (Table A.6). Testing showed that a closed period
requires an FCP of 11 MPa and permeability of -6.14 mD, and an open period requires an FCP of 2.5
MPa and permeability of -3.48 mD (Table A.7; Figure A.9).

Despite the petroleum saturation-derived geometries of the accumulations in the FCP 3-6 MPa mod-

els appearing to be a strong fit to the field geometry (Figure A.9), the volumes of these accumulations
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Table A.7: Table showing the results of varying FCP and fault permeability scenarios in the Beatrice
Field in both BPSM-simulated masses and calculated converted volume, based on the conversion rate
of 1 toe = 7.142857 boe, and the percentage contributions of each source rock to the accumulation. Bl.
Sh. = Kimmeridge Clay Black Shales.

Fault Simulated Calculated Accumulation contribution %
FCP e
(MPa) Permeability | hydrocarbon hydrocarbon .
(mD) mass (Mtoe) | volume (Mboe) Devonian | Pentland | Bl. Sh.
1 -1.80 24.76 176.86 67.71 32.29 0.00
2 -3.05 51.34 366.71 62.19 37.79 0.02
2.5 -3.48 67.32 480.86 66.24 33.76 0.00
3 -3.90 84.03 600.21 68.22 31.77 0.01
4 -4.50 141.59 1011.36 68.45 31.53 0.02
5 -4.75 170.04 1214.57 64.70 35.26 0.04
6 -5.00 178.32 1273.71 62.24 37.69 0.07
Published estimates® 67.20 480 60 40 0

*Published estimates from Peters et al. (1989); Stevens (1991)
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Figure A.9: Series of maps over Beatrice and Jacky Fields in the centre of the IMF showing the
petroleum saturation percentage of each cell, over a threshold of 25%, developed via various FCP
and permeability scenarios, with consistent TOC values of 4 % and 5.5 % for the Pentland and Devo-
nian, respectively. The threshold is to remove any unsaturated cells from the figures, which show how
much influence the fault properties have on the accumulations.
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Figure A.10: Map over Beatrice and Jacky Fields showing the petroleum saturation percentage of each
cell, over a threshold of 25%, of the final model derived through the FCP 2.5 MPa model, with consistent
TOC values of 4 % and 5.5 % for the Pentland and Devonian, respectively.

are far greater than the estimated volume of Beatrice Field, 480 million barrels of oil equivalent (Mboe,
67.20 million tons of oil equivalent; Mtoe; Table A.7; Stevens (1991)). Consequently, it is necessary
to view the models’ accumulations through their volume rather than geographical extent (Table A.7).
Whilst the FCP 4-6 MPa models fill the field geometry, the volume of hydrocarbons accumulated in the
Beatrice Field in these scenarios is far greater than the estimated field volume, and the FCP 1 and 2 MPa
models do not fill it sufficiently, whereas the FCP 2.5 MPa model does not appear to fill the geometry
but is within 1 Mboe of the estimated volume (Table A.7; Figure A.10).

Whilst the faults act as conduits for fluids, this acts as both beneficial and detrimental to accumula-
tions in the IMF. Even though the faults appear to be necessary to bring hydrocarbons from depth out
of the Devonian into the Jurassic reservoirs, they also appear to allow leakage from the accumulations,
especially in Beatrice Field (Figure A.11). All fault scenarios initially accumulate hydrocarbons within
Beatrice Field at the same rate, and all to a peak mass of approximately 170 Mtoe (1200 Mboe) at 132
Ma, with this likely a result of maturation caused by the mid-Kimmeridgian rifting. However, when
the faults open at the beginning of the late stage rifting at 66 Ma, clear deviations occur in the differ-
ing scenarios (Figure A.11). The more open scenarios, models with FCPs of 1-3 MPa lose significant
volumes of accumulated hydrocarbons, whilst the less open scenarios (FCP 5-6 MPa models) see accu-
mulations continuing to increase in size as more hydrocarbons are trapped instead of lost. This is most
clearly seen in the disparity between the FCP 1 MPa and 6 MPa models, where the more permeable
fault system loses over 80 % (approximately 140 Mtoe) of its peak volume at 132 Ma, whereas the less
permeable fault system gains an extra 15 % (25 Mtoe) of hydrocarbons compared to the 170 Mtoe at
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Figure A.11: Time plots showing the accumulation history of Beatrice Field throughout geological time,
post-deposition of the sealing Heather Formation, under various FCP and fault permeability conditions.
The initial filling of the field occurs at the same rate regardless of fault properties due to it occurring
during a period of stability and closed fault properties. Beyond 66 Ma, when the faults open to varying
degrees, based on their properties, the significant difference in accumulation volumes caused by the
Jfaults becomes clear.

132 Ma (Table A.7; Figure A.11).

The fault properties also exert an important control over the mixing ratios between the Pentland
and Devonian source rocks in the accumulations (Table A.7). The Devonian contribution is more fault-
dependant as it requires them to provide a route for the hydrocarbons to reach the reservoirs, but also
to bypass them, and also as it is the more dominant contribution, it is the most displaced when the
faults open. The impact of the faults is most clearly evidenced in the mixing ratio differences between
the FCP 2 MPa and 4 MPa models, where the 4 MPa model not only accumulates over twice as much
hydrocarbons as the 2 MPa model, but also experiences a 20 % difference in mixing ratio, with the 4
MPa ratio being 67:33 % Devonian:Pentland compared to the 2 MPa’s ratio of 57:43 %.

A.3.0.8 ToOTAL ORGANIC CARBON

Varying the TOC, predominantly of the Pentland and Devonian source rocks, leads to drastic changes
in both the hydrocarbon volumes and mixing ratios between the sources within accumulations. Initial
testing, based on the TOC estimates from Peters et al. (1989), proved overall successful once back-
calculated to their pre-generation content. Whilst the Black Shales and Brora Coal proved to be gener-
ally under-mature, and thus little testing was required, the Devonian and Pentland sources proved to be
somewhat variable. Devonian Fish Beds with 5.5% TOC proved the most accurate as any TOC below
this did not generate sufficient hydrocarbons, and TOCs over 7% proved to preferentially accumulate

large volumes of late stage gas, displacing the oil within accumulations.

In comparison, the Pentland Formation has lower TOCs and lower maturity than the Devonian Fish
Beds, but due to its location within the reservoir sequence, the Pentland Formation TOC variations have
less impact on the accumulated hydrocarbon volumes and more impact on the hydrocarbon mixing ratios
(Table A.8). Scenario testing shows that with each additional 1 % TOC in the Pentland Formation, the
Beatrice Field accumulations increase by only 10 Mboe, a less than 2 % increase in total volume, but

the Pentland Formation contribution to mixing ratio increases by 2 %, thus also reducing the Devonian
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Table A.8: Table showing the results of scenario tests of Pentland TOC in the Beatrice Field, with a
FCP of 2 MPa and Devonian TOC of 5.5%, through the BPSM-simulated hydrocarbon mass and the
calculated converted volume, based on the conversion rate of 1 toe = 7.142857 boe.

Simulated Calculated Accumulation contribution %
Pentland
TOC (%) hydrocarbon hydrocarbon ]
° mass (Mtoe) | volume (Mboe) Devonian | Pentland | Bl. Sh.
2.5 64.49 460.64 72.39 27.60 0.01
3.0 65.74 469.57 70.25 29.74 0.01
4.0 67.32 480.86 66.24 33.76 0.00
4.5 67.81 484.36 64.37 35.59 0.04
5.0 68.42 488.71 62.46 37.53 0.01
6.0 69.70 497.86 59.39 39.59 0.02
7.5 71.18 508.43 55.18 44.80 0.02
Published estimates® 480 60 40 0

*Published estimates from Peters et al. (1989); Stevens (1991)

contribution by 2 % (Table A.8). This relatively large swing in mixing ratios but relatively small change
in total hydrocarbon volume is evidence that the maturity and TOC of the Pentland Formation has
much more control on the mixing ratio than it does the accumulation volume. This is proven by a 3 %
TOC increase in Pentland TOC adding only 30 Mboe to the Beatrice Field accumulation volume, but
changing the mixing ratios from approximately 70:30 to 60:40 Devonian:Pentland (Table A.8). Due to
the extensive variations in mixing ratios created by the minor fluctuations in the Pentland Formation
TOC, assigning a definitive Devonian-Pentland TOC pair is not possible through solely the BPSM as it
was not built for this purpose, however it does confirm the approximate mixing ratio of the two source
rocks suggested by Peters et al. (1989). The final model was assigned a Pentland Formation TOC of
4 % as this produced the most accurate volumetric estimation of Beatrice Field from Stevens (1991).
However, it should be noted that all of the volumetrics, mixing ratios and TOC amounts within both
this study and in published literature are estimations, thus the results of the scenario testing should
be viewed through a more holistic approach regarding the impacts of the scenario testing, rather than

directly focussing on the numbers produced within it.

279



Appendix J.R. Perkins

A.4 WELL LOGS

This section of the Appendix presents all of the well logs used in this study that are located inside
the BPSM boundary and that have all the necessary log data, in a typical “Triple Combo™ structure,
consisting of gamma ray, sonic velocity, density, neutron porosity and resistivity logs. All logs have the
same depth scale, presented in feet MD BRT, with this the domain used during drilling and logging.
Note not all logs have the full resistivity data suite.
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A.5 COMPLETE MAGNETIC DATASET ACCESS

All raw and, where necessary, processed magnetic data produced in this study is available on GitHub at
github.com/JosephRPerkins/Magnetic_data (doi:10.5281/zenodo.6977236).

A.6 BASIN AND PETROLEUM SYSTEMS MODEL ACCESS

The BPSM with which conclusions were predominantly drawn from in this work is available on GitHub
at github.com/JosephRPerkins/BPSM _model (doi:10.5281/zenodo.6977149).
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