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ABSTRACT

A detailed magnetic study has been undertaken for over 115 samples of 12 wells in the
Brazeau area of the Devonian Nisku formation, Alberta Canada. I report a range of
magnetic results including room temperature hysteresis, first-order reverse curve
(FORCs), low-temperature magnetometry, high-temperature magnetic susceptibility
results, Scanning Electron Microscopy (SEM) results of samples from sour gas pools,
sweet gas and oil pools, and dry well. The sour gas pools had the strongest magnetization,
followed by the sweet oil and gas pools, while the dry well had the weakest magnetization
from the room temperature results. There was observable strong magnetic enhancement
at the hydrocarbon fluid contact for some wells particularly the sour gas wells, while some
did not have anomalies exactly at the contacts but few meters away from the contact.
These anomalies are suspected to be paleo-contacts. This observable magnetic
enhancement was caused by inorganic precipitation of interacting single domain hematite
(0.03-0.08 pm), multidomain magnetite with a vortex (3 um above), and SP (<0.03 pum)
greigite and pyrrhotite nanoparticle magnetic minerals at the hydrocarbon contacts. Iron
oxide and sulphide minerals were revealed to be present in all the wells both from low
and high-temperature measurements and also with the FORC analysis showing high
coercivity ~100-350mT. From the data, iron sulphide greigite and pyrrhotite appears to be
in dominant proportion alongside other minerals. I had the strong presence of siderite,
greigite, and pyrite in the sour gas pools, and monoclinic pyrrhotite and maghemite in
the sweet 0il and gas pool and background presence of detrital magnetite, hematite, and
siderite in the dry well. Authigenic magnetite and hematite were equally present in all the
hydrocarbon wells. However, iron sulphide greigite and pyrrhotite appears to be in
dominant proportion alongside other minerals.
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CHAPTER 1

1. Introduction

In hydrocarbon exploration, the use of seismic and well log data for interpretation cannot
be overemphasized as it is one of the most valuable tools used. Acquiring this data can be
very expensive as well as the complexities in the geology of the study area is still not fully
resolved and understood. Given this, it is therefore imperative, to have a complementary
cost-effective approach to exploration that would be of immense benefit to the industry.
This chapter presents the use of a magnetic mineral characterization technique to identify
hydrocarbon fluid contacts and also as a potential indicator of hydrocarbon presence in a
full core.

A relationship between magnetic signatures and hydrocarbon generation was found by
Donovan et al., (1984) where it was suggested that leakage from a petroleum or natural
gas reservoir causes a chemically reducing environment in the overlying rocks and the
consequent reduction of iron hydroxides and hematite to form magnetite causing a
positive magnetic anomaly. This work by Donovan and subsequent authors (Foote 1984,
Saunders and Terry 1985, Henry 1989, Machel and Burton 1993) have proposed the use of
magnetism as a supportive method in hydrocarbon prospecting. Research in this area has
spurred many authors to firmly establish a link between these two phenomena with some

success.

Several studies have been conducted in investigating magnetic mineral formation around
hydrocarbon plume environments (e.g. Reynolds et al., 1990; Machel and Burton,
1991a;1991b; Burton et al., 1993; Machel, 1995; Costanzo-Alvarez et al., 2000; Diaz et al.,
2000; Aldana et al., 2003; Guzman et al., 2011; Abubakar et al., 2016; Badejo, 2019). Alvarez
et al. (2000), Aldana et al. (2003), and Guzman et al. (2011) carried out magnetic tests on
drill cuttings from 24 wells in Venezuela and observed increased magnetic susceptibilities
in the hydrocarbon wells, which was linked to the presence of authigenic magnetite and
iron sulphides. In these studies, magnetic anomalies had a direct correlation with
extractable organic matter (EOM). It was then concluded that the leakage of hydrocarbon
in the reservoir is responsible for increased magnetic susceptibility (Guzman et al., 2011).
A possible pitfall with this study is that samples from drill cuttings must have been
contaminated by drilling fluids made of cement which would influence magnetic results.

Contrary to this, few studies in recent times have carried out magnetic tests on actual core
samples to investigate magnetic mineralogy. (e.g., Liu et al., 2006; Emmerton et al., 2012;
Emmerton et al., 2013; Emmerton, 2013; Abubakar, 2016; Badejo, 2018).

Liu et al. (2006), Emmerton et al. (2012), and Badejo (2019) investigated mass-dependent
magnetic susceptibilities and magnetic hysteresis e.g. saturation magnetization (Ms) and
remanent saturation magnetization (Mrs) in reservoir samples in China and the central
North Sea UK respectively. The results from these studies showed an increase in
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saturation magnetization and remanent saturation magnetization to be higher in oil-
producing samples, and lower in dry wells “background samples”. This increase in
saturation magnetization and remanent saturation magnetization in oil-producing wells
was linked to the presence of (< 50 nm) fine-grained magnetite particles while larger
particles (~30 um) were observed in the dry formations.

Asides from the nano-particles found in the hydrocarbon-rich samples, larger framboids
iron oxide minerals were also found which are made up of nano-particles alongside iron
sulphides (greigite, pyrrhotite, pyrite, and siderite) Elmore et al., 1987; Kilgore and
Elmore, 1989; Elmore and Crawford, 1990; Reynolds et al., 1991; Elmore et al., 1993a;
Emmerton et al., 2012; Abubakar, 2016; Badejo, 2019). Badejo (2019) observed magnetic
enhancement at the hydrocarbon contact for wells on the same hydrocarbon migration
pathway in the central North Sea.

Recent works have established a clearer relationship between magnetism and
hydrocarbons, using a wide range of methodologies and tools, combined with controlled
laboratory experiments (Kars et al., 2012; Emmerton et al., 2013; Abubakar et al., 2016).

Using an extensive combination of geochemical and magnetic data of hydrocarbon
samples, Emmerton (2013) provided a conclusive link between magnetism and oil
biodegradation; Abubakar et al., (2015) integrated 2D seismic data, geochemical analysis,
and mineral magnetic techniques to present direct evidence of the formation of magnetic
minerals during hydrocarbon formation amongst others. Badejo (2019) used the magnetic
signature of core samples with the premise of identifying hydrocarbon migration path
routes came up with an observation that there are magnetic enhancements at the gas-oil
and oil-water contacts of two notable wells of the Tay Formation on the North Sea (Figure
1), this observation brought about a dimension to this study.



Ms (AmKg) Mrs (Am“Kg)
00 20xi0° 40x10° B0x10° BIXIO® 10x10% 1.2x10° 00 500 10x10° 15¢10° 20c0° 25x10°

180 1 1 L 1 1 L 1 180 L 1 1 1 1 1

&
I

5]
Depth (mi

Depth (m)

Figure 1: Plot of saturation magnetization (Ms) and saturation remanence magnetization (Mrs) vs depth. These are both
measures of the total amount of magnetic minerals in the samples. These Figures show magnetic enhancements at OWC and
GOC in wells 21-2/21-25.4 from the Tay Formation (Badejo, 2019).

Moving down the well, there is an enhancement in the magnetization at the depth interval
2220 m and 2230 m signifying the gas-oil contact and oil-water contact respectively (Figure
1) the contacts were identified independently by well log data, pressure data, and
geological core description.

This is important because current methods of identifying and understanding complex
hydrocarbon fluid contacts are disputed in the industry (Bora et al., 2011). Contrary to the
diagrammatic representation of hydrocarbon-water contacts as always sharp and
horizontal (Figure 2) most contacts are irregular and complex, posing a challenge in their
identification (Dennis et al., 2000). A range of fluid contact exists as seen in (Figure 3).
Brown (1992), described three kinds of non-horizontal contacts and their causes;
hydrodynamic tilt is the reason for the type of hydrocarbon contact in (Figure 3b),
reservoir heterogeneity causes the type of contact in (Figure 3c), and semipermeable
barriers are responsible for the contact in (Figure 3d). Hence, hydrodynamic tilts in
contacts; which is the water movement in the reservoir interval, differences in
hydrocarbon permeability and saturation due to capillary effects on various pore systems

and semi-permeable barrier all cause a non-horizontal tilt in the contact (Heasley et al.,
2000)

If these contacts can be identified with precision by examining the nanometric magnetic
minerals at fluid contacts, as suggested by Badejo (2019), this would, in turn, allow for
effective reserve quantification in the future. Hence, understanding these magnetic
enhancements at fluid contacts has the potential to help identify contacts and increase
precision in estimating field reserves and field development.
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Figure 2: Petroleum system elements and processes (Modified from Fanarco, 2015).

This study focuses on the magnetic enhancement in hydrocarbon fluid contacts.
Hydrocarbon fluid contact is defined as that interface that separates fluids of different
densities in a reservoir. The effective identification of hydrocarbon fluid contact is
important in reservoir volumetric calculation, characterization, and history matching.
Oil is generated and expelled from the source rock during the burial at high temperature
and pressure, after which migration occurs. In the event of hydrocarbon migration from
the source to the reservoir, the hydrocarbon is trapped by a permeability barrier that
prevents upward escape (Machel, 1991). This causes gas and oil to form bubbles at the
high end of this trap, resulting in capillary pressure which prevents the hydrocarbon from
expelling all the oil in the pore spaces. This effect creates a transition zone known as the
reservoir.

As the burial depth increases, the source rock expels gas which migrates up-dip (Machel
and Cole 1995). This migration occurs faster than oil. The gas charge migrates into the
reservoir, dissolving the oil thereby creating a multiphase system as a function of
temperature and pressure (Larter and di Primio, 2005). As temperature increases and
pressure increases, the gas expels from the oil forming a gas cap above the oil with
underlying formation water below the oil (Ahmed, 1989).

A fluid contact is, therefore, that interphase that separates fluids of different densities in
a reservoir (Mohson, 1990), gas phase, oil phase water phase, etc. Most hydrocarbon fluid
contacts are not always sharp or horizontal (Figure 1), some are gradational, making them
irregular and complex, hence posing a challenge in effectively identifying them (Dennis
et al; 2000). A range of fluid contact exists (Figure 3) which is peculiar with carbonate
reservoirs because of its unique heterogeneity influenced by diagenesis which in turn
affects hydrocarbon distribution. Also, depending on the lateral pressure, variation in the
reservoir bed can be tilted or flat (Hubbert, 1953; Dennis et al., 2000), in this case, the
availability of pressure data (Repeat Formation Tester (RTF)) can help give more accurate
precision of the exact depth interval of fluid contact.

Also, other conventional methods for identifying hydrocarbon fluid contact exists like the

resistivity wireline logs. Resistivity logs help to identify oil-water contacts (OWC) and
gas-water contacts (GWC) alone, as the resistivity of hydrocarbon is known to be much
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higher than that of water (Kennedy et al; 1996). On the other hand, it cannot be used to
determine gas-oil contact (GOC) because of the similarity between the resistivity of oil
and gas. In this case, neutron porosity and density wireline logs are used; as gas is
naturally less dense than oil and water and the neutron porosity derived for gas is very
negligibly underestimated, this creates a gas effect in the logs, depicting the gas-oil contact
(GOC). Also, geological description through routine core analysis by observing
lithological changes and trends with depth can be used to predict hydrocarbon fluid
contact in some cases.

{b)

Figure 3: Geometries of fluid contacts. (a) Horizontal contacts (b) Tilted, flat contacts resulting from hydrodynamic conditions.
(c) Contact elevation is constant for each lithology type, but pool contact is irreqular due to reservoir heterogeneity. (d)
Irregqular contacts due to the semipermeable barrier in an otherwise homogeneous reservoir. (From Brown, 1992)
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1.1 Study Aim

This thesis focuses on understanding these magnetic anomalies in hydrocarbon contacts
as the causes of this enhancement are yet to be identified. Solving this problem required
the use of data collected from the Nisku to undertake detailed, high-resolution sampling
near fluid contacts. It revalidated earlier claims on the enhancement of magnetic signals
at fluid contacts on the central North Sea. It required carrying out magnetic measurements
on drill core samples collected from the Core Research Centre in Calgary and the
University of Alberta Core facility. This would be the first time the carbonate samples
from the Nisku formation are being studied magnetically as previous works have focused
on great details of their chemistry (Machel et al., 1995) and diagenetic evolution (Machel
and Buschekuehle 2008). Since the samples are of a different lithology; dominantly
dolomites, limestones, and siltstone, this will also test the suitability of this method for a
wide range of lithologies other than clastics. This is important because, it is estimated that
more than 60% of the world's oil and 40% of the world's gas reserves are held in carbonate
reservoirs the Middle East, for example, is dominated by carbonate fields, with around
70% of oil and 90% of gas reserves held within these reservoirs.

This study utilized mostly information from drill cores from the Brazeau study area of the
Nisku as they are known to reveal more precise information about a formation than the
conventional downhole logging methods alone. Burton et al. (1993) observed that
magnetic anomalies can be detectable from cores making them valuable additions to
subsurface methods for assessing the presence of hydrocarbon accumulations.

In a bid to understand magnetic enhancement in a hydrocarbon reservoir, within the
scope of data available, this report provides answers to most of the following research
questions of what processes are responsible for these magnetic enhancements at fluid
contacts.

To provide answers to these questions, the abundance, size, morphology, and mineralogy
of the magnetic minerals were determined. This was done using a combination of high
and low-temperature magnetic measurements combined with magnetic hysteresis
measurements and scanning and transmission electron microscopy.

1.1.1 Research Focus

With the current discovery by the Natural Magnetism Group of a phenomenon that shows
magnetic enhancement at oil-water contacts (OWC), my thesis. aims at understanding the
possible reasons for these enhancements by undertaking detailed, high-resolution
sampling near fluid contacts on the Nisku play of the Western Canada Sedimentary Basin.
This will be the first time the Nisku Formation is being studied magnetically as previous
works have focused in great detail on their chemistry (Machel et al., 1995) and diagenetic
evolution (Machel and Buschkuehle, 2008). The high level of geochemistry already
completed makes them an excellent laboratory since the samples are of a different
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lithology: predominantly dolomites, limestones, and siltstone, this will also test the
suitability of this method for a wide range of lithologies.

The Nisku play is a carbonate system; previous works carried out by the NMG have been
on sandstones, this would be a novel work on carbonates. Therefore, this work will allow
me to further test the universality of this enhancement. Carbonate systems are particularly
important because much of the world’s oil is in carbonate systems, e.g. the Middle East
on its own is dominated by carbonate fields, with around 70% of oil reserves in the Middle
East are in Carbonate fields

1.1.2 Research Questions

In a bid to understand magnetic enhancement in a hydrocarbon reservoir, within the
scope of data available, this project will provide answers to most of the following research
questions:

1. What processes are responsible for these magnetic enhancements at fluid contacts?
2. How do these processes affect the magnetic mineralogy?

3. How stable are these magnetic enhancements for use as paleo-contact identifiers?
4. How do depth and temperature affect these processes?

5. Are these processes universal?

6. Can the process help us improve the yield from mature hydrocarbon reservoirs by
helping us understand the production history?

To provide answers to these questions, the abundance, size, morphology, and mineralogy
of the magnetic minerals will be determined. This will be done using a combination of
high and low-temperature magnetic measurements combined with magnetic hysteresis
measurements and scanning and transmission electron microscopy.

1.2. Hydrocarbon Exploration and Magnetism
In this section, fluid contacts with magnetic enhancement will be looked at.
1.2.1 Fluid Contacts

In a typical reservoir setting, the gas is found at the topmost part followed by oil which
sits on the topwater, the reason for this difference in the arrangement of reservoir fluids
is due to the difference in their densities (Fig. 3). There is a contact between gas, water,
and oil-saturated zones in the reservoir, this is known as the oil-water contact (OWC), gas-
oil contact (GOC), and gas water contact (GWC). The effective identification and markings
of OWC, GOC, and GWC are essential for the volumetric calculation of an oil reserve
(Chombart, 1960). In the identification and marking of OWC, GOC, GWC, several
techniques such as resistivity logs, core analysis, mud logs, have all been developed in the
past, these identification techniques are broken down into three stages for effective
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quantitative interpretation of formation using well log data (Gevers and Watson, 1978),
the first and second stage generates acoustic data for every 0.5ft and final stage collect the
rock physics parameters, alongside a graph of density and velocity with depth to delineate
hydrocarbon zones.

Another approach to identifying fluid contacts is the use of the acoustic log hydrocarbon
indicator (William 1990), this is applied to clastic rocks, to differentiate between the water-
bearing zone and the oil-bearing zone. The most recent is the simultaneous inversion to
estimate subsurface rock properties such as shear impedance, density, and Poisson’s ratio
(Kim et al., 2004).

1.2.2 Formation of Magnetic Minerals and Magnetic enhancement in Hydrocarbon
Environment

Donovan et al. (1979, 1984), Foote (1984), and Saunders and Terry (1985) initially proposed
the use of an aeromagnetic survey as an exploration technique, after which soil magnetic
susceptibility measurements and soil gas hydrocarbon studies were implemented
(Saunders et al.,1989). However, the possible causes of these anomalies have still not been
clearly understood.

A thorough review of published works to date by Reynolds et al., (1990), on the detection
of magnetic anomalies suggested, has shown that some of the results were not properly
substantiated (Reynolds et al., 1990); For example, an aeromagnetic survey conducted in
a Cement Field in Oklahoma (Reynolds, 1982), reported magnetite as a contaminant rather
than a magnetic mineral. Reynolds et al.,, (1990), also suggested that other surveys
conducted in different hydrocarbon fields that had observable anomalies were either due
to the metallic nature of bottom hole assembly equipment or as a result of natural
phenomenon not associated with hydrocarbon seepage e.g. possible sedimentary
deposition of magnetic minerals (Reynolds, 1982; Boardman, 1985; Fishman et al., 1989).

Also noteworthy is that hydrocarbon seepage could be responsible for creating magnetic
minerals (Sassen et al., 1989; Reynolds et al., 1990). This seepage may be responsible for
the destruction of natural remanent magnetization (Kilgore and Elmore, 1989), leaving
behind some hydrocarbon fields with near-surface mineralization without any anomalous
magnetization (Oehler and Sternberg, 1984).

Combustion metamorphism of proliferous sedimentary rocks generates magnetic
anomalies via the formation of magnetite, hematite, ilmenite, titanomagnetite, and other
minerals in hydrocarbon source rocks at the surface or related to hydrocarbon leakage
from reservoirs in the shallow subsurface (Cisowski and Fuller, 1987). Also, diagenetic
chemical and microbial processes can cause anomalous magnetization in hydrocarbon
seepage (Machel and Burton, 1991) as a geochemical study on the Nisku has buttressed
how magnetite is produced by microbial activities or destroyed by desulphurization
(Hans et al, 1991, Goldhaber and Reynolds, 1991) in processes associated with
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hydrocarbon migration. It is however still inconclusive whether this effect can be
identified from airborne surveys (Gay, 1992; Reynolds et al., 1990; Millegan, 1998; Stone
et al., 2004). Morgan (1998) assumed that the weak aeromagnetic property in the oil fields
of the Irish Sea was caused by complicated mixing and migration of fluids with
hydrocarbons resulting in a reduction of magnetization in the sandstone formation.

Another possible cause of anomalous magnetization in petroleum systems is hydrocarbon
migration (Liu et al., 2006). Works on the Mawangmio oil field, Jianghan Basin China had
47samples in total collected from oil-producing wells (M46), dry well (M36) as well as
some background samples to measure magnetic susceptibility, hysteresis parameters, to
access secondary alteration of iron-bearing minerals associated with hydrocarbon
migration, the results indicated that the magnetite susceptibility and saturation
isothermal remanence magnetization (Mrs), saturation magnetization (Ms) of iron-
bearing formation were dramatically enhanced. It was also observed that the grain sizes
of the magnetic particles for the dry well (M36) and the background sample were coarse
(~30 pm) and of detrital origin which in contrast, alteration of hydrocarbon gave rise to
(~25 nm) magnetic particles. The precise nature and mechanism of the formation of these
finer grain particles were still unknown. At this time, the investigation of magnetization
concerning soil geochemistry gives another clear indication of the causes of anomalous
magnetization in a hydrocarbon environment (Emmerton et al., 2013). Wellcore samples
were collected from Colombia, Indonesia, UK, and Canada; the percentage of oil
components and the biodegradation state of the samples were compared to the magnetic
susceptibility and mineralogy. From her findings, the process of biodegradation, removes
aliphatic hydrocarbon from the oil, thereby reducing the oil quality after which, small
magnetic grains get completely removed leaving larger magnetic grains in the presence
of active bacteria. (Abubakar et al., 2015), demonstrated through controlled laboratory
pyrolysis of known source rocks (Wessex Basin, UK) that magnetic minerals form during
the same processes that generate hydrocarbon in a simulated ‘oil kitchen’. The magnetic
minerals formed during pyrolysis were found to be nanometric in size (< 30 nm), with the
potential to migrate with the oil.
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CHAPTER 2

Review of Magnetism

2 Introduction

The second most fundamental force in the universe after gravity is magnetism. All
magnetic materials are assigned to one of the three groups; diamagnetic, paramagnetic,
or ferromagnetic and to a very large extent, most materials are diamagnetic, and those
that do not possess permanent magnetic moments are usually classified as diamagnetic.
In this study, magnetic minerals and their nanoparticle grain sizes were analyzed
extensively. In this chapter, I provide a brief introduction to magnetism and magnetic
minerals.

2.1 Review of Magnetization
2.1.1 Magnetization and Magnetic susceptibility

Magnetic susceptibility describes the response of a material to an external magnetic field
and can be express mathematically as;

M=xH,
Where M= Induced magnetization (A/m)
H= Magnetic field (A/m)
Xx= Magnetic susceptibility which is dimensionless in SI units
Magnetization M is the net magnetic moment (m) per unit volume, it has dimensions A/m.
The external magnetic field H and M are related by (Butler, 1992)
2.2 Classification of Magnetic Materials

Magnetic minerals can be classified as diamagnetic, paramagnetic, and ferromagnetic
based on their response to applied fields. The property of these minerals is described by
the spin and orbital motion of its electron, interaction, and possible response to magnetic
fields (Butler, 1992).

2.2.1 Diamagnetism

Diamagnetism is an elemental property of all matter which are diamagnetic in the
presence of an applied field, in response according to Lenz’s Law to produce a field in the
opposite direction to the applied field (Green, 1974). The effect is weak but can dominate
if a rock does not contain minerals with other magnetic responses, a typical example is
quartz.
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2.2.2 Paramagnetism

Paramagnetic minerals have permanent magnetic moments due to unpaired electron
spins, e.g. in the transitions metals, the third shell is incomplete (Bohr, 1934).In an applied
tield, the atomic magnetic moments align with the field, but in a zero field, the moments
are randomly aligned due to the thermal fluctuations. They do not retain a magnetic
remanence. An example of a paramagnetic mineral is siderite at room temperature
(Roberts et al., 2011).

2.2.3 Ferromagnetism

This is the term used to refer to magnetic behaviour found in substances with permanent
magnetic moments. Unlike in paramagnetic materials, here the adjacent magnetic
moment interacts strongly through quantum mechanical exchange coupling (Butler, 1992;
Walden et al., 1999) to produce a spontaneous magnetization that exists in the absence of
an external magnetic field. (Figure 2.1)
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Figure 2.1: Schematic distribution of magnetic moment in crystals (McElhinny, 1973).

Ferromagnetic crystals are divided into regions called magnetic domains with domains
aligned antiparallel to. (Kittel, 1949). These domains are controlled by competing for
magnetic energies, the demagnetization energy (Ed), which makes them non-uniform,
anisotropy energy (Eanis) which is the magnetic anisotropy, and the exchanged energy

(Eex) which aligns atomic magnets moments, and the external field energy (Eh) (Kittel,
1949).

Below a critical size (do), the magnetic moments are aligned in a single crystal and are
termed single domain structure (SD) (Kittel, 1948). For bigger magnetic grains,
demagnetization energy (Ed) increases relatively breaking the structures into more
domains giving rise to multiple domains (MD) (Muxworthy et al., 2006), separated by
domain walls (Figure 2.2). This effect causes the structure termed the PSD pseudo-single
domain (Verhoogen 1959).
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Figure 2.2: Diagrams showing a) single domain structure b) pseudo-single domain structure and c) multi-domain structure.
The dashed line represents the domain wall and the arrow shows the direction of Ms in the domains (Dunlop and Ozdemir,
1997) Multi-domain grains (MD) are much larger than SD grains, usually in a magnetically unstable state.

2.3 Magnetic Hysteresis

The magnetic behaviour as described in section 2.2 can be easily distinguished when a
magnetic field is applied to it. (Figure 2.3) shows a simple magnetic hysteresis
relationship.

When a ferromagnetic material is magnetized in one direction, it fails to relax back to zero
when the applied magnetic field is removed. The lack of reversibility of the magnetic
curve is known as magnetic hysteresis, which is due to the existence of permanent
magnetizations in the material. The application of a strong magnetic field in a sample
gives rise to a saturation magnetization (Ms). When the field is reduced to zero, the
magnetization remaining in the sample is known as the saturation remanent
magnetization (Mrs) (Figure 2.3), and the field at which the magnetization is reduced to
zero is known as the coercive force (Hc) (Roberts et al., 2013), the field with which the
Isothermal remanent magnetization (IRM) is reduced to zero is known as the remanence
coercivity (Hcr) the whole of these parameters makes up the Hysteresis loop as shown in
Figure 2.3

Mrs

He

500

Figure 2.3: Magnetic Hysteresis plot for Ferromagnetic material showing hysteresis parameters, saturation magnetization
(Ms), saturation remanence magnetization (Mrs), coercivity (Hc).

Multiple partial hysteresis loops form first-order reverse curve diagrams (FORC) (Roberts
et al., 2000). These provide a comprehensive characterization of hysteresis behaviour and
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are of effective use in the study of magnetic materials as first-order transition curves.
FORC diagrams can be assumed to be a map of two distributions: on the x-axis, we have
the coercivity distribution, and on the y-axis the inter-grain magnetostatic interaction
distribution (Neel, 1954); the reality is a little more complex. For simple classification of
samples into box-like SD, PSD, MD regions with arbitrary boundaries a Day plot is created
showing a graphical Mrs/Ms versus Hcr/Hc plot (Day, et al 1977).

2.4 Magnetic Remanence

This is the magnetization left in a material after an applied magnetic field is reduced to
zero. There are several types of remanence, the most relevant ones to this study are
isothermal remanent magnetization (IRM) and chemical remanent magnetization (CRM).

2.4.1 Isothermal remanent magnetization (IRM)

When a sample is exposed to a strong magnetic field at a constant temperature, Isothermal
remanent magnetization can be induced. A typical case study is the hysteresis
measurement in the laboratory. The capacity of a sample to possess isothermal remanent
magnetization is largely dependent on the presence of magnetic grains in the sample with
a coercive force, less than the applied field (Butler, 1992).

2.4.2 Chemical remanence magnetization (CRM)

This is the magnetization obtained during chemical changes in the rock formation, i.e.,
diagenesis. New minerals are formed during diagenesis leaving behind a magnetization
in the rock called chemical remanence magnetization (Elmore et al., 2012; McCabe and
Elmore, 1989; Robert et al., 2015). CRM can be subdivided into two: the pure growth CRM
acquired from the growth of new minerals through a critical volume and the
recrystallization CRM acquired from recrystallization or alteration of pre-existing mineral
grains.

2.5. Magnetic Minerals Associated with Hydrocarbon

Magnetic minerals contribute to the magnetic signature of rocks. (Reynolds et al., 1990)
and the most is the magnetite and titanomagnetite which applies to aeromagnetic surveys.
This study focuses on magnetic minerals associated with hydrocarbons. Numerous
magnetic minerals may be associated with hydrocarbons and associated non-
hydrocarbon gases (predominantly H>S and CO2) e.g., magnetite, titanomagnetite,
titanohematite, goethite, hematite, maghemite, monoclinic pyrrhotite, greigite, and others
(Machel and Burton, 1991). The occurrence of magnetite (FesOs), monoclinic pyrrhotite
(FesSs), and hematite (Fe20s) is largely controlled by hydrocarbon (Machel et al., 1995).
Magnetite and pyrrhotite are relatively abundant in near-surface diagenetic environments
and they have strong magnetic remanences and susceptibilities (Clark, 1983). Hematite,
on the other hand, is weakly magnetic but readily available in red beds. Other magnetic
minerals exhibit weak magnetic susceptibilities in hydrocarbon diagenetic environments,
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making their contribution to be small. Some common magnetic minerals of interest to this
study are:

2.5.1 Magnetite (FesOu): It is one of the oxides of iron, its Curie temperature is ~580°C
(Dunlop and Ozdemir, 1997; Robert et al., 2011). This is the most common magnetic
mineral in rocks. Magnetite changes to maghemite by the oxidation at room temperature.
It is the strongest ferrimagnetic iron oxide mineral and it is relatively abundant in the
earth’s igneous, metamorphic and sedimentary settings. The crystal structure undergoes
a transition to a monoclinic structure called the Verwey transition at ~125K (Verwey,
1939). This transition is followed by a sharp drop in remanence which is indicative of
magnetite in natural samples. When exposed to air, it undergoes an oxidation reaction at
room temperature to maghemite (y-Fe:0s) (Dunlop and Ozdemir, 1997). The newly
formed maghemite shares magnetic similarity with magnetite, it also has an inverse spinel
structure

2.5.2 Maghemite

Maghemite (y-Fe20s) is the oxidized form of magnetite. This occurs when the magnetite
is exposed to air. Its crystal structure is body-centered cubic (bcc) and shares magnetic
similarity with magnetite. Upon heating at room temperature, maghemite becomes
metastable and changes to hematite between 300 -600°C (Dunlop and Ozdemir, 1997). Due
to the unstable nature of maghemite at 350°C where it changes to hematite, its Curie
temperature has become difficult to accurately determine.

2.5.3 Hematite (a-Fe20s): Hematite is readily abundant in all rock types amongst other
iron oxides. Its crystal structure is hexagonal with alternating planes containing (Fe3*)
aligned in the opposite direction, which makes it antiferromagnetic and weaker than
magnetite. The Morin transition for hematite is ~260k and Curie temperature ~675°C
(Evans and Heller, 2003). It is predominantly normally single domain SD and has a
significant contribution from crystal defects and impurities (Dunlop and Ozdemir, 1997).

2.5.4 Iron sulphides: Pyrrhotite (FesSs, FesS1), Greigite (FesS4), and Pyrite(FeS2)

The sulphide of iron called pyrite changes to pyrrhotite by desulphurization. Pyrrhotite
(FesSs) is known to be magnetic pyrite because its colour is similar to pyrite and it is
weakly magnetic. The magnetism increases as its iron content increase upon heating to
~320°C Curie temperature (Dekkers, 1988), when it starts to decompose to magnetite in
the presence of air.

2.5.5 Greigite (FesS4) on the other hand is well known to form a precursor to Pyrite (FeSz).
It is thiospinel in nature, i.e., a sulphide with the inverse spinel crystal structure, like its
iron oxide counterpart. Greigite is an authigenic ferromagnetic mineral that grows as a
precursor to pyrite during early diagenetic sedimentary sulphate reduction (Roberts et
al., 2011). The Curie temperature of greigite is at approximately ~350°C with a cubic
crystal structure (Robert et al, 2011). Greigite lacks a low-temperature magnetic
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transition. Greigite structure is metastable thermodynamically (Lennie and Vaughan,
2006) and is often present as an intermediary between the initial corrosion product of
mackinawite and the final product pyrite.

2.5.5 Siderite Iron II Carbonate (FeCOQOs)

It is a major source of iron commonly found in hydrothermal veins related to barite and
separations in carbonates (Munoz et al., 2005) in an anoxic environment. Siderites are
paramagnetic at room temperature. It is a common source of iron and can be identified
by low-temperature experiments (<40K) due to Néel transition which ranges from 37K-
38K. Siderite oxidizes to magnetite, maghemite, and hematite at the temperature of
approximately above ~490°C.

2.5.6 Titanohematites and titanomagnetites (Fe:(Fes:,T1)204))

The Néel/Curie temperature of titanohematites varies from 300°C to 25°C with a linear
decrease from titanium substitution (Sprain et al., 2016) and has similar magnetic
strengths to hematite. Titanohematites found in sedimentary basins are by weathering in
metamorphic rocks (Kennedy, 1981). Titanomagnetites are relatively abundant in basalts,
igneous and metamorphic rocks. They undergo partial oxidation to form, titanohematite
with reduced magnetic properties (Wechsler et al., 1984).

2.5.8 Pyrite (FeS2)

Pyrite is the most abundant sulphide mineral in nature, also known as “fool’s gold”. The
lattice crystal structure of pyrite and pyrrhotite are the most stable iron sulphides and
considered to be the corrosion products seen in long exposures.

In the course of this study, magnetic minerals are usually identified by a low-temperature
crystallographic transition, a high-temperature measurement curie temperature, and
electron microscopy. The magnetic properties of these minerals and the temperature to
which they can be identified can be summarised below.
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Table 2.1: Magnetic property of the minerals vital for this study alongside their temperatures of identification. Tc is the curie
temperature, Ms is saturation magnetization, low-temperature (LT) behaviour describes the low-temperature crystallographic
transition of minerals on cooling remodified from (Evans and Heller 2003)

Mineral Composition Magnetic order | Tc/Tn Ms LT LT
at room (°C) (Am? | transition behaviour
temperature kg) (K)
Oxides
Magnetite FesOs Ferrimagnetic ~580 90 ~125 Verwey
transition
Hematite aFe20s Canted 675 0.4 ~260 Morin
antiferromagnet transition
ic
Maghemite YFe203 Ferrimagnetic | ~600- ~80 | ...l Hump on
650 cooling
Titanohematite Fey?Fe3*. Ferrimagnetic 150- | | ... Increase in
2y Tiy#Os* 200 remanence
on cooling
Goethite aFeOOH Antiferromagne 120 | ] Increase in
tic remanence
on cooling
Sulphides
Greigite FesSs Ferrimagnetic ~330 ~200 | No low-
temperature
behaviour
Hexagonal or FesSs Ferrimagnetic 320 ~25 30-34 Besnus
monoclinic transition
Pyrrhotite
Pyrite FeS: Paramagnetic
Iron
bicarbonate
Siderite FeCOs Paramagnetic | -239.15 34 K in the
presence of
a field
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2.6 Magnetism and Hydrocarbon

In this section, microbial and chemical processes responsible for the formation and
destruction of magnetic minerals in reducing conditions caused by hydrocarbon invasion
are discussed in detail.

Chemical and microbial processes are responsible for anomalous magnetization in
hydrocarbon seepage environments (Burton et al., 1993). Lateral and vertical migration
via the overlying beds during seal failure or fracture results in diagenetic changes
resulting increase in dissolved sulphur and iron (Miller et al., 1987). This dissolution
alongside changes in temperature, pressure, Eh which is the reduction potential that
measures the oxidation or reduction state of a solution measured in volts (Rao et al, 2013),
pH which defines the tendency of an environment to oxidize or reduce substrates and the
value decreases from oxidizing to reducing environments(Mairer et al.,2009), pore water
and dissolved inorganic carbon will influence the stability of certain magnetic minerals
resulting in alteration and formation of new ones (Machel and Burton, 1991a; Machel,
1995).

The use of thermodynamic stability diagrams with thermodynamic models was used to
predict the stability of magnetic minerals present from near-surface conditions to deep
burial diagenetic conditions (6000 m) (Burton et al.,1993) caused by hydrocarbon seepage.
I carried out similar thermodynamic models with the Geochemist Workbench including
greigite that was never done from previous models into the database, 16 phase diagrams
were created, and results were summarized. (Curtis et al., 1985; Katz et al., 1998; Lu et al.,
1991; Moreau et al., 2005; Tohver et al., 2008) revealed how magnetic minerals changes
due to the physical and chemical alteration that takes place in clay minerals. This is
discussed in detail (see Chapter 4).

Hydrocarbon Infiltration: hydrocarbon invasion alters magnetic mineralogy in host rocks
(Burton et al., 1993; Elmore et al., 1993; Machel, 1995; Emmerson et al., 2012; Abubakar et
al., 2015; Badejo, 2019) during lateral or vertical migration, hydrocarbon invasion in host
rocks alters magnetic mineralogy or the activity of microbes in the reservoirs can cause
biodegradation to take place in then hydrocarbon(Richardson and Noltimier,1980;
Ellwood and Pemberton, 1984; Elmore et al., 1987; McCabe et al., 1987; Ellwood and Crick,
1988; Peirce et al., 1998; Aldana et al., 2003; Costanzo-Alvarez, 2006; Diaz et al., 2000; Rijal
et al., 2010; Emmerton et al., 2013).

Orogenic fluids help to transport hydrocarbon in the reservoir. They are known to be a
very common source for chemical remagnetization (McCabe and Elmore, 1989;
Stamatakos et al., 1996; Elmore et al., 2001; Elmore et al., 2012; Wilkinson et al., 2017).
Orogenesis is a process that can influence the migration and transportation of magnetic
minerals and basinal fluids vertically via fractures and faults and laterally via aquifers
which results in chemical remagnetization and magnetic mineral alteration. (Elmore,
1989; Elmore et al., 2012).
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2.6.1 Magnetic mineral diagenesis

Change in redox conditions influences the creation of new authigenic magnetic minerals
and the destruction of detrital minerals in sedimentary environments. These new
authigenic magnetic minerals form under a set of conditions that can subsequently
change, for example, an increase in temperature, pressure, Eh, pH or weathering. At the
occurrence of this, already existing minerals alter to form an equilibrium with the new
one. Some studies have emphasized that Magnetic mineral diagenesis leads to secondary
remanence magnetization through chemical remanence magnetization (McCabe and
Elmore, 1989; Elmore et al., 2012). The action of externally derived fluids such as magmatic
plumes, hydrothermal fluids, orogenic fluids, reservoir fluids, and hydrocarbon aid the
geochemical processes that leads to the alteration of minerals during burial (Machel and
Burton 1993; Elmore et al., 2012).

2.6.2 Remagnetization

Remagnetization occurs due to alterations caused by chemical changes in the
environment. The type of chemical environment is, however, a key indicator of the nature
of remagnetization that will take place. In sulphidic environments, iron sulphide minerals
are formed, e.g., pyrite and some greigite and mackinawite (Robert et al., 2015) likewise
in ferruginous environments iron oxides are formed (Robert et al., 2018) e.g. hematite,
magnetite.

Also, several studies have discussed the possible factors enabling remagnetization in
sedimentary environments which are;

Clay mineral diagenesis: (Curtis et al., 1985; Katz et al., 1998; Lu et al., 1991; Moreau et al.,
2005; Tohver et al., 2008) revealed how magnetic minerals changes due to the physical
and chemical alteration that takes places in clay minerals.

Hydrocarbon Infiltration: hydrocarbon invasion alters magnetic mineralogy in host rocks
(Burton et al., 1993; Elmore et al., 1993; Machel, 1995; Emmerson et al., 2012; Abubakar et
al., 2016; Badejo et al., 2019) during lateral or vertical migration, hydrocarbon invasion in
host rocks alters magnetic mineralogy or the activity of microbes in the reservoirs can
cause biodegradation to take place in hydrocarbon (Richardson and Noltimier, 1980;
Ellwood and Pemberton, 1984; Elmore et al., 1987; McCabe et al., 1987; Ellwood and Crick,
1988; Peirce et al., 1998; ; Diaz et al., 2000; Aldana et al., 2003; Costanzo-Alvarez, 2006; Rijal
et al,, 2010. Emmerton et al.,, 2013.) Orogenic fluids: These fluids help to transport
hydrocarbon in the reservoir. They are known to be a very extremely common source for
chemical remagnetization (McCabe and Elmore, 1989; Stamatakos et al., 1996; Elmore et
al., 2001; Elmore et al., 2012; Wilkinson et al., 2017). Orogenesis is a process that can
influence the migration and transportation of magnetic minerals and basinal fluids
vertically via fractures and faults and laterally via aquifers which results in chemical
remagnetization and magnetic mineral alteration. (Elmore, 1989; Elmore et al.,2012)
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2.6.3 Chemical Remagnetisation due to burial

Thermodynamic stability diagrams can be used to predict magnetic mineral assemblages
(Burton et al., 1991; 1993). A proposed theoretical model attempting to explain the
thermodynamic stability of common magnetic mineral assemblages at different
diagenetic settings concerning proximity to hydrocarbon accumulation, depth, presence
or absence of chemical species (HS-, HzS, or SOs %), pH and Eh values (Table 2.2). This
model predicts magnetic mineral stability as a function of depth and sulphur
concentration. At 200°C and 600 bar pressure which connotes deep burial condition,
hematite becomes unstable giving room for magnetite to be stable at low sulphur
concentration, at high sulphur concentration, magnetite becomes unstable making
pyrrhotite to be very stable (Table 2.2). This result illustrates how the stability of the
magnetic minerals changes under reducing conditions and with increasing burial and
their proximity to hydrocarbon seepage (low, high, and zero concentration levels). This
inclusion of greigite into the model had its result output discussed in Chapter 5, which is
not included below.

Table 2.2: Changes observed in minerals as they get buried deeper. LTS, MTS, and HTS denote total sulphur levels. The
magnetic contrasts are shown concerning background levels, an increase (+) or a decrease (-). U=unstable, S=Stable; or replaced
by MAG=magnetite, SID=siderite, PY=pyrite, PYR=pyrrhotite, and HEM=hematite. HC= hydrocarbon. The orange box

highlights the conditions closest to the reservoir conditions in the Carbonate Nisku formation. Greigite was not included in
previous calculations but have been included in these calculations by me. Table modified from Burton et al., (1993).

No HC Plume Distant from HC Plume Near HC Plume
Hem Mag Pyrrh|[Hem Mag Pyrrh +/-| Hem Mag Pyrrh +/-
ITs | s U U [Magrsid S/Sid U 4| U U U -
2% gl s u u [Py u u - |u u u
1 bar
HTS| s U u_|Py U Py - [ Uy u U
Irs | s u U [Magssid S/Sid u 4| U u u
20°C wirs| s U U |p 5/5id u  _ |fuey u U
150 bar Y I
HTS| S U U |py U S + |lry u s 4
s | S u U [Mag $/Sid Uu +-|U u/sid u
100 °C . .
5 u u alr
300 bar MTS Mag S/Sid U +-||PY u/sid u
urs| S u U [py S/Pyrrh S+ [|Py U S__+/
I7s | s U U [Mag S/Sid U +/-| Mag S/sid u -
200°C Ma i +/-| Ma $/Sid +-
500 bar™TS| u U 9 5/Sid U g u
HTS| S U U_[Mag S/Pyrrh s+ | Mag/Pyrrh S/Pyrrh s+
High Eh/pH low S,var Fe>*  pH >7.5 med/low Eh S,var Fe?* pH <7.5 med/low Eh S,var Fe?

Table 2.2 suggests that magnetic minerals are most likely to alter with proximity to
hydrocarbon seepage, this alteration further continues downwards as sediments are
buried more deeply. The boxes highlighted in the table is relative to the burial levels and
the sulphur concentration levels in the Nisku formation which is the study area focus of
this thesis (see Chapter 3); very moderate to very high sulphur levels, close to the
hydrocarbon plume at a temperature between 50°C and 100°C, at this depth interval,
hematite is replaced with pyrite alongside and greigite as sulphur concentration
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increases, the unstable nature of magnetite becomes evident as it changes to siderite,
while increased sulphur concentration makes pyrrhotite stable, more discussion (see
Chapter 4)
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CHAPTER 3
NISKU GEOLOGY

3 Geology of the Devonian Nisku formation

The Nisku Formation of the Alberta Basin in the Western Canada Sedimentary Basin
(Figure 3.1), is discussed in terms of the facies, members, diagenesis, and works that have
been carried out on the formation. The Nisku Formation study area (Figure 3.1) was
chosen for this research because detailed geochemical analysis of the play has been
reported, e.g., Machel (1985) discussed its facies and diagenesis in detail, geochemical
work was also done in Machel et al. (1997), Machel and Buschkuehle (2008) amongst
another discussion of its reservoir characteristics and properties.
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Figure 3.1: Schematic Map showing the location of the Nisku formation Geological Map of Alberta showing the Brazeau study
area and environs with hydrocarbon pools showing the paleogeographic setting during deposition of the Nisku Formation
(reproduced from Burton et al., 1995 and 2003).

3.1 Geological Background

The Nisku study area lies in a foreland basin which is 48 m (156 ft) thick at the type section.
Its thickness ranges between 40 to 60 m (131 to 197 ft) thick throughout southern and
central Alberta. The formation thins to 35 to 45 m (115 to 148 ft) where it overlies the Leduc
carbonate complexes. In eastern Alberta, the Nisku Formation has been truncated by pre-
Cretaceous erosion. In west-central Alberta thicknesses, greater than 100 m (328 ft) are
encountered within the Winterburn Basin (Chevron, 1979). It is made up of light brown
to light grey crystalline dolomite, with lesser amounts of brownish-grey dolomitic
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siltstones, green shales, and anhydrite (CSPG, 2003). The Devonian Nisku Formation is of
Frasnian age and belongs to the Winterburn Group. It is interpreted to have undergone
24 diagenetic stages, which are predominantly dolomitization and anhydritization
(Manzano and Machel 1997). From 0 to 1000 m burial depth dolomitization took place in
the Nisku Formation from fluids from the underlying Ireton Formation. 3000 m burial
depth downwards anydritization took place in the Nisku Formation or during late-stage
diagenesis. Some of the build-ups of the Nisku are partially lithified during the deposition
in the shallow phreatic environment, while the rest is subaerially exposed. The Nisku is
located adjacent to the Rocky Mountains (Figure 3.1). During oil emplacement in the Nisku
Formation, thermochemical sulphate reduction took place, resulting in the displacement
of anhydrite in the deepest build up and formation of dead oil, sour gas, calcite, saddle
dolomite, and elemental sulphur (Machel, 2004). The Nisku is divided into three study
areas; the Brazeau, the Bigoray, and the Pembina area (Figure 3.1). These areas are divided
according to the regions and provinces with which the Nisku spreads across. Brazeau area
spreads across Manitoba from Alberta, then Pembina spreads towards the south-central
region of the province of Manitoba and the Bigoray around central Alberta. More
emphasis is laid on the Brazeau area as most of the wells examined magnetically were
from this study area.

3.1.1 Stratigraphy

The Nisku Formation is about 40-60 mm thick towards the West of the Leduc reef system
and 50-70 m thick in Central Alberta. It thins out towards the Peace River Arch and slowly
disappears towards the North East British Colombia (Machel et al. 1995; Upper et al.,
2000). The Nisku formation is made up of bank facies, reef facies, and facies of the basinal
slope system. The Nisku Formation in the Alberta subsurface conformably overlies the
Ireton Formation of the Woodbend Group and is also overlain conformably by the Calmar
Formation of the Winterburn Group (Machel 1985) (Figure 3.2). It was deposited in a
slowly subsiding tectonic shelf which was developed in response to Late Frasnian
regression (Watt, 1987). The carbonate ramp and basin configuration are also believed to
be controlled by a relative rise in sea level (ERCB/AGS, 2008). Based on seismic data and
character, the Upper Devonian (Frasnian) Nisku Formation has been divided into Nisku
inner shelf, Nisku outer shelf, slope, and Winterburn Basin (Chevron, 1979).
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Figure 3.2: Tectono- stratigraphy and Schematic cross-section of the Devonian Nisku formation highlighted in red with all its
members. Redrawn from Alberta Energy Regulator Devonian Wood bend/Winterburn strata 2003).

Due to the complex depositional history and environment, The Nisku Formation
comprises bank facies, reefal facies, and basinal/slope facies (Figure 3.3). Facies changes in
the prograding carbonate platform allowed for a finer subdivision of the Nisku Formation
into constituent members, this is evident in the Pembina- Brazeau area which is located
on the Nisku Shelf. Using log characteristics and lithologies from wells in the Brazeau
area, the members of the Nisku Formation are Lobstick, Bigoray, Cynthia, Wolf Lake,
Dismal Creek, and Zeta Lake.

3.1.2 Brazeau Area

The Brazeau Area is one of the geographical divisions of the Nisku Formation and is
named after the Brazeau River (Machel et al., 2005). It is in the Alberta Basin west-
southwest of Edmonton (Fig 3.1). In the downdip Brazeau Area, the Nisku reefs contain
oil, sweet condensate, and then sour gas condensate in a general downdip direction
(Figure 3.3). The initial volume of oil in place for the whole reef trend was originally
estimated as 325.1 Mm?, with initially estimated reserves of 167 Mm? and remaining
reserves at 51.5 Mm? (ERCB, 1985). Early estimates of gas reserves exceeded 14 Gm?
(Watts, 1987). It is important to note that almost the entire Nisku in the Brazeau Area is
completely dolomitized as it has been earlier stated that reservoir properties are
controlled by a complex sequence of diagenetic processes (Rennie et al., 1989).
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Most core samples for this study were collected from the Brazeau Area of the Nisku
Formation. Eleven (11) drill core samples were taken from Brazeau Area, one from the
Pembina area and the last from the Bigoray Area. These samples were chosen because the
Brazeau Area has most of the oil pools in the area, Machel (1985) and other researchers
had previously carried out detailed work on the area, and samples were easily accessible.

THE BRAZEAU AREA

WELL TYPE

* OIL
GAS
DRY

O unknown

FACIES
. BANK-EDGE-REEF

Figure 3.3: The study area (Brazeau Area) showing the facies and their distribution, wells, and line of section ECD (Fig. 3.6)
(Redrawn from Machel, 1985).
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Figure 3.4:Cross section showing distribution and the stratigraphic relationship of all Nisku facies in the Brazeau Area (line
of section ECD in Fig 3.5) 4-8, 5-8, 4-25, 2-11, 8-1, 11-32 are all wells.

3.2 Diagenesis in the Nisku Formation

Diagenesis refers to the physical, chemical, and biological changes that happen to
sediments after they have been deposited and during the process of lithification, which in
carbonate rocks strongly alters the reservoir properties (MacKenzie et al., 1965). In the
Nisku, intermediate burial diagenesis is the most important factor because this has altered
the porosity and permeability of the Zeta Lake Member (Anderson, 1985; Machel, 1985;
Watts, 1987a). Machel (1985; 2003) identified over 19 distinctive diagenetic phases and
processes, following combined interpretation of stratigraphic, petrographic, and
geochemical data. The relative timing of these diagenetic phases is based on principles of
superposition and cross-cutting (Machel and Buschkuehle, 2008). The diagenetic history
of the Nisku Formation is shown in Figure 3.7 (e.g., stages I-V) and are summarised below.

During shallow burial of up to 300 m in the Late Devonian, the carbonate sediments
underwent lithification to limestone, by different calcite cements. In the late Devonian and
Mississippian, during burial from about 300 m to 1500 m, most Nisku reefs were
extensively dolomitized to so-called grey matrix dolomite (Machel and Burton, 1991); for
every reef encountered in the diagenetic phase, 23% of replacive anhydride was present
with a milky white, nodule texture.

After a long duration of sequential deposition, erosion, and non-deposition, the Nisku
reef underwent burial fairly rapidly from 2000 m to a maximum depth of about 4500 m to
6000 m (depending on the location within the study area) during the Late Cretaceous and
Early Tertiary. This will be further explained in detail at each stage.
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3.2.1 Diagenetic Stage I (phases 1-6, 7a)

This diagenetic stage encompasses deposition and shallow burial up to about 300 m
during the near end of the Devonian period. The reef mound was poorly lithified in the
upper part and partially lithified in the lower part. At 300 m burial depth, reefal and non-
reefal strata were lithified (Upper et al., 2000).

3.2.2 Diagenetic Stage II (phases 7b, 8-10)

The stage represents a combination of rapid, shallow to intermediate burial conditions,
300 to 1100 m. This burial depth was reached in the Mississippian period in most of the
study area. Chemical compaction, matrix dolomitization, and replacive anhydritisation
are major events in this diagenetic stage. Chemical compaction started near the end of the
Devonian period and continued throughout the Mississippian period (Machel et al., 1995).

3.2.3 Diagenetic Stage III: This stage encompasses a long period of non-deposition, minor
sedimentation, and erosion (Machel 1987).

3.2.4 Diagenetic Stage IV (phases 11-14)

This stage encompasses intermediate to deep burial events, from 1500-2500 m in the
Bigoray area and 2000-3400 m in the Brazeau area, signifying a repetition of rapid burial
during the Late Cretaceous and early Tertiary. The burial limit of this stage was reached
near the end of the late Cretaceous period. Regional structural deep in this stage is
responsible for the variation in depth between North East and South West of the study
area. Oil generation and migration took place during this stage. Hydrocarbons were
derived from the underlying and adjacent strata, which then requires vertical and lateral
migration into the Nisku reservoirs (Schmitt and Batzle 2010).

3.2.5 Diagenetic Stage V (phases 14-19)

Deep and maximum burial occurred in stage five, from 3000-3500 m in the Bigoray area
and 4500-5000 m in the Brazeau area. The significant event in this stage was
thermochemical sulphate reduction in the deepest build-up at 135-160°C, resulting in the
formation of oxidizing liquid and gaseous hydrocarbon to bitumen, and reduction of
anhydrides to hydrogen sulphides and elemental sulphur, which in turn promoted the
formation of saddle dolomite and white calcite spar. Structural deformation, including
tilting and sub-vertical faulting, occurred during Stage V, coinciding with the Laramide
Orogeny in the Rocky Mountain region, 200-400 km to the west (Upper et al., 2000).

The vast majority of diagenetic fabrics exist in the limestone buildups of the updip Bigoray
area (Figure 3.1). Further downdip, many of the limestone-diagenetic features are also
present, but pervasive matrix dolomitization and anhydritisation have destroyed them in
most locations (Machel,1983).
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Figure 3.5: Schematic diagram of the diagenetic stages and burial history in the Nisku and their respective events, age, burial
depths, and temperature (Machel, 1985).
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PHASE -=-- TIME ----> STAGE
1 Micrite envelopes
2 Anhydrite |, Dolomite |
3 Dissolution |
4 Pyrite | |
5 Calcite |
6 Caicite Il
7 Caicite lll
8 Calcite IV
9 Dolomite Il
10 Dissolution Il
11 Pressure solution -----------
12 Dolomite il ........... Il
13 Pyrite Il
14 Fractures |
15 CalciteV  «+veeevrees
16 Secondary anhydrite
17 Fractures Il n
18 Hydrocarbons
19 Fractures lll, Dissolution Il
20 Dolomite Vand V
21 Elemental sulfur \')
22 Calcite VI, Calcite Vil
23 Pyrite lll, Sphalerite
24 Fractures IV, Tertiary anhydrite] Vv

Figure 3.6: Diagenetic sequence of the Nisku Formation (the diagenetic phases are grouped into five stages), from Machel and
Buschkuehle (2008).

3.3 The Nisku Petroleum System
Petroleum System

A petroleum system encompasses a pod of active source rock and all genetically related
oil and gas accumulations; it includes all the geological elements and processes that are
essential if an oil and gas accumulation is to exist (Magoon and Dow, 1994). The essential
elements of a petroleum system include the following: source rock, reservoir rock, and
seal rock, overburden rock, and the two processes are: trap formation and generation-
migration—an accumulation (Magoon and Dow, 1994). The Cynthia Member of the Nisku
Formation and the underlying Ireton Formation are the main source rocks in the Brazeau
area (Chevron, 1979; Machel, 1985), as indicated by carbon isotope and total organic
content data. The Zeta Lake Member is the reservoir rock and the calmer member is the
caprock (Figure 3.4). The source rock of hydrocarbons in the Nisku is the underlying Ireton
Formation and the off-reef Calmar Formation, the reservoir rock is the Zeta Lake Member
while the caprock is the Calmar Formation (Machel et al., 1995).

The petroleum system in the Brazeau area is commonly referred to as the “Nisku
Petroleum System”. This naming of the petroleum system does not follow the convention
proposed by Magoon and Beaumont (1999) in which the source, reservoirs, and certainty
symbols are used in naming and characterizing the petroleum system. This is because
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there has been uncertainty about the main source of the hydrocarbon in the area (Chevron,
1979; Allan and Creany, 1991; Reinson et al., 1993; Creamy et al., 1994), hence a generic
name (Nisku Petroleum System) is used.

3.3.1 Source Rock

The Cynthia Member of the Nisku Formation and the underlying Ireton Formation are
the main source rock in the Brazeau area (Chevron, 1979; Machel, 1985). The Cynthia
Member consists of dark grey, calcareous, silty shale with moderate fissility. It
conformably overlies the Bigoray Member and underlies the Wolf Lake Member (Figure
3.4). The increase in API gravity of oils from northeast to southwest in the West Pembina
area also supports local sourcing from the Cynthia Member (Creany et al., 1994) because
of the impact of migration. The geochemical similarity between the Cynthia Member and
the Duvernay Formation has hinted at the possibility of the Duvernay being a potential
source. Some oils in the Nisku generally are also a part of the Duvernay petroleum system
(ERCB, 1985).

3.3.2 Reservoir

The Zeta Lake Member of the Nisku Formation forms the main reservoir in the Brazeau
area. It is made up of grey-brown, very fossiliferous, reefoid, massive dolomite with
variable secondary vuggy porosity. The highest porosity and permeability values in the
Nisku Formation were obtained from the Zeta Lake member with average horizontal and
vertical permeability higher than 50 mD and average porosities up to 8.6% (Bachu et al.,
2008) The Zeta Lake Member diachronously overlies the Bigoray Member of the Nisku
Formation and is conformably overlain by the Calmar Formation (Figure 3.4). The reefs of
the Zeta Lake Member have been intensely dolomitized.

3.3.3 Seal

In the study area, the dolomitic shales and siltstones of the Calmar Formation form the
top seal while the calcareous shale and argillaceous limestone of the Ireton Formation
provides a bottom seal (Chevron 1979). The Ireton Formation is conformably overlain by
platform carbonates of the Nisku Formation (Bachu et al., 2008).

Two plays are identified in the Brazeau area (Reinson et al., 1993):

The Nisku shelf margin play: This includes all gas pools and prospects in the Zeta Lake
reefs that developed in the outer shelf margin of the Nisku Formation. In this play, the
Zeta Lake reef forms the reservoir, the Cynthia and Calmar member provides vertical
seals, the Cynthia provides lateral seals, and the Cynthia Member is the named source
rock in this play (Chevron, 1979; Machel, 1985).

The Nisku isolated reef play: This play includes all gas-bearing pools and prospects in
the downslope Zeta Lake Member reefs of the Nisku Formation in west-central Alberta.
The isolated Zeta Lake reefs form the main reservoir of this play and the other elements
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are like that of the Nisku shelf margin play, but the Ireton Formation is suggested as an
additional source rock (Machel 1985).

3.3.2 The Brazeau Area Petroleum System

The shallowest (up-dip) part of the play in the Brazeau Area in North East, which contains
sweet 0il pools (labelled A, B, C, D, E, G, I, L in (Figure 3.6) and the deepest (down-dip)
part of the play in South West, which contains sour gas pools (labelled Y, K, CA, CB in
(Figure 3.6). Migration in the study area is from South-West to North-East (Figure 3.1).
The southwestern part of the basin is buried more deeply than the Northeastern part of
the basin, hence sour gas is present where the depth of o0il generation has been exceeded
and the depth of thermal maturation and thermochemical sulphate reduction has been
reached (Machel, 2004). Facies are intercalated between the carbonate shelf margin and
shale basin, such that hydrocarbon distribution is controlled by two factors;

1. Facies/reservoir type distribution. This implies that some parts of the basin are made
up of reefs while some parts are made up of isolated reefs within the shale basin.

2. Burial depth: It is more deeply buried, the southwestern part of the basin is
characterized by thermochemical sulphate reduction. The very shallow, northeastern part
of the basin is characterized by heavy oil. The part of the study area with intermediate
burial depth has a mixture of sweet and sour crude (i.e. pools M, F, and | in Figure 3.6),
caused by thermal maturation generating some HzS.
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Figure 3.1: Present-day map showing the Nisku sour gas and oil pool and the wells examined in this study with their pressure
and mol concentration of H2S and the migration of sour gas up-dip (yellow arrows). From Machel (1995).
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3.4. Sampling strategy and Methodology

Hydrocarbon saturated core samples were collected for this study at the University of
Alberta Core facility and the Core Research Centre in Calgary, Canada (Figure 3.7). The
sampling interval with which the core sampling was done was at the depth of + or -3m.
The well log data-informed position and depth interval for core sampling. Well log data,
pressure data, and geological description was used to identify the depth interval of the
hydrocarbon contact which informed the core sampling depth used in this study. The
location of the drillcores used, their geometry, and the geological description can be found
in Chapter 5, the logs and pressure data can be found in Appendix 2.

Ideally, the basis for identifying contacts was from the resistivity logs, high resistivity
connotes the presence of hydrocarbon while low resistivity means low in hydrocarbon
signifying the dominance of the water zone (Figure 3.64). From the pressure data in
Appendix 2, the change in pressure gradient vs depth was used to identify the contact. I
also used physical geological evaluation and description to identify the hydrocarbon
contacts. The assistance of Prof. Han Machel on our first visit to the core research center
in Calgary came in handy with this. As an expert in the field, he started with geologically
examining well located in 02-12-48-13W5, which from his previous publication (Machel
et al., 1993) showed hydrocarbon to start at 3201m. Upon geological examination, from
the top of the drill core, we found white saddle dolomite, calcite cement, and some
elemental sulphur to appear not at the top of the drill core but at exactly that same depth
interval of 3201m, which was ascribed to be influenced by diagenesis. According to Hans,
the depth interval where saddle dolomite begins to form is the beginning of the water leg,
which makes it the hydrocarbon contact. This same approach was used in sampling the
other wells, unfortunately not all the wells had this calcite and saddle dolomite feature in
them, the logs did not capture them either, this made it difficult to identify the
hydrocarbon contacts. The hydrocarbon contact was expressly seen on two wells 02-12-
48-13W5 and 02-19-48-12W5 which were both located on the bank edge reefs (Figure 5.17).
Some of these samples were chiselled out of the core (Figure 3.64) due to the hardness of
the carbonate formation and put in a cellophane bag; these bags were non-reactive with
the rock sample. I collected over a hundred samples from twelve (12) wells, the location
of the wells are from the Brazeau study area of the West Canada sedimentary basin (Figure
5.17), Resistivity log was gotten from two (2) wells. The samples were collected and stored
in the bags. I travelled from Canada to the Institute for Rock Magnetism in Minneapolis
where magnetic measurements were carried out on them, the rest of the samples were
then transported to Imperial College London for magnetic measurements.
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Figure 3.7:Photographic view of carbonate core sampling of the Nisku play for magnetic experiments at the Core storage
facility of the University of Alberta
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3.4.1 Methodology

Over a hundred samples were called from the 12 wells (Appendix 2), No single magnetic
measurement method can alone truly identify the size and magnetic mineralogy of a
sample. Magnetic measurements must therefore be done in combinations. Below are the
methods used and what they are used for:

1. Low-temperature measurements: crystallographic transitions e.g., Verwey transition in
magnetite at ~120 K (Verwey, 1939), Morin transition in hematite ~260 K (Morin, 1950),
Besnus transition ~30-34K in monoclinic pyrrhotite (Besnus and Meyer, 1964), hump in
cooling for maghemite.

2. High-temperature measurements: Curie temperature, inversion temperatures.
3. Room temperature measurements: the grain size, mineralogy
4. Mossbauer spectrometry: the grain size, mineralogy

5. Scanning electron microscopy (SEM): mineralogy, grain size, but not always scalable to
bulk magnetic measurements, due to sample heterogeneity.

3.4.2 Magnetic instrumentation.

I have undertaken magnetic measurements at both the NMG laboratory and the Institute
for rock magnetism, University of Minnesota. I won a Visiting Fellowship from the
Institute for Rock Magnetism worth $4000 for a 10-day visit.

3.4.3 Magnetic hysteresis measurements

Magnetic hysteresis loops were measured on a Princeton Measurements Vibrating Sample
Magnetometer (VSM). The VSM was also used to measure FORC (first-order reverse
curve) diagrams. These helped to determine the magnetic mineralogy, grain size, and
domain state of the grains.

To further characterize the mineralogy and grain size,  made low-temperature hysteresis
and first-order reversal curve (FORC) measurements using the low-temperature
Princeton vibrating sample magnetometer (VSM) at the Institute for Rock Magnetism in
the USA, as the NMG laboratory at Imperial College London only has the room-
temperature and high-temperature furnace option.

3.4.4 Low-temperature thermomagnetometry measurements

Low-temperature measurements were carried out at the Institute for Rock Magnetism in
Minneapolis and Imperial College using a Quantum Magnetic Property Measurement
System (MPMS). The MPMS was used to carry out low-temperature measurements (300-
10K) for the identification of magnetic minerals. Low-temperature crystallographic
transitions in this experiment were used to identify the magnetic minerals present.
Abubakar et al., (2015) and Badejo (2019) have individually shown that low-temperature
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magnetic measurements are required to fully quantify the magnetic mineralogy, as many
of the magnetic minerals (over 80 % of the total) are nanoparticles < 30 nm in size, that are
either superparamagnetic)

3.5 Scanning Electron Microscopy (SEM)

Scanning Electron Microscope (SEM) imaging of four test samples was carried out with
the compositional analysis equally done. SEM was carried out for imaging of the magnetic
minerals present in the samples. I carried out magnetic extraction because the relative
abundance of these minerals was less than 1%, and this extraction helped to increase
mineral abundance for imaging by passing it through the Frantz electromagnetic
separator. The EDX analysis was at a spot size of about 1um.
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CHAPTER 4

THERMODYNAMIC MODELLING OF IRON
MINERALS AT THE HYDROCARBON FLUID
CONTACT
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4 Introduction

Hydrocarbon presence can change the thermodynamic equilibrium state of minerals,
resulting in the alteration of the magnetic mineralogy of the host rock. This alteration of
magnetic mineralogy can lead to both enhancement and reduction in the total
magnetization (Burton et al., 1993; Machel, 1995; Emmerton et al., 2013).

In thermodynamic modelling, it is possible to change a range of parameters, e.g., for
example, ion concentration, temperature, pressure, pH, and Eh.

Eh is the reduction potential which measures the oxidation or reduction state of a solution
measured in volts (Rao et al., 2013). The greater the depth in the reservoir, the more
reducing the system is (Machel and Burton 1993). Eh measures the tendency of an
environment to oxidize or reduce substrates and the value decreases from oxidizing to
reducing environments (Mairer et al., 2009). Standard Eh in near-surface to deep burial
conditions ranges from 142 to 295mv. On the other hand, pH measures the acidity and the
basicity of the system. It is on a scale of 0-14. 0-7 scale connotes acidity, pH 7 is neutral,
while pH 7-14 connotes alkalinity, the pH of crude oil is between the scale of 9-11 (Hutin
et al.,, 2016).

The activity is a measure of the effective concentration of species in a mixture. The values
of the activities used in this study were standard concentration used in Geochemistry for
hydrocarbon systems. (Machel and Burton 1993) adopted these activity coefficients for the
1993 model.

In this chapter, I modelled the thermodynamics of what happens at the hydrocarbon
contact and the possible minerals that are formed in the process depending on the
environment, i.e., sulphidic, which is deeper. I present thermodynamic modelling, in the
form of thermodynamic stability diagrams for selected iron and sulphide minerals
common to diagenetic settings ranging from near-surface to 4000 m of depth. Such
modelling was initially attempted by Machel and Burton (1993) using SUPCRT92
thermodynamic modelling tools, but greigite was excluded because the importance of
greigite was not appreciated at that time. The presence of greigite is important as the
precipitation of iron sulphides has been previously linked to the presence of hydrocarbons
(Reynolds et al., 1990; Reynolds et al., 1991; Costanzo-Alvarez et al., 2000; Mena and
Walther, 2012). The new modelling was done with the Geochemist Workbench. The
Geochemist Workbench is an integrated geochemical modelling package used for
balancing chemical reactions, calculating stability diagrams and equilibrium states of
natural waters. Tracing reaction processes, modelling reactive transport, plotting the
results of these calculations, and storing the related data (Bethke et al.,2008). It is standard
geochemical modelling in aqueous systems used to create Eh-pH diagrams and calculate
speciation.  This programme was written in C++. In the software, time marching
algorithms are employed as the simulation procedure in which the model at each time
step evaluates the transport equations separately from the Chemical model known in the
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field of reactive transport modelling as the operator splitting method. My current
proficiency in python programming language has opened my understanding of this
concept to a larger extent. In the time marching programs, the programs automatically
divide the modelling domain into nodal blocks, this phenomenon is regarded as
discretization because it separates the domains into discrete parts. Each nodal block has
fixed dimensions Ax,Ay, and Az in a linear domain Ar, AO, and Ay in a radial domain, or Ar
and A0 in a spherical domain. The properties of the entire nodal block carry a single value
of porosity, permeability, temperature, ph, and so on which are the inputs yielding a more
robust output. The nodal blocks fit together to form the domain over which the transport
equations are solved. The nodal blocks or points may be referred to as nodes, this can be
built with python combing both the front end and the back-end features. These constraints
are the same as the ones used in (Burton et al., 1993) with SOLEMNQ for predicting the
anomalous magnetization in hydrocarbon seepage environment. These constraints are
representative of the subsurface thermodynamic condition used to predict the depth,
pressure, and concentration of hydrocarbon in the subsurface whose resultant magnetic
mineralogy is modelled as the output. Other notable geochemical publications addressing
subsurface condition uses these constraints as well (Roberts et., al 2020). 25°C and 1bar
represent subsurface depth intervals of 0-1000m called the near-surface condition, 50°C,
and 150bar represents depth interval 1500 -2500m known as the shallow burial condition,
intermediate burial condition is 100°C and 200bar, at depth of 2500-3500m, while the deep
burial condition is 4000m to 6000m, at 200°C and 600 bar pressure.

The stability diagrams were made using similar constraints (Machel and Burton 1993),
this was between 25°C and 1bar to 100°C and 300 bar, aqueous sulphur species activities
(HS-, H2S or SO4 %) from 102 to 104, bicarbonate activities of 10! to 10+, pH values from
5 to 11 and Eh values from -0.1 to -1.5V, divalent iron activities of 104 to 106 as these are
standard realistic thermodynamic constraints for hydrocarbon plumes. I included
ferromagnetic greigite into the database using the Gibbs free energy (Ghiorso et al., 1983;
Ning et al., 2018). There is no limit to the number of kinetic redox reactions you can
consider in a single simulation. These conditions are typical of carbonate systems and can
be used to predict the growth of new authigenic minerals in a system from surface to the
depth interval where the hydrocarbon contact is. The thermodynamic stability diagrams
estimate the expected geochemical conditions of magnetic minerals present for various
hydrocarbon systems from surface conditions to deep burial conditions. According to the
predictions, there are several striking trends in magnetic mineral assemblage and
resultant magnetic properties of the rocks which have a close relationship with (1)
increasing temperature and pressure, i.e., increasing burial depth, showing increased
direct proportionality with the enhancement of magnetic minerals and growth of new
authigenic magnetic minerals. (2) magnetic susceptibility at surface condition is lower,
but at greater depth, it increases, showing direct correlation with magnetic susceptibility
increase as seen in the high-temperature magnetic measurements (3) core samples taken
around hydrocarbon traps show increased magnetic susceptibility, which is in close
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relationship with the high magnetic susceptibility results found in rock samples invaded

with hydrocarbon from magnetic measurements, when in comparison with samples from

dry wells showing very low and weak magnetic susceptibility readings (Chapter 5).

4.1 Defined Thermodynamic constraints

In this study, the defined constraints used in this model are in Table 2.51. These are the

same as used in Burton et al. (1993). In Table 2.52, I added greigite terms into the database

to have a comparative observation when compared with magnetic results in Chapter 5.

These chosen constraints are standard for thermodynamic modelling of hydrocarbon

systems (Burton et al, 1993). This modelling is very effective in this study as

experimentally carrying out the phase behaviour of the minerals in the laboratory would

be challenging.

Table 2.51 Equations used to define input boundaries for my stability diagrams:

1.

© ® N oW

FeOs + 3HCOs +5H* +2e- = 3FeCOs +
4H-0

Fe20Os +2HCOs +4H* +2e- = 2FeCOs +
3H20

3Fe20s+ 2H* + 2e-= 2Fe304+ H20
FesOs+ 8H* + 2e = 3Fe?* + 4H20

Fe20s+ 6H* + 2e-= 2Fe?* + 3H20
Fe2COs+ H*=Fe?* + HCOs-

FeS + 2H*= Fe?* + 2H-»S

FeS: + 4H*+2e = Fe?r + 2H:S

FeS: + 2H* +2e = Fe?* + 2HS

10. FeSz + 2H*+2e- = FeS + H2S
11. FeS>+ H++ 2e-= FeS + HS
12. FesOst+ 3HS+ 5H* + 2e = 3FeS + 4H20

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

3FeS2 +4H20+ 4e = FesOs4+ 6HS + 2H*
2FeS: +3H20+2e- = Fe20s+ 4HS + 2H*
2FeS: +3H20+2e+ 2H* = Fe20Os+ 4H2S
FeS: + HCOs+ H*+2e=FeCOs3 +2HS
FeS: + HCOs+ 3H*+2e= FeCOs+2H2S
FeS + HCOs= FeCOs+ HS

SO+ 9H*+8e= 4H.0+ HS-

SO42+ 10H*+8e = 4H20+ HS

HS+ H*=H-2S

Fe20s3 + 45042 + 38H*+30e=2FeS2+ 19H20
Fe? + 2504~ + 16H*+14e = FeSa+ 8H20

Table 2.52: New Addition of constraints for greigite which was not part of Machel and Burton 1993

New Addition of constraints for greigite which
was not part of Machel and Burton 1993 from
(Rickard et al., 2006; Ning et al., 2014).

Ll .

FesSs+ 4H*= Fe? + 2Fe¥+ 4HS

FesSs + HCOs+ H*+2e= 3FeCOs+2HS
FesSs +4H20+ 4e = FesOs + 4HS + 2H*
FesS: +2H2O = 0.5H* + 0.550: +
3Fez+3.5HS

FesS:s +1.75H* +H20O =3Fe?* +3.5HS +
0.25504*
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Table 2.5 3: Gibbs free energy values (cal/mol) for minerals used in the thermodynamic constraints from Johnson et al 1992,
Greigite Gibbs free energy was calculated and derived from publications (Rickard et al., 2006, Ning et al., 2014) and also
calculated with the RXN software package in Geochemist Workbench

Mineral or Aqueous | Machel and Burton | This thesis
species (1993) cal/mol (cal/mol)
Magnetite (FesOs) -242574 -242574
Hematite (Fe2Os) -178155 -178155
Siderite (FeCOs) -162414 -162414
Pyrrhotite (FeS) -24084 -24084
Pyrite -38293 -38293
Greigite | ... -74541109
Fe? -21870 -21870
H>S -6673 -6673

HS +2860 +2860
SO42 -177930 -177930
HCO? -140282 -140282
H-O -56688 -56688

H* 0 0

Oy 0 0

Ha 0 0

4.1.1 Testing Geochemist Workbench Model against Machel and Burton 1993

I used Geochemist Workbench to extend the work previously done. I created a new
database on the Geochemist Workbench with newly defined constraints as seen in (Table
2.51, Table 2.52, Table 2.5 3) to test these results with the same defined constraints in
(Machel and Burton 1993 a) which gave the following results below. At 25°C, 1 bar
pressure, at increased iron concentration and intermediate sulphur concentration (Figure
4.1) without greigite constraints defined in the model, hematite is replaced by magnetite
and siderite as the Eh reduces. At reduced increased iron concentration, low sulphur and
increased carbonate concentration (Figure 4.2), hematite and siderite are formed. At
increased iron and increased sulphur levels (Figure 4.3) pyrite is formed as a replacement
of hematite, at 50°C 150 bar, low sulphur levels, and increased iron concentration, (Figure
4.4), magnetite replaces hematite.
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Figure 4.2: Thermodynamic stability diagrams illustrating magnetic mineral diagenesis occurring at near-surface
thermodynamic conditions of 25°C and 1bar with varying Fe**, HCO%>and HS" levels aFe**=10°, HCO3-=10? HS=10"?, pH
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Figure 4.3: predictive thermodynamic constraints above the hydrocarbon contacts. Thermodynamic stability diagrams
illustrating magnetic mineral diagenesis occurring above the contact at near-surface burial conditions of 25°C and 1 bar with
varying Fe2+, and HS- levels. aFe*=10-5, H20 =0.5, pH 9, HS =10 for (a) Burton 1993 model using SUPCRT92 and (b)

Geochemist Workbench respectively
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Figure 4.4: Thermodynamic stability diagrams illustrating magnetic mineral diagenesis occurring at intermediate burial
thermodynamic conditions of 50°C and 150 bar with varying Fe?*, HCO> and HS levels. aFe?* =10, HCO*=10~, H5=10"
for a) Burton et al 1993 model using SUPCRTI92 and b) Geochemist Workbench respectively

After carrying out the following checks and tests with the newly created database on
Geochemist Workbench, I got the following results (Figure 4.1, Figure 4.2, Figure 4.3,
Figure 4.4) with the input constraints, this confirms that the results of Burton and Machel
(1993) are repeatable. The equation used to define boundaries in my stability diagrams

are (Table 2.51).
4.2 Greigite addition into the Geochemist Workbench database:

Greigite is an iron sulphide mineral, which is magnetically strong and thermodynamically
metastable (Lennie and Vaughan et al.,, 2006). The aqueous reaction resulting in the
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precipitation of greigite when hydrocarbon reacts with water and dissolved iron mineral
in the presence of hydrogen sulphide was accounted for the reaction to take place. For the
model to work effectively, the ion equation involving greigite dissolution in water
alongside its ion species needed to be balanced. RXN software package on Geochemist
Workbench helped to model a balanced equation. I calculated the Gibbs free energy of
greigite and log K values for each of the temperature conditions examined and ACT2 of
the software package helped with the thermodynamic modelling of the constraints and
outputs.

1. FesSs+1.75H* +H20 =3Fe?* +3.5HS + 0.25504* (Rickard et al., 2006; Ning et al., 2014)
Greigite + 1.75 H* + H20 = 3 Fe?* + 3.75 HS- + .25 SO4%*
Log K's:
0 C: -27.0468 150 C: -28.3652
25 C: -27.4356 200 C: -28.4662
60 C: -27.8263 250 C: -28.4564
100 C: -28.1328 300 C: -28.3672
Polynomial fit:
log K =-27.05-.01689 T + 7.47e-5 T2 - 1.625e-7 T3 + 1.75e-10 T
Log K at 25 C =-27.4356

Assumptions implicit in equilibrium equation from ACT 2:

temperature =25°C
activity of Fe =1
activity of HS- =1

activity of SO4- =1

activity of H+ =1

activity of H20 =1
Equilibrium equation:

Reactants are favoured, delta G =-311.880 kJ/mol
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4.3 Application of new Models

In the early 1990s, Burton et al. (1993) used SUPCRT 92 to carry out geochemical
modelling. I used Geochemist Workbench on different codes to do the same thing but my
modification varied because of the addition of greigite. Initially, I compare the two codes
and then try to determine what difference the addition of greigite does. In some
conditions, the formation of greigite was not favourable, and the results are very similar
to that of Burton et al. (1993).

4.3.1 Near Surface Thermodynamic Modelling

At near-surface conditions, no greigite was formed, these conditions, therefore,
reproduced Burton et al..1993 model with SUPCRT92. At surface and near-surface
conditions, (25°C and 1bar) in the “plume environment” rich in hydrocarbon with
relatively high pH of a typical reservoir system. If the sulphur level (HS") is low, hematite
is replaced by magnetite at intermediate EH values and pH greater than 8.5, and siderite
at pH values between 7.8 and 8.5. At high sulphur levels, hematite is replaced by pyrite
at increasing (HS-) and some very negligible greigite, which is still dominated by pyrite,
but at greater depth pyrite formed still at increasing sulphur levels. (Figure 4.5; Figure
4.6). At relatively low pH levels, in surface plume environments. (pH <7.5), if sulphur is
low or intermediate, hematite, magnetite and pyrrhotite become unstable and dissolve.
At low Fe?, they all dissolve, and high iron Fe? (10+4) they are replaced by pyrite.
Regardless of the Fe?" levels, magnetite and pyrrhotite are unstable. The depth interval
synonymous for near-surface thermodynamic conditions is 0-1000 m. Greigite was added
into the database including the other constrains in Figure 4.7A and Figure 4.7B takes other
constraints into consideration including greigite.
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Figure 4.5: Thermodynamic stability diagrams illustrating magnetic mineral diagenesis occurring at near surface

thermodynamic conditions of 25°C and 1bar with varying Fe>", HCOsand HS" levels. A) aFe*=10%, HCO3=10?,HS=10"?> B)
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speciation of new minerals formed.
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Figure 4.6: Thermodynamic stability diagrams illustrating magnetic mineral diagenesis occurring at near-surface
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Figure 4.7: Thermodynamic stability diagrams illustrating magnetic mineral diagenesis occurring at near-surface
thermodynamic conditions of 25°C and 1bar with varying Fe**, HCOsand HS levels. aFe*=10%, HCO3=10? A) H5=10"%,

pH 7.8 with greigite added into database.

4.3.2 Shallow Burial modelling condition:

Under shallow burial conditions, 50°C and 150bar at high pH,1000m to 2500m and low
sulphur (HS’), hematite is replaced with magnetite, at pH >8 and intermediate Eh
conditions, and by siderite at pH between 7.5 and 8 and at lower Eh. At high sulphur
condition and intermediate Eh, hematite is replaced by pyrite. With the inclusion of
greigite into the database, at increasing sulphur condition and intermediate Eh, pyrite and
greigite precipitates, as the sulphur condition increases, more greigite is formed replacing
pyrite. Magnetite experiences stability at pH>8 and intermediate Eh condition, at lower
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pH it is replaced by siderite. Lower pH implies, low or no hydrocarbon presence. The
presence of siderite from the magnetic result was seen on background samples or dry
wells with no hydrocarbon presence, this is what the thermodynamic modelling can
predict too. At intermediate sulphur and Eh conditions, magnetite is stable at pH>8.3, at
low Eh, it is replaced by siderite. Magnetite is usually very unstable, low and intermediate
sulphur levels makes pyrrhotite to be unstable too. In high sulphur rich environments like
the sour gas pool, thermodynamic sulphur conditions (HS-) is high, pyrrhotite is stable
and can replace pyrite at low Eh (Figure 4.8; Figure 4.9; Figure 4.10)
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Figure 4.8: Thermodynamic stability diagrams illustrating magnetic mineral diagenesis occurring at shallow burial
thermodynamic conditions of 50°C and 150 bar with varying Fe?*, HCOs and HS" levels. aFe?*=10¢, HCOs =102A) HS5=10"

B) HS=10*
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Figure 4.10: Thermodynamic stability diagrams illustrating magnetic mineral diagenesis occurring at shallow burial
thermodynamic conditions of 50°C and 150 bar with varying Fe*", HCOs and HS levels. aFe?*=10%, HCOs =10?A) H5=10"

At shallow depth (50°C, 150 bar), in low pH sub environments, intermediate Eh, the
unstable property of hematite is seen as it dissolves under low sulphur condition. Even as
at intermediate sulphur conditions, hematite dissolves, but at low Eh and pH much > 6
and high Fe?, pH > 7.2. At low Fe? hematite is replaced by pyrite. At high sulphur
condition hematite is replaced by greigite and pyrite, and with increasing sulphur
condition, we have more pyrite formed alongside some greigite, magnetite is readily
unstable on the condition as it dissolves at all sulphur conditions (Figure 4.10). The
unstable characteristics of pyrrhotite are evident at low and intermediate sulphur levels,
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it becomes stable when sulphur is high. When the pH is < 5.4, which is readily not a usual
condition, pyrrhotite becomes unstable and dissolves to Fe? and H-S.

4.3.3 Intermediate burial condition

Under intermediate burial conditions (100°C, 300bars) (Figure 4.12), at relatively high pH,
low sulphur conditions, hematite is replaced by magnetite. At high sulphur conditions,
hematite is replaced by pyrite and greigite. The Stability of magnetite under intermediate
burial condition is evidence at intermediate Eh and low sulphur condition respectively,
but it replaced by siderite at low Eh levels. When sulphur levels are high, magnetite is
stable under intermediate Eh values but replaced by pyrrhotite at increased Eh conditions.
At high sulphur conditions, pyrrhotite is stable and can replace pyrite at low Eh. Greigite,
on the other hand, is stable at high sulphur conditions, and more pyrite is formed as the
sulphur condition increases.

At intermediate and high sulphur conditions, hematite is replaced by pyrite and greigite
and pyrrhotite. Magnetite is replaced by siderite at higher pH > 7. At high sulphur and
low Eh conditions, pyrrhotite is stable. At a very low pH < 5.2, pyrrhotite can form to
replace pyrite. Pyrrhotite can become unstable and dissolve to form aqueous Fe?" and H2S
(Figure 4.11). Intermediate burial condition (100°C, 300 bars) is a typical subsurface
condition of the sour gas pools of the Nisku, at the depth interval when magnetic
enhancement was observed. This thermodynamic conditions/constraints with the
presence of hydrocarbon alter the mineralogy of the host rock, leading to the growth of
new authigenic minerals. The depth interval is at 2500-3500m.
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Figure 4.11: Thermodynamic stability diagrams illustrating magnetic mineral diagenesis occurring at intermediate burial conditions of
100°C and 300 bar with varying Fe?, HCOsand HS" levels. aFe*=10%, HCOs=10? A) HS=10"?, pH 7 B) H5=10
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Figure 4.12 Thermodynamic stability diagrams illustrating magnetic mineral diagenesis occurring at intermediate burial conditions
of 100°C and 300 bar with varying Fe*", HCOsand HS" levels. aFe*=10¢, HCO3=102 A) HS=10"2 B) HS =10 C) aFe*=10* HS

=10 D) aFe**=10*, HS=10+
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4.3.4 Deep burial condition

Under deep burial conditions (200°C, 600 bars),2500m to 3500m, under high pH and
intermediate Eh condition and at all sulphur levels, hematite is most likely to be replaced
by magnetite. The stability of magnetite is confirmed at intermediate Eh conditions,
intermediate, and low sulphur conditions. Interestingly under deep burial condition, at
high sulphur and intermediate Eh, magnetite remains stable, whereas, at low Eh,
magnetite is replaced by pyrrhotite (Figure 4.13). The unstable nature of iron sulphide
mineral pyrrhotite is seen under deep burial conditions at low intermediate sulphur
conditions, however, at high sulphur and low Eh conditions, pyrrhotite is stable. Hematite
could potentially be replaced by siderite over a small range of pH (5.3 to 5.6) or possibly
undergo dissolution at low pH < 5.3. At pH above 5.8 and high sulphur, hematite is
replaced by magnetite or by pyrrhotite at much lower pH < 5.8 and Eh conditions. At pH
>5.6, intermediate Eh condition, and low sulphur condition magnetite is stable. Magnetite
is possibly replaced by siderite at low Eh. At higher Sulphur conditions, and intermediate
Eh, magnetite is stable, but replaced by pyrrhotite at low Eh and low pH <5.8. At low,
and intermediate sulphur the unstable nature of pyrrhotite is seen, it becomes stable at
high sulphur conditions and low Eh.
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Figure 4.13: Thermodynamic stability diagrams illustrating magnetic mineral diagenesis occurring at deep burial
thermodynamic conditions of 200°C and 600bar with varying Fe**, HCOszand HS levels. aFe?=10°, HCO3=10? A) HS5=10
12 B) HS=10¢ C) aFe**=10+, HS=10° D) aFe*=10*, H5=10*.

4.3.5 Summary of Comparison with Machel and Burton 1993 Model

The results are almost identical with Machel and Burton except for cases where greigite
was formed and greigite seem to form at intermediate and shallow depth and certain Eh
and pH. Intermediate burial condition is the proposed depth interval where I found
greigite from my magnetic results. Greigite does not form at deep burial conditions. We

are then going to look at the hydrocarbon contacts.
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4.4 Redox Conditions favouring the Enhancement of Magnetic minerals, pH, Eh, H:0,
HS-

The pH of crude oil is between 9.0-11.00 (Hutin et al., 2016), which implies that crude has
high alkalinity. The more biodegraded it becomes, the lower the pH becomes (Emmerton,
2012). The activity of reducing bacteria plays a vital role in reducing the pH of crude oil,
for its acidic nature to be observed (Bell et al., 1987; Emmerton et al., 2012). The pH of
water, on the other hand, is 7, which signifies neutrality. Water can neutralize, the
alkalinity or acidity of a solution. Above the hydrocarbon contact, at shallow depth, crude
oil has increased pH conditions, and at the contact, the pH reduces because of the
influence of increased biodegradation and water at shallow depth and greater depth,
thermodynamics reaction with the presence of water at the gas-water contact. For this
study, intermediate burial condition is the focus, because the predictive depth interval is
2500 m to 3500 m. The depth interval where hydrocarbon contact was found for the Nisku
was at 3201 m. Several diagenetic studies in sulphidic environments have also shown and
predicted that iron-bearing detrital mineral assemblages undergo a radical alteration of
the iron-bearing minerals. Hydrogen sulphide as a by-product of thermochemical
sulphate reduction reacts with the released Fe?" from iron mineral dissolution or iron
oxyhydroxide minerals to form iron sulphide minerals greigite, pyrite (Machel and
Burton 1995; Roberts et al., 2015, Roberts et al., 2018).

4.5.1 Above the contact:

The environments around which magnetic mineral diagenesis occurs and the
environment that favours these diagenetic processes are quite important. In the
assumption that the water concentration above the transition zone is not as much as it is
at the transition and below the transition zone (Figure 4.61). The thermodynamic
constraints in consideration are e.g. Eh, pH, HS;, H20 as seen in (Figure 4.14)
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Figure 4.14: Predictive thermodynamic constraints above the hydrocarbon contacts. Thermodynamic stability diagrams
illustrating magnetic mineral diagenesis occurring above the contact at near-surface burial conditions of 25°C and 1 bar with
varying Fe*, and HS" levels. aFe?=10°, H20 =0.5, pH 9, HS=10"° The activation of water is not lower than 0.5 because the
model above the hydrocarbon contact predicts the condition where hydrocarbon concentration is low

4.5.2 At the Hydrocarbon contact

At the contact, the pH of the saltwater will further alter the already existing pH of
hydrocarbon, hence reducing the overall pH of the mixture, bringing it further down
below neutral, making it more acidic in concentration, this condition alongside the
dissolved detrital mineral, which releases Fe?*, which also reacts with H2S produced from
thermochemical sulphate reduction (TSR) favours the growth of the new authigenic
minerals. This could be the reason why iron sulphide greigite, was formed at a much
lower pH (Figure 4.61). This, therefore, implies that at lower pH, ferrimagnetic mineral
precipitation is favourable. At higher the pH, ferrimagnetic minerals are not favourably
formed (Figure 4.15)
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Figure 4.15: Predictive thermodynamic constraints above the hydrocarbon contact at pH 7. Thermodynamic stability diagrams
illustrating magnetic mineral diagenesis occurring at the contact at near-surface burial conditions of 100°C and 150 bar with
varying Fe?*, and HS levels. aFe?*=10, H20 =1, pH 7, HS=10", HCOs =102

4.5.3 Below the hydrocarbon contact

At this thermodynamic condition, it is assumed that the concentration of water increases.
The hydrocarbon in this phase has a large concentration of water with dissolved minerals.
Water in this phase is very hydrocarbon-rich, the pH of this solution will increase almost
as it was above the hydrocarbon contact before the water transition zone was reached.
The pH is almost close to neutral or neutral or exceeds pH 7 below the transition zone
(Figure 5.16) except when it is close to a zone, where water no longer exists, then the pH
rises above 7 and water concentration in the solution reduces at much greater depth and

higher temperatures (Figure 5.16)
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Figure 5.16: Predictive thermodynamic constraints below the hydrocarbon contacts. Thermodynamic stability diagrams
illustrating magnetic mineral diagenesis occurring above the contact at near-surface burial conditions of 200°C and 600 bar
with varying Fe**, and HS levels. aFe?=10-°, H20 =1, pH 9-11, HS=10"?

For wells 02-12-28 and A2-19 on the bank edge reef in the sour gas pool, where I observed
magnetic enhancement at their hydrocarbon contact, it had the characterized presence of
iron sulphide greigite and pyrrhotite as seen from the high-temperature magnetic results,
SEM and room temperature results and FORC diagrams (Chapter 5). The thermodynamic
condition in the subsurface from the magnetic result was used to create a thermodynamic
model with iron sulphide greigite inputted. The initial temperature, pressure, and redox
potential from previous models that had no greigite input in the geochemical model were
not particularly in close sync with the magnetic results I have from my room temperature
measurements until greigite was included to explain the process. Room temperature
magnetic results predicted the presence of paramagnetic pyrite, thermodynamic models
also predict pyrite growth. Greigite precipitation was not seen in samples located in the
sweet oil pools but in the sour gas pool only. Details are addressed in the discussion
section.
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Figure 4.61: Chemistry of magnetic mineral precipitation in the reservoir, above the hydrocarbon contact, at the hydrocarbon
contact and below the hydrocarbon contact

4.6 Discussion

Above the hydrocarbon contact, and at reduced Eh and increasing sulphur concentration,
hematite is gradually replaced by pyrite at a pH range of 9-11, (Figure 4.14) at the
hydrocarbon contact, rich in water concentration at pH is 7, water neutralizes the
hydrocarbon solution making the pH further drop, which results in the formation of
greigite and pyrrhotite, both are strong iron sulphide magnetic minerals, the solution
becomes more acidic in concentration, the more acidic the solution is, the stronger the
minerals formed, this appears to be the cause of the increased magnetic enhancement
found at the hydrocarbon contact, the impact of water as not just a universal solvent, but
at as a reducing agent has an impact with this process. Water impacts the reduction in the
hydrogen ion concentration, making the solution more acidic in concentration favouring
the precipitation of these strong magnetic minerals. This effect could also have played a
major role with (Emmerton et al.,, 2013) observation on how biodegraded crude oil
becomes more acidic and giving rise to increased magnetic anomalies geochemically.
Greigite is a strongly magnetic mineral from the sulphide group, comparing the
predictive results of magnetic minerals formed from geochemical modelling with
magnetic measurements gives a pointer as to what kinds of magnetic minerals are
expected as a rule of thumb to precipitate during diagenesis. Unfortunately, the magnetic
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results of the Nisku seem to defy this claim, not until when greigite was included in the
model. From magnetic results in Chapter 5 of this thesis, magnetic enhancement was
found at the hydrocarbon fluid contacts for two wells on the bank edge reef which are
known to be hydrologically contagious e.g. Well 02-12 and A2-19. (Machel and Burton
2003) and are both sour gas wells with 20% sulphur concentration (Machel and Burton
1991; Machel and Burton 1995). Magnetic results also predict the presence of iron sulphide
greigite and pyrrhotite to be the mineralogy combination responsible for influencing the
increased and positive magnetic anomaly identified at the hydrocarbon contacts. Pyrite is
naturally stable, with increased sulphur concentration, ferromagnetic greigite parameters
from thermodynamics literature (brothers et al., 1996; Derack et al., 1996; Ning et al., 2004)
was included in the database of the thermodynamic model, to understand the how the
growth of greigite would affect pyrite which from the results showed that greigite was
formed. Pyrite is a precursor to greigite (Roberts et al., 2015; Roberts et al., 2018) pyrite
forms under increasing sulphur concentration in the system. Pyrite is precipitated from
the thermodynamic modelling, but the strong ferromagnetic property of greigite would
overshadow the paramagnetic nature of pyrite in the system. Arguably, the Fe? and Fe3*
are produced from magnetite and hematite when they dissolve. This produced Fe? and
Fe* reacts with H2S to enable remagnetisation and growth of new authigenic minerals
depending on the environment (Figure 5.17). In Sulphidic environment, pyrite is formed,
for methanic environment, greigite is formed and it is stable (Elmore et al., 2012, Roberts
et al., 2018). Insufficient sulphur available to react with Fe? and Fe* would lead to a
shortage of formation of pyrite and enhance the formation of greigite. This phenomenon
would be the case for the Nisku sour gas pools on the bank edge reef.
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Figure 5.17: Thermodynamic stability diagram predicting the growth and precipitation of authigenic greigite from 25°C,

1bar, near surface condition to intermediate burial condition 100°C,300bar. aFe?* =10°,aHCOs, = 107 is the same across
board A) 25°C, 1bar , HS= 10°with greigite alone included in the database, -B) 25°C, 1bar , HS= 10~ C) 50°C, 150 bar ,

HS=107%,D) 100°C, 300 bar , HS= 10"
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4.7 Summary

In summary, predicted changes in the magnetic susceptibility would be greatly observed
in a hydrocarbon-rich environment which shows trends with increasing depth. The
decrease in magnetic susceptibility will be very predominant in surface or near-surface
environment, or at shallow depth, but with increasing depth, susceptibility increases. This
trend with increasing depth is seen in the model as hematite, dissolves and is replaced by
pyrite at the near-surface condition or shallow depth, but with increased burial condition
and increased sulphide concentration and reduced pH, and increased H20 concentration,
which signified the oil and water transition zone, new growth of authigenic sulphide
minerals greigite and pyrrhotite was formed as a replacement of hematite. The summary
of the stability diagrams from thermodynamic modelling gives a clear indication of how
an increase in temperature and pressure conditions is of direct proportionality with
increased burial conditions in the subsurface, towards the enhancement of magnetic
signals, this implies that magnetic signal enhancement increases with depth and at
increasing temperature and pressure conditions. The thermodynamic metastable nature
of greigite could be the possible reason why the greigite did not precipitate at greater
depth in the model. Thermodynamic stability diagrams common for iron oxides and
sulphides can hence help predict magnetic mineral assemblages and associated changes
in magnetic susceptibility for a range of thermodynamic conditions and these predictions
are based on assumptions that equilibrium is attached thermodynamically, which would
require (Table i).

1) Sufficient supply of necessary reactants. H>S and iron ionically represented HS-, Fe?*

Every depth interval in the subsurface is represented from the modelling experiment. The
thermodynamic processes that inform the minerals that are formed are accounted for.

2) Biological influences on reactions are usually very insignificant

The nature of the thermodynamic environment influences the type of minerals formed i.e.
rich sulfidic environments lead to the formation of ferrimagnetic iron sulphide minerals
at greater depths. The temperature, pressure, redox potential, Eh, and pH, affects the
thermodynamic stability of the host rocks and the authigenic magnetic minerals formed.

Table i: Showing the mineralogy at every depth interval with thermodynamic modelling capturing the zones and the predicted
mineral precipitated as output.

Zones Depth (m) Condition Output Mineralogy
Above contact Near surface 0-1000 25°C, 1bar hematite,siderite
At contact Shallow burial 1500-2500 50°C,100bar greigite, pyrrhotite
At contact Intermediate 2500-3500 | 100°C, 200bar | greigite, pyrrhotite
Below contact Deep burial 4000-6000 | 200°C, 600bar hematite
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CHAPTER 5

IDENTIFYING MAGNETIC PROXIES IN
HYDROCARBON RESERVOIRS
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5.1 Introduction

This chapter builds on current research findings, in an attempt to identify a set of magnetic
proxies which can be used to identify the presence of magnetic minerals in reservoirs and
the causes of magnetic enhancement at the hydrocarbon-water contact by determining the
mineralogy, morphology, grain sizes of the minerals presence and its relative abundance
by calibrating the rock magnetic results.

5.1.1. Identifying the Hydrocarbon fluid contacts

The gas-water contact (GWC) and oil-water contact (OWC) depth interval were picked
from the resistivity well log data obtained from the Alberta Energy regulator Canada; the
resistivity of hydrocarbon is higher than that of water (Ahmed, 1989). Some wells did not
have clear oil-water contacts (e.g., Wells 04-08-48-13W5, 06-25-50-12W5, 07-33-4-12W5,
and 05-06-49-12W5). Core lithological description was also used to identify the gas-water
contact and oil-water contact to substantiate the chosen depth. For the gas wells, white
saddle dolomite was formed at the top of the water leg in the reservoir alongside some
yellowish elemental sulphur (e.g., in wells on the bank edge reef; Machel and Cole 1995).
I also obtained pressure data using the Repeat formation tester (RFT). The pressure
gradient per depth in the well was interpreted and used to identify hydrocarbon contacts.
The pressure gradient in the well from top depth is homogenous until a new phase is
reached, and the pressure gradient changes and the depth interval where this deviation
is seen is identified to be a hydrocarbon fluid contact. The GWC and OWC are identified
by the neutron and density logs. The point where the neutron and density log crosses each
other is used to identify the gas transition zone, the density of the gas is low and the
resistivity on the order hand increases, because hydrocarbon is less conductive than
water. The point they cross each other is the transition zone. ( Figure 5)

5.2 Sampling and Methodology
5.2.1 Sampling

Iinvestigated a total of 115 samples (from 12 wells in the Nisku formation) sampled from
the Core Research Centre in Calgary and the University of Alberta Core store facility.
These samples were taken from the GWC and OWC identified in Figure 5.1. Low-
temperature measurement was carried out at the Institute for Rock Magnetism in
Minneapolis and Imperial College. I used a suite of low-temperature, room temperature,
and high-temperature measurements to effectively characterize the magnetic mineralogy
of the samples, as no single measurement identifies the magnetic signature. First, a
Princeton Measurements Vibrating Sample Magnetometer (VSM) was used to measure
hysteresis loops and FORC (First-order reverse Curve) measurements at room
temperature. This helped to determine the magnetic mineralogy, grain size and domain
state of the grains. High-temperature measurements were carried out with the Agico
Kappabridge to measure magnetic susceptibility as a function of temperature (30°C-
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700°C) in the presence of argon because of its inert nature and to prevent oxidation from
taking place. The cooling temperature obtained alongside the heating and cooling curve
was used to identify the magnetic mineral present in the samples. A Quantum Design
Magnetic Property Measurement System (MPMS) was used to carry out low-temperature
measurements (down to 10 K) for the identification of magnetic minerals. Low-
temperature crystallographic transition in this experiment was used to identify the
magnetic minerals present. It was important to carry out this array of magnetic
measurements at low temperatures as previous work (Emmerton 2012; Abubakar 2016;
Badejo et al., 2019) has shown that low-temperature magnetic measurements are required
to fully characterize the magnetic mineralogy, as many (>80%) of the magnetic minerals
are nanoparticles < 30 nm in size, that are either superparamagnetic or “magnetically
invisible” at room temperature. Mossbauer spectroscopy was used to characterize the
magnetic mineralogy in samples. Low-temperature measurement was also carried out on
one sample with the VSM. Scanning Electron Microscopy (SEM) imaging of four test
samples was carried out (Figure 5.16) with accompanying compositional analysis carried
out using Energy Dispersive X-Ray (Spectroscopy) EDX to optically determine the
morphology and grain sizes of oxides of iron and sulphur present in the samples. I picked
these samples, from the depth intervals where I found spikes in form of the increased
magnetic anomaly of the room temperature results.
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Figure 5.1: Example of composite logs of the Nisku sour gas (Well 02-12-48) used to identify the presence or absence of
hydrocarbon fluid contacts. The cross over in RHOB (density) and NPHI (neutron) logs indicates the gas-water contact as
hydrocarbon is less dense than water and it also indicates a change in lithology (consistent with the GR log). The Gamma Ray
(GR) log helps to interpret the lithology of the formation, sandstone and carbonates have low GR values. The increase in ILD

and ILM (resistivity log) signifies the presence of hydrocarbon, as hydrocarbon is less conductive than water.
5.2.2.1 Magnetic Hysteresis measurements

Room-temperature measurements on a VSM were carried out at Imperial College London
and the Institute for Rock Magnetism, Minneapolis, USA. The saturation magnetization
(Ms), remanent saturation magnetization (Mrs), coercivity (Hc), and high field slope (Hfs)
were estimated from the measured hysteresis loops.

First Order reverse curve (FORC) diagrams are used to identify the domain-state
distributions within a sample (Roberts et al., 2000; Roberts et al., 2014). A FORC diagram
is calculated from a class of partial-hysteresis curves (Roberts et al., 2000). The x-axis
represents the coercivity distribution while the y-axis describes the magnetic-interaction
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distribution within the sample (Roberts et al., 2000). The ‘irregular’ measurement protocol
by Zhao et al. (2015) was used for all the measured FORCs, because of its ability to identify
magnetostatic interactions that regular FORCS are not able to capture.

5.2.2.2 Low-temperature measurements

Low-temperature remanence measurements as a function of temperature were performed
with the Magnetic property measurement system (MPMS) at the University of
Minnesota’s Institute for Rock Magnetism in Minneapolis. as follows: 1) cooling from 300
Kto 10 K in the presence of a 2.5 T field (FC) and subsequent measuring of the remanence
on warming back to 300 K; 2) after cooling to 10 K, in absence of magnetic field (ZFC), a
2.5 T tield SIRM was applied and the remanence was measured on warming to 300 K. This
FC and ZFC sequence helps to identify the presence of siderite (Jacobs, 1963; Frederichs
et al.,, 2003) and nanometric particles (< 30 nm). 3) a room temperature saturation
isothermal magnetization (RT SIRM) was imparted with a 2.5 T field and the remanence
was then measured upon cooling to 10 K (RT SIRM cooling) and on warming back to 300
K (RT SIRM warming). These measurements help to identify the magnetic minerals
present in the samples based on mineral-specific crystallographic transitions, e.g., the
Verwey transition in magnetite at 125 K (Verwey, 1939), the Morin transition in hematite
at 263 K (Morin, 1950), the Besnus transition in monoclinic pyrrhotite at 30-34 K (Besnus
and Meyer, 1964; Dekkers et al., 1989) and to identify nanometric particles (< 30 nm) that
are magnetically invisible at room-temperature due to high thermal energy, i.e., particles
that are said to be superparamagnetic at room temperature and are effectively
“magnetically transparent”.

5.2.2.3 High-temperature Measurements

High-Temperature susceptibility measurements were also carried out with the Agico
Kappa bridge at the Institute for Rock Magnetism Minneapolis and Imperial College to
measure susceptibility as a function of temperature (30-700°C). These measurements were
conducted in the presence of Argon because of its inert nature and to prevent oxidation
from taking place. Mineralogy of the samples is identified based on their Curie
temperature and thermomagnetic behaviour (Dunlop and Ozdemir, 1997). The Curie
Temperature (Tc) for magnetite is 580°C, that for hematite is 675°C, that for greigite is
330°C, and that for monoclinic pyrrhotite is 320°C (Dunlop and Ozdemir, 1997).

5.2.2.4 Scanning Electron Microscopy (SEM)

To aid magnetic characterization, which can be non-unique, I undertook some SEM
imaging. The purpose was to look at iron oxide and sulphide minerals present in the
samples to validate the magnetic results. The morphology and grain sizes of oxide and
sulphide magnetic minerals can be seen as well, together with the EDX analysis showing
composition. As the abundance of magnetic minerals was much less than 1%, magnetic
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extraction was carried out to increase the magnetic mineral abundance for imaging. To
achieve this, samples were ground to an even grain size, and passed through a Frantz
electromagnet magnetic separator four times to reduce the abundance of non-magnetic
materials following the protocol developed by Chang et al. (2012), as the initial SEM
carried out without magnetic extraction did not yield good microscopic results. Samples
were ground and coated in gold for imaging energy dispersive X-ray (EDX) analysis on
the Zeiss LEO Gemini 1525 scanning electron microscope (SEM) at the Dept. of Materials,
Imperial College London. The EDX analysis had a spot size of about 1 um. The optical
tests help to determine the morphology and grain sizes of oxides of iron and sulphur
present in the samples.

5.3. Room temperature magnetic results
5.3.1 Magnetic Hysteresis, Coercivity and High-field Susceptibility (Hfs)

Mass-normalized room-temperature hysteresis loops, e.g. in Figure 5.2, samples from
depth interval 3201m of Well 02-12-48 were measured together with measurements of
coercivity and high field susceptibilities. The samples exhibited very weak magnetic
behaviours, and most of the loops were not closed. Signal to noise ratio (SNR) was low
with strong paramagnetic behaviour. For simple classification of samples into a box-like
single domain (SD), pseudo-single domain (PSD), or multidomain (MD) region with
arbitrary boundaries, a Day plot is created showing a graphical Mrs/Ms versus Her/Hc
plot (Dunlop, 2002).

-500

Figure 5.2: Representative hysteresis loop showing a strong paramagnetic behaviour within the sample 3201 from well 02-12-
48

Table 5.1 how the results of the saturation magnetization, coercivities, high field slope
pool location, and the percentage concentration of HS for all the wells examined in this
study. Saturation magnetization, remanence magnetization, and coercivity were obtained
for each well. The sour gas pools had the highest saturation magnetizations (Ms), with the
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dry gas pools the lowest (Table 5.2). The hydrocarbon generated from the source has the
potential to transport tiny nanoparticle magnetic minerals through the pore spaces of the
rocks (Abubakar et al., 2015) and deposit them in the reservoir, hence the reason for the
increased magnetization in the sour gas pool.

Table 5.1: Measured values of Ms, Mrs, Hc (mT), High field slope (hfs) in wells in the Nisku study area. The high field slope
helps to differentiate between paramagnetic and diamagnetic components, with positive high field slope (hfs) indicating the

presence of suspected paramagnetic minerals (pyrite or siderite), which corresponds to increased saturation magnetization.
Hydrocarbon-bearing wells are roughly arranged from east to west. Note: Well 07-04-49-25W5 is a dry well

Well name Pool type Sample Hc (mT) | Mrs (Am2/kg)| Ms (Am2/kg) netic Property (Hfs) d Mit gy (Hfs)
Well 05-06-49-12W5 sweet pool 10121 3.5 4.74E-08 7.53E-07 diamagnetic calcium carbonate
Well 05-06-49-12W5 sweet pool 10121R 9.5 9.57E-08 7.76E-07 diamagnetic calcium carbonate
Well 05-06-49-12W5 | sweet pool 10021 8.4 9.31E-08 7.71E-07 diamagnetic calcium carbonate
Well 07-33-48-12W5 sweet pool 10062 10.1 8.42E-07 J 6.22E-06 -6.33E-12 diamagnetic calcium carbonate
Well 07-33-48-12W5 | sweet pool 10066 0.4 1.21E-06 | 7.18E-06 diamagnetic calcium carbonate
Well 07-33-48-12W5 | sweetpool | 100668 7.6 7.748-07 diamagnetic calcium carbonate -pyme or
Well 07-33-48-12W5 sweet pool 10066RB 7.6 7.33E-07 diamagnetic calcium carbonate siderite
Well 07-33-48-12W5 | sweet pool 10113 7.5 3.56E-08 diamagnetic calcium carbonate
Well 07-33-48-12W5 | sweet pool 10122 115 2.19E-08 diamagnetic calcium carbonate -Ca\cium
Well 07-33-48-12W5 | sweet pool 101351 5.1 2.60E-07 1.02E-12 paramagnetic pyrite or siderite carbonate
Well 07-33-48-12W5 sweet pool 10157 10.1 1.44E-07 1.75E-11 paramagnetic pyrite or siderite
Well 07-33-48-12W5 | sweet pool 10169 9.0 8.90E-08 -4.06E-12 di i calcium carbonate
Well 07-04-49-25W5 dry well 10092 21 8.37E-08 6.76E-11 paramagnetic pyrite or siderite
Well 07-04-49-25W5 dry well 10180 7.6 1.90€-07 1.12E-10 paramagnetic pyrite or siderite
Well 07-04-49-25W5 dry well 10240 10.1 1.58E-07 1.30E-10 i pyrite or siderite

Well A2-19-12W5 sour gas 3150 10.0 8.22E-07 -3.34E-14 diamagnetic calcium carbonate
Well A2-19-12W5 sour gas 3150R 12.6 2.94E-07 -5.82E-12 diamagnetic calcium carbonate
Well A2-19-12W5 sour gas 3152 10.1 2.62E-07 -4.04E-12 diamagnetic calcium carbonate
Well A2-19-12W5 sour gas 3153R 5.1 2.91E-07 -1.78E-11 diamagnetic calcium carbonate
Well A2-19-12W5 sour gas 3159 7.6 1.18E-06 -5.43E-11 diamagnetic calcium carbonate
Well A2-19-12W5 sour gas 3160 22,6 8.41E-07 4.50E-12 paramagnetic pyrite or siderite
Well A2-19-12W5 sour gas 3163 12.6 7.29e-07 7.39E-14 paramagnetic pyrite or siderite
Well A2-19-12W5 sour gas 3163R 20.1 6.69E-07 1.90E-11 paramagnetic pyrite or siderite
Well A2-19-12W5 sour gas 3177 10.0 5.67E-07 -7.85E-12 diamagnetic calcium carbonate
Well A2-19-12W5 sour gas 3177R 5.1 9.54€E-08 6.65E-11 paramagnetic pyrite or siderite
Well A2-19-12W5 sour gas 3177RR 4.8 1.89E-07 1.51E-10 i pyrite or siderite
Well 02-12-48 sour gas 3180 5.1 2.03e-07 diamagnetic calcium carbonate
Well 02-12-48 sour gas 3192 7.6 3.10E-07 diamagnetic calcium carbonate
Well 02-12-48 sour gas 3201 7.6 9.34E-07 diamagnetic calcium carbonate
Well 02-12-48 sour gas 3201R 7.6 9.24E-07 diamagnetic calcium carbonate
Well 02-12-48 sour gas 3219 5.1 4.81E-06 diamagnetic calcium carbonate
Well 02-12-48 sour gas 3225 4.1 5.15E-07 2.36E-06 -9.32E-12 diamagnetic calcium carbonate
Well 02-12-48 sour gas 3228 2.0 2.39E-07 1.95E-06 -| diamagnetic calcium carbonate
Well 02-12-48 sour gas 3228R 7.6 3.48E-07 1.60E-06 diamagnetic calcium carbonate
Well 02-12-48 sour gas 3246 18.0 5.01E-07 3.08E-06 diamagnetic calcium carbonate
Well 02-12-48 sour gas 3255 5.0 1.59E-07 3.29E-07 i i calcium carbonate
Well 04-08-48-13W5 sweet pool 3334 12.0 2.36E-07 9.50E-07 -11 diamagnetic calcium carbonate
Well 04-08-48-13W5 | sweet pool 3353 10.0 6.04E-07 1.48E-06 -4.‘-12 diamagnetic calcium carbonate
Well 04-08-48-13W5 | sweet pool 3353R 1511 2.91E-07 1.15E-06 11 diamagnetic calcium carbonate
Well 04-08-48-13W5 sweet pool 3365 10.0 7.92E-08 1.60E-07 -—12 diamagnetic calcium carbonate
Well 04-08-48-13W5 sweet pool 3372 27.6 5.56E-07 ﬂ 3.99E-06 --11 diamagnetic calcium carbonate
Well 04-08-48-13W5 sweet pool 3372R 2.6 5.95E-08 1.27E-06 -4.‘»12 diamagnetic calcium carbonate
Well 04-08-48-13W5 | sweet pool 3372RR 126 5.22€-07 1.72E-06 | =N diamagnetic calcium carbonate
Well 04-08-48-13W5 sweet pool 3380 10.1 7.96E-08 5.24E-07 2.19E-14 diamagnetic pyrite or siderite
Well 04-08-48-13W5 | sweet pool 3384 15.1 1.75E-07 1.15E-06 2.445-11 paramagnetic pyrite or siderite
Well 04-08-48-13W5 | sweet pool 3393 17.6 3.67E-07 1.09E-06 —1.5*—12 di i calcium carbonate
Well 06-25-50-12W5 | sweet pool 8233 15.4 5.98E-08 4.53e-07 8.77E-14 i diamagnetic calcium carbonate
Well 06-25-50-12W5 sweet pool 8233R 20.9 1.44E-07 4.60E-07 3.04E-13 i paramagnetic pyrite or siderite
Well 06-25-50-12W5 sweet pool 8233RR 16.5 1.16E-07 4.75E-07 3.13e-13 § paramagnetic pyrite or siderite
Well 06-25-50-12W5 | sweet pool 8233RRR 10.6 6.96E-08 5.23E-07 2.39E-12 i paramagnetic pyrite or siderite
Well 06-25-50-12W5 | sweet pool 8233RRRR 136 6.64E-08 4.82E-07 3.23E-13 ; paramagnetic pyrite or siderite
Well 06-25-50-12W5 | sweet pool 8293 17.3 3.326-08 3.78E-07 [ 10411 diamagnetic calcium carbonate
Well 06-25-50-12W5 | sweet pool 8293R 15.2 5.20E-08 3.84E-07 [ 10811 diamagnetic calcium carbonate
Well 06-25-50-12W5 | sweet pool 8409 10.0 -4.29E-08 1.796-07 | di i calcium carbonate

Given the data for the measured saturation magnetization (Ms), remanence saturation
magnetization (Mrs), coercivities (Hc) and high field slope (Hfs), large positive high-field
slope values signify the presence of paramagnetic minerals (pyrite or siderite), negative
slope indicates the magnetic signal is low in ferromagnetic (in the broad sense) and
paramagnetic material, and the diamagnetic signal is dominating in the wells studied. The
magnetic property and the suspected mineralogy column are both functions of the high
tield slope readings (Table 5.1). Two of these wells (Well 02-12-48 and A2-19-12W5) are
on the same migration pathway. They are hydrologically contagious (Machel and Burton
2003). The measured Ms, Mrs and Hc values cannot be used to distinguish the sweet or
sour oil wells or gas well as they appear to be similar across the board. Some of the
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samples in the wells had high Ms values, e.g., Ms value 5.72 x 105 Am?/kg corresponds to
2.22 x 10" Am?/kg high field slope, while some samples in the same well had very low
Ms values. The high Ms values correspond to negative high field slope while the low Ms
values correspond to positive high field slope which indicates the presence of
ferromagnetic or paramagnetic minerals. All materials are diamagnetic, but the increased
presence and proportion of paramagnetic or ferromagnetic magnetic minerals (pyrite or
siderite) is responsible for increased Ms values while the suspected absence of
paramagnetic minerals components is responsible for decreased Ms value, the absence of
ferromagnetic or paramagnetic component is what makes diamagnetism dominant. The
proportion of these paramagnetic and diamagnetic components cannot be estimated but
can be qualitatively analysed. Peaks in Ms, Mrs, and susceptibility were noticed at
hydrocarbon fluid contacts (e.g. for wells 02-12-48 and A2-19-12W5). There is no
relationship observed for Ms values between wells on the same hydrocarbon migration
pathway (e.g. Wells 02-12 -48 and A2-19-12W5). The migration trend is inferred to be
lateral, except for sweet pools with a very low sulphur concentration on the isolated reefs
in between the bank shelf margin and the shale basin in the NE up-dip direction, in which
all samples have very high coercivity values (Hc) (e.g. Wells 04-08-48-13W5, 06-25-50-
12W5, 07-33-4-12W5, 05-06-49-12W5). These high coercivities could be due to the
increasing presence of iron sulphides (Horng, 2018), while the low coercivities in the sour
gas pools could be due to magnetic phases of authigenic origin (Costanzo-Alvarez et al.,
2000). The saturation magnetization is generally higher in wells in the shale basin up-dip
(Wells 04-08-48-13W5, 06-25-50-12W5, 07-33-4-12W5, 06-25-50-12W5) compared to wells
charged laterally (Wells 02-12 -48 and A2-19-12W5) on the bank edge reef. This is not
unexpected as magnetic mineral formation due to the presence of hydrocarbon has been
shown to produce either a positive or negative magnetic anomaly, which can lead to
noticeable increases or decreases in relative susceptibility along with the profile (Burton
et al., 1993; Machel, 1995). For example, a positive magnetic anomaly would be observed
if magnetite was precipitated in a layer with pyrite and/or hematite present before the
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invasion of oil, while a negative anomaly would be observed if the invasion of oil led to
the precipitation of siderite (Table 5.1).

Table 5.2: Average room- temperature magnetic measurement result for all the wells examined in this study, showing the
average saturation magnetization, coercivity, and the percentage of H2S concentration in the pools. The H2S % concentration
was derived from Machel and burton (1995)

Nisku room temperature magnetic results

02-12-48-12W5 |10 3.05E-06 | |7 sour gas Carbonate shelf(Band edge reef) [[l20%

| 2.04E-06 | 9 shale basin 0%
A2-19-48-13W5 || 1.45E-06 18 sour gas Carbonate shelf(Band edge reef) [[B20%
04-08-48-13W5 | 1.02E-06 | 13 sweet gas pool |shale basin | 0.70%

I:|7.17E-07 7 shale basin 0%

I le.42E07 | 15 | shale basin 0%

|| 3.556-07 | |7 shale basin 0%

In Table 5.2, wells are ranked according to their average magnetic enhancement, with the
sour gas pool having the higher magnetic intensity and dry wells having the lower
magnetic intensity. The sweet oil and gas pools had intermediate magnetic enhancement
when compared to the sour-gas and dry wells.

The average saturation magnetization of the sour gas pool for well 02-12-48 is eight times
stronger than the average saturation magnetization in the dry well 07-04-49, and the dry
well has higher coercivity than the sour gas well (Table 5.2)
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Figure 5.3: Graph of Coercivity (mT) vs H2S (%) concentration. H2S concentration (%) was derived from Machel and Burton
(1995).
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Given the data for measured coercivity in comparison with the concentration of H2S in all
the wells. A key observation is that wells rich in sulphur concentration possess low
coercivity (e.g. well 02-12-48-12W5 in Figure 5.3), confirming the possibility of
magnetically soft minerals (e.g. greigite and magnetite) being present. Higher coercivities
(e.g. wells 04-08-48-13W5, 06-25-50-12W5) signify the presence of magnetically hard
minerals (e.g. hematite) (Janna et al., 2015). The lithology has a distinct spatial distribution.
Saddle dolomite occurs only in the water-bearing part of the pool, which suggests it
formed after the gas-water contact. This implies that saddle dolomite can form an aqueous
solution. Elemental sulphur occurs in the gas water transition zone intergrown with
saddle dolomite, suggesting it formed after the gas water transition zone was developed
(Machel and Burton 1995; Burton et al., 2003).
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Figure 5.4: Saturation magnetization (Ms) against depth (m) with the gas-water contact (GWC) highlighted for wells in the
carbonate shelf margin bank edge reef: a) 02-12-48-12W5 and b) A2-19-48-13W5. The gas-water contact zone is marked by a
distinct peak highest within the zone, this spike is speculated to be the paleo-contact.

It is clear from that for the gas pool, magnetism is greatly enhanced at the gas-water
contact (GWC), for example in Wells 02-12-48-12W5 and A2-19-48-13W5 located at the
bank edge reef (Fig. 5.4). The absolute values for wells 02-12-48-12W5 are to the order of
magnitude of magnetic anomalies 10-5Am?/kg in comparison to wells A2-19-48-13W5
which is to the order of 10°Am?/kg. Well, 02-12 is more strongly magnetic than A2-19-48-
13W5 which are both located on the bank edge reef, on the other hand, magnetic
enhancement is not seen at the OWC for the wells in the isolated reefs located in the shale
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basin area Figure 5.5 and Figure 5.6. This appears to be a possible pitfall in the observation
of magnetic enhancement at the hydrocarbon contact (Badejo et al., 2020) and poses a
threat to the universality of this study. Also, some spikes in magnetization are not
associated with the hydrocarbon contact in these wells, probably due to the combination
of paramagnetic and diamagnetic behaviour of magnetic minerals present in the samples.
The dominance of paramagnetic behaviour in any measured sample results in increased
saturation magnetization while the dominance of diamagnetic behaviour in samples
results in decreased saturation magnetization whether it is found on the fluid contact or

not.
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Figure 5.5: Saturation magnetization (Ms)(Am?/kg) against depth (m) showing oil-water contact (OWC) for wells in the shale
basin: a) 07-33-48-12W5, b) 04-08-48-13W5. Error margin + or — 6m SD. Note, these wells are located in sweet oil pools.
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Figure 5.6: Saturation magnetization (Ms) against depth (m) showing oil-water contact (OWC) for wells in the shale basin.
a) 06-12-52-9W5, b) 06-25-48-13W5. Error margin + or -6m SD.

This leaves some unanswered questions as to the reason why magnetic enhancement was
not found at hydrocarbon fluid contacts, as it is on other parts of the Brazeau area. Does
the geological configuration of the sedimentary basin, play a vital role in this? Could the
fact that these wells are not on the bank edge reef, but on the isolated reef in the shale be
a possible factor? The foreland basinal structure of Nisku formation could result in a tilted
hydrocarbon contact, as the position of the sweet wells is in the up-dip direction. Also,
could the fact that these wells in the up-dip direction are found on an isolated reef, and
are not hydrologically contagious, be a factor? Wells on the bank edge reef which are
porous and permeable, and migration is lateral. Could the depth intervals where spikes
are greatly enhanced by the new hydrocarbon contact? Could fluid inclusion be needed
to investigate this hypothesis?
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5.3.2 First order reverse curve (FORC)

FORC diagrams were used to identify the domain-state distributions within the samples
(Roberts et al., 2000; Roberts et al., 2014). It was calculated from a class of partial-hysteresis
curves (Roberts et al., 2000). As a first approximation, the x-axis represents the coercivity
distribution while the y-axis describes the magnetic-interaction distribution within the
sample (Roberts et al., 2000). The ‘irregular’ measurement protocol by Zhao et al. (2015)
was used for all the FORCs. Multiple hysteresis loops form. For simple classification of
samples into a box-like single domain (SD), pseudo-single domain (PSD), and
multidomain (MD) regions with arbitrary boundaries, a Day plot is created showing a
graphical Mrs/Ms versus Hcr/Hc plot (Dunlop, 2002).
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Figure 5.7: FORC diagrams for samples in well 2-12 of the Nisku sour gas pool at room temperature showing their respective
magnetostatic interaction (Bu) and coercivities (Bc). a) FORC diagram suggests the presence of a mixture of PSD/MD and
SP grains (3180 m); b) FORC diagram suggests the presence of PSD/MD grain with a vortex (3201.7 m, at GWC); c¢) FORC
diagram suggests the presence of SD grains (3201.2 m); d) FORC diagram suggests the presence of SD grains with some SP
grains (3201.3 m); e) FORC diagram suggests the presence of non-interacting SD grain with multiaxial anisotropy (3219.7
m); f) FORC diagram suggests the presence of SD grains with anisotropy (3228.7 m); g) FORC diagram suggests the presence
of SP grains with anisotropy (3228.0 m); h) FORC diagram suggests the presence of SD grain (3246 m). VARIFORC
parameters (Egli, 2013) for FORC smoothing are sc,0 =1.2, sc,1 =3, sb,0 =3, sb,1 =5, and Ac=1 Ab = 1. SD grains have
grain size 0.03-0.08 um, SP grains have grain size <0.03 um

FORC distributions (e.g., Roberts et al., 2000; Muxworthy and Roberts, 2007) were also
measured and representative plots are shown in Figure 5.7. Figure 5.7a-b depicts
interacting with single domain grains with vortex, and Figure 5.7b shows the presence of
multi-domain grains. Figure 5.7c-d shows the presence of interacting single domain grains
in a suspected greigite sample, and Figure 5.7e shows the presence of a single domain
grain with stretched peaks. Figure 5.7f shows the presence of interacting single domain
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grains, in Figure 5.7g an SP grain is suspected to be present within the negative region,
and Figure 5.7h shows the presence of interacting single domain grains. High coercivities
in FORC diagrams depict the presence of iron oxides or sulphides (Muxworthy et al, 2012;
Harrison et al, 2018).
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Figure 5.8: Representative FORC diagrams for well 04-08-48 in a sweet oil pool. a) FORC diagram suggests the presence of
SP grains (3353 m, at OWC); b) FORC diagram suggests the presence of interacting SD grain with vortex structure or
multiaxial anisotropy (3335 m); ¢) FORC diagram suggests the presence of SD grain (3393 m). VARIFORC parameters (Egli,
2013) for smoothing FORCs are sc,0 =3, sc,1 =3, sb,0=4, sb,1=3 and Ac=Ab=10.1.

FORC distributions (e.g., Roberts et al., 2000; Muxworthy and Roberts, 2007) and
representative plots are shown for sweet pools as seen in Figure 5.8a depicts interacting
single domain grains, Figure 5.8b shows the presence of interacting single- domain grains
with multi-axial anisotropy, and Figure 5.8 shows the presence of single-domain grains in
a suspected greigite sample, High coercivities in FORC diagrams depict the presence of
iron oxides or sulphides.
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Figure 5.9: Representative FORC diagrams of samples from the gas-water contact of well A2-19 of the Nisku sour gas pool at
room temperature; showing their respective magnetostatic interaction (Bu) and coercivities (Bc). a) FORC diagram suggests
the presence of SD grain and SP grain with multiaxial anisotropy (3150 m); b) FORC diagram suggests the presence of a
mixture of SD grain and SP grains with multiaxial anisotropy (3152 m); ¢) FORC diagram suggests the presence of a mixture
of SD grain and SP grains with multiaxial anisotropy (3159 m); d) FORC diagram suggests the presence of a mixture of SD
grain and SP grains with multiaxial anisotropy (3163 m at GWC);, FORC diagram suggests the presence (3177 m).
VARIFORC parameters (Egli, 2013) for FORC smoothing

Given the above FORC diagrams from well A2-19, Figure 5.9a, taken from above the GWC,
depicts relaxing single domain grains not completely superparamagnetic but small
enough that thermal energy is enough to reduce its coercivity, so it is starting to relax to
its axis. The grain size is around 30 nm. Figure 5.9d shows data from the sample collected
at the GWC, and exhibits interacting single domain grains a little away from the origin,
indicative of the presence of greigite or pyrrhotite iron sulphide minerals approximately
80 nm in size. It has a negative region signifying uniaxial anisotropy.
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Figure 5.10: FORC diagram from dry well 07-04-49 with characteristic SP grain suspected. VARIFORC parameters (EgIi,
2013) for FORC smoothing are sc,0 = 1.2, sc,1 =3, sb,0 =3, sb,1=5, and Ac=1 Ab = 1. Note Well 07-04-49 is a dry well.

In addition to the results from the sour gas pools, samples from the sweet pools located
in the shale basin were also characterized. This was very important as adequate
knowledge of the magnetic behaviour of samples from the oil-water contact will aid a
better understanding of the magnetic behaviour of precipitated samples in pools low in
sulphur concentration (e.g. Well 04-08-48-13W5, located in the sweet gas pool of the
Brazeau area in which the sulphur concentration is less than 1%; Upper et al. (2000).

5.3.3 Low -temperature magnetic measurements

From the results shown in Figure 5.11(a-b), low-temperature crystallographic transition
shows the suspected presence of siderite, the presence of magnetite at Verwey transition
~120K (Verwey,1930) and hematite at Morin transition ~263K (Morin,1950), Figure 5.11(c)
also displays the suspected presence of hematite at Curie temperature of ~660°C. Figure
5.11 (d-e) shows magnetite at Verwey transition of ~120K, hematite at Morin transition
~260K, hump on cooling shows maghemite with a low-temperature warming curve of
saturation isothermal remanence induced at 10K after both zero-field and (2.5T). These
results display the characterized magnetic mineralogy for Well 02-12-48 of the Nisku sour
gas pool located in the Brazeau area. This carbonate shelf margin is situated down-dip
from the line a (Chapter 3), at 20% H2S concentration level. The ~120k Verwey transition
characterizes magnetite in a sample at low temperature, ~260k Morin transition
characterizes hematite, hump on cooling signifies hematite, and Néel transition ~ 37k
characterizes pyrrhotite.
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Figure 5.11: LT experiments (cycling cooling, cycling warming, FC and ZFC), HT susceptibility experiments for samples in well 02-12-48. a-c) Results for sample at 3180 m, at GWC; a) LT
experiments suggest the presence of siderite; b) RT remanence on cooling suggests the presence of magnetite, hematite or goethite, c) HT experiment suggests the presence of hematite. d-f) Results
for sample at 3219 m; d) LT suggests the presence of magnetite, maghemite, and hematite, e) zero-field cooling curve, f) HT experiment suggests the presence of magnetite. g-i) Results for sample
at 3225 m; g) LT experiments suggest the presence of magnetite, h) zero-field cooling curve, i) HT experiment suggests the presence of hematite, greigite or pyrrhotite. j-1) Results for sample at
3246 m; j) FC ZFC remanence on cooling, k) LT experiments suggests the suspected presence of magnetite and hematite, |) HT susceptibility experiments show the suspected presence of hematite,
greigite or pyrrhotite. For the HT susceptibility measurements, the samples were heated in argon.
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From the results shown in Figure 5.12(a-b) Low-temperature crystallographic transition
shows the suspected presence of siderite, it shows the suspected presence of magnetite at
Verwey transition of ~120K (Verwey,1930) and hematite at Morin transition ~263K
(Morin,1950). Figure 5.12(c) also shows the suspected presence of hematite at Curie
temperature ~660°C. Figure 5.12(d-e) shows the suspected presence of magnetite at
Verwey transition ~120K, hematite at Morin transition ~260K and hump on cooling
showing the suspected presence of maghemite.
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Figure 5.12: LT experiments (cycling cooling, cycling warming, FC and ZFC), HT susceptibility experiments for samples in well A2-02-19. a-c) Results for
sample at 3152 m; a) LT experiments suggest the presence of pyrrhotite, magnetite, and hematite, b) Zero field cooled remanence with the suspected presence of
magnetite and c) HT experiment suggests the presence of hematite. d-e) Results for sample at 3155 m; d) LT field cooled/zero-field cooling e) HT experiment
suggests the presence of hematite, greigite, or pyrrhotite. f-h) Results for sample at 3159 m at GWC; f) LT experiments suggest the presence of pyrrhotite,
magnetite, and hematite. g) zero-field remanence on cooling, h) HT experiment suggests the presence of hematite, greigite, or pyrrhotite. i-k) Results for sample
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at 3163 m at the GWC i) LT experiments su,
experiment suggests the presence of magnetite, iron sulphide greigite, pyrrhotite or pyrite. For the HT susceptibility measurements, the samples were heated in

3gest the presence of pyrrhotite, magnetite, maghemite and hematite, j) zero-field remanence on cooling, k) HT

S

a TgU mn.

Low and high -temperature measurements were also examined for the dry well (Figure
5.13). From the given data, low-temperature field curve (FC), zero-field curve (ZFC)
parameters are needed for characterizing minerals which are magnetically invisible at
room temperature. These background samples would give information on the filling
history of a basin or could be used in the calibration of the petroleum systems model in
both frontier and mature basins. The Nisku pool, background samples show the suspected
presence of paramagnetic pyrite or siderite.
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Figure 5.13: LT experiments (cycling cooling, cycling warming, FC and ZFC), HT susceptibility experiments for samples in
dry well 07-04-49-25W5. a-c) Results for sample at 10092 m; a) LT experiments suggest the presence of magnetite and
hematite, b) Remanence on cooling suggests the presence of magnetite and hematite, c) HT experiment suggests a siderite rich
sample. d-f) Results for sample at 10240 m; d) LT experiments suggest the presence of magnetite, e) Remanence on cooling
suggests the presence of magnetite and hematite, f) HT experiment suggests a siderite rich sample. For the HT susceptibility
measurements, the samples were heated in argon.

From (Figure 5.13) samples 5100092 and S10240 from a dry well have low and high-
temperature experiments carried out on them with low-temperature crystallographic
transition showing the suspected presence of magnetite with Verwey transition ~120K
and Morin transition ~260K Figure 5.13 (a-b; d-e) and a siderite rich presence from the
high-temperature experiments Figure 5.13 (c andf).
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Figure 5.14: LT experiments (cycling cooling, cycling warming, FC and ZFC), HT susceptibility experiments for samples in dry well
04-08-48-13W5. a-c) Results for sample at 3334.41 m; a) LT experiments suggest the presence of magnetite, b)zero-field Remanence
on cooling, ¢) HT experiment suggests the presence of hematite. d-f) Results for sample at 3353 m; d) LT experiments suggest the
presence of pyrrhotite, magnetite and hematite, e)zero-field remanence on cooling, f) HT susceptibility experiments suggests the
presence of titanohematite and iron sulphide. g-i) Results for sample at 3365.3 m, at OWGC; f) LT experiments suggest the presence of
magnetite and hematite, g) zero field cooling curve suggests the presence of magnetite, h) HT susceptibility experiment suggest the
presence of hematite and iron sulphide. j-1) Results for sample at 3372 m; j) LT experiments suggest the presence of siderite and
magnetite, k) remanence on cooling and warming curve suggests the presence of magnetite and maghemite; 1) HT susceptibility
experiments suggest the presence of hematite and iron sulphide.S3380.7;q) HT susceptibility experiment suggest the presence of
hematite and iron sulphide. S3393.9; r) LT experiments suggest the presence of siderite and magnetite, s) remanence on cooling
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From Figure 5.14 there is much evidence for the presence of magnetite through the
presence of the Verwey transition and hematite through the presence of the Morin
transition. Maghemite is also likely to present, as suggested by the hump on heating at
~350 °C (Figure 5.14), and again the presence of hematite is supported by the high Curie
temperature ~670 °C. The shape of the high-temperature susceptibility curves also suggest
the presence of greigite and pyrite, as high lighted
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Figure 5.15: LT experiments (cycling cooling, cycling warming, FC and ZFC), HT susceptibility experiments for samples in oil well 07-33-48-12W5. a-c) Results
for sample at 3066.8 m; a) LT experiments suggest the presence of magnetite and hematite, b)zero-field Remanence on cooling, c) HT experiment suggests the
presence of magnetite and iron sulphide. d-f) Results for the sample at 3068.2 m, at OWGC; d) LT experiments suggest the presence of magnetite e) remanence on
cooling suggests the presence of magnetite and hematite, f) HT susceptibility experiments suggest the presence of magnetite and iron sulphide. g-i) Results for a
sample at 3082.4 m; g) LT experiments suggest the presence of monoclinic pyrrhotite, h) remanence on cooling curve suggests the presence of magnetite, pyrrhotite,
maghemite, and hematite, i) HT susceptibility experiment suggest the presence of hematite and iron sulphide greigite or pyrrhotite. j-1) Results for sample at
3085.2 m; j) LT experiments suggest the presence of siderite, k) remanence on cooling, and warming curve suggest the presence of magnetite and pyrrhotite; 1)
HT susceptibility experiments suggest the presence of hematite and iron sulphide greigite or pyrrhotite. m-o) Results for the sample at 3089.2 m; m) LT
experiments suggest the presence of monoclinic pyrrhotite, n)remanence on cooling curve suggests the presence of monoclinic pyrrhotite, magnetite, hematite,
and maghemite, 0) HT susceptibility experiment suggest the presence of hematite and iron sulphide greigite or pyrrhotite. p-r) Results for sample at 3095.9 m; p)
zero-field cooling curve, q) remanence on cooling curve suggesting the presence of magnetite, pyrrhotite and maghemite, r) HT susceptibility experiment suggest
the presence of hematite and iron sulphide. s-t) Results for sample at 3099.5 m; s) LT experiments suggest the presence of siderite, t) remanence on cooling and
warming suggests the presence of magnetite, titanohematite, or goethite
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5.4. Microscopy results

To aid magnetic mineral characterization, which can be non-unique, e.g., it is difficult to
magnetically differentiate between pyrrhotite and greigite, I undertook a scanning
electron microscope (SEM) imaging of four samples from four (4) wells (Fig.5.16). These
samples were chosen because they have both variety combinations of sweet and sour
wells. Their respective saturation magnetization from the low-temperature measurements
were distinctly clear and also very high. The purpose was to look at iron oxide and
sulphide sulphide minerals present in the samples to validate the magnetic results. These
minerals were identified using EDX; I also analysed the morphology and grain sizes of
the iron oxide and sulphide sulphide minerals. The abundance of magnetic minerals was
<< 1%, and the initial SEM I carried out without magnetic extraction was unsuccessful, I
carried out magnetic extraction. To achieve this, samples were ground to an even grain
size, and passed through a Frantz electromagnet magnetic separator four times to increase
the relative abundance of magnetic materials following the protocol developed by Chang
et al. (2012) Samples were coated in gold for imaging energy dispersive X-ray (EDX)
analysis on the Zeiss LEO Gemini 1525 SEM at the Dept. of Materials, Imperial College
London. The EDX analysis had a spot size of ~1 um.
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Figure 5.16: SEM images showing the magnetic mineralogy, morphology, and grain size of magnetic minerals from the hydrocarbon contact of the Nisku pools.
Sour gas pool 02-12 GWC; a) SEM suggests the presence of iron oxide and sulphide minerals (pyrite and hexagonal pyrrhotite). Sour gas pool A2-19 GWC; b)
SEM suggests the presence of iron sulphide mineral (greigite). Oil pool 07-33-48 OWC; c¢) SEM suggests the presence of iron oxide. Sweet oil and gas pool 04-
04-48 OWC; d) SEM suggests the presence of iron oxide minerals. H= Hematite, M= Magnetite, G= Greigite, Py=Pyrrhotite
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From the SEM imaging, it was observed that the sweet pool is dominated by the presence
of iron oxides. The SEM results also showed that some iron sulphides were found which
corresponds with the low-temperature magnetometry results showing some sulphides
(pyrite, pyrrhotite, or greigite) and iron oxides (maghemite, magnetite, hematite). The
SEM results for Well 02-12-48-12W5 found greigite and hexagonal pyrrhotite (Figure 5.16)
confirming the low-temperature magnetometry results of the same well which found
pyrrhotite and high-temperature magnetometry results which found greigite (Figure
5.11): the presence of iron sulphides is therefore confirmed. The morphology of the
hexagonal pyrrhotite is <lum in size. The SEM results for Well A2-19 found pyrite
fambroids and magnetite confirming low-temperature magnetometry results for samples
from the GWC (Figure 5.11) which found pyrrhotite and magnetite. Magnetite was also
found from high-temperature magnetometry results along with pyrite. The result from
this well suggests the combinative presence of oxides of iron and sulphur, the grain size
of the minerals are <1 um nanoparticle grain size around 50 to 100 nm in size (Figure 5.19).
Well, 07-33-48 from low-temperature results at the OWC suggesting the presence of iron
oxide (magnetite, hematite, maghemite) (Figure 5.15) confirms what the SEM results
showing very low oxide of iron composition and no sulphides (Figure 5.16). This could
be a result of extremely low sulphur concentration in the pool.

Lastly, SEM results also confirm the presence of very weak iron oxides and sulphides
which is shown from the low-temperature results for well 04-04-48 at the OWC (Figure
5.14) suggests the presence of iron oxide (magnetite, maghemite, and hematite) and
sulphides of pyrite, its corresponding SEM result confirms the presence of very weak iron
oxides and sulphides (Figure 5.16d) judging from the concentration of sulphur in the
pools (sweet pool).

5.5. DISCUSSION

In (Table ii), a summary of the main findings is shown. In this table, the magnetic
mineralogies found are listed, and conclusions on the magnetic mineralogy of samples
from the hydrocarbon contact of the wells are summarized and shown (Figure 5.17). My
findings summarize that the pools in the bank edge reef, appears to be dominated by the
presence of iron sulphide minerals pyrrhotite and greigite alongside other minerals while
the pools in the shale basin up-dip are largely dominated by iron oxide minerals, this
change in the mineralogy between wells in the shelf margin and the shale basin is realistic
because the migration of H2S from the deepest part of the build-up SW to NE only affects
the wells on the bank edge reef and is not able to permeate into wells in the shale basin
up-dip, this I believe is the reason why we do not have a very increased proportion of
sulphide minerals for wells in the shale basin NE.
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awsour gas pools rich in MD pyrrhotite and greigite, with small proportions of siderite,maghemite, magnetite
© sweet gas pool rich in pseudosingle domain grain magnetite,hematite at OWC with some small maghemite

«» dry well rich in siderite, and some negligible hematite & magnetite. grains are multidomain

oil pool rich in magnetite,pyrrhotite,maghemite,hematite at OWC with pseudosingle domain grains

Figure 5.17: Nisku sour gas pool of the Brazeau study area showing all the wells magnetically examined in this study and the
respective magnetic mineralogy predominant in them

92



Table ii: Summarised findings from measurements carried out on samples from the hydrocarbon contacts of the Nisku pools showing their mineralogy, morphology, grain size, and H2S concentration. The

concentration of H2S was obtained from Burton (1995)

Pool

Well

Location

Mineralogy at the hydrocarbon
fluid contact (OWC and GWC)

SEM of hydrocarbon
contact and
Morphology

The grain size of minerals

H:S concentration

Gas pool

02-12-48-13w5

Bank edge reef

Iron sulphides (pyrrhotite and
greigite appears to be more
dominant than the rest) with
some negligible trace of Iron
oxide (maghemite, magnetite,
hematite pyrite and siderite

Hexagonal pyrrhotite
and cubic greigite
present

0-3 um

20%

Gas pool

A2-19-12W5

Bank edge reef

Iron sulphide pyrrhotite and
greigite appears to be more
dominant than in this pool with
some trace of iron oxide
(maghemite, magnetite,

hematite) and pyrite

Cubic
pyrrhotite present

greigite  with

0 t0 0.03-0.1 pm

16%

Qil pool

07-33-48-12W5

Shale Basin

Iron oxide (magnetite, hematite,
maghemite) is dominant in the
pool with some trace of
monoclinic pyrrhotite

Iron oxides

0-0.1um

0.5%

Sweet pool

04-08-13W5

Shale Basin

Iron oxide (magnetite, hematite,
maghemite), the sulphide of

pyrite

Iron oxides

0-0.1um

0%

Dry well

07-04-49-25W5

Shale Basin

Siderite is predominant, with
some trace of, magnetite,

hematite grains

0-0.1pm

0%
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Five different kinds of magnetic tests were carried out on samples at the hydrocarbon
contacts to characterize their respective magnetic mineralogy and found magnetic
enhancement to be greatly enhanced at the gas-water contact of two sour gas wells (02-
12-38-12W5 and A2-19-48-13W5) located on the bank edge reef characterized by the
presence of ferromagnetic greigite and pyrrhotite. The presence of ferromagnetic minerals
in the hydrocarbon contact is the story of this study and how they change under a varying
range of temperature and pressure conditions, the grain sizes of these dominant

ferromagnetic minerals, and their respective concentration in ppm.

Consider well 02-12-48-13W5, which from room-temperature measurements shows that
magnetic enhancement can be found at the GWC (Figure 5.4). The low and high-
temperature measurements for this core indicates that this enhancement was due to an
increased presence of iron sulphide pyrrhotite and greigite. Paramagnetic pyrite was
suspected to be present at room temperature, which upon heating at high temperature
began to show the formation of pyrrhotite and greigite with a Curie temperature range of
320°C to 350°C (Figure 5.11). Crystallographic transition further helped to identify the
magnetic mineral pyrrhotite which was magnetically invisible at room temperature
(Figure 5.11). These findings were supported by SEM observations and analysis (Figure
5.16a), which confirmed the presence of hexagonal pyrrhotite with grain size ranging
from 20-100nm from FORC analysis (Figure 5.7) and greigite 0-30 nm from SEM results
with its cubic morphology. This predicts some obvious diagenetic inorganic precipitation
of SP (0-30 nm) to SD (30 -100 nm) and MD grain with larger grain size >30 nm ( Tauxe,
2010) at the hydrocarbon contact as H2S charged the pool when laterally migrating from
the deepest part of the build-up SW to the NE direction, the second-highest peak was not
exactly at the hydrocarbon contact, the remagnetization and precipitation from the top of
the gas column could be responsible for depositing ferromagnetic minerals above the
contact, hence the reason for the spike above the contact (Figure 5.19). Above the contact,
the diamagnetic behaviour of the samples is responsible for the low magnetic signals from
the room temperature experiments (Figure 5.4), upon carrying out crystallographic
transition on these samples, there seem to be a change in mineralogy to pyrrhotite. The
presence of pyrrhotite and greigite from the high-temperature experiments and SEM
results gives a clue of the possible impact of hydrocarbon migration, the only difference
between the mineralogy of the minerals above the contact and at the contact is the grain
size. The grain size of the minerals present at the contact is much larger than the minerals
above the contact, signifying the precipitation of larger grains minerals (of both authigenic
and detrital origin at the hydrocarbon water zone as hydrocarbon invades the pool.
(Figure 5.19). Well A2-19-12W5 on the carbonate shelf margin had the GWC to be
identified at 3163m from resistivity log, lithological description, and RFT data, and
displayed magnetic enhancement from the room temperature measurement results to be
paramagnetic pyrite or siderite (Table 5.1) with mineralogy from low and high-

94



temperature measurements suggesting the presence of iron sulphide (pyrrhotite or
greigite) respectively which are magnetically invisible at room temperature.
Paramagnetic siderite or pyrite is equally suspected to be present at room temperature
from the positive high field slope results (Table 5.1) and SEM microscopy confirming the
presence of cubic greigite with fine particle grain size ranging from SP (0-0.03um) to SD
(0.03-0.1um) from FORC measurements (Figure 5.16). The presence of iron sulphide
greigite, pyrrhotite and pyrite found in the sour gas pool was as a result of the migration
of HzS from the deepest part of the build-up. H2S as a by-product of thermochemical
sulphate reduction migrates from SW to NE direction, influencing the sulphide minerals
formed during migration. The crude formed from thermal maturation for the pools in the
reefs found the in the up deep direction, the HzS from the deepest part of the build-up SW
to NE did not influence the wells in the shale basin, maybe due to facies transition
between the carbonate shelf margin and the shale basin

5.6. Magnetic Enhancement at Fluid contacts

From the presented results, the room-temperature saturation magnetization
measurements (Figure 5.4) and high-field slope results of samples above the contact, at
the contact, and below the fluid contact (Table 5.1). Some wells had clear enhancements at
the hydrocarbon contact while some did not. The reason could be because of the complex
diagenesis in carbonate systems which influences its reservoir heterogeneity and
hydrocarbon distribution in the petroleum system. However, the Nisku is a foreland
basin, there is also a possibility of having tilted hydrocarbon fluid contacts due to its
reservoir heterogeneity as most tilted hydrocarbon contacts usually indicate
hydrodynamic activity (i.e. lateral movement of fluid). There is also a likely hood that a
paleo-contact must have been identified which was originally horizontal and became
tilted over time (Figure 5.4). The sour gas wells located on the bank edge reef in the
carbonate shelf margin had distinct gas-water contact (GWC) (Figure 5.2) while the oil
pools in the shale basin had dissimilar hydrocarbon contacts (Figure 5.5; Figure 5.6). These
pools are in isolated reefs between the carbonate shelf margin and the shale basin.

5.7. Possible causes of magnetic enhancement at the hydrocarbon contact

Some several mechanisms or factors could cause magnetic enhancement at the
hydrocarbon contacts. Biodegradation was suspected to be a possible cause of magnetic
enhancement at the hydrocarbon contact (Badejo et al., 2020). The reservoir system is too
hot and deep for biodegradation to occur.

1). Diagenetic precipitation: Another mechanism is that precipitation started from the
top of the gas column in the reservoir down to the bottom of the gas column until the spill
point was reached and GWC formed as H2S charged the pool. A schematic showing the
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variation of grain sizes of magnetic minerals precipitated due to the diagenetic
environment caused by hydrocarbons is shown in Figure 5.18 and Figure 5.19.
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Figure 5.18: A schematic of the authigenic ferromagnetic magnetic mineral grain sizes as a function
of depth within the Nisku
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Figure 5.19: mineralogy, grain size description of minerals above the contact, at the contact and below the contact for wells

a2-19 sour gas well of the Nisku formation
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The H2S which charged the pool on the carbonate shelf margin is a by-product of
thermochemical sulphate reduction (TSR) that took place down-dip in the basin (Machel
and Burton 1995). The abundance of sulphur in the pool influenced the geochemical
environment giving room for the formation of paramagnetic pyrite which precipitated
from the top of the gas column and settled at the gas-water transition zone (Machel and
Burton 1995). When the weakly magnetic minerals react with iron minerals and
hydrocarbon-rich water, it further contributes to the authigenic growth of greigite and
pyrrhotite at greater depth, as the iron from the detrital minerals dissipates upon
dissolution when the water zone was reached, reacting with HzS and leading to inorganic
diagenetic precipitation, causing an enhancement of magnetic signals at the GWC. Iron
sulphides react with HzS in the pool to form pyrite (eqn 1), but at greater depth, pyrite
undergoes desulphidation to form pyrrhotite (Roberts et al., 2018).

FeS+H2S — FeSo+Ha oovviiiiiiiiine, (eqn 1). (Pyrite formation)

FeSx+ H20 + CH4 (Hydrocarbon) — FesSs........... (eqn 2) (Pyrrhotite formation)

When water reacts with pyrite, pyrrhotite, and greigite is formed in the presence of
hydrogen sulphide gas (Burtler et al., 2014, Roberts et al., 2018).

2). Pyrite dissolution: The H* and O* in water reacts with ferric iron and with pyrite
resulting in the dissolution of pyrite to form elemental sulphur and other sulphide
minerals (Lan and Butler 2014). The positive high field slope from room temperature
results predicts the presence of pyrite (Figure 5.2). All the samples measured for the dry
well (Well 07-04-09-12W5) had a positive high field slope. This mechanism is responsible
for the yellowish colour observed during geological observation of the Nisku core
samples (Machel and Burton 1995). This colouration was found around the gas water
transition depth interval for Well 02-12 and A2-19 which are said to be hydrologically
contagious (Machel and Burton, 2003), as they are laterally located at the bank edge reef.
Increased sulphur in the system aids further precipitation of pyrite, but when sulphur
supply is reduced, it further aids the precipitation of pyrite precursor greigite in the
presence of ferric iron.

FeS: + H + O%- + Fe?* — 52+ FesSs (Greigite) ........ (eqn...3)
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3). Pyrite oxidation: This did not occur in the subsurface, but instead when the cores are
exposed to the atmosphere. Pyrite is the most stable magnetic mineral in the universe
(Egon et al 2017; Emerson et al., 2019), however, pyrite can still undergo oxidation when
exposed to air. The oxidation of pyrite and other factors affecting the kinetics of oxidation
(O2, Fe*, temperature, pH, Eh) can cause the enhancement of magnetic signals when
exposed to the air. The chemical oxidation of pyrite involves surface interaction with
dissolved Oz, Fe* and other mineral catalysts. The presence of atmospheric oxygen aids
oxidation of pyrite to produce one mole of Fe?, two moles of SO+ and two moles of H*
for every mole of pyrite oxidized (Nordstrom, 1982).

Wells 02-12 and A2-19 had clear enhancement at the gas-water contact. (Figure 5.2). The
other two oil wells located in the shale basin in the up-dip direction which are wells

07-33-48-12W5 and 04-08-13W5 (Figure 5.5; Figure 5.6) also had their oil-water contacts
determined from resistivity logs, lithological description, but did not have magnetic
enhancement at these depth intervals but had magnetic anomalies in other depth intervals
within the pools when room temperature measurements were carried out on them. Their
mineralogical composition had the presence of iron sulphides (monoclinic pyrrhotite,
greigite) from low and high-temperature measurements, and SEM also confirmed the
presence of iron sulphides cubic greigite and pyrrhotite.

(4) Thermochemical Sulphate reduction: This is a process whereby aqueous sulphate and
petroleum compounds react at a temperature higher than 120°C (Chunfang Cai et. al.
2017).

Cn Hone2 + SO42 — CO2 +H,S + altered petroleum. (Chunfang Cai et. al. 2017).

This occurs in the subsurface, at great depths. During Thermochemical Sulphate
reduction, some of the sulphur vapour is released which then increases the iron to sulphur
ratio in pyrrhotite (Fe:S). The impact of sulphur or H2S charge into sour gas pools and the
invasion of hydrocarbon support precipitation of new magnetic minerals in the pools
aiding possible magnetic enhancement (Roberts et al., 2018). For the pools up-dip, there
was no HzS charge as they are pools in the isolated reefs in the shale basin, they are the
sweet pools. The facies transition between the carbonate shelf margin and the shale basin
area did not favour the migration of HzS into the pools up-dip to possibly displace the oil
or causing charge that will support the diagenetic growth of new authigenic mineral
pyrite up-dip ( Machel and Burton 1995; Burton et al., 2003).

The high field slope results show that magnetic minerals (pyrite) is suspected to be
present. Large high field results are indicative of the presence of paramagnetic magnetic
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minerals signaling no presence of ferromagnetic components (sensu lato). The result of
the Nisku at room temperature indicates the dominance of the diamagnetic component
from the negative field slope results (Table 5.1).

From my observation, the room temperature results from the Nisku study area high field
susceptibility results predict the dominance of diamagnetic minerals (CaCOs) and the
very negligible presence of paramagnetic minerals (pyrite, siderite). The low temperature
and high-temperature results predict the strong presence of ferromagnetic minerals,
which is where the bone of contention in this research is focused as their magnetic
behaviours helps characterizes the mechanism of increased magnetic enhancement at the
hydrocarbon contacts. These paramagnetic minerals (pyrite) detected at room
temperature diagenetically alter to ferromagnetic pyrrhotite and greigite at high-
temperature conditions as seen in (Figure 5.11; Figure 5.12; Figure 5.13; Figure 5.14; Figure
5.15) when heated in the presence of argon by desulphidation reaction. Pyrite could also
have been formed at high temperatures from the dissolution of magnetite earlier formed
from oxidation. The pyrite when heated in argon forms magnetite (Hu et al.,2006), this
newly formed magnetite reacts with sulphur atoms released from the pyrite lattice and
converts it to pyrrhotite at a higher temperature (Hu et al.,2006).

The domination of diamagnetic versus paramagnetic and ferrimagnetic components is
responsible for the cyclic trend in susceptibility records, whereby higher values
correspond to a higher percentage of paramagnetic mainly (iron-rich clay minerals, i.e.
illite, chlorite, and pyrite) and a small amount of ferrimagnetic magnetite, while lower
susceptibility values relate to an absence of paramagnetic and ferromagnetic minerals.

Total magnetization is a combination of ferromagnetic, paramagnetic, and diamagnetic
component which could be estimated to be equal to the percentage (%) of the
Ferromagnetic components (magnetite, greigite, pyrrhotite) + the percentage (%) of the
paramagnetic components (clay minerals illite + chlorite+ paramagnetic pyrite, siderite +
the percentage(%) of the diamagnetic components (biogenic CaCO3 + Quartz) (Chang et
al., 2014). Either through qualitative or quantitative analysis of the samples from the
Nisku pool, high field slope approximately has the highest percentage of the minerals
appearing to be diamagnetic (CaCO:s), followed by the paramagnetic components with
very negligible ferrimagnetic composition. Table 5.1 shows that the magnetic properties
of the minerals from the Nisku are diamagnetic (Calcium carbonate) which is highly
repulsive in magnetic behaviour. This explains the reason for the weak magnetic signals
seen from the magnetic measurements. Carbonates are known to exhibit weak magnetic
behaviours because of this. Another key factor to note is the sulphur concentration in the
pool enhances the paramagnetic behaviours in the samples, e.g. pyrite and siderite
(Robert et al.,, 2018). These paramagnetic behaviours, further exhibit ferrimagnetic
properties when heated, in the presence of argon, A typical case study is the formation of
pyrrhotite when pyrite undergoes desulphidation and oxidation, in the presence of
oxygen to form magnetite, further dissolution of magnetite leads to the formation of
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pyrite. When the pyrite becomes too saturated and there is no more supply of sulphur
during desulphidation, ferrimagnetic greigite is formed (Robert et al., 2015; Robert et al.,
2018).

For the ferromagnetic minerals which are the bone of contention of this study, it can be
observed that the grain size of magnetic minerals at the hydrocarbon contact appears to
be much larger than the grain sizes of the ferromagnetic minerals above and below the
hydrocarbon contacts. (Figure 5.18) as a result of these diagenetic conditions and
processes aiding magnetic mineral precipitation. Also, the estimated concentration of the
minerals at the contact, above the contact and below the contact is expressed in ppm
calculated from their respective saturation magnetization values and sample mass (Figure
5.20) The concentration of the magnetic minerals above the contact is more, from this
estimation and can be assumed to diagenetically settle below the water transition zone

and increase in concentration.

Conc (ppm) Conc (ppm) Conc (ppm) Grain size (nm)
Sample greigite pyrrhotite magnetite
Above hydrocarbon contact 3150 I 77605 [ 9.09E-05 [ 198605 20-40
At hydrocarbon contact 3163 [ L7603 0002210811 | FT0.000480611 30-100
Below hydrocarbon contact 3177 I 5.46E-04 I 68304 148604 20-40

Figure 5.20: The concentration of magnetic minerals above, at and below the contact for Well A2-19 of the Nisku sour gas
pool.

5.8 Conclusion

Increased magnetic enhancement of measured magnetic susceptibility, saturation
magnetization, and remanent saturation magnetization was observed at the GWC in the
Nisku sour gas pools (Figure 5.4). FORC analysis showed these peaks to be due to an
increased proportion of single domain, greigite, and pyrrhotite at the hydrocarbon
contacts. (Figure 5.9; Figure 5.5; Figure 5.18) with their grain sizes at the hydrocarbon
contact appearing to be larger than they are above and below the contact. The quantitative
analysis further showed how the concentration of the minerals in ppm appears to be
stronger at the contact. SEM imaging also confirmed the presence of iron sulphide
pyrrhotite and greigite. The Invasion and charge of H2S which is a by-product of TSR in
the pool, coupled with hydrocarbon invasion, and migration from the source rock to the
reservoir rock, these minerals had the possible ability to transport through the pore throat
of the rocks as their grain sizes are very small than the pore size of these rocks and some
subtle diagenetic changes resulted in the growth of these new minerals.

In principle, the presence of HzS should aid the precipitation of pyrite thermodynamically
(Machel and Burton 1993) which would, in turn, make the samples in the sour gas pool to
be magnetically weak. Low sulphur concentration in the pools could have aided the
growth of the authigenic greigite. This observation could be used for the effective
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identification of both the GWC, OWC and GOC when conventional methods are not
dependable. This process is equally very cost-effective to carry out. Given that most of the
magnetic minerals would remain in the host rock after hydrocarbon invasion or leakage,
this technique has the prospect to identify paleo hydrocarbon contacts; which could either
be flat or tilted because of structure. Identification of paleo-hydrocarbon contacts can
provide information on the filling history of a series of fields within a basin which can
help in calibrating petroleum systems models. Contrary to (Badejo et al.,2020) prediction
of biodegradation as a possible cause of magnetic enhancement in the pool, the Nisku
formation has its fluid contact identified at a much greater depth of about 3000m unlike
the North Sea which has its fluid contact detected at shallow depth 1000m, the API gravity
is also very higher for the Nisku. This rule out the possibility of biodegradation as being
one of the causes of this increased anomaly at hydrocarbon contact of the sour gas pools
of the Nisku. This observation was also seen for just two wells on the bank edge reef and
not all the wells where hydrocarbon fluid contact was identified which could be found on
the isolated reefs in the shale basin. These wells on the isolated reefs are not connected in
any way unlike wells on the central North Sea, located on the same hydrocarbon
migration pathway. This, therefore, leaves these magnetic enhancements to be study area-
specific i.e. carbonate vs clastics. The complexity of the carbonate system could limit the
universality of this study of magnetic signal enhancement at the hydrocarbon contacts. Of
all the mechanisms proposed to be the cause of this enhancement, diagenetic precipitation
is my preferred option. This observation could be of great importance to the oil industry
as the presence of paleo- hydrocarbon fluid contacts can be identified by carrying out
quick magnetic susceptibility measurements on whole core samples from dry wells and it
would give information on the filling history of a basin or could be used in the calibration
of petroleum systems model in both frontier and mature basins and that this method can
importantly be used on core samples from hydrocarbon wells where conventional
methods failed to identify the GOC or OWC. It is also very important to note that some of
the spikes in the well have the possibility of being paleo-contacts even though these spikes
could not be seen in current day hydrocarbon contact as observed for wells on the
carbonate shelf margin up-dip. The method is therefore viable and would enable
universal applicability when adopted.
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Chapter 6
6.1 CONCLUSION, RECOMMENDATION, FUTURE WORK

6.1.1 Magnetisation

Combining, low temperature, room temperature, high-temperature magnetic
measurement on hydrocarbon impregnated samples of the Devonian Nisku formation of
the west Canada sedimentary basin, a unique relationship between hydrocarbon and
magnetisation has been established for the very first time on a carbonate formation. With
increased magnetic anomalies discovered at the hydrocarbon contact (Table ii).
Microscopy also helped to further identify the grain size of the mineralogy at the contact
(Figure 5.16).

After carrying out these series of magnetic measurements at the hydrocarbon contacts, it
is found that the presence of iron-sulphide ferromagnetic minerals greigite and pyrrhotite
are present at the hydrocarbon contact in dominant proportion alongside other magnetic
minerals as seen from the FORC diagram (Figure 5.18, Figure 5.19, Figure 5.20). The
dominance of iron sulphide minerals is responsible for the magnetic anomalies found at
the hydrocarbon contacts (Figure 5.18, Figure 5.19 and Figure 5.20). The grain sizes of these
ferromagnetic minerals are much larger at the contact, i.e,, > 100 nm than they appear
above and below the hydrocarbon contacts as shown in the FORC diagram (Figure 5.19).
The formation and growth of these magnetic minerals are linked to inorganic
precipitation at the contact, where the presence of sulphur-rich hydrocarbons mix with
water, from large iron sulphide particles. Distal from the contact, smaller ferromagnetic
nanoparticles, i.e., <100 nm, are dominant. These smaller minerals may have precipitated
in presence of hydrocarbons or have migrated with the hydrocarbons. Biodegradation is
ruled out as the Nisku is too deep and hot for microorganisms.

Some wells appear to have had increased magnetic anomalies not exactly at the present-
day hydrocarbon contact, but some meters, i.e, > 10 m, distant the present-day
hydrocarbon contact. These intervals were suspected to be paleo-contacts from
lithological studies; the magnetic anomaly observed for well 02-12 at depth 3201m,
(Figure 5.4) Machel and Burton 1995), is suggested to be a palaeo-contact. It is suggested
that magnetic anomalies seen in other wells are also palaeo-contacts (Figure 5.5; Figure
5.6). This hypothesis needs to be verified with magnetic measurements as part of future
work to see if this is obtainable on other carbonate fields.

Besides, Basin modelling should be added to the magnetic studies as this helps to test for
scenarios that ascertain the structural evolution of basins, and gives a better
understanding of the complex geological history of the basin telling a more realistic and
coherent story with regards to hydrocarbon migration. The ability to test these scenarios
would help conceptualize migration.
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Further lithological studies should be carried out on other carbonate wells to identify
where dolomitization starts to form, as dolomites forms at the beginning of the water leg
in the reservoir of the Nisku. The depth interval where saddle dolomite starts to form is
likely the paleo-contact (Machel and Burton 1995; 2003).

References

Abubakar, R., Muxworthy, A. R., Sephton, M. A,, Southern, P., Watson, J. S., Fraser, A.].,
and Almeida, T. P., 2015, Formation of magnetic minerals in hydrocarbon-generation
conditions: Marine and Petroleum Geology, v. 68, Part A, p. 509-
519.d0i:10.1016/j.marpetgeo.2015.10.003.

Abubakar, R., 2016, Mapping petroleum migration pathways using magnetics,
geochemistry and seismic mapping. Case study: Wessex Basin, southern England, UK
PhD: Imperial College London.

Ahmed, T. H. 1989, Hydrocarbon phase behavior, Volume 2, Gulf Pub. Co., p.
36.d0i:13960/t9283v{99.

Aldana, M., Costanzo-Alvarez, V., and Diaz, M., 2003, Magnetic and mineralogical studies
to characterize oil reservoirs in Venezuela: The Leading Edge, v. 22, no. 6, p. 526-
529.d0i:10.1190/1.1587674.

Aubourg, C., Pozzi, J. P, Janots, D., and Sahraoui, L., 2008, Imprinting chemical remanent
magnetization in claystones at 95 °C: Earth and Planetary Science Letters, v. 272, no. 1-2,
p. 172-180.d0i:10.1016/j.epsl.2008.04.038.

Aubourg, C., and Pozzi, ]J.-P.,, 2010, Toward a new <250°C pyrrhotite-magnetite
geothermometer for claystones: Earth and Planetary Science Letters, v. 294, no. 1, p. 47-
57.d0i:10.1016/j.epsl.2010.02.045.

Aubourg, C., Pozzi, J., and Kars, M., 2012, Burial, claystones remagnetization and some
consequences for magnetostratigraphy: Geological Society, London v. 371, p. 181-188
doi:10.1144/SP371.4.

Badejo, S. A. 2019, Using magnetic techniques to calibrate lateral hydrocarbon migration
in basin modelling: A Case Study from the Lower Tertiary, UK Central North Sea, UK
PhD: Imperial College London.

103



Banerjee, S. K., 1970, Origin of thermoremanence in goethite: Earth and Planetary Science
Letters, v. 8, no. 3, p. 197-201.d0i:10.1016/0012-821X(70)90175-5.217

Bethke CM, Yeakel S. The Geochemist's Workbench®-Release 7. GWB Essentials Guide.
Hydrogeology Program. University of Illinois. 2008;489.

Benthien, R. H., and Elmore, R. D., 1987, Origin of magnetization in the Phosphoria
Formation at Sheep Mountain, Wyoming: A possible relationship with hydrocarbons:
Geophysical Research Letters, v. 14, no. 4, p. 323-326.d0i:10.1029/GL014i004p00323.

Berner, R. A, 1981, A new geochemical classification of sedimentary environments:
Journal of Sedimentary Research, v. 51, no. 2, p. 359-365.d0i:10.1306/212F7C7F-2B24-
11D7-8648000102C1865D.

Berner, R. A. 1984, Sedimentary pyrite formation: An update: Geochimica et
Cosmochimica Acta, v. 48, no. 4, p. 605-615.d0i:10.1016/0016-7037(84)90089-9.

Besnus, M., and Meyer, A., Nouvelles données expérimentales sur le magnétisme de la
pyrrhotine naturelle, in Proceedings Proc. Int. Conf. Mag, Nottingham, 1964, Volume 20,
p. 507-

Bol’shakov, V. A,, and Dolotov, A. V., 2011, The curie temperature of the natural greigite
(a new interpretation of the thermomagnetic data): Doklady Earth Sciences, v. 440, no. 2,
p- 1431-1434.d0i:10.1134/5s1028334x11100114.

Bose, S., Hochella, M. F., Gorby, Y. A., Kennedy, D. W., McCready, D. E., Madden, A. S,,
and Lower, B. H., 2009, Bioreduction of hematite nanoparticles by the dissimilatory iron
reducing bacterium Shewanella oneidensis MR-1: Geochimica et Cosmochimica Acta, v.
73, no. 4, p. 962-976.d0i:10.1016/j.gca.2008.11.031.

Brown, D., Gross, G. A., and Sawicki, J. A., 1995, A review of the microbial geochemistry
of banded iron-formations: The Canadian Mineralogist, v. 33, no. 6, p. 1321-1333

Burton, B. P., Robinson, P., McEnroe, S. A., Fabian, K., and Ballaran, T. B., 2008, A low-
temperature phase diagram for ilmenite-rich compositions in the system Fe2O3-FeTiO3:
American Mineralogist, v. 93, no. 8-9, p. 1260-1272.d0i:10.2138/am.2008.2690.

Burton, E. A., Machel, H. G., and Qj, J., 1993, Thermodynamic Constraints on Anomalous
Magnetization in Shallow and Deep Hydrocarbon Seepage Environments: Applications
of Paleomagnetism to Sedimentary Geology p. 193-207.d0i:10.2110/pec.93.49.0193.

Butler, R. F., 1992, Paleomagnetism: Magnetic Domains to Geologic Terranes, Blackwell
Scientific Publications.doi:10.3997/2214-4609.201801750

Cairanne, G., Aubourg, C., Pozzi, J.-P., Moreau, M.-G., Decamps, T., and Marolleau, G.,
2004, Laboratory chemical remanent magnetization in a natural claystone: a record of two
magnetic polarities: Geophysical Journal International, v. 159, no. 3, p. 909-
916.d0i:10.1111/j.1365-246X.2004.02439.x.

104



Chang, L., Roberts, A. P, Tang, Y., Rainford, B. D., Muxworthy, A. R., and Chen, Q., 2008,
Fundamental magnetic parameters from pure synthetic greigite (Fe354): Journal of
Geophysical Research: Solid Earth, v. 113, no. B6, p. 1-20.d0i:10.1029/2007JB005502.

Chang, L., Roberts, A. P, Rowan, C. ], Tang, Y., Pruner, P., Chen, Q., and Horng, C.-S,,
2009, Low-temperature magnetic properties of greigite (Fe354): Geochemistry,
Geophysics, Geosystems, v. 10, no. 1, p. 1-14.d0i:10.1029/2008 GC002276.

Chang, L., Roberts, A. P., Williams, W., Fitz Gerald, J. D., Larrasoaiia, J. C., Jovane, L., and
Muxworthy, A. R., 2012, Giant magnetofossils and hyperthermal events: Earth and
Planetary Science Letters, v. 351-352, p. 258-269.d0i:10.1016/j.epsl.2012.07.031.

Chang, L., Vasiliev, 1., van Baak, C., Krijgsman, W., Dekkers, M. J., Roberts, A. P., Gerald,
J. D. E., van Hoesel, A., and Winklhofer, M., 2014, Identification and environmental
interpretation of diagenetic and biogenic greigite in sediments: A lesson from the

Messinian Black Sea: Geochemistry, Geophysics, Geosystems, v. 15, no. 9, p. 3612-
3627.d0i:10.1002/2014GC005411.

Chang, L., Heslop, D., Roberts, A. P., Rey, D., and Mohamed, K. J., 2016, Discrimination
of biogenic and detrital magnetite through a double Verwey transition temperature:
Journal of Geophysical Research: Solid Earth, v. 121, no. 1, p. 3-
14.d0i:10.1002/2015]B012485.

Chaudhuri, S. K., Lack, J. G., and Coates, J. D., 2001, Biogenic Magnetite Formation
through Anaerobic Biooxidation of Fe(Il): Applied and Environmental Microbiology, v.
67, no. 6, p. 2844-2848.d0i:10.1128/ AEM..67.6.2844-2848.2001

Costanzo-Alvarez, V., Aldana, M., Aristeguieta, O., Marcano, M. C., and Aconcha, E,,
2000, Study of magnetic contrasts in the Guafita oil field (south-western Venezuela):
Physics and Chemistry of the Earth, Part A: Solid Earth and Geodesy, v. 25, no. 5, p. 437-
445.d0i:10.1016/51464-1895(00)00068-5.

Day, R., Fuller, M., and Schmidt, V. A., 1977, Hysteresis properties of titanomagnetites:
Grain-size and compositional dependence: Physics of the Earth and Planetary Interiors,
v. 13, no. 4, p. 260-267.doi:10.1016/0031-9201(77)90108-X.

Dearing, J. A, Dann, R.]. L., Hay, K., Lees, J. A., Loveland, P. ]., Maher, B. A., and O'Grady,
K., 1996, Frequency-dependent susceptibility measurements of environmental materials:
Geophysical Journal International, v. 124, no. 1, p. 228-240.d0i:10.1111/j.1365-
246X.1996.tb06366.x.

Dekkers, M. J., 1989a, Magnetic Properties of Natural Goethite—II. TRM Behaviour
During Thermal and Alternating Field Demagnetization and Low-Temperature
Treatment: Geophysical Journal International, v. 97, no. 2, p. 341-355.d0i:10.1111/j.1365-
246X.1989.tb00505.x.

105



Dekkers, M. ]J., 1989b, Magnetic properties of natural pyrrhotite. II. High- and low-
temperature behaviour of Jrs and TRM as function of grain size: Physics of the Earth and
Planetary Interiors, v. 57, no. 3, p. 266-283.d0i:10.1016/0031-9201(89)90116-7.

Dekkers, M. J., Mattéi, ]. L., Fillion, G., and Rochette, P., 1989, Grain-size dependence of
the magnetic behaviour of pyrrhotite during its low-temperature transition at 34 K:
Geophysical Research Letters, v. 16, no. 8, p. 855-858.d0i:10.1029/GL016i008p00855.

Dekkers, M. J., Passier, H. F., and Schoonen, M. A. A., 2000, Magnetic properties of
hydrothermally synthesized greigite (Fe354)—II. High- and low-temperature
characteristics: Geophysical Journal International, v. 141, no. 3, p. 809-
819.d0i:10.1046/.1365-246x.2000.00129.x.

Dennis, H., Baillie, J., Holt, T., and Wessel-Berg, D., 2000, Hydrodynamic activity and
tilted oil-water contacts in the North Sea, in Ofstad, K., Kittilsen, J. E., and Alexander-
Marrack, P., eds., Norwegian Petroleum Society Special Publications, Volume 9, Elsevier,
p- 171-185.d0i:10.1016/50928-8937(00)80016-8.

di Primio, R., and Horsfield, B., 2006, From petroleum-type organofacies to hydrocarbon
phase prediction: AAPG Bulletin, v. 90, no. 7, p. 1031-1058.d0i:10.1306/02140605129.

Diaz, M., Aldana, M., Costanzo-Alvarez, V., Silva, P., and Pérez, A., 2000, EPR and
magnetic susceptibility studies in well samples from some Venezuelan oil fields: Physics
and Chemistry of the Earth, Part A: Solid Earth and Geodesy, v. 25, no. 5, p. 447-
453.d0i:10.1016/51464-1895(00)00069-7.

Donovan, T. J., Hendricks, J. D., Roberts, A. A., and Eliason, P. T., 1984, Low-altitude
aeromagnetic reconnaissance for petroleum in the Arctic National Wildlife Refuge,
Alaska: Geophysics, v. 49, no. 8, p. 1338-1353.d0i:10.1190/1.1441760.

Dunlop, D. J., 1981, The rock magnetism of fine particles: Physics of the Earth and
Planetary Interiors, v. 26, no. 1, p. 1-26.d0i:10.1016/0031-9201(81)90093-5.

Dunlop, D. J., and Ozdemir, O., 1997, Rock Magnetism: Fundamentals and Frontier,
Cambridge University Press.doi:10.1017/CB0O9780511612794

Egli, R., 2013, VARIFORC: An optimized protocol for calculating non-regular first-order
reversal curve (FORC) diagrams: Global and Planetary Change, v. 110, p. 302-
320.d0i:10.1016/j.gloplacha.2013.08.003.

Eldrett, J., Tripsanas, E., Davis, C., McKie, T., Vieira, M., Osterloff, P., and Sandison, T.,
2015, Sedimentological evolution of Sele Formation deep-marine depositional systems of
the Central

Ellwood, B. B., Balsam, W., Burkart, B., Long, G. J., and Buhl, M. L., 1986, Anomalous
magnetic properties in rocks containing the mineral siderite: Paleomagnetic implications:

106



Journal of Geophysical Research: Solid Earth, v. 91, no. B12, p. 12779-
12790.d0i:10.1029/JB091iB12p12779.

Ellwood, B. B., Chrzanowski, T. H., Hrouda, F., Long, G. ]J., and Buhl, M. L., 1988, Siderite
formation in anoxic deep-sea sediments: A synergetic bacteria controlled process with
important implications in paleomagnetism: Geology, v. 16, no. 11, p. 980-
982.d0i:10.1130/0091-7613(1988)016<0980:SFIADS>2.3.CO;2.

Elmore, R. D., Engel, M. H., Crawford, L., Nick, K., Imbus, S., and Sofer, Z., 1987, Evidence
for a relationship between hydrocarbons and authigenic magnetite: Nature, v. 325, no.
6103, p. 428-430.d0i:10.1038/325428a0.

Elmore, R. D., and Crawford, L., 1990, Remanence in authigenic magnetite: Testing the
hydrocarbon-magnetite hypothesis: Journal of Geophysical Research: Solid Earth, v. 95,
no. B4, p. 4539-4549.d0i:10.1029/JB095iB04p04539.

Elmore, R. D., Imbus, S., Engel, M. H., and Fruit, D., 1993a, Hydrocarbons and
magnetizations in magnetite: SEPM, v. No.49, p. 181-191.d0i:10.2110/pec.93.49.0181.

Elmore, R. D., London, D., Bagley, D., Fruit, D., and Gao, G., 1993b, Remagnetization by
basinal fluids: Testing the hypothesis in the Viola limestone, southern Oklahoma: ]J.
Geophys. Res, v. 98, no. B4, p. 6237-6254.d0i:10.1029/92]JB02577.

Elmore, R. D., Kelley, J., Evans, M., and Lewchuk, M. T., 2001, Remagnetization and
orogenic fluids: testing the hypothesis in the central Appalachians: Geophysical Journal
International, v. 144, no. 3, p. 568-576.d0i:10.1046/j.0956-540X.2000.01349.x.

Elmore, R. D., Muxworthy, A. R., and Aldana, M., 2012, Remagnetization and chemical
alteration of sedimentary rocks: Geological Society, London, v. 371, p. 1-
21.d0i:10.1144/SP371.15.

Emmerton, S., Muxworthy, A. R., and Sephton, M. A., 2012, Magnetic characterization of
oil sands at Osmington Mills and Mupe Bay, Wessex Basin, UK: Geological Society,
London, Special Publications, v. 371, no. 1, p. 189-198.d0i:10.1144/sp371.6.

Emmerton, S., Muxworthy, A. R., Sephton, M. A., Aldana, M., Costanzo-Alvarez, V.,
Bayona, G., and Williams, W., 2013, Correlating biodegradation to magnetization in oil

bearing sedimentary rocks: Geochimica et Cosmochimica Acta, v. 112, p. 146-
165.d0i:10.1016/j.gca.2013.03.008.

Emmerton, S. A., 2013, Investigating the relationship between magnetisation and oil
geochemistry PhD: Imperial College London, 329 p.

Evans, M., and Heller, F., 2003, Environmental magnetism: principles and applications of
enviromagnetics, Academic press, 1-299 p.doi:10.1002/jqs.858

107



Foote, R. S., 1984, Significance of near-surface magnetic anomalies: Unconventional
Methods in Exploration for Petroleum and Natural Gas. Institute for Study of Earth and
Man, Southern Methodist University, Dallas, p. 12-24.d0i:10024495022.

Frederichs, T., von Dobeneck, T., Bleil, U., and Dekkers, M. J., 2003, Towards the
identification of siderite, thodochrosite, and vivianite in sediments by their low-
temperature magnetic properties: Physics and Chemistry of the Earth, Parts A/B/C, v. 28,
no. 16-19, p. 669-679.d0i:10.1016/51474-7065(03)00121-9.

Ghiorso, M.S., Carmichael, LS., Rivers, M.L. and Sack, R.O., 1983. The Gibbs free energy
of mixing of natural silicate liquids; an expanded regular solution approximation for the
calculation of magmatic intensive variables. Contributions to Mineralogy and Petrology,
84(2), pp-107-145.

Gonzélez, F., Aldana, M., Costanzo-Alvarez, V., Diaz, M., and Romero, 1., 2002, An
integrated rock magnetic and EPR study in soil samples from a hydrocarbon prospective
area: Physics and Chemistry of the Earth, Parts A/B/C, v. 27, no. 25-31, p. 1311-
1317.d0i:10.1016/51474-7065(02)00125-0.

Guyodo, Y., LaPara, T. M., Anschutz, A.].,, Penn, R. L., Banerjee, S. K., Geiss, C. E., and
Zanner, W., 2006, Rock magnetic, chemical and bacterial community analysis of a modern
soil from Nebraska: Earth and Planetary Science Letters, v. 251, no. 1, p. 168-
178.d0i:10.1016/j.epsl.2006.09.005.

Guzman, O., Costanzo-Alvarez, V., Aldana, M., and Diaz, M., 2011, Study of magnetic
contrasts applied to hydrocarbon exploration in the Maturin Sub-Basin (eastern
Venezuela): Studia Geophysica et Geodaetica, v. 55, no. 2, p. 359-376.d0i:10.1007/s11200-
011-0020-7.

Hantschel, T., Kauerauf, A. I, and Wygrala, B., 2000, Finite element analysis and ray
tracing modelling of petroleum migration: Marine and Petroleum Geology, v. 17, no. 7, p.
815-820.d0i:10.1016/50264-8172(99)00061-6.

Harrison, R. J.,, and Feinberg, J. M., 2008, FORCinel: An improved algorithm for
calculating first-order reversal curve distributions using locally weighted regression
smoothing: Geochemistry, Geophysics, Geosystems, v.9,n0.5,p.1-
11.d0i:10.1029/2008GC001987.

Harrison, R.]., and Lascu, 1., 2014, FORCulator: A micromagnetic tool for simulating first-

order reversal curve diagrams: Geochemistry, Geophysics, Geosystems, v. 15, no. 12, p.
4671-4691.d0i:10.1002/2014GC005582.

Harrison, R. J., Muraszko, J., Heslop, D., Lascu, I., Muxworthy, A. R., and Roberts, A. P.,
2018, An Improved Algorithm for Unmixing First-Order Reversal Curve Diagrams Using
Principal Component Analysis: Geochemistry, Geophysics, Geosystems, v. 19, no. 5, p.
1595-1610.d0i:10.1029/2018GC007511.

108



Head, I. M., Jones, D. M., and Larter, S. R., 2003, Biological activity in the deep subsurface
and the origin of heavy oil: Nature, v. 426, p. 344.d0i:10.1038/nature02134.

Heslop, D., Roberts, A. P., and Chang, L., 2014, Characterizing magnetofossils from first-
order reversal curve (FORC) central ridge signatures, v. 15, no. 6, p. 2170-
2179.d0i:10.1002/2014GC005291.

Horng, C.-S., and Roberts, A. P., 2006, Authigenic or detrital origin of pyrrhotite in
sediments?: Resolving a paleomagnetic conundrum: Earth and Planetary Science Letters,
v. 241, no. 3, p. 750-762.d0i:10.1016/j.epsl.2005.11.008.

Horng, C.-S., 2018, Unusual Magnetic Properties of Sedimentary Pyrrhotite in Methane
Seepage Sediments: Comparison with Metamorphic Pyrrhotite and Sedimentary Greigite:
Journal of Geophysical Research: Solid  Earth, no. 123, p. 4601-
4617.d0i:10.1002/2017JB015262.

Horng, C.-S., and Roberts, A. P., 2018a, The low-temperature Besnus magnetic transition:
Signals due to monoclinic and hexagonal pyrrhotite: Geochemistry, Geophysics,
Geosystems, v. 19, p. 1-20.d0i:10.1029/2017GC007394.

Horng, C.-S., and Roberts, A. P., 2018b, The low-temperature Besnus magnetic transition:
Signals due to monoclinic and hexagonal pyrrhotite: Geochemistry, Geophysics,
Geosystems, v. 0, no. ja.doi:10.1029/2017GC007394.

Housen, B. A., Banerjee, S. K., and Moskowitz, B. M., 1996, Low-temperature magnetic
properties of siderite and magnetite in marine sediments: Geophysical Research Letters,
v. 23, no. 20, p. 2843-2846.d0i:10.1029/96GL01197.

Hubbert, M. K., 1956, Darcy's law and the field equations of the flow of underground
fluids: Trans. AIME, v. 207, no. 7, p. 222-239.d0i:10.1080/02626665709493062.

Hunger, S., and Benning, L. G., 2007, Greigite: a true intermediate on the polysulphide
pathway to pyrite: Geochemical transactions, v. 8, p. 1-20.d0i:10.1186/1467-4866-8-1.

Jacobs, 1. S., 1963, Metamagnetism of Siderite (FeCO3): Journal of Applied Physics, v. 34,
no. 4, p. 1106-1107.d0i:10.1063/1.1729389

Johnson, R. J. E,, Van Der Voo, R., and Lowrie, W., 1984, Paleomagnetism and late
diagenesis of Jurassic carbonates from the Jura Mountains, Switzerland and France: GSA
Bulletin, v. 95, no. 4, p. 478-488.d0i:10.1130/0016-7606(1984)95.

Kao, S.-J., Horng, C.-S., Roberts, A. P., and Liu, K.-K., 2004, Carbon-sulphur—iron
relationships in sedimentary rocks from southwestern Taiwan: influence of geochemical
environment on greigite and pyrrhotite formation: Chemical Geology, v. 203, no. 1, p. 153-
168.d0i:10.1016/j.chemge0.2003.09.007.

109



Kars, M., Aubourg, C., Labaume, P., Berquo, T., and Cavailhes, T., 2014, Burial diagenesis
of magnetic minerals: new insights from the Gres d’Annot transect (SE France): Minerals
Engineering, v. 4, no. 3, p. 667-689.d0i:10.3390/min4030667.

Kennedy, L. P., 1981, Self Reversed Thermoremanent Magnetization in a Late Brunhes

Dacite Pumice: Journal of geomagnetism and geoelectricity, v. 33, no. 8, p. 429-
448.d0i:10.5636/jgg.33.429.

Kilgore, B., and Elmore, R. D., 1989, A study of the relationship between hydrocarbon
migration and the precipitation of authigenic magnetic minerals in the Triassic
Chugwater Formation, southern Montana: Geological Society of America Bulletin, v. 101,
no. 10, p. 1280-1288.d0i:10.1130/0016-7606(1989)101<1280:asotrb>2.3.co;2.

Kind, J., Gehring, A. U., Garcia-Rubio, I., Charilaou, M., Nowaczyk, N. R., and Loffler, J.
F., 2013, Domain-wall dynamics in 4C pyrrhotite at low temperature: Geophysical Journal
International, v. 195, no. 1, p. 192-199.d0i:10.1093/gji/ggt262.

Larrasoana, J. C., Roberts, A. P., Musgrave, R. J., Gracia, E., Piftero, E., Vega, M., and
Martinez-Ruiz, F., 2007, Diagenetic formation of greigite and pyrrhotite in gas hydrate
marine sedimentary systems: Earth and Planetary Science Letters, v. 261, no. 3, p. 350-
366.d0i:10.1016/j.epsl.2007.06.032.

Larter, S., Wilhelms, A., Head, 1., Koopmans, M., Aplin, A., Di Primio, R., Zwach, C,,
Erdmann, M., and Telnaes, N., 2003, The controls on the composition of biodegraded oils

in the deep subsurface—part 1: biodegradation rates in petroleum reservoirs: Organic
Geochemistry, v. 34, no. 4, p. 601-613.d0i:10.1016/S0146-6380(02)00240-1.

Larter, S., and di Primio, R., 2005, Effects of biodegradation on oil and gas field PVT
properties and the origin of oil rimmed gas accumulations: Organic Geochemistry, v. 36,
no. 2, p. 299-310.d0i:10.1016/j.orggeochem.2004.07.015.

Lascu, L., J., H. R,, Li, Y., Muraszko, J. R., Channell, J. E. T., Piotrowski, A. M., and Hodell,
D. A, 2015, Magnetic unmixing of first-order reversal curve diagrams using principal

component analysis: Geochemistry, Geophysics, Geosystems, v. 16, no. 9, p. 2900-
2915.d0i:10.1002/2015GC005909.

Lascu, L., Einsle, J. F., Ball, M. R., and Harrison, R. J., 2018, The Vortex State in Geologic
Materials: A Micromagnetic Perspective: Journal of Geophysical Research: Solid Earth,
no. 123, p. 1-20.d0i:10.1029/2018]B015909.

Leach, D. L., Bradley, D., Lewchuk, M. T., Symons, D. T., de Marsily, G., and Brannon, J.
J. M. D., 2001, Mississippi Valley-type lead-zinc deposits through geological time:

implications from recent age-dating research, v. 36, no. 8 p. 711-
740.d0i:10.1007/s001260100208.

110



Lin, Q., Wang, J., Algeo, T. J,, Sun, F., and Lin, R.,, 2016, Enhanced framboidal pyrite
formation related to anaerobic oxidation of methane in the sulphate-methane transition

zone of the northern South China Sea: Marine Geology, v. 379, p. 100-
108.d0i:10.1016/j.margeo.2016.05.016.

Liu, Q., Liu, Q., Chan, L., Yang, T., Xia, X., and Cheng, T., 2006, Magnetic enhancement
caused by hydrocarbon migration in the Mawangmiao Oil Field, Jianghan Basin, China:

Journal of Petroleum Science and Engineering, v. 53, no. 1-2, p. 25-
33.d0i:10.1016/j.petrol.2006.01.010.

Loucks, V., and Elmore, R. D., 1986, Absolute dating of dedolomitization and the origin
of magnetization in the Cambrian Morgan Creek Limestone, central Texas: GSA Bulletin,
v. 97, no. 4, p. 486-496.d0i:10.1130/0016-7606(1986)97.

Lovley, D. R,, Stolz, J. F.,, Nord, G. L., and Phillips, E. ]J., 1987, Anaerobic production of
magnetite by a dissimilatory iron-reducing microorganism: Nature, v. 330, no. 6145, p.
252-254.d0i:10.1038/330252a0.

Lynn, G. J., Bacciotti, M., Van Bergen, P. F., and Gray, K. R., 2015, Depositional controls
on fluid flow in the Gannet A Field: Geological Society, London, Special Publications, v.
403, no. 1, p. 381-398.d0i:10.1144/sp403.2.

Machel, H. G., and Burton, E. A., 1991a, Chemical and microbial processes causing
anomalous magnetization in environments affected by hydrocarbon seepage: Geophysics,
v. 56, no. 5, p. 598-605.d0i:10.1190/1.1443076.

-, 1991b, Causes and spatial distribution of anomalous magnetization in hydrocarbon
seepage environments (1): AAPG Bulletin, v. 75 no. 12, p. 1864-
1876.d0i:10.1306/0C9B2A5B-1710-11D7-8645000102C1865D.

Machel, H. G., and Burton, E. A. 1993, Chemical and microbial processes causing
anomalous magnetization in environments affected by hydrocarbon seepage: Geophysics,
v. 56, no. 5, p. 598-605.doi:10.1190/1.1443076.

Machel, H. G., 1995, Magnetic mineral assemblages and magnetic contrasts in diagenetic
environments with implications for studies of palaeomagnetism, hydrocarbon migration
and exploration: Geological Society, London, Special Publications, v. 98, no. 1, p. 9-
29.d0i:10.1144/GSL.SP.1995.098.01.02.

Magot, M., Ollivier, B., Patel, B. K. C., and Leeuwenhoek, J. A. v., 2000, Microbiology of
petroleum reservoirs, v. 77, no. 2, p. 103-116.d0i:10.1023/a:1002434330514.

Mallon, A.J., and Swarbrick, R. E., 2008b, How should permeability be measured in fine-
grained lithologies? Evidence from the chalk: Geofluids, v. 8, no. 1, p. 35-
45.d0i:10.1111/j.1468-8123.2007.00203.x.

111



Mann, S., Sparks, N. H. C,, Frankel, R. B., Bazylinski, D. A., and Jannasch, H. W., 1990,
Biomineralization of ferrimagnetic greigite (Fe354) and iron pyrite (FeS2) in a
magnetotactic bacterium: Nature, v. 343, p. 258.d0i:10.1038/343258a0.

Marshall, M., and Cox, A., 1972, Magnetic changes in pillow basalt due to sea floor
weathering, v. 77, no. 32, p. 6459-6469.d0i:10.1029/JB077i032p06459.

McCabe, C., Sassen, R., and Saffer, B., 1987, Occurrence of secondary magnetite within
biodegraded oil: Geology, v. 15, no. 1, p. 7-10.d0i:10.1130/0091-7613(1987)15.

McCabe, C., and Elmore, R. D., 1989, The occurrence and origin of Late Paleozoic
remagnetization in the sedimentary rocks of North America: Reviews of Geophysics, v.
27, no. 4, p. 471-494.d0i:10.1029/RG027i004p00471.

McCabe, C., Jackson, M., and Saffer, B., 1989, Regional patterns of magnetite authigenesis
in the Appalachian Basin: Implications for the mechanism of Late Paleozoic
remagnetization: J. Geophys. Res, V. 9, no. BS, p- 10429-
10443.d0i:10.1029/JB094iB08p10429.

Mena, M., and Walther, A. M., 2012, Rock magnetic properties of drill cutting from a
hydrocarbon exploratory well and their relationship to hydrocarbon presence and
petrophysical properties: Geological Society, London, Special Publications, v. 371, p. 217-
228.d0i:10.1144/sp371.14.

Miiller, D. E., Holba, A. G., and Hughes, W. B., 1987, Effects of Biodegradation on Crude
Oils, in Meyer, R. F., ed., Exploration for Heavy Crude Oil and Natural Bitumen,
American Association of Petroleum Geologists, p. 1-9.d0i:10/1306/5t25468C11.

Moreau, M. G., Ader, M., and Enkin, R. ]J., 2005, The magnetization of clay-rich rocks in
sedimentary basins: low-temperature experimental formation of magnetic carriers in

natural samples: Earth and Planetary Science Letters, v. 230, no. 1-2, p. 193-
210.d0i:10.1016/j.epsl.2004.11.013.

Morin, F. J., 1950, Magnetic Susceptibility of aFe203 and aFe203 with Added Titanium:
Physical Review, v. 78, no. 6, p. 819-820.d0i:10.1103/PhysRev.78.819.2.

Morse, J. W., Millero, F. J., Cornwell, J. C., and Rickard, D., 1987, The chemistry of the
hydrogen sulphide and iron sulphide systems in natural waters: Earth-Science Reviews,
v. 24, no. 1, p. 1-42.d0i:10.1016/0012-8252(87)90046-8.

Muxworthy, A., Williams, W., and Heslop, D., 2004, Influence of magnetostatic
interactions on first-order-reversal-curve (FORC) diagrams: a micromagnetic approach:
Geophysical Journal International, v. 158, no. 3, p. 888-897.doi:10.1111/j.1365-
246X.2004.02358.x

112



Muxworthy, A. R., 2001, Effect of grain interactions on the frequency dependence of
magnetic susceptibility: Geophysical Journal International, v. 144, no. 2, p. 441-
447.d0i:10.1046/j.1365-246x.2001.00342.x.

Mycroft, J. R., Nesbitt, H. W., and Pratt, A. R., 1995, X-ray photoelectron and Auger
electron spectroscopy of air-oxidized pyrrhotite: Distribution of oxidized species with
depth: Geochimica et Cosmochimica Acta, v. 59, no. 4, p. 721-733.d0i:10.1016/0016-
7037(94)00352-M.

Nealson, P. H., 2009, Pore-throat sizes in sandstones, tight sandstones, and shales: AAPG
Bulletin, v. 93, no. 3, p. 329-340.d0i:10.1306/10240808059.

Ozdemir, O., and Dunlop, D. J., 2010, Hallmarks of maghemitization in low-temperature
remanence cycling of partially oxidized magnetite nanoparticles: Journal of Geophysical
Research: Solid Earth, v. 115, no. B2, p. 1-10.d0i:10.1029/2009]B006756.

Ozima, M., Funaki, M., Hamada, N., Aramaki, S., and Fujii, T., 1992, Self-Reversal of
Thermo-Remanent Magnetization in Pyroclastics from the 1991 Eruption of Mt. Pinatubo,
Philippines: Journal of geomagnetism and geoelectricity, v. 44, no. 10, p. 979-
984.d0i:10.5636/jgg.44.979.

Pan, Y., Zhu, R., Banerjee, S. K., Gill, J., and Williams, Q., 2000, Rock magnetic properties
related to thermal treatment of siderite: Behaviour and interpretation: Journal of
Geophysical Research: Solid Earth, v. 105, no. B1, p. 783-794.d0i:10.1029/1999]B900358.

Pannalal, S.J., Symons, D. T. A., and Sangster, D. F., 2004, Paleomagnetic dating of Upper
Mississippi Valley zinc-lead mineralisation, WI, USA: Journal of Applied Geophysics, v.
56, no. 2, p. 135-153.d0i:10.1016/j.jappgeo.2004.04.006.

Pan, Y. Yang, Y.X,, Chang, N., Wang, Z., Guan, W. and Yang, J].Z., 2018. A new theoretical
model-The ionic molar surface Gibbs free energy and its application. The Journal of
Chemical Thermodynamics, 116, pp.107-113.

Passey, Q., Creaney, S., Kulla, J., Moretti, F., and Stroud, J., 1990, A practical model for
organic richness from porosity and resistivity logs: AAPG bulletin, v. 74, no. 12, p. 1777-
1794

Pepper, A. S., and Corvi, P. ., 1995, Simple kinetic models of petroleum formation. Part I:
oil and gas generation from kerogen: Marine and Petroleum Geology, v. 12, no. 3, p. 291-
319.d0i:10.1016/0264-8172(95)98381-E.

Pike, C. R., Roberts, A. P., and Verosub, K. L., 1999, Characterizing interactions in fine
magnetic particle systems using first order reversal curves, v. 85, no. 9, p. 6660-
6667.d0i:10.1063/1.370176.

Reynolds, R. L., Fishman, N. S., Wanty, R. B., and Goldhaber, M. B., 1990, Iron sulphide
minerals at Cement oil field, Oklahoma: Implications for magnetic detection of oil fields:

113



228

Geological Society of America Bulletin, v. 102, no. 3, p. 368-380.d0i:10.1130/0016-
7606(1990)102<0368:I1ISMACO>2.3.CO;2.

Reynolds, R. L., Fishman, N. S., and Hudson, M. R., 1991, Sources of aeromagnetic
anomalies over Cement oil field (Oklahoma), Simpson oil field (Alaska), and the
Wyoming-Idaho-Utah  thrust belt: GEOPHYSICS, v. 56, no. 5, p. 606-
617.d0i:10.1190/1.1443077.

Reynolds, R. L., Tuttle, M. L., Rice, C. A., Fishman, N. S., Karachewski, J. A., and Sherman,
D. M., 1994, Magnetization and geochemistry of greigite-bearing Cretaceous strata, North
Slope Basin, Alaska: American Journal of Science, v. 294, no. 4, p. 485-
528.d0i:10.2475/ajs.294.4.485.

Rider, M. H., and Kennedy, M., 1996, The Geological Interpretation of Well Logs, Rider-
French.doi:10.1017/50016756800016162

Roberts-Ashby, T.L., Berger, P.M., Cunningham, J.A., Kumar, R. and Blondes, M., 2020.
Modeling geologic sequestration of carbon dioxide in a deep saline carbonate reservoir
with TOUGH2-ChemPlugin, a new tool for reactive transport modeling. Environmental
Geosciences, 27(2), pp.103-116.

Roberts, A. P., Pike, C. R., and Verosub, K. L., 2000, First-order reversal curve diagrams:
A new tool for characterizing the magnetic properties of natural samples: Journal of
Geophysical Research: Solid Earth (1978-2012), v. 105, no. B12, p. 28461-
28475.d0i:10.1029/2000JB900326

Roberts, A. P., and Weaver, R., 2005, Multiple mechanisms of remagnetization involving
sedimentary greigite (Fe354): Earth and Planetary Science Letters, v. 231, no. 3, p. 263-
277.d0i:10.1016/j.epsl.2004.11.024.

Roberts, A. P., Liu, Q., Rowan, C. J., Chang, L., Carvallo, C., Torrent, J., and Horng, C.-S.,
2006, Characterization of hematite (a-Fe2O3), goethite (a-FeOOH), greigite (Fe354), and
pyrrhotite (Fe7S8) using first-order reversal curve diagrams: Journal of Geophysical
Research: Solid Earth, v. 111, no. B12, p. 1-16.d0i:10.1029/2006]B004715.

Roberts, A. P., Chang, L., Rowan, C. J., Horng, C.-S., and Florindo, F., 2011, Magnetic
properties of sedimentary greigite (Fe354): An update: Reviews of Geophysics, v. 49, p. 1-
46.d0i:10.1029/2010RG000336.

Roberts, A. P., Chang, L., Heslop, D., Florindo, F., and Larrasoafa, J. C., 2012, Searching
for single domain magnetite in the “pseudo-single-domain” sedimentary haystack:
Implications of biogenic magnetite preservation for sediment magnetism and relative
paleointensity determinations, v. 117, no. B8.d0i:10.1029/2012]JB009412.

114



Roberts, A. P., Heslop, D., Zhao, X., and Pike, C. R., 2014, Understanding fine magnetic
particle systems through use of first-order reversal curve diagrams: Reviews of
Geophysics, v. 52, no. 4, p. 557-602.d0i:10.1002/2014RG000462.

Roberts, A. P., 2015, Magnetic mineral diagenesis: Earth-Science Reviews, v. 151, p. 1-
47.d0i:10.1016/j.earscirev.2015.09.010.

Roberts, A. P., Almeida, T. P., Church, N. S., Harrison, R. ]J., Heslop, D., Li, Y., Li, J.,
Muxworthy, A. R., Williams, W., and Zhao, X., 2017, Resolving the Origin of Pseudo-
Single Domain Magnetic Behaviour: Journal of Geophysical Research: Solid Earth, v. 122,
no. 12, p. 9534-9558.d0i:10.1002/2017JB014860.

Roberts, A. P., Tauxe, L., Heslop, D., Zhao, X., and Jiang, Z., 2018a, A Critical Appraisal
of the “Day” Diagram, v. 123, no. 4, p. 2618-2644.d0i:10.1002/2017]B015247.

Roberts, A. P., Zhao, X., Harrison, R. J., Heslop, D., Muxworthy, A. R., Rowan, C. ],
Larrasoana, ].-C., and Florindo, F., 2018b, Signatures of Reductive Magnetic Mineral
Diagenesis From Unmixing of First-Order Reversal Curves: Journal of Geophysical
Research: Solid Earth, v. 123, no. 6, p. 4500-4522.d0i:10.1029/2018]JB015706.

Rochette, P., and Fillion, G., 1989, Field and temperature behaviour of remanence in
synthetic goethite: Paleomagnetic implications: Geophysical Research Letters, v. 16, no. 8,
p. 851-854.d0i:10.1029/GL016i008p00851.

Rochette, P., Fillion, G., Mattéi, J.-L., and Dekkers, M. J., 1990, Magnetic transition at 30—
34 Kelvin in pyrrhotite: insight into a widespread occurrence of this mineral in rocks:
Earth and Planetary Science Letters, v. 98, no. 3, p. 319-328.d0i:10.1016/0012-
821X(90)90034-U.

Rodrigues Duran, E., di Primio, R., Anka, Z., Stoddart, D., and Horsfield, B., 2013, 3D-
basin modelling of the Hammerfest Basin (southwestern Barents Sea): A quantitative
assessment of petroleum generation, migration and leakage: Marine and Petroleum
Geology, v. 45, p. 281-303.d0i:10.1016/j.marpetgeo.2013.04.023.

Rowland, S. J.,, and Revill, A. T., 1995, Chapter 5 Chromatography in petroleum
geochemistry, in Adlard, E. R, ed., Journal of Chromatography Library, Volume 56,
Elsevier, p. 127-141.d0i:10.1016/S0301-4770(08)61284-1.

Rudmin, M., Roberts, A. P., Horng, C.-S.,, Mazurov, A., Savinova, O., Ruban, A,
Kashapov, R., and Veklich, M., 2018, Ferrimagnetic Iron Sulphide Formation and Methane
Venting Across the Paleocene-Eocene Thermal Maximum in Shallow Marine Sediments,
Ancient West Siberian Sea: Geochemistry, Geophysics, Geosystems, v. 19, no. 1, p. 21-
42.d0i:10.1002/2017GC007208.

115



Sack, R. O., and Ebel, D. S., 2006, Thermochemistry of Sulphide Mineral Solutions:
Reviews in Mineralogy and Geochemistry, v. 61, no. 1, p. 265-
364.d0i:10.2138/rmg.2006.61.6.

Saffer, B., and McCabe, C., 1992, Further studies of carbonate remagnetization in the
northern Appalachian Basin: J. Geophys. Res, v. 97, no. B4, p. 4331-
4348.d0i:10.1029/91]B02746.

Sakaguchi, T., Burgess, J. G., and Matsunaga, T., 1993, Magnetite formation by a sulphate-
reducing bacterium: Nature, v. 365, no. 6441, p. 47-49.d0i:10.1038/365047a0.

Saunders, D., and Terry, S., 1985, Onshore exploration using the new geochemistry and
geomorphology: Oil and Gas Journal, v. 83, no. 37, p. 126-130.d0i.:10024495046.

Schmoker, J. W., 1981, Determination of organic-matter content of Appalachian Devonian
shales from gamma-ray logs: American Association of Petroleum Geologists Bulletin, v.
65, no. 7, p. 1285-1298.d0i:10.1306/03B5949A-16D1-11D7-8645000102C1865D.

Scotchman, I. C., Carr, A. D., and Astin, T. R., 2000, Porefluid evolution in the Kimmeridge
Clay Formation of the UK Outer Moray Firth: Journal of Geochemical Exploration, v. 69-
70, p. 53-57.d0i:10.1016/50375-6742(00)00044-3.

Shelton, J. L., McIntosh, J. C., Warwick, P. D., and McCray, J. E., 2016, Impact of formation
water geochemistry and crude oil biodegradation on microbial methanogenesis: Organic
Geochemistry, v. 98, p. 105-117.d0i:10.1016/j.orggeochem.2016.05.008.

Sprain, C. J., Feinberg, J. M., Renne, P. R., and Jackson, M., 2016, Importance of
titanohematite in detrital remanent magnetizations of strata spanning the Cretaceous-
Paleogene boundary, Hell Creek region, Montana: Geochemistry, Geophysics,
Geosystems, v. 17, no. 3, p. 660-678.d0i:10.1002/2015GC006191.

Stamatakos, J., Hirt, A. M., and Lowrie, W., 1996, The age and timing of folding in the
central Appalachians from paleomagnetic results: Geological Society of America Bulletin,
v. 108, no. 7, p. 815-829.d0i:10.1130/0016-7606(1996)108.

Sylta, ., 2004, Hydrocarbon migration modelling and exploration risk: ]. Parnell
Dokumentet er del av serien Geological Society special publication, v. 144, p. 221-
232.d0i:/11250/235827.

Symons, D. T. A., Sangster, D. F., and Leach, D. L., 1996, Paleomagnetic Dating of
Mississippi Valley-Type Pb-Zn-Ba Deposits

Carbonate-Hosted Lead-Zinc Deposits: 75th Anniversary Volume, in Sangster, D. F., ed.,
Volume 4, Society of Economic Geologists, p. 0.doi:10.5382/sp.04.38.

Symons, D. T. A., Coveney, R. M., Jr.,, Sangster, D. F., and Pannalal, S. J., 2005,
Paleomagnetism of Late Paleozoic Strata and Mineralization in the Tri-State Lead-Zinc
Ore District: Economic Geology, v. 100, no. 2, p. 295-309.d0i:10.2113/gsecongeo.100.2.295

116



Tauxe, L. 2010, Essentials of paleomagnetism, Univ. of California
Press.d0i:10.1029/2011EO190008

Tissot, B., and Welte, D., 1984, Petroleum formation and occurrence: a new approach to
oil and gas exploration, Springer Science and Business Media, 1-538 p

Tyson, R., 2006, Peters, K. E., Walters, C. C. andamp; Moldowan, J. M. 2006. The Biomarker
Guide. Volume 1: Biomarkers and Isotopes in the Environment and Human History.
Volume 2: Biomarkers and Isotopes in Petroleum Exploration and Earth History. Second
Edition. (First edition published 1993 by Chevron Texaco.) 1132 pp. total. Cambridge,
New York, Melborne: Cambridge University Press. Price £150.00, US $250.00 (hard
covers). ISBN 0 521 83763 4: Geological Magazine, v. 143, no. 2, p. 249-
250.d0i:10.1017/50016756806212056.

Vail, P., Mitchum Jr, R., and Thompson III, S., 1977, Seismic Stratigraphy and Global
Changes of Sea Level: Part 4. Global Cycles of Relative Changes of Sea Level: Section 2.

Application of Seismic Reflection Configuration to Stratigraphic Interpretation, p. 83-
97.d0i:10.1016/0031-0182(86)90004-0.

Valdez-Grijalva, M. A., Muxworthy, A. R., Williams, W., O Conbhui, P., Nagy, L., Roberts,
A. P, and Heslop, D., 2018a, Magnetic vortex effects on first-order reversal curve (FORC)
diagrams for greigite dispersions: Earth and Planetary Science Letters, v. 501, p. 103-
111.d0i:10.1016/j.epsl.2018.08.027.

Valdez-Grijalva, M. A., Nagy, L., Muxworthy, A. R., Williams, W., and Fabian, K., 2018b,
The magnetic structure and palaeomagnetic recording fidelity of sub-micron greigite
(Fe354): Earth and Planetary Science Letters, v. 483, p. 76-89.d0i:10.1016/j.epsl.2017.12.015.

Valdez-Grijalva, M. A., and Muxworthy, A. R., 2019, First-order reversal curve (FORC)
diagrams of nanomagnets with cubic magnetocrystalline anisotropy: A numerical
approach: Journal of Magnetism and Magnetic Materials, v. 471, p. 359-
364.d0i:10.1016/j.jmmm.2018.09.086.

van Dalfsen, W., Doornenbal, J. C., Dortland, S., and Gunnink, J. L., 2006, A
comprehensive seismic velocity model for the Netherlands based on lithostratigraphic
layers: Netherlands Journal of Geosciences - Geologie en Mijnbouw, v. 85, no. 4, p. 277-
292.d0i:10.1017/S0016774600023076.

Vasseur, G., Luo, X,, Yan, J., Loggia, D., Toussaint, R., and Schmittbuhl, J., 2013, Flow
regime associated with vertical secondary migration: Marine and Petroleum Geology, v.
45, p. 150-158.d0i:10.1016/j.marpetgeo.2013.04.020.

Verwey, E. J. W,, 1939, Electronic Conduction of Magnetite (Fe304) and its Transition
Point at Low Temperatures: Nature, v. 144, p. 327.d0i:10.1038/144327b0.

117



Volkman, J. K., Alexander, R., Kagi, R. I, and Woodhouse, G. W., 1983, Demethylated
hopanes in crude oils and their applications in petroleum geochemistry: Geochimica et
Cosmochimica Acta, v. 47, no. 4, p. 785-794.d0i:10.1016/0016-7037(83)90112-6.

Weaver, R., Roberts, A. P., and Barker, A. ], 2002, A late diagenetic (syn-folding)
magnetization carried by pyrrhotite: implications for paleomagnetic studies from
magnetic iron sulphide-bearing sediments: Earth and Planetary Science Letters, v. 200, no.
3, p- 371-386.d0i:10.1016/S0012-821X(02)00652-0.

Welte, D. H., and Yalgin, M. N., 1988, Basin modelling— A new comprehensive method in
petroleum geology: Organic Geochemistry, v. 13, no. 1, p. 141-151.d0i:10.1016/0146-
6380(88)90034-4.

Wenger, L. M., Davis, C. L., and Isaksen, G. H., 2002, Multiple Controls on Petroleum
Biodegradation and Impact on Oil Quality, v. 5, no. 05, p. 375-383.d0i:10.2118/80168-PA.

White, N., and Lovell, B., 1997, Measuring the pulse of a plume with the sedimentary
record: Nature, v. 387, no. 6636, p. 888-891.d0i:10.1038/43151.

Wilhelms, A., and Larter, S., 2004, Shaken but not always stirred. Impact of petroleum
charge mixing on reservoir geochemistry, v. 237, no. 1, p. 27-
35.d0i:10.1144/GSL.SP.2004.237.01.03.

Wilkin, R. T., and Barnes, H. L., 1997, Formation processes of framboidal pyrite:
Geochimica et Cosmochimica Acta, v. 61, no. 2, p. 323-339.d0i:10.1016/S0016-
7037(96)00320-1.

Wilkinson, D., and Willemsen, J. F., 1983, Invasion percolation: a new form of percolation
theory: Journal of Physics A: Mathematical and General, v. 16, no. 14, p.
3365.d0i:10.1088/0305-4470/16/14/028/meta.

Wilkinson, J. J.,, Muxworthy, A. R., Vowles, K., and Niocaill, C. M., 2017, Regional
remagnetization of Irish Carboniferous carbonates dates Variscan orogenesis, not Zn-Pb
mineralization: Geology, v. 45, no. 8, p. 747-750.d0i:10.1130/G39032.1

Yilmaz, O., 2001, Seismic Data Analysis: Processing, Inversion, and Interpretation of
Seismic Data, Society of Exploration Geophysicists, 2065 p.doi:10.1190/1.9781560801580

Zhan, Z.-W., Zou, Y.-R,, Pan, C,, Sun, J.-N., Lin, X.-H., and Peng, P. a., 2017, Origin,
charging, and mixing of crude oils in the Tahe oilfield, Tarim Basin, China: Organic
Geochemistry, v. 108, p. 18-29.d0i:10.1016/j.orggeochem.2017.03.007.

Zhao, X., Heslop, D., and Roberts, A. P., 2015, A protocol for variable-resolution first-order
reversal curve measurements: Geochemistry, Geophysics, Geosystems, v. 16, p. 1364-
1377.d0i:10.1002/2014GC005680

118



Appendices

Appendix 1: Thin section: Recall from the beginning of the study, where the emphasis is
being made on the combination of Geochemistry and magnetics of the Nisku formation. The
thin section results are some of Professor Hans Machel’s geochemical findings on the samples
of the Nisku which I've examined magnetically. I asked for his express permission to add this
to my thesis, which he obliged me. The photomicrograph scale of the measurement ranged
from the scale of 0.3 to 1.5 mm in size.

Appendix 2: Well log interpretation

2.1 Lithology logs

2.2 pressure data

Appendix 3: Magnetic experiments of sedimentary rocks

3.1 Hysteresis FORC, low temperature, susceptibility vs temperature
Appendix 4: Hysteresis

4.1 Measured hysteresis parameters for all wells
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Appendix 1
1.1 Thin section

Nisku Wells
Well A2-19

3150m

3151m
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Well A2-19

3172.1m

Pyrite repalcing anhydrite

Corrotopic anhydrite
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Well 02-12

E
~
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e~
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Well 02-14
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03-15

4438.32m

4438.10m

4464.32m
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04-08-37-22W4

5388.32 m
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Well 06-12 Bigoray

2401.6m
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Appendix 2
2.1 Synthetics used for interpretation

The synthesis was generated from Integrated petrophysics (IP) from neutron porosity,
gamma-ray, density and wireline logs.

The raw data of the logs were gotten from the core research center in Calgary in LAS
format, I used integrated petrophysics (IP) to plot them out, and the output is the resultant
logs below. The Nisku wells do not have easy resistivity logs like the ones on the Central
North Sea (CNS) where the OWC was easily written for everyone to see, to tackle this
challenge, I requested the raw log files for the wells I used. The raw data of the logs were
gotten from the core research centre in Calgary in LAS format, I then learnt myself how
to use integrated petrophysics (IP) to plot them out, the output are the resultant logs
below, logs are my work, I did not lift them from anywhere. Unfortunately, the Core
research center Calgary (CRC) did not have LAS format for all the wells I requested
neither did they have easy resistivity logs

126



RESULTS WELL 02-12-48 sour gas well

Figure 5: composite log for Well Location 02-12-48-13W5 of the Devonian Nisku formation
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RESULTS WELL 04-08-48 sweet gas well

2 3 4
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Figure 6:composite log for Well Location 02-12-48-13WS5 of the Devonian Nisku formation
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Table iii: Figure showing examined wells and the depth interval where samples were collected from

g %EERU T

Depth interval where sampling was collected from

Well location (m)
02-12-48-13W5 3180-3255
02-A219-13W5 3150-3177

04-08-13W5 3334-3394
07-33-48-12W5 3067-3100
06-25-50-12W5 2528-2563
07-04-49-13W5 3076-3121
15-31-48-12W5 3072-3080
05-06-49-12W5 3074-3109
02-11-48-13W5 3236-3244
10-33-48-12W5 3038-3093
04-25-48-13W5 3077-3136
06-12-52-9W5 2352-2389

2.2 Pressure data was used in conjunction with lithology logs to identify hydrocarbon
contacts. Pressure data were available for four (4) wells in the Nisku, the depth interval
where pressure-depth interval breaks are regarded as the pressure gradient, and the break
is identified at the hydrocarbon contacts.
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The pressure data was gotten from the Core research centre in Calgary and was sent
electronically. Unfortunately, the research center in Calgary did not have pressure data
information for the other wells as they were really old wells
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Appendix 3

3.1 Hysteresis, FORC, Low temperature, magnetic Susceptibility vs Temperature
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Appendix 4

4.1 Hysteresis
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Saturation magnetization, coercivity for measured rock samples.

Sample name Ms Mrs Mrs/Ms He(mT) Grain size Well name Well type
2-12-48-13W5 3210 3 7ex [ 6.94E-07 | 1.08E-07 0.16 9.70 Pseudo single domain well 02-12-48 sour gas Well
02-12-3210.5-7ex [F2.09e-06 |3.856-07| 013 || 573 Pseudo single domain well 02-12-48 sour gas Well
02-12-3210.7-7ex .1.72E-05 1.74€E-06 0.10 l 5.70 Pseudo single domain well 02-12-48 sour gas Well
02-12-3210ex ﬂ 1.61E-06 | 2.93E-07 0.18 ﬂ 8.71 Pseudo single domain well 02-12-48 sour gas Well
02-12-3219-1-7ex I 1.646-06 |2.646-07| o016 || 673 Pseudo single domain well 02-12-48 sour gas Well
02-12-3219-3-7ex L 1.84E-06 | 2.56E-07 0.14 U 7.77 Pseudo single domain well 02-12-48 sour gas Well
02-12-3219-5-7ex | 1.90E-07 | 2.24E-09 I 75.96 Mul lomain well 02-12-48 sour gas Well
02-12-3228-3-7ex | 2.05e-07 |2.166-08| 011 |[MINA27.79 | Pseudo single domain well 02-12-48 sour gas Well
3180ex L 1.82E-06 | 2.03E-07 0.11 [ 5.07 Pseudo single domain well 02-12-48 sour gas Well
3192ex | 8.08e-07 [9.10e-08| o011 || 830 Pseudo single domain well 02-12-48 sour gas Well
3201ex 1.14El05 | 9.24E-07 I 758 Multi domain well 02-12-48 sour gas Well
3219ex [ 1.84E-06 | 2.56E-07 0.14 D 7.77 Pseudo single domain well 02-12-48 sour gas Well
3225ex | 2.60e-07 |537608| 021 || 905 Pseudo single domain well 02-12-48 sour gas Well
3228ex | 2.05e-07 |2.166-08| 011  |WINE37.79 Pseudo single domain well 02-12-48 sour gas Well
8223.4-13ex 9.31E-07 | 4.30E-07 0.46 16.68 Single domain Well 06-25-50-12W5 oil pool
8233.10-13ex 8.35E-07 |2.656-07 | 032 12.82 Pseudo single domain Well 06-25-50-12W5 oil pool
8233ex 4.53E-07 | 5.98E-08 0.13 15.43 Pseudo single domain Well 06-25-50-12W5 oil pool
8293ex 3.78E-07 | 3.32E-08 0.09 17.29 i Well 06-25-50-12W5 oil pool
8409.4-13ex 4.91E-07 |8.30E-08| 0.17 11.09 Pseudo single domain Well 06-25-50-12W5 oil pool
8409%ex 1.79E-07 | 4.29E-08 0.24 Pseudo single domain Well 06-25-50-12W5 oil pool
6-25-50 8233 7 13ex 3.79E-07 | 5.74E-08 0.15 Pseudo single domain Well 06-25-50-12W5 oil pool
A2-19-3163ex 2[226-06 | 9.84E-07| 0.44 Pseudo single domain Well A2-19 sour gas Well
A2-19ex [ 3.91E-07 | 6.41E-08 0.16 Pseudo single domain Well A2-19 sour gas Well
3246ex rl.lAE-DG 1.37E-07 0.12 Pseudo single domain Well A2-19 sour gas Well
3150ex | 1.926-07 | 7.256-09 | C0.04 Well A2-19 sour gas Well
3152ex ELIGE-DE 2.62E-07 0.23 Pseudo single domain Well A2-19 sour gas Well
3153ex | 1326-07 | 8.44E-09 Multi domain Well A2-19 sour gas Well
3155ex | 3.01E-07 |6.416-08| 0.16 Pseudo single domain Well A2-19 sour gas Well
3159%ex | 1.92E-07 | 3.80E-08 0.20 Pseudo single domain Well A2-19 sour gas Well
3160ex [F1.516-06 | 6.636-07 | 0.4 Pseudo single domain Well A2-19 sour gas Well
3163ex 15€-06 | 7.29€-07 Multi domain Well A2-19 sour gas Well
3177ex U 4.94E-07 | 3.97E-08 0.08 lomain Well A2-19 sour gas Well
3341.44ex 1.03E-07 | 4.94E-09|  0.05 omain Well 04-08-48-13W5 sweet gas pool
3353ex 1.15E-06 | 2.91E-07 0.25 Pseudo single domain Well 04-08-48-13W5 sweet gas pool
3365.3ex 1.58E-07 | 5.27E-08 0.33 Pseudo single domain Well 04-08-48-13W5 sweet gas pool
3372.6ex 3.99E-06 | 5.56E-07 | 0.4 Pseudo single domain Well 04-08-48-13W5 sweet gas pool
3372ex 1.72E-06 | 5.22E-07 0.30 Pseudo single domain Well 04-08-48-13W5 sweet gas pool
3380.7ex 5.246-07 |7.96E-08| 0.15 Pseudo single domain Well 04-08-48-13W5 sweet gas pool
3384.6ex 2.836-07 [4.036-08 014 Pseudo single domain Well 04-08-48-13W5 sweet gas pool
3393.9ex 2.34E-07 | 3.83E-08 0.16 Pseudo single domain Well 04-08-48-13W5 sweet gas pool
10092ex 7.11607 | 5.01E-08|  0.07 Well 07-04-49-25W5 Dry well
10180ex 2.776-07 | 174608 0.06 Well 07-04-49-25W5 Dry well
10240ex 7.69E-08 | 6.72E-09 0.09 Well 07-04-49-25W5 Dry well
10062.5ex 6.22E-06 | 8.426-07| 0.14 Pseudo single domain Well 07-33-48-12W5 oil pool
10066ex 4.77€-06 |7.336-07| 0.15 Pseudo single domain Well 07-33-48-12W5 oil pool
10113.1ex 8.00E-07 | 3.56E-08 0.04 Multi domain Well 07-33-48-12W5 oil pool
10120ex 2.166-07 |5.496-08| 025 Pseudo single domain Well 07-33-48-12W5 oil pool
10122ex 2.52E-07 | 2.19E-08 0.09 lomain Well 07-33-48-12W5 oil pool
10157ex 1.03E-07 | 1.16E-08 0.11 [MN78.80 | | Pseudo single domain Well 07-33-48-12W5 oil pool
10169ex 1.11E-07 | 9.87E-09 0.09 Multi domain Well 07-33-48-12W5 oil pool
101351.1ex 1.99E-06 | 2.60E-07 0.13 I] 5.07 Pseudo single domain Well 07-33-48-12W5 oil pool
6-25-50 8353 7 7ex 19107 | 4.61E-08| 0.24 Pseudo single domain Well 06-25-50-12W5 ail pool
6-25-83822 7ex 8.316-07 |2.86-07| 034 (I 17.49 Pseudo single domain Well 06-25-50-12W5 oil pool
6-25-50 8293 9 13ex 1.14E-06 | 3.15E-07 0.28 I] 18.25 Pseudo single domain Well 06-25-50-12W5 oil pool
6-25-50 8293 11 13ex 9.256-07 159607 017 | 136 Pseudo single domain Well 06-25-50-12W5 oil pool
6-25-50-10W5 8353 1 7ex 4.36E-07 |1.356-07| o031 |HE] 37.83 Pseudo single domain Well 06-25-50-12W5 oil pool
6-25-50-10W5 8409 9 13ex 5.41E-07 | 9.16E-08 0.17 l] 28.28 Pseudo single domain Well 06-25-50-12W5 oil pool
6-25-50-8382 10W5 4 7ex 412607 |7.236-08| o018 [ 26.94 Pseudo single domain Well 06-25-50-12W5 oil pool
6-25-50 8382 4 7ex 9.026-07 |6.23608| o007 [ 2151 Multi domain Well 06-25-50-12W5 oil pool
6-25-50 8382 7 7ex 3.39E-07 | 7.89E-10 0.00 l:’ 26.38 Pseudo single domain Well 06-25-50-12W5 oil pool
6-25-50 8293 4 13ex 421607 |6.996-08| 017 |E 19.01 Pseudo single domain Well 06-25-50-12W5 oil pool
6-25-50 8353 4 7ex 1.95E-06 | 3.78E-07 0.19 | 1.86 Pseudo single domain Well 06-25-50-12W5 oil pool
15-31-48 10108.4ex 4.95E-07 | 8.90E-08 0.18 - 13.58 Pseudo single domain Well 15-31-48-12W5 oil pool
15-31-48 10110.8ex 2.246-07 |9.16E-09| 0.04 Multi domain Well 15-31-48-12W5 oil pool
15-31-48 10113.1ex 9.16E-07 | 1.88E-07 0.21 . 11.83 Pseudo single domain Well 15-31-48-12W5 oil pool
15-31-48 10117.9ex 2.93E-07 | 4.90E-08 0.17 -17 Pseudo single domain Well 15-31-48-12W5 oil pool
15-31-48 3071.7ex 6.056-07 |4.46E-08| o007 (B 841 Multi domain Well 15-31-48-12W5 oil pool
15-31-48 3075.6ex 1.51E-06 | 2.26E-07 0.15 . 9.83 Pseudo single domain Well 15-31-48-12W5 oil pool
15-31-48 3077.0ex 1.886-06 [3.406-07| o018 (M 929 Pseudo single domain Well 15-31-48-12W5 oil pool
15-31-48 3096.6ex 2.776-07 | 2.616-08|  0.09 Multi Well 15-31-48-12W5 oil pool
15-31-48 10101.4ex 3.21E-07 | 2.26E-08 0.07 Well 15-31-48-12W5 oil pool
15-31-48 10106.1ex 2.64E-07 | 1.69E-08|  0.06 Multi domain Well 15-31-48-12W5 oil pool
5-6-49-10085.97 12 12W5ex | 4.76E-07 | 1.58E-07 |  0.33 Pseudo single domain Well 05-06-49-12W5 oil pool
5-6-49-10305 4 4ex 4.38E-07 | 2.82E-08 0.06 Multi domain Well 05-06-49-12W5 oil pool
5-6-49 10305 4 7ex 1.796-06 | 9.056-08|  0.05 Multi domain Well 05-06-49-12W5 oil pool
5-6-49 10029 1 6ex 6.09E-07 | 1.17E-07 0.19 Pseudo single domain Well 05-06-49-12W5 oil pool
5-6-49 10097 1 1lex 4.78E-07 | 2.63E-08 0.06 Well 05-06-49-12W5 oil pool
5-6-49 10200 1 Sex 2.376-07 133608 0.06 Well 05-06-49-12W5 oil pool
02-11-48-13W5 10615ex 7.21E-07 | 1.91E-07 0.27 Pseudo single domain Well 02-11-48-13W5 sour gas Well
02-11-48-13W5 10619ex 6.57E-07 | 1.36E-07 0.21 Pseudo single domain Well 02-11-48-13W5 sour gas Well
02-11-48-13W5 10622ex 5.21E-07 |4.60E-08|  0.09 Multi domain Well 02-11-48-13W5 sour gas Well
02-11-48-13W5 10630ex 9.78E-07 | 1.39E-07 0.14 Pseudo single domain Well 02-11-48-13W5 sour gas Well
02-11-48-13W5 10634.5 13 13ex | 8.72E-06 | 8.70E-07 |  0.10 Pseudo single domain Well 02-11-48-13W5 sour gas Well
02-11-48-13W5 10642ex 2.156-06 | 2.816-07| 013 Pseudo single domain Well 02-11-48-13W5 sour gas Well
10-33-48-7 7 12W5ex 1.92E-06 | 3.51E-07 0.18 Pseudo single domain Well 10-33-48-12W5 oil pool
10-33-48-3038 12W5 2dex | 1.04E-06 | 1.35€-07 | 0.3 Pseudo single domain Well 10-33-48-12W5 oil pool
10-33-48-3058 12W527ex | 9.196-07 | 2.10E:07 |  0.23 Pseudo single domain Well 10-33-48-12W5 oil pool
6-25-50-10W5 8354 13 13ex 4.59E-07 | 7.22E-08 0.16 Pseudo single domain Well 06-25-50-12W5 oil pool
10-33-48-3074 12W5 3 5ex 7.01E-07 | 1.42E-07 0.20 3581 Pseudo single domain Well 10-33-48-12W5 oil pool
10-33-48-3076 12W555ex | 1.24E-06 | 257607 | 021 (B 12.29 Pseudo single domain Well 10-33-48-12W5 oil pool
10-33-48-3088 12W5 3 3ex 4.996-07 | 2.01E-08 0.04 [ 16.66 Multi domain Well 10-33-48-12W5 oil pool
10-33-48-3093.412W5510ex | 8.156-07 |9.83t-08| 012 |B |7.87 Pseudo single domain Well 10-33-48-12W5 oil pool
4-25-48-13W5 10290 3 13ex 1.25E-06 | 4.55E-07 0.36 16.84 Pseudo single domain Well 04-25-48-13W5 oil pool
4-25-48-13W5 10290 13 13ex 1.20E-06 | 1.32E-07 0.11 I 7.57 Pseudo single domain Well 04-25-48-13W5 oil pool
4-25-48-13W510290113ex | 1.17E-06 |2.446-07 | 021  |[Wil32.47] Pseudo single domain Well 04-25-48-13W5 oil pool
4-25-48-13W5 10290 6 13ex 1.77E-06 | 6.48E-07 0.37 l 13.81 | Pseudo single domain Well 04-25-48-13W5 oil pool
4-25-48-13W5 10290 10 13ex 9.38E-07 | 1.30E-07 0.14 I 8.80 Pseudo single domain Well 04-25-48-13W5 oil pool
6-12-52.9W52352.4 41dex | 8.436-07 | 176E-07| 021 || 1281 Pseudo single domain Well 06-12-52-9W5 oil pool
6-12-52-9WS5 2352.4 1 14ex 1.22E-06 | 4.33E-07 0.36 I 14.35 Pseudo single domain Well 06-12-52-9W5 oil pool
6-12-52-9W52352.4 814ex | 1.11E-06 |2.956-07| 027 [l 1086 Pseudo single domain Well 06-12-52-9W5 oil pool
6-12-52-9W52370.6 214ex | 3.47E-07 | 5.44E-09 002 |[INEaie0 Multi domain Well 06-12-52-9W5 oil pool
6-12-52-9W5 2370.6 814ex | 2.46E-07 | 2.04E-08 o0s |INEessIl Well 06-12-52-9W5 oil pool
6-12-52-9W5 2370.6 10 14ex | 2.83E-07 | 1.82E-08 0.06 | 17074 Well 06-12-52-9W5 oil pool
6-12-52-9W52370.6 14 14ex | 3.29E-07 | 4.88E-08 015  [INZos7SNN| Well 06-12-52-9W5 oil pool
6-12-52-9W52388.8 214ex | 2.55E-07 | 4.45E-09 002 |MNE45126 Well 06-12-52-9W5 oil pool
6-12-52-9W52388.8 41dex | 2.94E-07 |1.41E-07 | 0.8  |MENE3RMO Pseudo single domain Well 06-12-52-9W5 oil pool
6-12-52-9W5 2388.8 814ex | 2.85E-07 | 2.71E-08 o.10  |Naeeail Pseudo single domain Well 06-12-52-9W5 oil pool
6-24-54-23W5 4097.5ex 5.72E-07 | 2.00E-07 0.35 -E'SS Pseudo single domain Well 06-24-54-23W5 sccc
5-13-54-23W5 13376ex 4.46E-07 | 9.736-08|  0.22 Pseudo single domain Well 05-13-54-23W5 scee
8-1-55-23W5 4013.8ex 7.25E-07 | 2.40E-07 0.33 -E.EZ Pseudo single domain Well 08-1-55-23W5 Sccc
11-35-54-23W5 13402.0ex 3.55E-06 | 9.31E-07 0.26 lj 6.83 Pseudo single domain Well 11-35-54-23W5 sccc
15-33-48-3089.0ex 5.90E-07 | 1.22E-07 021 |[MEB8ES | Pseudo single domain Well 15-33-48 sccc
15-33-48-3090.2ex 6.19€-07 | 1.03E-07 0.17 [6.74 Pseudo single domain Well 15-33-48 sccc
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