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SUMMARY

Magnetic minerals form or alter in the presence of hydrocarbons, making them a potential
magnetic proxy for identifying hydrocarbon migration pathways. In this paper, we test this
idea by magnetically measuring core samples from the Tay Fan in the Western Central Graben
in the Central North Sea. In a companion paper, 3-D petroleum systems modelling has been
carried out to forward model migration pathways within the Tay Fan. Rock magnetic ex-
periments identified a range of magnetite, maghemite, iron sulphides, siderite, goethite and
titanohematite, some of which are part of the background signal, and some due to the presence
of hydrocarbons. Typical concentrations of the magnetic minerals were ~10-200 ppm. Im-
portantly, we have identified an increasing presence of authigenic iron sulphides (likely pyrite
and greigite) along the identified lateral hydrocarbon migration pathway (east to west). This
is likely caused by biodegradation resulting in the precipitation of iron sulphides, however,
though less likely, it could alternatively be caused by mature oil generation, which subse-
quently travelled with the migrating oil to the traps in the west. These observations suggest
mineral magnetic techniques could be a rapid alternative method for identifying the severity of
biodegradation or oil maturity in core sample, which can then be used to calibrate petroleum
systems models.

Key words: Europe; Environmental magnetism; Magnetic mineralogy and petrology; Rock
and mineral magnetism.

that rather than hydrocarbon-induced diagenesis, the magnetic min-

I INTRODUCTION erals found in reservoir core simply migrate with the hydrocar-

Previous studies have suggested low-altitude aeromagnetic surveys
may be a complimentary method to conventional exploration tech-
niques in remote areas (Donovan et al. 1984). These studies related
the presence of short-wavelength magnetic anomalies to migration
(or seepage) of hydrocarbons from reservoirs below. Hydrocarbons
are known to cause reducing conditions at shallow depths that can
chemically alter iron-bearing minerals to form authigenic iron ox-
ides and/or sulphides (Reynolds et al. 1990; Burton et al. 1993).
These iron minerals are sometimes ferromagnetic (sensu lato) like
magnetite, pyrrhotite and greigite, though they can also be non-
ferromagnetic such as pyrite and siderite (Costanzo-Alvarez et al.
2000; Aldana et al. 2011; Emmerton et al. 2013a; Badejo et al.
2021b). The resulting balance of iron-rich minerals is dependent
on the local environment, which can lead to both positive or neg-
ative magnetic anomalies or no change in contrast (McCabe et al.
1987; Elmore et al. 1993). It is also possible, though less likely,

bon. Abubakar ez al. (2015) experimentally demonstrated that fine
grained (<50 nm) magnetite, greigite and pyrrhotite form in the oil
kitchen, would be small enough to travel with the oil through the
pore throats of shales, carrier beds and reservoir (Nealson 2009).
Laboratory measurements under controlled conditions by Badejo
et al. (2021b) suggest this mechanism may be possible.

It is clear that the presence of hydrocarbons alters the magnetic
signature of the background rock. This alteration has the potential to
map hydrocarbon migration and accumulation in the reservoir (Liu
et al. 20006). In an earlier study, Abubakar ef al. (2020) attempted
to use mineral magnetic techniques to identify migration pathways
in the Wessex Basin, UK, however, the tectonic history of the Wes-
sex Basin is very complicated, and the magnetic findings were not
entirely conclusive. The aim of this study was to better understand
the link between hydrocarbon migration and magnetic mineralogy
by examining an area with a relatively simple, well constrained

© The Author(s) 2021. Published by Oxford University Press on behalf of The Royal Astronomical Society. This is an Open Access

article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

617

2202 UDJBIN 9| UO JosN Sl UM - Josauuliy Jo Asioniun Aq €2020€9/219/1/22Z/91eiB/wod dno oiwspese//:sdyy wolj papeojumoq


http://orcid.org/0000-0002-3070-4477
mailto:adrian.muxworthy@imperial.ac.uk
http://creativecommons.org/licenses/by/4.0/

618  S.A. Badejo et al.

geology. For this purpose, this paper concentrates on the Tertiary
Tay fan in the Western Central Graben, North Sea, UK. The Tay
Sandstone Member (TSM) was selected for the following reasons:
(1) the TSM is not deformed (other than some gentle salt doming),
and is laterally continuous with long-distance lateral migration of
up to 50 km for oil and 32 km for gas (Cayley 1987), (2) the TSM is
a high quality reservoir with high porosity and permeability (Ban-
ner et al. 1992), (3) high quality 3D seismic data is available over
most of the study area and (4) there are a high number of wells in
the area with good core coverage.

3-D petroleum systems and basin modelling of the Western Cen-
tral Graben were carried out in a companion paper Badejo et al.
(2021a). Through this modelling, Badejo et al. (2021a) identified
hydrocarbon migration pathways in the TSM. Some of the observa-
tions in this paper aided the construction of the 3-D model; this is
explained in section 5.3.

2 GEOLOGY OF THE CENTRAL NORTH
SEA

Core samples were obtained from 18 hydrocarbon wells, three oil-
show wells (containing non-commercial quantity of oil) and one
dry well in the Central North Sea (CNS, Fig. 1). Well stratigraphy
was cross-correlated using lithostratigraphy and 3-D seismic data
(Badejo 2019; Badejo et al. 2021a).

The geology of the Central North Sea has been described in
great detail by several authors (Cayley 1987; Isaksen 2004) and
is very briefly summarized here. The Upper Jurassic Kimmeridge
Clay is the main source rock in the area (Fig. 2). It is mature
for oil to the east of the study area, with burial depths >3250
m and generally late mature for oil to early mature for gas at the
eastern edge with burial depths of ~4750 m (Barnard & Bas-
tow 1991; Isaksen 2004). In the Central Graben the main hy-
drocarbon reservoirs are Upper Jurassic sandstones and Tertiary
sandstones. The Upper Jurassic play (Fig. 2) is generally de-
fined by two contrasting reservoirs: coastal-shelf sandstones (Ful-
mar Formation) and submarine-fan sandstones (Heather Forma-
tion), while the Tertiary play (Fig. 2) is defined by submarine-fan
sandstones of the Forties Sandstone Member and TSM (Cayley
1987).

Initial accumulation of oil was in the Upper Jurassic Fulmar
sandstones. As the source rock lies directly above this formation,
Fulmar sandstones are ideal for short distance migration, how-
ever, the Fulmar is affected by both stratigraphic complexity and
salt movement resulting in it being discontinuous and fractured.
Over time sediment loading and compaction disequilibrium led to
overpressure which triggered capillary failure in the seal above
the Fulmar sandstones. This initiated vertical migration, with the
fractured chalk and the salt wall and diapirs acting as a verti-
cal conduits for migration into the overlying Tertiary sandstones
(Badejo et al. 2021a). Badejo et al. (2021a) showed injectites (orig-
inating from the Forties Sandstone member and Maureen Forma-
tion) and salt diapirs are important vertical migration pathways into
the TSM. All the core samples studied are from the TSM. Com-
pared to the Fulmar sandstones the Tertiary sandstones are only
slightly deformed and laterally continuous, facilitating lateral mi-
gration of distances of up to 50 km for oil and up to 32 km for
gas (Cayley 1987; Badejo et al. 2021a). Up to 2750 m of un-
compacted Eocene mudstones serve as the regional seal (Cayley
1987).

3 METHODOLOGY

3.1 Sample collection

Cores were sampled from the British Geological Survey (BGS)
core repository in Keyworth, UK. Wire-line logs were initially used
to identify the presence of gas and/or oil in the Tay sandstones
(Fig. 2). At the BGS core repository samples were selected based
on geological observation, that is water wet sandstone, oil-stained
sandstone, siltstones and shale. Samples taken were typically 2 cm
chips. A total of 188 samples were collected from 22 wells (Fig. 1,
Table 1). Most of sandstones were very fine to fine grained, with
very little sedimentary structures (Badejo 2019).

3.2 Magnetic measurements

A suite of magnetic measurements was carried out to determine the
morphology, mineralogy and size of the magnetic minerals present;
no single magnetic measurement yields a full description of the mag-
netic minerals. Room-temperature (RT) magnetic hysteresis mea-
surements including first-order reversal curves (FORC) diagrams
(Roberts et al. 2000), were made using a Princeton Measurements
Vibrating Sample Magnetometer (VSM) at Imperial College. Mag-
netic hysteresis and FORC measurements help in the identification
of domain state, grain size and aid in mineral identification. FORC
diagrams are particularly diagnostic in isolating signals from dif-
ferent domain states in complex natural assemblages.

To aid magnetic mineralogy identification and the presence of
very fine magnetic particles, we made low-temperature (LT, 20—
300 K) experiments using a Quantum Design Magnetic Properties
Measurement System (MPMS) at the Institute for Rock Magnetism
(University of Minnesota). Some magnetic minerals have well-
defined crystallographic transitions, for example the Verwey transi-
tion in magnetite at 7 ~ 120 K (Verwey 1939). Low-temperature
measurements also help to identify fine grains (<30 nm) that are
thermally activated at room-temperature, that is superparamagnetic
grains, which are hard to identify at room-temperature as they are
‘magnetically transparent’. By cooling the samples to very low
temperatures (<30 K), such grains can be easily measured. To fur-
ther identify the magnetic mineralogy of the samples, we measured
high-temperature magnetic susceptibility curves to determine Curie
temperatures. To do this we used an Agico KLY-2 Kappabridge sus-
ceptibility meter at Imperial College. Susceptibility was measured
as samples were heated from room temperature to 700 °C in an
argon atmosphere.

3.3 Scanning electron microscopy

To aid in the characterization of the magnetic minerals, we con-
ducted scanning electron microscopy (SEM) combined energy dis-
persive X-ray (EDX) analysis on a Zeiss LEO Gemini 1525 at
Imperial College. SEM imaging is particularly important for dif-
ferentiating between—usually—detrital pyrrhotite and authigenic
greigite, which have very different morphologies, but similar mag-
netic behaviour during magnetic hysteresis when a maximum field
of only ~1 T is available (Roberts et al. 2014). As the abundance of
magnetic minerals was less typically <<0.001 per cent, magnetic
extraction was needed before imaging (Emmerton et al. 2012; Em-
merton et al. 2013b). Samples were crushed to an even grain size
(~50 um), and passed through a Frantz electromagnet magnetic
separator three times following the protocol developed by Chang
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Figure 1. Location of the study area, showing the well numbers and relative locations. The study was undertaken with cores from 19 oil/gas wells, one dry
well and cuttings from two dry wells. The polygon represents the 3-D seismic data available studied in the companion paper Badejo et al. (2021a) and Badejo

(2019). The study area relative to Scotland, UK, is shown in the inset.

et al. (2012). Samples were ground and coated in gold for EDX
analysis; the EDX had a spot size of ~1 um

3.4 Geochemical experiments

Some geochemical experiments were undertaken to determine if
the dry core samples had ever been impregnated with oil. Samples
from dry wells may appear water wet, but it is possible that oil
has migrated through this area and the oil subsequently replaced
by water, however, the oil could leave behind some organic residue
(residual oil) in the samples that can still be extracted (Peters ef al.
20006).

Core samples s70402, s70403 and S70404 from dry well 21/28b-
07 were selected for column chromatography (Rowland & Revill
1995). Organic extraction was carried out before column chro-
matography. To do this a dichloromethane (DCM) and methanol
(97:3) were added to the ground samples (5—10 g). The mixture was
sonicated for 5 min then placed in a centrifuge at 1500 rpm for a
further 5 min. The process was repeated until the solvent was clear.
A rotary evaporator was used at 50 °C to increase the concentra-
tion of organic extracts in the solvent. This was left to dry leaving
behind organic matter extracts. Aliphatic and aromatic constituents
were extracted in the following way: (1) Alumina was activated
in an oven for 1 hr at 150 °C, (2) the column was plugged with

the activated alumina and small amounts pre-extracted using quartz
wool, (3) small amounts of pre-extracted quartz wool were added
to the sample vial, stirred with a clean spatula and left to dry; the
dry mixture was added to the top of the column, (4) hexane was
used to elute the aliphatic fraction while DCM was used to elute
the aromatic fraction, and the fractions were collected in a test tube,
(5) the fractions were reduced to <1 ml under a stream of nitrogen,
(6) fractions were transferred into clean vials and allowed to dry
and (7) the fractions were placed in a Gas Chromatography—Mass
Spectrometer (GC-MS) for compound detection and identification.

4 RESULTS

4.1 Magnetic measurements

To summarize the range of behaviour from the 188 samples collected
from 22 wells, we consider three oil producing wells 21/29a-08,
21/28a-03 and 21/24-03 (Figs 3-5) and one dry well 21/28b-07
(Fig. 6). The magnetic data are summarized at well level in Table 1.

4.1.1 Hysteresis and FORC analysis

Mass-normalized room-temperature hysteresis loops and suscepti-
bility were measured for all samples; mean and median of measures
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Figure 2. Generalized Central North Sea stratigraphic column showing depositional facies, tectonic history, source rock, possible reservoirs, seal and timing

of hydrocarbon migration. Useful stratigraphic/seismic horizons are identified.

saturation magnetization (M), remanent saturation magnetization
(M), coercive force (B.) and mass susceptibility values of all the
wells used in this study are shown in Table 1. The hysteresis loops
for all 188 samples were measured, and 110 FORC diagrams were
measured. Some samples were too weak magnetically to measure
FORC data, which required taking the mixed-second derivative of

the data; no FORC data were measured for wells 21/29a-08 and
21/28-05 (Table 1). The samples were generally weak and most of
the hysteresis loops had a low signal-to-noise ratios with a strong
paramagnetic behaviour. M, M., and B, are similar to the values
Emmerton et al. (2013b) observed for oil stained and oil-free sam-
ples from Colombia, Canada, Indonesia and UK. Measured M,
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Table 1. Mean and median of measured saturation magnetisation (1/;), remanent saturation magnetisation (M,s), coercive force (B.) and mass susceptibility
() for wells in the study area. All measured sample types are included in the calculation as the samples in the gas cap, oil-stained samples, water wet samples
and siltstones typically have similar values. Hydrocarbon wells are roughly arranged from east to west. Note: The last 3 wells in italics are dry. Only well

21/28b-07 is cored, the other two wells (21/25-11 and 21/25-12) are cuttings.

Number of Median M Median M, Median Median x
Field Well samples (1073 Am?kg™") (103 Am?*kg™!) B, (mT) (1072 m*kg™') Main magnetic minerals
Gannet 21/25-04 16 1.0 0.2 8.8 1.1 magnetite, siderite
Gannet 22/21-03 9 8.3 1.1 8.1 15.2 magnetite, siderite
Gannet 21/25-A1 15 0.9 0.1 7.0 0.1 magnetite, siderite
Gannet 21/25-06 24 1.0 0.1 7.6 3.8 magnetite, siderite
Guillemot 21/25-02 6 1.3 0.1 14.9 13.9 magnetite, siderite
Guillemot 21/24-02 7 1.2 0.2 17.0 0.1 magnetite, siderite
Guillemot 21/24-03 11 2.0 0.3 11.0 0.2 magnetite, iron sulphides
Guillemot 21/29a-08 9 1.5 0.1 10.4 28.3 magnetite, siderite
Guillemot 21/292a-06 8 0.3 0.1 14.2 0.0 magnetite, siderite, iron sulphides
Fyne & Dandy 21/28a- 05 6 1.0 0.1 6.9 1.4 magnetite, siderite, iron sulphides
Fyne & Dandy 21/28a- 03 7 2.6 0.4 11.7 21.3 magnetite, siderite, iron sulphides
Fyne & Dandy 21/28a- 04 8 1.0 0.1 124 33 magnetite, siderite, iron sulphides
Fyne & Dandy 21/28a- 08 8 1.8 0.4 13.1 10.0 magnetite, siderite, iron sulphides
Pilot 21/27-1A 8 4.5 0.6 8.4 6.9 magnetite, siderite, iron sulphides
Pilot 21/27-04 16 1.1 0.2 15.9 5.5 magnetite, iron sulphides
Pilot 21/27a-05 4 1.0 0.0 13.8 5.7 magnetite, iron sulphides
Pilot 21/27-02 4 32 0.4 7.2 43 magnetite, iron sulphides
Pilot 21/27-03 7 0.9 0.1 10.9 1.2 magnetite, iron sulphides
Pilot 21/27a-06 7 1.7 0.3 11.0 0.1 magnetite, iron sulphides
Dry (Guillemot) 21/28b-07 5 1.6 0.3 15.8 0.2 magnetite, siderite
Dry 21/25-12 5 6.6 0.8 10.9 1.5 magnetite
Dry 21/25-11 5 10.2 1.2 8.8 7.5 magnetite

M, and mass susceptibility values cannot be used to consistently
distinguish the four different rock types, that is oil-stained sand-
stone, water-wet sandstone, sandstone in the gas cap and siltstone,
as they have similar values; however, the siltstones sometimes have
much higher M, M,s and mass susceptibility values compared to
the other rock types. There is no significant difference in B, for the
different sample types within a well, suggesting similar magnetic
mineralogies and grain size distributions, or the insensitivity of this
parameter.

FORC diagrams for most of the samples suggest the presence of
thermally relaxing single-domain (SD) particles as shown in s65297
(Fig. 4c). The presence of SD grains was identified by a peaked
FORC distribution on the B; = 0 axis or areas of negative values
adjacent to the vertical axis (Roberts ef al. 2000) as shown in s65301,
$72417 and s72420 (Figs 4b, 5a and c). Samples with multiaxial
anisotropy were identified by the steeply dipping negative region to
the right of the B, axis (Harrison & Lascu 2014; Valdez-Grijalva &
Muxworthy 2019) as seenins65301,s72420 and s72423 (Figs 4b, 5c
and d). This feature may also be due to pseudo-SD (PSD) behaviour
(Carvallo et al. 2003; Valdez-Grijalva ef al. 2018). FORC diagrams
for some samples have contours that diverge away from the origin,
which also suggests the presence of PSD grains (Roberts ez al. 2000)
as seen in $65294 and s72417 (Figs 4a and 5a).

4.1.2 Low-temperature measurements

The following low-temperature sequences were carried out on the
samples to identify possible magnetic transitions and nanomet-
ric magnetic minerals: (1) Low-temperature cycling—the samples
were induced with a saturation isothermal remanent magnetisation
(SIRM) at room-temperature (RTSIRM; field = 2.5 T), and then
cooled to 10 K and back to 300 K in zero-field. This generates
two curves called RTSIRM cooling and RTSIRM warming curves,

respectively. (2) Field cooled (FC) and zero-field cooled (ZFC)
warming curves—the samples were induced with an SIRM at 10 K
and warmed in zero field to 300 K. In the ZFC scenario the sample
is first cooled to 10 K in zero field, in the FC scenario in a field a
2.5 T. Low-temperature data were collected for 165 samples out of
the 188 studied.

We interpreted the low-temperature curves using a range of cri-
teria: (1) A discontinuity in the magnetic remanence at ~120 K in
the cycling cooling curves was observed in many of the samples
and indicates the presence of magnetite (Figs 3—6); there was ev-
idence for magnetite in most of the samples as has been reported
previously (Elmore ef al. 1993; Guzman et al. 2011). (2) A ‘hump’
was observed in some of the cycling cooling curves, for example
samples $72392 and s65300 (Figs 3b and 4d), which was inter-
preted as being indicative of the presence of maghemite (Ozdemir
& Dunlop 2010). (3) A pronounced drop in remanence between 10
and 40 K in the FC experiment was used to identify the presence
of siderite as seen in samples s72392 and s65297 (Figs 3a and 4c).
Siderite is paramagnetic at room temperature, but in the presence
of a field during cooling it acquires a large thermoremanence below
its Néel temperature (~37 K) (Jacobs 1963). In common with mag-
netite, siderite was observed in many oil-core samples, for example
$72392 and s65297 (Fig 3a and 4c). Some of the samples displayed
measurement artefacts due to the ‘zero-field’ state in the MPMS not
always being truly nulled during zeroing. This trapped field is two
to three times the Earth’s field; because the ‘zero-field’ state is non-
zero, this can lead to a noticeable anomaly in remanence at 40 K in
samples with high concentrations of siderite, for example, samples
$63651 and s72392 (Figs 3a and b). (4) The increase in remanence
on cooling in samples s63651, $65294, s65297 (Figs 3a, 4a and ¢)
and in the dry well core (Fig. 6) suggests the presence of goethite
or titanohematite (Rochette & Fillion 1989; Sprain ef al. 2016). To
definitively identify goethite, a goethite test was carried out using the
protocol designed by Guyodo et al. (2006). Goethite tests showed
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Figure 3. Representative samples from well 21/29a-08 (oil) showing the magnetic data (low-temperature magnetometry and high-temperature susceptibility
(heated in Ar)) for four samples: (a) s63651, (b) s72392, (c) s63654 and (d) s63656. Data for s63651 and s72392 suggests the presence of siderite, magnetite
and iron sulphides. s63654 and s63656 contains only siderite and magnetite.

a drop in remanence at room temperature suggesting some of the near hydrocarbon wells, so they have been classed as background
remanence is carried by goethite (Badejo 2019), but the continued magnetic signals, that is not due to the reducing environment caused
increase in remanence on cooling suggests the presence of another by hydrocarbons.

high coercivity magnetic minerals with no low-temperature transi- Monoclinic pyrrhotite’s Besnus (~34 K) transition (Besnus
tion, likely titanohematite (Sprain et al. 2016). These two minerals & Meyer 1964) was identified in only oil-showing well sam-

have never been observed in studies carried out on samples from or ple, that is s65300 (Fig. 4d), albeit from a water wet section,
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Figure 4. Representative samples from well 21/28a-03 (oil) showing the magnetic data (low-temperature magnetometry, high-temperature susceptibility
(heated in Ar) and FORC diagrams) for four samples: (a) $65294, (b) s65301, (c) s65287 and (d) s65300 (no FORC diagram). S65294 consists of iron
sulphides, some siderite and magnetite, with FORC data that indicates PSD gains. s65301 consists of maghemite and iron sulphides, and the FORC diagram
in indicative of PSD or multiaxial-anisotropy SD grains. S65287 contains siderite, magnetite and iron sulphides, and the FORC diagram suggests the presence
of SP and SD grains. 65300 consists of maghemite and iron sulphides. VARIFORC parameters (Egli 2013) for smoothing FORCs are sc,0 = 2, sc,1 =4, sb,0

=3, sb,1 =4 and Acd = Ab = 0.1, measuring time = 200 ms.

and in the dry well samples (Fig. 6), suggesting that monoclinic
pyrrhotite is not associated with oil-staining but rather a background
signal.

4.1.3 High-temperature susceptibility measurements

A total of 177 high-temperature susceptibility curves were used
to aid identification of magnetic mineralogies (Figs 3-6); the re-
maining samples were magnetically too weak to measure. Due to
chemical alteration during laboratory heating (Ar does not fully
suppress this), determining the initial magnetic minerals can be
complicated. When heating samples with a high concentration of

siderite, for example s72392 and s63654 (Fig. 3), the initial suscep-
tibility is generally relatively low on heating from room temperature
to about 400 °C where the susceptibility increases (Housen et al.
1996). A sharp drop is typically noticed around ~570 °C, suggesting
alteration of siderite to magnetite. On cooling from 700 °C the sus-
ceptibility rapidly increases between 570 and 545 °C to values much
higher than the heating susceptibility curve (> 50 per cent higher)
indicating the continued formation of magnetite. A Hopkinson-like
peak below the Curie temperature on cooling is typically observed,
for example s63656 in Fig. 3(d). In many cases the presence of
siderite was confirmed by low-temperature measurements, for ex-
ample s72392 and s63654 (Fig. 3), Siderite was also identified in
the dry-core samples, for example s70404 (Fig. 6¢).
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Figure 5. Representative samples from well 21/24-03 (oil) showing the magnetic data (low-temperature magnetometry, high-temperature susceptibility (heated
in Ar) and FORC diagrams) for four samples: (a) s72417, (b) s72418 (no FORC diagram), (c) s72420 and (d) s72423. Generally, there is an abundance of
iron sulphides relative to siderite. s72417 contains iron sulphides and magnetite, whilst s72418 contains maghemite and iron sulphides. s72420 consists of
iron sulphides and magnetite, whilst the FORC diagram indicates the particles are all SD, that is <100 nm. Sample s72423 contains iron sulphides in the
SD and PSD domain states. ‘Ani’ marks the features, which are due to multiaxial anisotropy (Harrison & Lascu 2014; Valdez-Grijalva & Muxworthy 2019).
VARIFORC parameters (Egli 2013) for smoothing FORCs are sc,0 = 2, sc,1 = 4, sb,0 = 3, sb,] =4 and Acd = Ab = 0.1, measuring time = 200 ms.

The high-temperature measurements showed clear evidence for
iron sulphides; iron sulphides typically decompose on heating be-
tween 200 and 400 °C (Bol’shakov & Dolotov 2011). The low-
temperature measurements found little evidence for monoclinic
pyrrhotite, and the absence of lambda transitions in any of the
high-temperature susceptibility experiments suggests no hexagonal
pyrrhotite was present (Schwarz & Vaughan 1972). We therefore
interpret the iron sulphide signal as being a mixture of pyrite and
greigite; where greigite is present, authigenic pyrite is usually also
present (Roberts 2015). We particularly tried to identify greigite:
samples thought to contain greigite typically portray different high-
temperature susceptibility heating and cooling behaviours. The re-
ported greigite behaviours are: (1) a noticeable drop in suscepti-

bility on heating in the range 350-450 °C, for example s63651,
$65310 and s72423 (Figs 3a, 4b and 5d) (Bol’shakov & Dolotov
2011), (b) kinks in susceptibility on heating accompanied by a no-
ticeable increase in susceptibility 250—450 °C, for example s72417
(Fig. 5a) (Dekkers et al. 2000), and (3) an increase in susceptibil-
ity on heating between 350 and 450 °C accompanied by a lower
susceptibility on cooling, which noticeably increases on cooling
below 500 °C, for example s65300 and s72418 (Figs 4d and 5b).
However, it is still difficult to differentiate between the pyrite and
greigite in the presence of other ferromagnetic minerals, for exam-
ple magnetite, therefore we refer to the pyrite and greigite com-
bined signal as the iron sulphide signal; this term does not include
pyrrhotite.
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Figure 6. Magnetic data (low-temperature magnetometry, high-temperature susceptibility (heated in Ar) and FORC diagrams) for samples from dry 21/28b-07:
(a) s70402, (b) s70403 and (c) s70404 (no FORC data). S70402 contains magnetite, and the FORC diagram indicates MD, that is >1000 nm. The s70403
experiments suggest the presence of magnetite and possibly monoclinic pyrrhotite and biogenic magnetite. The FORC diagram suggests the presence of a
high-coercivity phase, that is either biogenic magnetite or pyrrhotite and (c) s70404 contains of magnetite and siderite. VARIFORC parameters (Egli 2013) for
smoothing FORCs are sc,0 = 3, sc,1 = 3, sb,0 =4, sb,] =3 and Ac = Ab = 0.1, measuring time = 200 ms. HT susceptibility measurements were heated in

argon. BT, Besnus transition; BM, biogenic magnetite and M, magnetite.

4.2 Scanning electron microscopy

To help distinguish between pyrrhotite and greigite, which can be
challenging magnetically when only fields <1 T are available during
hysteresis, and to help characterize the samples in general, SEM
imaging was carried out on extracted and non-extracted samples
suspected to contain iron sulphides (Fig. 7). EDX analysis of the
crystals in Figs 7(a)—(c), identified iron and sulphur; although the
EDX was not calibrated to identify between greigite and pyrite, the
recorded ratios of iron and sulphur suggest that these crystals were
likely to be greigite or pyrite as marked in the figure; greigite is
typically cubic and pyrite crystals can either be cubic or euhedral
(Roberts 2015). In Fig. 7(a) the greigite or pyrite grains were 40—170
nm in size (Fig. 7a). The two fused framboids in Fig 7(b) consist of
euhedral particles 500 nm to 1.5 um sized grains, which are likely
pyrite. We suggest that these framboids are likely formed after the
pyritization of greigite framboids (Wilkin & Barnes 1997) (Fig. 7b).
In Fig. 7b, the framboids also appear to be flanked by smaller
(<100 nm) iron sulphide grains (Fig. 7b). The elongated framboid
shown in Fig. 7(c) is made up of 30—100 nm sized particles, which
are likely to be greigite. The SEM imaging also shows evidence for

microbial activity in 65311 and s65328 (Figs 7d and e). No crystal
structure akin to monoclinic or hexagonal pyrrhotite was observed
in the SEM images; monoclinic pyrrhotite appears needle like, and
hexagonal pyrrhotite crystals have a hexagonal structure (Roberts
2015). This does not rule out their presence as the SEM images only
represent a small sample volume.

4.3 Geochemical analysis

Extracted aliphatic fractions from water-wet samples s70402,
§70403 and s70404 from dry wells, were analysed in the GC-MS
for compound identification. The flat response of the aliphatic mass
chromatograph (raw data available in Badejo 2019) and the lack of
biomarker suggest there is no evidence of oil in the samples (Peters
et al. 2006). The GC-MS sensitivity was ~1 ppm. Oil-stained sand-
stones from reservoirs charged by type Il source rocks in the UK
can have aliphatic contents ranging from 39 to 48 per cent (Barnard
& Bastow 1991; Emmerton et al. 2013b; Abubakar et al. 2020).
These results suggest the rock magnetic experiments carried out on
the dry core sample likely represent a true background sample.
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(a) (b)

(c) (d)

Figure 7. SEM Images showing: (a) crystals identified as greigite (G) or pyrite (Py) in s65329, (b) two fused coarse-grained euhedral pyrite framboids
surrounded by possibly smaller cubic greigite crystals in s65328, (c) an elongated framboid—Ilikely to be greigite—in s65311, (d) evidence of bioturbation in
863594 highlighted with a ‘B’, and (e) evidence for bioturbation in s65328, also highlighted with a ‘B’. Images a-c are backscattered electron images obtained
with a Phenom SEM while images d—e are backscattered electron images obtained with a Leo SEM.
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5 DISCUSSION

Rock magnetic experiments identified a range of magnetic minerals
present in the samples including magnetite, maghemite, titanohe-
matite, goethite, siderite and the iron sulphides pyrite, monoclinic
pyrrhotite and likely greigite; however, the magnetic minerals mag-
netite, siderite and the iron sulphides (likely greigite and pyrite)
dominated the magnetic signature in the oil samples (Figs 3-5, Ta-
ble 1). Magnetite was the dominant mineral in the dry-well samples
(Fig. 6, Table 1). There was evidence for an abundance nanometric
magnetic minerals, that is <50nm in size. Typical concentrations
for the ferromagnetic (sensu lato) minerals was ~10-200 pm, and
~2000-20 000 ppm for the paramagnetic minerals (Table 2). There
was no geochemical evidence for oil in the dry-well samples.

5.1 Origin of the magnetic signals

Based on our data, we group the magnetic minerals observed into
background or source signal in Table 2. Source signal minerals re-
lates to minerals precipitated due to the presence of hydrocarbons,
while the background signal relates to minerals that are indepen-
dent of the presence of hydrocarbons. Although traces of titanohe-
matite and goethite were found in oil-well samples (Figs 3-5), they
were more dominant in the background magnetic signal (Fig. 6).
Titanohematite is most likely detrital and derived from the mechan-
ical weathering of parent rock. The origin of goethite is harder to
identify. It could be detrital, derived from the weathering of pri-
mary iron-bearing minerals, or as is more likely it is ‘authigenic’,
but has formed post-coring. The core samples have been stored in
air for more than two decades, and oxidation of the iron sulphides
present in the samples is known to lead to the formation of goethite
(Rochette & Fillion 1989).

Magnetite was present in almost all the oil well and dry well core
samples (Figs 3—6). The occurrence of magnetite in the dry-well
core samples suggest it is detrital, but it could also be authigenic as
studies have shown it to be precipitated in the reducing conditions
generated by hydrocarbons (Machel & Burton 1991); in the presence
of refined oil where sulphur has been removed, magnetite has been
shown to form in contaminated soil (Rijal ef al. 2010; Ameen N.N.
et al. 2014). FORC diagrams from the dry wells suggests that the
detrital magnetite consists of larger MD grains (>1000 nm), for
example s70402 (Fig. 6). There was no evidence for such large
MD magnetite grains in the oil-stained samples (Figs 3-5), and the
observed magnetite was smaller, likely <100 nm, suggesting that
it was authigenic in agreement with previous studies (Elmore ef al.
1993; Abubakar et al. 2020). Maghemite seen in samples 72392
and s65300 (Figs 3b and 4d), is most likely a product of the oxidation
of magnetite (Ozdemir & Dunlop 2010), probably in the core store.

Siderite was observed in many of the samples. Siderite is typically
of authigenic origin in sedimentary settings and is often found as
a diagenetic cementing agent; it was observed in both the oil- and
dry-well cores (Figs 3—6). Diagenetic changes in temperature, an
increase in total inorganic carbon or a bacterial reduction of Fe**
can lead to the precipitation of siderite in the dry wells (Ellwood
et al. 1988; Machel & Burton 1991). The reducing environment
created by hydrocarbon also promotes the replacement of hematite
and magnetite by siderite in the oil wells (Burton ef al. 1993).

Iron sulphides were only identified in the oil wells, for example
samples s63651, s65310 and s72423 (Figs 3a, 4b and 5d), suggest-
ing that hydrocarbons induced the precipitation of iron sulphide.
We found no evidence for pyrrhotite, but did for pyrite and possibly
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greigite, however, given that magnetite was identified in all the sam-
ples it is difficult to quantify the relative abundance of pyrite and
greigite in the sample (Fig. 7). The growth mechanisms for greigite
and pyrite are similar, therefore we treat them as a single iron sul-
phide signal. There are several possible mechanisms for this greigite
and pyrite formation: (1) Abubakar ef al. (2015) demonstrated that
source rocks in the oil kitchen can precipitate nanometric greigite
(<100 nm), (2) diagenetic changes caused by hydrocarbon pres-
ence, are known to lead to the replacement of magnetite, hematite
or siderite by iron sulphides such as greigite and pyrite (Burton
et al. 1993; Emmerton et al. 2012) and (3) anaerobic biodegrada-
tion by sulphate reducing bacteria generates reduced sulphur (HS™
and H,S) which reacts with dissolved Fe>* (from replacement or
dissolution of magnetite or hematite) to form diagenetic greigite
(Reynolds et al. 1990).

5.2 Variation of magnetic minerals along the fill-spill chain

We made estimates of the concentrations of the magnetic minerals
present in Table 2. The variation in magnetic properties between
the samples with the same basic mineralogy (Table 1) is greater
than between wells of differing mineralogies. It is therefore the
identification of the magnetic minerals present, which is key to
understanding the effect of hydrocarbons on the magnetic signature.
These observations have led us to classify the samples into five types
of magnetic mineralogies described below:

(1) Siderite-rich samples: This class consists of samples were
the low- and high-temperature experiments confirm the presence of
siderite, but there is no evidence for iron sulphides, for example
$63654 and 63656 (Figs 3c, d).

(2) Siderite-rich samples with some iron sulphides: This class
consist of samples where the low-temperature experiments confirm
the presence of siderite and the high-temperature susceptibility data
suggest the presence of iron sulphides (likely greigite and pyrite).
The susceptibility data on cooling display Hopkinson peaks at ~570
°C with the cooling susceptibility curve much higher than the sus-
ceptibility on heating (> 100 per cent increase in susceptibility), for
example s63651 (Fig. 3a).

(3) Iron-sulphide-rich samples with some siderite: This class
consists of samples where the high-temperature susceptibility on
heating suggests the presence of iron sulphides, that is likely greig-
ite and pyrite. The susceptibility cooling curve is usually as high or
higher than the heating curve, which hints at the presence of some
siderite in the sample, for example s65297 (Fig. 4c).

(4) Iron-sulphide-rich samples: This class consists of samples
with high-temperature susceptibility on heating and cooling be-
haviour like 72418, s72420 and s72423 (Figs 5b—d). We interpret
this as being a greigite and pyrite signal.

(5) Magnetite-rich sample: This class consists of samples with a
nearly reversible high-temperature susceptibility curve, for example
$70402 and s70403 (Fig. 6).

To aid spatial visualization of the data, each sample is placed in
one of the five classes above, and the dominant mineral assemblage
for a given well assigned to the majority sample class (Fig. 8). There
are clear variations in the relative abundance of siderite and iron
sulphides (likely pyrite and greigite) along the migration pathway
in the core samples; siderite dominates the signal in the east and
becomes less prominent as the presence of iron sulphides increases
in the west.
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Table 2. Origin of the magnetic minerals found in this study. Groups of magnetic minerals belong to background and source signals,
that is directly related to the presence of hydrocarbon. Background signals are minerals that are likely present prior to the invasion of
oil, while the source signal refers to minerals precipitated or introduced after the charging of the well by oil. Goethite and maghemite
are thought to form via storage in air in the core store (>30 yr). Estimations of typical concentrations are provided; these are
thought to be typical values, with large variations between the samples. In cases where the presence is very low and unquantifiable
‘identifiable’ has been given.

Magnetic mineral — Detrital Authigenic Typical concentrations (ppm)  Background or source signal
Titanohematite v identifiable Background
Pyrrhotite v identifiable Background
Goethite v v identifiable Background; likely post-coring
Magnetite v v 10-100 Background and source
Maghemite v identifiable Oxidation product of magnetite; likely post-coring
Siderite v 2000-7000 Background and source
Greigite v 10-200 Source
Pyrite v 5000-20 000 Source
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Figure 8. Distribution of siderite and iron sulphides (likely pyrite and greigite) in the core samples from the Tay fan. The abundance of iron sulphides increases
along the lateral migration pathway from west to east. An interpolation of API gravity is also plotted, increasing from east to west. The red line denotes the Tay
fan, the black is the 3-D data coverage and red circles are the locations of the wells used to generate the contour plot. API data was obtained from purchased
geochemical reports from HIS Markit. Some well names are included for referencing. Insert shows the location of the map.

5.3 Using the mineral magnetic signal to aid petroleum The rock magnetic results suggest a dominant siderite signal in
system modelling the east, which decreases westward, becoming increasingly domi-
nated by iron sulphides (Fig. 8). Comparing this with the magnetic
data, we suggest that the siderite signal can be attributed to verti-
cal migration, while the iron sulphide signal can be attributed to
lateral migration (Fig. 9). This observation helped in constraining
3-D models (Badejo et al. 2021a); the initial 3-D model developed
without the magnetic mineralogy input, had no accumulation of oil

3-D petroleum systems modelling of migration into the TSM
(Badejo et al. 2021a), suggests vertical hydrocarbon migration is
prominent in the east (Gannet Field), while a mixture of vertical
and lateral migration in the centre (Guillemot Field) and lateral mi-
gration prominent in the west (Fyne/Dandy to Pilot Field) (Fig. 1).
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in the wells located in the west (Badejo 2019). We noticed that
well 21/29a-08 in the west has a dominant siderite signal unlike the
surrounding wells that have a mixture of siderite and iron sulphides
(Fig. 8) suggesting that this structure could have been charged ver-
tically similarly to the structures in the east. The 3-D seismic data
was reassessed, and on closer inspection large scale injectites were
observed in the west and included in the basin model (Badejo et al.
2021a). This led to the construction of successful petroleum systems
model with charging of the structures in the west (Fig. 9).

There is one structure that does not fit this simple model, that is
siderite is associated with vertical migration and iron sulphide with
lateral migration, that is well 21/24-03. The 3-D model suggested
well 21/24-03 was charged both laterally and vertically in its history
(Badejo et al. 2021a), but it is dominated by an iron sulphide signal
(Fig. 8). This suggests the correlation of a siderite or an iron sulphide
dominant signal to vertical or lateral migration pathways might be
coincidental. We propose a biodegradation mechanism to account
for this observed variation.

5.3.1 Biodegradation model

Progressive biodegradation of oil by microbes at temperatures <80
°C results in the removal of saturated hydrocarbons and an increase
in the heavy asphaltene and polar oil constituents (Wenger et al.
2002). This decreases the oil quality by increasing the viscosity, sul-
phur and metal content while reducing its API (American Petroleum
Institute) gravity (Head et al. 2003). The sulphur combines with
hydrogen giving rise to high concentrations of hydrogen sulphide
(H,S), that combines with available iron precipitating nanoparticles
of iron sulphide in the reservoir (Mann et al. 1990); thermostability

phase diagrams suggests iron sulphides are stable in high concen-
trations of sulphur, while iron oxides reduce to iron sulphide phases
(Burton et al. 1993). These phase diagrams also predict the alter-
ation of magnetite to siderite in relatively lower concentrations of
sulphur, while hematite alters to pyrite (Burton ez al. 1993).

Volkman et al. (1983) have correlated API gravity to levels of
biodegradation using a database of North Sea oils. The results sug-
gested APIs >30° implies the oil is not degraded. APIs between
30° and 22° suggests moderate biodegradation, while APIs <22°
suggest extensive biodegradation which is considered extreme at
values <15° (Barnard & Bastow 1991).

Geochemical data from 25 wells was used to generate a contour
plot showing the variation of API gravity in the Tay fan (Fig. 8),
where it is clearly seen that the APIs decrease from 40° to 35° in
the east to <16° in the west (Pilot). Emmerton et al. (2013b) linked
the presence of MD hematite and magnetite to biodegradation, but
this study suggests that the degree of biodegradation (Fig. 8) is
proportional to the presence of iron sulphide (Figs 3—6 and 8).

The oil in well 21/24-03 has an API of 27° (Fig. 8), but has an iron
sulphide dominated signal as opposed to a mixture of siderite and
iron sulphide seen in other samples with moderate biodegradation
(Fig. 8). The filling history of this structure (Fig. 9) may explain the
observed differences (Badejo et al. 2021a): The structure of well
21/24-03 was charged at ~8 Ma when the temperature was <55 °C,
low enough for biodegradation and iron sulphide formation, which
would have continued until ~5 Ma when it was charged with fresh
oil followed by rapid burial, which caused a temperature increase.
This fresh charging and reduction in biodegradation would have
increased the oil quality and the API (Head et al. 2003); however,
there was still sufficient sulphur present to allow iron sulphide to
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remain stable (Kao et al. 2004). This suggests the presence of iron
sulphide could be an indicator of paleo-biodegradation of oil in the
reservoir. This may explain why iron sulphide is present in some
high API oil wells, for example 21/29a-06 (Fig. 8).

6 CONCLUSIONS

Rock magnetic measurements were carried out to determine the
mineralogy and grain-size of the magnetic minerals present in sam-
ples from oil and dry wells in the Tay fan of the Central North Sea.
The following observations were made:

(1) High- and low-temperature magnetic experiments identified
the presence of magnetite, maghemite, titanohematite, goethite,
siderite, pyrite and likely greigite in the samples from oil wells
(Figs 3-5), while magnetite, biogenic magnetite, titanohematite,
goethite, siderite and possibly monoclinic pyrrhotite were observed
in samples from the dry well (Fig. 6).

(2) Titanohematite and goethite were classed as background sig-
nals while iron sulphide was classed as a hydrocarbon signal. Mag-
netite and siderite could be either a background or hydrocarbon
signal (Table 2).

(3) FORC diagrams suggested the presence of SP, SD and PSD
grains in the oil well samples (Figs 3-5), that is <1000 nm assuming
greigite or magnetite, while the dry well contain mostly and MD
signals (Fig. 6), i.e., >1000nm assuming greigite or magnetite.

(4) Magnetite was present in most samples, but relative variations
in the abundance of siderite and iron sulphide was observed and
linked to hydrocarbon migration (Figs 8 and 9))

(5) Synthesising the results showed the dominance of siderite in
the east and the dominance of iron sulphide in the west with a zone
of mixing in the middle (Fig. 8).

(6) Typical concentrations for the ferromagnetic (sensu lato)
minerals was ~10-200 pm, and ~2000-20 000 ppm for the param-
agnetic minerals (Table 2).

The organic biodegradation mechanism proposes the variation
observed in Fig. 8 is caused by an increase in the severity of
biodegradation along the migration pathway leading to the pre-
cipitation of more iron sulphides in the west (Fig. 9). The change to
a dominant siderite signal in the west (21/29a-08 in Fig. 8) suggests
fresh hydrocarbon charge from below preventing severe biodegra-
dation and retarding the precipitation of iron sulphide. This obser-
vation led to the identifications of injectites and the construction
of a 3-D petroleum system model (Badejo et al. 2021a)). It is rec-
ommended that mineral magnetic methods can be used to constrain
3-D petroleum system models of mature hydrocarbon reservoir sys-
tems, thereby increasing yield from existing reservoir systems and
reducing the need for future exploitation of untapped hydrocarbon
reservoirs.
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