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We report a detailed magnetic study of Tertiary sandstone cores from the Bittern field, West Central Graben, and
Catcher Area Development (CAD), West Central Shelf, UK North Sea that identified siderite as a potential
magnetic proxy for the differentiation of vertical and lateral hydrocarbon migration. Magnetic hysteresis ex-
periments revealed increased presence of paramagnetic minerals in the oil-stained sandstones of the fields
compared to the nearby dry Tertiary (unstained) sandstone of offset wells. Within the oil-stained sandstones, the
paramagnetic proportion is highly variant, with low and high paramagnetic sections present. Detailed experi-
ments including thermomagnetometry between 10 K and 900 K and XRD analysis, combined with Mossbauer
spectroscopy confirmed that this increase in paramagnetic response was primarily due to the formation of
siderite. An increase in the quantity of paramagnetic clays and occasionally pyrite also contributed to the
increased response. Siderite and iron sulphides have been interpreted to form during hydrocarbon migration and
potentially oil biodegradation. We propose that hydrocarbon migration pathways may be indicated by the dis-
tribution of siderite. We argue that as hydrocarbons migrate vertically and the equilibrium partial pressure of
CO, with the environment reduces, essential HCO3™ is produced which reacts with available Fe?* to form siderite
if all the other diagenetic requirements for its formation are met. The distribution of siderite and magnetic
susceptibility values along the oil-stained layer provides a tool for the determination of the migration pathways
in low sulphur hydrocarbon environments containing reactive iron.

1. Introduction

It is well-established that hydrocarbons have the potential to alter
the magnetic mineralogy of sedimentary rocks leading to either a
magnetic enhancement or reduction (e.g Costanzo-Alvarez et al., 2006;
Emmerton et al., 2013; Machel, 1995). Recent studies have shown the
potential of mineral magnetic methods to determine hydrocarbon
migration pathways (Abubakar et al., 2020; Badejo et al., 2021c); this
finding could potentially be applied in petroleum exploration and
development in near-mature and potentially frontier hydrocarbon ba-
sins. Abubakar et al. (2020) and Badejo et al. (2021a, 2021b, 2021c)
suggest the presence of different magnetic minerals along migration
pathways, in particular, the presence of siderite. Badejo et al. (2021a,

2021b, 2021c) identified significant amount of siderite in oil field
sandstones from the Central North Sea, UK, that were filled via vertical
migration, but siderite was not present where lateral migration is
thought to dominate. Abubakar et al. (2020) did not identify siderite in
the Wessex Basin, UK, and petroleum systems modelling suggested
mainly lateral migration in the area considered. This raises the ques-
tions; can siderite be used as a proxy for vertical migration? Is their
finding universal or specific to certain environments? What is/are the
mechanism(s) responsible for this differentiation? It is the aim of this
study to answer these questions.

Siderite is a common authigenic cement found in sedimentary rocks
and its formation is usually attributed to shallow (centimetre to a few
hundreds of metres) sub-surface processes occurring during rock
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diagenesis (Liu et al., 1997; Larrasoana et al., 2007; Lin et al., 2020).
However, it is thought to also form at greater depths. Machel and Burton
(1991) and Machel (1995) showed that the formation of siderite at
depths of between 1 km and 6 km is thermodynamically likely if suitable
diagenetic conditions are met, which include proximity to migrating
and/or in-situ hydrocarbons. Rossi et al. (2001) identified siderite
zonation in the Khatatba reservoirs in Egypt; they suggested that the
precipitation of siderite took place at a period when the sediment was at
least 3 km deep, probably after oil migration into the reservoir.
Emmerton (2013) identified siderite at depths of between 2.5 and 3 km
in oil-stained samples from the Brent Field, North Sea, whereas siderite
was absent from nearby dry-well samples.

To investigate the potential of siderite as a magnetic proxy for hy-
drocarbon migration direction in oil and gas exploration, we carried out
detailed magnetic studies on core samples from the Bittern oilfield and
oilfields from Catcher Area Development (CAD) of the UK Central North
Sea (Fig. 1 and Table 1). Apart from the significant amount of infor-
mation available from seismic, well and core data which are accessible,
the Bittern and the CAD fields were also selected due to the low degree of
uncertainty with regards to the likely migration pathway of hydrocar-
bon into the reservoir (Robertson et al., 2013).

2. Study area

The Catcher Area Development (CAD) is located about 180 km ESE of
Aberdeen and is a multiple field development consisting of six hydro-
carbon fields (first discovery made in 2010) in the West Central Shelf of
the UK North Sea (Table 1). The six oilfields are closely spaced, with a
distance between individual fields of 2-5 km (Fig. 1). These reservoirs
have excellent properties with porosity and permeability values of be-
tween 25% and 36%, and 1 Darcy and 5 Darcies respectively (Table 1).
The CAD reservoirs comprise the Tay sandstone of the Horda formation
and the Cromarty sands of the Upper Sele formation (Fig. 2) (Roberts
et al., 2017) and the field complex is estimated to contain over 170
million barrels (MMbbls) of oil equivalent. The reservoirs are located at

Journal of Petroleum Science and Engineering 212 (2022) 110248

depths of between 1000 m and 1500 m True Vertical Depth Sub Sea
(TVDSS). Geochemical analysis reveals that the oils in these reservoirs
shows progressive degradation with decreasing depth and temperature
(Forsythe et al., 2017a, 2017b).

The Bittern field, located about 200 km east of Aberdeen, was
discovered in 1996 within block 29/1 of the West Central Graben, UK
Central North Sea (Mccormick and Leishman, 2004). Its reservoir crest is
located at approximately 2020 m below sea level and a water depth of
approximately 93 m. Its anticlinal trapping system was obscured by a
gas chimney present in shallower claystone formation between 910 and
1610 m. Consequently, earlier exploration did not consider it as an oil
prospect (Mccormick and Leishman, 2004). The Cromarty and Forties
sandstone makes up the productive section of the field (Fig. 2). Pressure
analysis has suggested connectivity and fluid movement along the
Cromarty sands of the Bittern and CAD fields (Robertson et al., 2013).
The Bittern field is significant with original oil-in-place (OOIP) and
original gas in place of 250 MMbbls and 300 billion cubic feet (BCF)
respectively (Ritchie et al., 2011). The reservoir has an estimated
porosity and permeability of 33% and 1D respectively, and net to gross
of about 95%. The oil in place is a low sulphur high quality crude with
density averaging at 39°API. Geochemical analysis on the produced
hydrocarbons reveals no evidence of biodegradation.

2.1. Stratigraphic and sedimentological framework

The Central North Sea forms the southern arm of a trilete Jurassic rift
system that defines the structure of the UK Northern North Sea Basin
(Fraser et al., 2003). The rift formed by extension in the Late Jurassic
which caused a significant deepening in water depths, basin isolation
and the deposition of Upper Jurassic source rocks. Subsequent thermal
subsidence through the Cretaceous and Tertiary resulted in the accu-
mulation of over 5 kms of post rift sediments. Following a relatively
quiescent period of mainly chalk and mudstone deposition in the
Cretaceous, the initiation of the Iceland hotspot at ~60 Ma to the west of
the UK led to massive uplift of the northern UK and the shedding of large

58°N

57°N

[ Forties sands Shelf sand s bt 2l km
[ Cromarty sands ] Non marine deposits * B: Bittern field

[ Tay sands . .
x: Dry wells "«
[ Basin mudstone D Shelimgsiane v A

[ Slope mudstone .cap; Catcher Area Development

P&S:Pict and Saxon field

2117-2
~ x
o: Dry exploratory wells
x
£t 0: Wells with at least oil shows
P&S %: Dry cored wells serving as background
Pict*
#Saxon
x 0%
217211 Gannet A
Guillemot A 0
.
.
Ga'n.nel E
x
21/28b-7
“Elke B
*Narwhal .
Bittern
X
CAD 28/05a-3
Laverda
. Catcher
Varadero i«
arnaby Burgman
‘Bonneville| 10km

Fig. 1. Regional map highlighting the distribution of Tay, Cromarty and Forties sandstone members in the Central North Sea. The location of the Bittern field and the
Catcher Area Development (CAD) is also highlighted. Well location for all the cores obtained from the oil fields and dry wells (background samples) are shown.
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Table 1
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Reservoir and fluid properties for the Bittern and Catcher Area Development (CAD) fields under study together with details of well cores sampled for magnetic analysis.
These data were compiled using details obtained from well reports and the core analysis. N/G is net to gross (sandstone to sediments) and N.A. stands for not available.

FIELDS/DRY Oilfield Top Gross Pay N/G Sandstone Well Core Length N/G (%) - Reservoir Stock Tank pH
WELL TVDSS, m (ft) m (ft) (%) Member Name m (ft) Core Temp. (°C) Density (°API)
BITTERN 2020 (6628) 80 (246) >90 Forties 29/01a-  80(261) ~90 90 39 N.
7 A.
Forties 29/1b-5  35(115) ~90 N.
A
Forties 29/1b-6  80(261) ~100 N.
A.
CATCHER 1355 (4446) 125(38.1)  ~30 Cromarty 29/09-1  37(122) ~20 59 31 7
Tay 28/09- 18(60) ~70
1z
BONNEVILLE 1066 (3498) 20.1 (66) ~40 Tay 28/09a-  26(84) ~50 46 24 7
6
CARNABY 1024 (3358) 26.2 (86) ~60 Tay 28/09a-  15(48) ~90 42 22 7
5A
DW-1 Forties 28/05a- 11(37) 100 N.
3 A.
DW-2 Tay 21/21-1  8(25) 100 N.
A.
DW-3 Tay 21/17-1  27(89) ~90 N.
A.
DW-4 Tay 21/28b-  6(19) 100 N.
7 A
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Fig. 2. Stratigraphic column highlighting the reservoir sandstones of interest,
seals and timing of hydrocarbon generation and migration. Source rock (not
shown) is the underlying Kimmeridge clay formation of the region (modified
from Badejo et al., 2021c).

volumes of course grained material eastwards into the North Sea
(Ahmadi et al., 2003). These deltaic and turbiditic sediments comprise
the main Lower Tertiary sandstone reservoirs in the Northern North Sea
Basin. Sourced from the underlying Upper Jurassic source rocks they
contain approximately 25% of UK North Sea petroleum reserves (Kubala
et al., 2003).

The Tay, Cromarty and Forties sandstones form part of the Horda,
upper Sele and the lower Sele formations of the Central North Sea

was sourced from the Westerly Forties platform and deposited in the
region as isolated near W-E slope channels extending into the deeper
basin (Mudge, 2015; Robertson et al., 2013). It may also contain some
slump/debris flow deposits (Mudge, 2015). Compared to the Forties
channels, the Cromarty sandstone extended further west in the region
and is present in all the wells drilled in the CAD region. It is generally
made up of fine grained clean poorly consolidated sands that are
interbedded with grey carbonaceous mudstone (Ahmadi et al., 2003).
Overlying the Sele formation is the transgressive Balder formation
(deposition was from ~55 Ma to ~ 53 Ma ago) comprising multi-
coloured laminated shales, tuffs and coals (Ahmadi et al., 2003). This
layer forms a good seismic marker horizon due to the presence of tuff
that Results in significant acoustic impedance with the surrounding
formations, making its mapping in the region easy and highly accurate
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(Ahmadi et al., 2003). The overlying Horda formation deposition began
~53 Ma and comprises a thick sequence of green to grey hemipelagic
mudstones together with the coarse grained poorly consolidated Tay
sandstone (Jones et al., 2003). In the study area, the Tay sandstone was
deposited on a Horda formation that was unconformable due to Tertiary
faulting event and salt induced highs and lows (Jones et al., 2003;
Stewart, 1996). This together with the diminished sediment supply to
the region resulted in slope deposits that accumulated mainly in areas of
tectonically induced lows e. g the hanging walls of the Tertiary faults
(Robertson et al., 2013). The Tay sands are mainly found in the CAD
region and does not extend into the deeper Bittern area. The Tay and the
underlying Cromarty sandstone formed an injectite complex due to a
seismically induced large scale dewatering event that occurred in the
mid-late Eocene period (Gibson et al., 2020). This injectite complex
consist of fully to partly injected and remobilized sands that forms a
significant part of the petroleum system of the CAD region.

3. Sampling and experimental methodology
3.1. Sample collection

81 samples were collected from the Bittern sandstones, with an
additional 60 samples from the CAD sandstones — all cores are archived
at the British Geological Survey Core Store, Keyworth, UK. These cores
are from three Bittern wells through the Cromarty and Forties sand-
stones, and four CAD wells, two from the Catcher field (through the
Cromarty and Tay sandstones) and the two others from the Carnaby and
the Bonneville field both through the Tay sandstones (Table 1). These
sandstone sections and those from an additional four dry wells (26
samples in total) were generally sampled every 1-2 m depending on
their length and observed homogeneity. The dry wells’ cores were from
similar stratigraphic level to the oilfield cores but were classified as dry
due to: i) absence of hydrocarbon stains throughout the well section, ii)
the information provided in the core reports after analysing for oil
stains, and iii) the wells locations were at least 3 km away from any
known hydrocarbon accumulation/show; three were >6 km distant.

3.2. Rock magnetic experiments

Rock magnetic experiments were carried out on all 167 core samples
to determine their magnetic susceptibility and minerology. No one
magnetic measurement can fully characterise a sample, therefore, it is
necessary to apply a suite of different magnetic experiments, e.g.,
magnetic susceptibility, hysteresis and thermomagnetometry.

We measured bulk magnetic susceptibility, y (magnetic field applied
= 200 A/m), and hysteresis loops (applied field intensity = 500 mT) for
the 167 samples using the Agico MKF1-Kappabridge and the Princeton
Measurements Vibrating Sample Magnetometer (VSM) respectively at
Imperial College London, UK. Magnetic susceptibility, y is a quick
measurement technique to determine the tendency of a material to be
magnetized in the presence of magnetic field. Hysteresis loops help
discriminate between ferromagnetic minerals (sensu lato), e.g., magne-
tite and pyrrhotite and paramagnetic minerals e.g., pyrite and siderite.
The ferromagnetic contribution is quantified via the saturation rema-
nent magnetization, M,s, while the paramagnetic contribution can be
quantified using the high-field susceptibility, yxs (Fig. 3).

To help identify the magnetic minerology, non-destructive low-
temperature magnetometry (LTM) and high-temperature susceptibility
(HT-y) experiments were carried out on 40 (19 and 21 from Bittern and
CAD respectively) and 109 (71 and 38 from Bittern and CAD respec-
tively) of the oilfield samples respectively. LTM and HT-y were also
measured for 10 and 21 of the background samples respectively. LTM
enables the identification of low-temperature phase transitions which
are mostly unique to a magnetic mineral, e.g., the Verwey transition of
magnetite at ~120 K (Verwey, 1939). LTM was performed using
Quantum Design Magnetic Properties Measurement System (MPMS)
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Fig. 3. An example hysteresis loop, sample DW-21-989 from the analyses. Here
we highlight the saturation magnetization M;, remanence magnetization M
coercive force B, and high field susceptibility ynr. Corrected hysteresis loop
describes the ferromagnetic response of the sample in the presence of a field,
while the uncorrected hysteresis loop describes the combined ferromagnetic,
paramagnetic and diamagnetic response of a sample in the presence of a field.

instruments located at The Institute for Rock Magnetism, University of
Minnesota, USA, Imperial College London, and Australian National
University ‘ANU’ Canberra, Australia. A series of measurements were
carried out: 1) Field-Cooled (FC) warming — cool the sample to 20 K in a
field of 2.5 T, followed by warming to 300 K in zero field whilst
measuring the remanence, 2) Zero-field Cooled (ZFC) warming, similar
to the FC protocol, except that the field of 2.5 T is applied at 20 K after
cooling in zero field, and 3) the Room-Temperature Saturation
Isothermal Remanence Magnetization (RT SIRM) cycling measurement
which involves inducing a remanent magnetization at 300 K in a field of
2.5 T, followed by measuring the remanent magnetization as it is first
cooled to 20 K (RT SIRMcooling) and then warmed to 300 K (RT SIRM-
warming), Doth in a zero field environment.

HT-y measurements were conducted at Imperial College London, and
the Institute for Rock Magnetism using an Agico MFK1 Kappabridge
with heating between room temperature and 700 °C in argon. HT-y
measurements helps to identify magnetic minerals through their phase
transitions or their alteration characteristics, e.g., siderite rapidly alters
on heating above 300 °C to magnetite resulting in a significant increase
in magnetic susceptibility (Pan et al., 2000).

3.3. Mossbauer spectroscopy

Mossbauer spectra were measured for a limited number of samples:
three from Bittern, three from CAD and two dry well samples. The
samples were selected based on their paramagnetic responses, and it was
ensured that a sample in the upper limit of yps values in each region was
included. Samples with low yp were also selected. Room and low (be-
tween 18 K and 5 K) temperature Mossbauer spectra were measured for
these samples using the Co. MS6 Mossbauer spectrometer, with Janis
SVT-400 Nitrogen-shielded liquid Helium cryostat at the Institute for
Rock Magnetism. Mossbauer spectroscopy was used as a complementary
quasi-magnetic mineral identification technique due to its ability to
distinguish amongst magnetic minerals (Dyar et al., 2006).
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3.4. XRD analysis

X-Ray diffraction (XRD) analysis was used to help identify and
quantify the different minerals present in fifteen and four semi-
randomly selected oilfield and background samples respectively. Sam-
ples with both high paramagnetic and low paramagnetic responses were
measured at the Natural History Museum (NHM). About 1 g of sample
was grounded to a grain size of <30 pm. The measurement was carried
out using the PanAnalytical XRD ML Scan device at 20 (theta) angles
between 3.5° and 120° using X-ray radiation from a copper anode at 40
kV and 40 mA. Mineral identification and quantification via Rietveld
analysis (Doebelin and Kleeberg, 2015) were carried out on the acquired
X-ray diffraction pattern using the Highscore Plus from Malvern Soft-
ware and the BGMN-Profex respectively, and the PDF-2 database from
International Centre for Diffraction Data (ICDD). Crystal structure data
for mineral quantification were taken from the Inorganic Crystal
Structure Database (ICSD) and Profex-BGMN together with additional
data for disordered smectite from Ufer et al. (2004).

3.5. 8'3C isotope analysis

Stable isotope analysis was carried out on 10 sandstones samples,
five from the CAD area and five from the Bittern fields at Iso-Analytical
Ltd., Cheshire, UK. This analysis was carried out in order to determine
the source (thermogenic or biogenic) of the carbon in siderite found in
these sandstones. The samples had been identified to contain >0.5%
siderite. Magnetic separation was carried out on these samples using the
Frantz magnetic separator to increase the concentration of siderite. The
magnetic extracts were weighed into ExetainerTM tubes and then
flushed with 99.995% helium. After flushing, phosphoric acid was
added to the samples at 90 °C for no less than 48 h to produce Carbon
dioxide from the carbonate. Carbon dioxide produced from samples was
then analysed by Continuous Flow-Isotope Ratio Mass Spectrometry
(CF-IRMS). Carbon dioxide was sampled from the ExetainerTM tubes
into a continuously flowing He stream using a double holed needle. The
CO4 was resolved on a packed column gas chromatograph and the
resultant chromatographic peak carried forward into the ion source of a
Europa Scientific 20-20 IRMS where it was ionized and accelerated. Gas
species of different masses were then separated in a magnetic field and
simultaneously measured using a Faraday cup collector array.

Table 2
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4. Results

4.1. Room-temperature magnetic susceptibility and hysteresis
measurements

A summary of the mass-normalized room temperature susceptibility
and hysteresis data are shown in Table 2. The magnetic susceptibility
values are highly variable in the oilfield samples ranging between 1.4 x
107° m%/kg and 163 x 10~° m3/kg (Fig. 4a). The background samples
also display variability in magnetic susceptibility with values ranging
from 1.7x 10~° m%/kg to 67.5 x 1072 m3/kg. The significantly lower
range and maxima observed for the dry well samples as compared to the
oilfield samples suggests sedimentary diagenesis after oil emplacement.
The observed susceptibility values are similar to those from the litera-
ture, e.g., Bridport sandstone, Wessex Basin (Abubakar et al., 2020) and
Lunde formation of the Northern North Sea (Hounslow et al., 1995).

The oilfield samples are generally ferromagnetically weak with
highly variable saturation remanence, M;s values. The background
samples are also magnetically weak but have significantly higher Mg
values compared to the oilfield samples (Table 2). The oilfield samples’
coercivity values, B, are also slightly lower than that of the background
samples, although all the samples are dominated by low coercivity
magnetic minerals. The M;s and B, values are similar to the values
measured by Emmerton et al. (2013) for oil stained sandstone samples
from sedimentary basins in Columbia, Canada, Indonesia and the UK,
and Badejo et al. (2021a) for oil-stained and unstained sandstone sam-
ples from the West Central Graben, North Sea, UK.

The background samples present a good correlation between the
magnetic susceptibility, y and the M values (R-squared of 0.89)
(Fig. 4a) unlike the oilfield samples (R-squared of 0.20). This shows the
general dominance of the ferromagnetic response in the background
samples unlike the oilfield samples. Also, the high field susceptibility yxs
and the y values average to a significantly higher value in the oilfield
samples as compared to the background samples (Table 2). The para-
magnetic response dominates a significant number (over 30%) of oilfield
samples (Fig. 4a) and appears to be randomly distributed along the
reservoir section (Fig. 4b).

A summary of the hysteresis parameters and magnetic susceptibility y values obtained for the oilfield and background samples. Magnetic minerals identified are also
included. Mag, FeS, TiO and Hem stands for magnetite, iron sulphides, titanium-rich iron-oxides and hematite respectively. n is the number of samples.

FIELD/DRY Well n Mean y Range x mean M, Range M Mean B, Mean yne Range ynf Major magnetic
WELL name 10°m®kg 10 m’/kg 10~3Am?/kg 10~3Am?/kg mT 107° m®/kg 107° m®/kg mineral
BITTERN 29/ 40 26 160 0.06 0.17 9 29 210 Siderite®, FeS,
0la-7 Mag, TiO
29/1b- 16 23 51 0.07 0.08 8 22 58 Siderite®, FeS,
5 Mag, TiO
29/1b- 25 16 37 0.07 0.11 8 16 38 Siderite®, FeS,
6 Mag, TiO
CATCHER 29/09- 8 11 11 0.14 0.13 9 3.6 11 Mag, TiO
1
28/09- 13 49 9 0.10 0.20 9 0 8 Mag, TiO
1z
BONNEVILLE 28/ 23 41 105 0.17 0.50 8 51 300 Siderite®, FeS,
09a-6 Mag., TiO
CARNABY 28/ 16 23 96 0.10 0.13 9 19 119 Siderite’, FeS,
09a-5A Mag., TiO
DW-1 28/ 6 4 10 0.04 0.07 10 3 12 Mag, TiO, Hem
05a-3
DW-2 21/21- 8 2 51 0.40 0.69 11 11 35 Mag, TiO
1
DW-3 21/17- 9 27 59 0.48 0.92 14 11 15 Mag, TiO
1
DW-4 21/ 3 13 15 0.17 0.08 13 9 18 Mag, TiO
28b-7

# Siderite is present in significantly higher concentrations than the other magnetite minerals; up to two orders of magnitude higher.
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Fig. 4. a) The relationship between the magnetic remanence and the magnetic susceptibility for the background (hollow symbol) and the oilfield (solid symbols)
samples. The background samples present a good correlation between these two parameters (R-squared value of 0.89) while the oilfield samples present a weak
correlation (R-squared value of less than 0.20). The region within the dashed lines is the approximate region of ferromagnetic dominance. As sample points move
away from this region to the right, the paramagnetic proportion increases and begins to dominate the magnetic signature. b) Variation in high field susceptibility as a
function of sample location. Note regions of enhanced yy¢ values in some of the oilfields. TVD and TVDinit stands for true vertical depth and shallowest sample’s true

vertical depth respectively.

4.2. Low temperature magnetometry

Low-temperature warming and cooling curves were obtained for
samples from the Bittern, Catcher, Bonneville, Carnaby oilfields and
background samples (Figs. 5 and 6). For the FC and ZFC warming curves,
a sharp drop in remanence was generally observed on warming between
10 K and 37 K for the highly paramagnetic oilfield samples with a ratio
of SIRMrc@10k to SIRMzrc@1ok Of greater than three and up to eight, e.g.,
Bit-2100 (Fig. 5b) and Bon-1180 (Fig. 5h). Also, the SIRMgc@iok
generally increased with increasing paramagnetic response (Figs. 5 and
6). This signature is indicative of siderite’s Néel transition temperature
(Jacobs, 1963). All the oilfield samples with significant paramagnetic
proportion as identified via yps displayed this low-temperature behav-
iour indicative of siderite. This signature also appears to diminish with a
drop in paramagnetic response and disappears for samples that are
dominantly diamagnetic. Note that none of the background samples
(Fig. 6h and k); irrespective of their paramagnetic responses, showed
any signs of the presence of significant amounts of siderite.

The RT-SIRM curves for both the oilfield and background samples
generally presented a discontinuity or change in slope between 110 K
and 130 K. This is indicative of magnetite (for transition at about 120 K)
(Verwey, 1939), or maghemite/titanomagnetite (as transition shifts
away from 120 K (Moskowitz et al., 1998; Muxworthy and McClelland,
2000). e.g., Cat-1564 (Fig. 6e) and DW-17-1532 (Fig. 6h).

The RT SIRM cooling curves for several oilfield samples, and back-
ground samples presented a subtle discontinuity in remanence at about
263K, e.g., DW-17-1532 (Fig. 5h). This is indicative of hematite (Morin,
1950). Emmerton et al. (2013) also observed the presence of hematite in
sandstone samples from the Wessex Basin, UK, Athabasca, Saskatch-
ewan, Canada, and Kabungkan and Lawele, Buton Island, Indonesia.
There was a significant increase in RT-SIRM on cooling between 300 K
and 20 K for the majority of the samples, > 40% and up to 100%, e.g.,
Bit-2100 (Fig. 5b). This is likely due to the presence of low to interme-
diate composition titanohematite (Sprain et al., 2016).

4.3. High-temperature susceptibility (HT-y) measurements

HT-y curves for the highly paramagnetic oilfield samples presented a
rapid and continuous increase in magnetic susceptibility above 300 °C
with Curie temperatures of between 560 °C and 580 °C. e.g., sample Bit-
2112 (Fig. 5f) and Car-1085 (Fig. 51). An increase in susceptibility of up

to three orders of magnitude was observed for the most paramagnetic
samples. These samples generally presented Hopkinson peaks just below
the Curie temperature of magnetite. This is the thermomagnetic
behaviour of siderite at these conditions (Pan et al., 2000). Siderite
oxidizes to magnetite and/or other iron-oxides at temperatures above
300 °C. Similar observations were made by Badejo et al. (2021a) for oil
stained highly paramagnetic samples from the West Central Graben in
the North Sea.

The HT-y curves for some dominantly diamagnetic samples pre-
sented a rapid drop in susceptibility above 500 °C with Curie tempera-
tures of between 558 °C and 562 °C. e.g., Cat-1429. (Fig. 6¢). These
samples did not present any substantial increase in susceptibility that
can be attributed to mineral alteration (Fig. 6f). This suggests the
presence of magnetite, native to these samples.

The HT-y curves for some oilfield samples, mostly proximal or at the
oil-water contact (OWC), presented a rapid increase in susceptibility at
about 200 °C with a Curie temperature of ~270 °C, This is an indicator
for the presence of hexagonal pyrrhotite (Rochette et al., 1990). Also,
some of the Bittern field samples close to the oil-water contact presented
arapid and near instantaneous increase in susceptibility at temperatures
anywhere between 250 °C and 280 °C, this signature was irreversible as
observed from cycling experiments. We suggest that this mineral may be
a paramagnetic iron sulphide and the rapid increase in susceptibility
observed may be due to its conversion to a ferromagnetic (sensu lato)
mineral. Iron sulphides are generally observed in significantly higher
concentration around the OWC due to higher biodegradation rates
observed in these locations (Badejo et al., 2021b, 2021c).

4.4. Mossbauer results

Mossbauer spectra were obtained for eight samples at 295 K and
seven samples at temperatures between 5 K and 18 K. Each room tem-
perature spectrum was successfully fitted with two quadrupole doublets,
i.e., paramagnetic signals. For the low temperature spectra, only the
oilfield samples that were highly paramagnetic at room temperature
displayed sextets, i. e, ferromagnetic (s.L) behaviour, in addition to the
two quadrupole doublets observed in all the samples. (Fig. 7). These
three highly paramagnetic oilfield samples had isomer shifts ‘IS’,
quadrupole splitting ‘QS’ and hyperfine splitting ‘Bys’ of between 1.34
mm/s and 1.37 mm/s, 2.02 mm/s and 2.06 mm/s and 17.7 and 18.0 T
respectively (Table 3) which are indicative of siderite (Stevens et al.,
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Fig. 5. Example of hysteresis, LTM and HT-y measurement Results for oilfield samples with significant quantities of siderite present; Bit-2100, Bit-2112, Bon-1180
and Car-1085 are shown on figure (a, b & ¢), (d, e & f), (g, h & i) and (j, k & 1) respectively. These measurement curves suggest the presence of siderite, iron sulphides,

magnetite, Ti-rich iron oxides and hematite as highlighted.

1998). Also, the ‘IS’ and ‘QS’ values (Table 3) for one of the doublets of
the room temperature Mossbauer spectra of these three samples is
indicative of the presence of siderite (Dyar et al., 2006; Stevens et al.,
1998). Conversely, the IS and QS values for the two quadrupole doublets
observed for the Mossbauer spectra of the oilfield samples with low
paramagnetic proportions and the background samples indicated only
silicates and/or pyrite (Dyar et al., 2006; Stevens et al., 1998).

4.5. XRD analysis

XRD analysis found that the minerology of all the samples is very

similar with the identification of quartz, k-feldspar, plagioclase, illite,
kaolinite, siderite, calcite, pyrite and halite phases (Table 4). Siderite
appears to be the main distinguishing mineral between the oilfield and
the background samples. In the oilfield samples, the quantity of siderite
as determined from the spectra is generally proportional to the s, with
the concentration between 0.5 and 11% (Fig. 8).

However, for the diamagnetic oilfield and the background samples,
siderite was generally absent or only just identified but not quantifiable
(<0.3%). All the other minerals are present in both sample groups in
significant amounts. Where present, kaolinite appears to be associated

with high siderite content. Huggett (1996) reported similar
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Fig. 6. Representative examples of hysteresis, LTM and HT-y measurement Results from the siderite poor regions; Catcher oilfield and the background sandstones.
Cat-1429 and Cat-1564 results for the oilfield are shown on figure (a, b & ¢) and (d, e & f) respectively, while DW-17-1532 and DW-28-1091 for the background
sandstones are shown on figure (g, h & i) and (j, k & 1) respectively. Note the absence of a siderite’s Néel transition on the FC-ZFC curves and the insignificant increase
in magnetic susceptibility due to mineral alteration as compared to the siderite rich sample.

mineralogical distribution for Tertiary sandstones from the UK Central
North Sea region.

4.6. §'3C isotope analysis

Results from stable isotope analysis indicates that the siderite has a
wide range of s'3c values; from — 15.7 to 14.1%. (VPDB or Vienna Pee
Dee Belemnite standard) (Fig. 9). For the Carnaby field, the siderite
samples’ 8'3C ranges between —15.7 and —8.0%. suggesting its

formation from HCO3~ (or CO2) made up of isotopically lighter carbon
(relative to the standard). The Bonneville samples, however, contains
siderite form from HCO3~ (or CO,) of different sources, with 8'3C
ranging between —9.0 and 11.8%o.. Two-thirds of the samples are made
up of isotopically light carbon (8!°C values of between —9.0 and
—10.0%o), and the rest is formed from HCO3~ (or CO3) enriched in 3¢
(813 C value of 11.8%o). The Bittern samples consist of siderite with s13c
ranging between 6.8 and 14.1%., suggesting their formation from
HCO3™ (or COy) enriched in 13¢. The §'80 values for the samples range
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Fig. 7. Low temperature Mossbauer spectroscopy Results for oilfield samples;
Bit-2100, Cat-1429 and Bon-1190 reveals the presence of siderite (labelled as
‘s’) in the two samples with high paramagnetic response and its absence from
the sample with low paramagnetic response. Depths are shown in TVDSS.

Table 3

Mossbauer parameters for the magnetic hyperfine split sextet (low temperature
spectra) and a quadrupole doublet (room temperature spectra) obtained for
samples from Bittern and Bonneville. These parameters fit to siderite. IS stands
for isomer shift and QS stands for quadrupole shift. Note that all isomer shift data
are given with reference to metallic iron.

SAMPLE Low Temperature (5-18 K) 295 K
NAME
1S’ ‘QS’ Hyperfine field ‘IS’ ‘QS’
(mm/s) (mm/s) m (mm/s) (mm/s)
Bit-2100 1.34 2.02 18.0 1.22 1.83
Bon-1190 1.37 2.06 17.7 1.21 1.83
Pure siderite 1.38 2.02 18.5 1.22 1.80

between —6.0 and —1.8%o (VPDB); —6.0 to —5.4%o for Bittern; —4.0 to
—2.4%o for Bonneville; and —2.2 to —1.8%. for Carnaby.

5. Discussion

Rock magnetic experiments identified a variation in the magnetic
signature of the oilfield sandstones and the nearby background sand-
stones. Unlike the oilfield sandstone, the background sandstones mag-
netic response is dominated by its ferromagnetic components. There is a
significant reduction and increase in the ferromagnetic and para-
magnetic signature respectively in the oilfield sandstones as compare
d to the background sands. However, the increased paramagnetic

Journal of Petroleum Science and Engineering 212 (2022) 110248

response is not uniform. The oilfield sandstones have a wide range of
paramagnetic/diamagnetic response with a significant number of them
having very low paramagnetic responses, hence low concentration of
paramagnetic minerals. Mineralogically, the background sandstones
contained magnetite, hematite and Ti-rich iron-oxides while the oil-
field’s magnetic environment is more diverse with magnetite, hematite,
Ti-rich iron oxides, iron sulphides and siderite identified. The signature
of magnetite and hematite has been significantly diminished in the oil-
field sands. Here, siderite is present in a significantly higher concen-
tration than the other magnetic minerals; up to 10%. All the other
magnetic minerals are present in trace amounts. From the RT-SIRM data
obtained, we estimate a maximum possible concentration for individual
ferromagnetic minerals of 500 ppm. For the paramagnetic iron sulphides
(Table 4 and Fig. 10), concentrations of up to 0.3% has been estimated.
The magnetic Results together with the XRD analysis also suggests that
yhe and ¥, can be used to approximate the quantity of siderite in the
samples (Fig. 8) and hence, provides a quick estimate for the siderite
content in similar environments. [sotope analysis revealed that siderite
found in the Bonneville and Carnaby fields is isotopically light with
respect to its carbon content (with 8!3C values averaging to —6.2%o
(VPDB)) while that of Bittern is heavier (with §'3C values averaging to
—9.9%0 (VPDB))

5.1. Magnetic signature of the oil reservoir sands — what does it tell us?

Analysis of the magnetic Results suggest a hydrocarbon induced
replacement of ferromagnetic components such as magnetite, hematite
by room-temperature paramagnetic minerals such siderite, pyrite and
hexagonal pyrrhotite. Such a response is predicted by thermodynamic
modelling (Burton et al., 1993); however, the concentration of para-
magnetic minerals formed suggests that other Fe?* sources are required,
not just ferromagnetic mineral replacement. These sources could be
aqueous Fe®" (Machel and Burton, 1991) and/or Fe-rich clay minerals
(Bello et al., 2021; Macaulay et al., 1993; Wilkinson et al., 2000). Fe-rich
clays are common in North Sea sandstones (Wilkinson et al., 2006) and
have been identified in the samples of this study (Table 4).

Siderite is the dominant diagenetic product after oil emplacement in
the Bittern, Bonneville and Carnaby fields (Table 4 and Fig. 10). How-
ever, for the Catcher field with similar reservoir and fluid properties, this
is not the case. This shows that although the diagenetic conditions
required for the formation of siderite is promoted by hydrocarbons, the
factors affecting the thermodynamics and kinetics must be considered
carefully to predict its presence and concentration in a petroleum
reservoir. These factors i.e., total organic content (TOC), bicarbonate
ion, sulphide ion, aqueous Fe?* concentration, pH and Eh values (Burton
et al., 1993; Larrasoana et al., 2007) must be considered in terms of
variability in these fields to better understand the processes in play.

5.2. Variation of siderite within the oil reservoir sands: observations and
sources

In the Bittern field, siderite appears to be present in over 80% of the
oil-leg sandstones in the eastern section of the field, although its con-
centration is highly variable (trace to >10%). It is also present in a
lesser, but significant quantity in the water leg of this section. However,
siderite appears to diminish to the west of this oilfield. This is reflected
in the reduction in ynr and y (Table 2) and the thermomagnetometry
data. For the Catcher field, the data suggest a general absence of siderite
in the reservoir sands. Siderite is however present in significant amounts
in the Bonneville and Carnaby fields with up to 5% been identified.

To try and understand the factors which control the variability in
siderite precipitation in the oilfields, we must first assume that the
geochemical conditions in a petroleum reservoir pre-hydrocarbon
infiltration is homogenous. This assumption appears reasonable when
we consider the apparent similarity in mineralogy of the background
sandstones (Table 4). Machel (1995) showed that hydrocarbon changes
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Table 4
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XRD estimates of the minerals present in sandstone samples from the hydrocarbon reservoirs and dry wells. All values are in percentages. Tr stands for trace and
represents estimates of minerals at < 0.3%. The micas present are illite, muscovite, biotite and potentially illite-smectite.

Bit- Bit- Bit- Bit- Bit- Bit- Cat- Cat- Car- Bon- Bon- D21- D17- D17- D21-1-
2100 2105 2112 2129 2154 2178 1420 1564 1080 1181 1200 989 1519 1607 995
Quartz 65 75 69 79 76 71 82 83 76 73 85 84 82 78 72
Plagioclase 9 6 7 8 7 11 5 3 9 6 6 5 7 11
k-Feldspar 10 9 7 8 6 9 9 9 13 11 7 8 9 11 11
Micas 6 1 2 1 2 1 1 2 1 1 1 2 3
Kaolinite 6 3 5 3 4 3 2 1 2 2
Calcite tr tr 1 1 tr tr tr 1 tr
Siderite 7 1 11 tr 6 4 tr tr 3 5 tr tr
Pyrite tr tr tr tr tr
Halite tr tr tr tr tr tr tr 0.6 tr 1
the thermodynamic equilibrium and may result in the formation of
. ® High field susceptibility n minerals such as siderite, iron sulphides due to factors which include the
2 200| @ Magnetic (low-field) susceptibility introduction of H,S and CO». For the oilfields in this area sulphur con-
o tent is low («0.05% H,S identified in the reservoir fluids) and it is likely
o;E . that iron sulphide precipitation is restricted (Machel and Burton, 1991).
S 450 In contrast, from the well reports, CO5 is present in concentrations of up
~ ™ to 1.5 mol%. For migrating hydrocarbons, the availability of CO, for
E - physical mixing and chemical reaction is likely affected by depth
;.l; P u change. It is known that the solubility of CO, in formation water
S 100 ® generally increases with depth (Zarghami et al., 2017; Zuo et al., 2013).
S & Also, Smith and Ehrenberg (1989) have shown that the quantity of CO,
(/3) existing in equilibrium with hydrocarbon fluids in clastic reservoirs is
o m N ‘ directly proportional to the depth of the reservoirs, and that the excess
b 50 ® CO4 leads to the precipitation of carbonates. Amongst the carbonates
5 r commonly found in sandstone reservoirs, siderite is the most likely to
g ’ precipitates in a system if sufficient reacting cations are available
0 (Campbell and Campbell, 2018). Therefore, for hydrocarbons migrating
0 2 4 6 8 10 12 vertically, subject to the availability of Fe?*, we would expect an in-

Quantity of Siderite (%)

Fig. 8. The graph of susceptibility (y and yn¢) versus siderite concentration for
oilfield samples reveals a good correlation (R-squared value of 0.92) between
the two parameters.
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Fig. 9. Plot of 5'%0 oxygen versus §'3C carbon isotope composition for siderite
under consideration. The plot reveals the likely sources of CO,/HCO3™ that
reacted to form siderite in the Bittern, Bonneville and Carnaby oilfields.

10

crease in the concentration of siderite precipitated and potentially iron
sulphides. As was mentioned earlier, in the oilfields of this study, Fe?* is
supplied by the in-situ pore water, existing ferromagnetic minerals and
the dissolution of iron-rich clay minerals, e.g., mica etc (Bello et al.,
2021; Wilkinson et al., 2000).

Other parameters such as Eh, pH and TOC, are unlikely to vary
significantly within and between the oilfields in this study. TOC is likely
be very similar due to the similarities in constituents of the hydrocar-
bons. Eh which is dependent on the presence of hydrocarbons and the
hydrological and sedimentary conditions of the oilfields (Machel, 1995)
is also likely to present very similar values. The present-day pH of the
reservoir fluids as obtained from well reports (Table 1) are very similar,
and suitable for siderite precipitation (Burton et al., 1993). Any signif-
icant variation in pH within these clastic reservoir systems is unlikely as
its value is generally controlled by reactions between feldspars and clays
dependent on depth (Smith and Ehrenberg, 1989). At temperatures less
than about 110 °C, the introduction of hydrocarbons with its pH altering
constituents such as CO,, will engender this buffering process that
generally involves the precipitation of carbonates (Hutcheon and
Abercrombie, 1990; Smith and Ehrenberg, 1989).

To make the discussion around the precipitation of siderite less
generic and more predictive, data from thermodynamic model devel-
oped by Burton et al. (1993); and Machel (1995) together with measured
and modelled data of the controlling parameters are used to obtain a
conceptual model (Fig. 11). The sediments under consideration are deep
marine sediments (Ahmadi et al., 2003; Jones et al., 2003) where
organic matter concentration during deposition is usually low (Roberts,
2015). Any organic matter present therefore likely degraded completely
before the methanogenesis stage of near surface diagenesis explaining
the general absence of siderite in the background sandstones (Table 2).
Assuming steady state conditions, with continuous burial, siderite pre-
cipitation is unlikely to occur within the pH and Ej, values (Fig. 11a(l))
(Burton et al., 1993; Hess, 1986; Railsback, 2006; Roberts, 2015), low
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Fig. 10. Microscopic characterization of the a) platy like structure of siderite found in a Bonneville sample together with b) an example EDX spectrum from this
location. All other spectra shown revealed similar composition. c¢) iron sulphide framboids and d) grains identified in sediments of CAD region.

TOC and the low concentration of HS™ and HCO3™ normally encoun-
tered. HS™ and HCO3;~ concentrations are generally less than 1 ppm (or
activities of HS™, aHS™ < 107%) and 100 ppm (or aHCO3 < 1074
respectively in these sediments (Burton et al., 1993; Kuwabara et al.,
1999; Miller et al., 2017; Oni et al., 2015). Note that Ey, value is the least
predictive amongst these parameters but is unlikely to go below — 0.5 V
in the environment considered (Railsback, 2006). The introduction of
hydrocarbons into the system (a(II) and (III)) increases the HS™, HCO3~
and the TOC whilst reducing the Ey, values. According to the thermo-
dynamic model developed by Burton et al. (1993); and Machel (1995),
high sulphur content crudes (sulphur content of >0.5%) will generally
have aHS™ > 10~°, resulting in a drive towards the reaction of available
Fe?" in pore water, ferromagnetic minerals, and potentially other iron
containing minerals to produce iron sulphides (Fig. 11a(I)) (Roberts,
2015). In this type of reservoirs, siderite precipitation is unlikely unless
the concentration of the available Fe?>* exceeds the requirements of the
available sulphides ions (Larrasoana et al., 2007). However, for low
sulphur crude (sulphur content « 0.5%), e.g. The Bittern and the CAD
fields of the UK Central North Sea, the precipitation of siderite is not
hampered by iron sulphide precipitation and is the most likely magnetic
mineral to form (Fig. 11a(Ill)) (Burton et al., 1993) if the CO5 influx
significantly increases the HCO3 ™~ concentration. Fig. 11b clearly depicts
how the impact of CO, varies in lateral versus vertical migration with
significantly more CO3 becoming available for reaction as hydrocarbon
migrates vertically due to reduction of its equilibrium partial pressure
with depth (Smith and Ehrenberg, 1989). An equilibration process (due
to vertical migration) Results in the increasing availability of Fe?* (Bello
etal., 2021; Duan et al., 2020; Wilkinson et al., 2000) and HCO3~ (Smith
and Ehrenberg, 1989) shifting the system towards the precipitation of
significantly more siderite (Burton et al., 1993).

Widespread carbonate dissolution has been predicted at tempera-
tures above about 110 °C for clastic reservoirs due to the balance be-
tween the amount of carbonate available (or its reacting components),
its solubility and the equilibrium partial pressure of CO at that depth
(Smith and Ehrenberg, 1989). The reservoir temperature of the oilfields
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in this study is between 42 °C and 90 °C.

5.3. Siderite as a proxy for hydrocarbon migration and implications for
hydrocarbon exploration to production

Can the distribution of siderite be a proxy for hydrocarbon migration
pathways? To answer this question, we consider the migration history of
the hydrocarbons and the distribution of siderite. Analysis of the Bittern
field via well cores and reports suggests a significant portion of vertical
migration from the Jurassic source rocks to this shallower Palaeogene
reservoirs. The drill cuttings together with the resistivity log of the well
to the east unlike the other sections of the oilfield revealed significant
hydrocarbon shows at stratigraphic boundaries along the well section
(Fig. 12). The observed brittleness of these cuttings may be related to
salt tectonism and/or the Tertiary rift/inversion related fractures that
have provided pathways for hydrocarbon migration to the overlying
Forties reservoir. 2-D petroleum systems modelling also supports this
interpretation, with evidence of hydrocarbon migration vertically into
the area (Badejo et al., 2021a). Synthesizing all these data suggest that
vertical migration dominates the east of the field, with lateral migration
in the west (Fig. 13). The magnetic data together with the XRD data
shows that Bittern oilfield is siderite-rich with its quantity diminishing
to the west of the field. We can conclude here that a relationship exists
between lateral/vertical hydrocarbon migration and siderite
distribution.

The Catcher field comprises both Tay and Cromarty sandstone,
juxtaposed against each other as a result of the NW-SE Tertiary fault
system (Roberts et al., 2017). The Jurassic source rock in the vicinity of
the Catcher field is immature (Isaksen, 2004; Kubala et al., 2003) and
the supply of hydrocarbon must have occurred from the deeper basin to
the east of the field (Robertson et al., 2013). The Tertiary faulting
eventand subsequent sand remobilization that occurred resulted in the
oilfield having a Cromarty crest (Gibson et al., 2020). Therefore, both
the Cromarty and the Tay section of Catcher field must have been filled
with hydrocarbon via lateral migration (Fig. 13). Robertson et al. (2013)
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Fig. 11. a) A simplified conceptual model of the most
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showed that the Cromarty sandstone is the most likely lateral carrier.
The magnetic data (Fig. 7) and XRD data (Table 4) indicate an absence of
siderite in the sandstones of this oilfield. From all the data available, we
conclude again that a relationship exists between siderite and migration
direction i.e., Catcher field was filled laterally and is siderite poor.

The oil pay-zone for the Bonneville and Carnaby oilfields is the Tay
sandstone. The Tay sandstone is thin and discontinuous within the CAD
region with significant evidence of post-depositional sand remobiliza-
tion/injection (Badejo, 2019; Gibson et al., 2020; Robertson et al.,
2013). The sands are thickest where significant accommodation existed
during sediment deposition, e.g., the hanging wall of active Tertiary
faults (Fig. 13). Geochemical analysis strongly suggests an east-west
fill-spill-chain system during hydrocarbon filling (Forsythe et al.,
2017a, 2017b; Gibson et al., 2020). Due to the discontinuous nature of
the Tay sandstone, this fill-spill chain into Bonneville and Carnaby likely
included faults, fractures and/or small scale injectites (Fig. 13). The lack
of a clear present-day pressure communication amongst these fields as
suggested by the positions of their oil-water contacts supports this idea
(Gibson et al., 2020). Given these complexities, the exact hydrocarbon
migration pathway into Bonneville and Carnaby is uncertain; however,
the geometry and nature of the fill-spill system (Fig. 13), the nature and
the distribution of the reservoir sands and the injectite complex (Gibson
et al., 2020) suggest that a significant component of vertical migration
has occurred. We have found in this study that these sandstones contain
a significant amount of siderite (Fig. 5 and Table 4). From all the data
available, we conclude that hydrocarbon migration into Bonneville and
Carnaby fields involved significant vertical migration and the sands of
these fields are siderite rich.

-— ¢ e - -
Constant CO, availability
Fe*? =~ CO,?
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e

Fe®?  CO.?

The combination of all the data we have suggests that the presence
and distribution of siderite in hydrocarbon reservoirs can act as a proxy
for hydrocarbon migration. The mechanism that promotes the precipi-
tation of siderite as described here together with the data obtained from
magnetic experiments support this as the preferred interpretation.

5.4. Does hydrocarbon biodegradation contribute to siderite formation?

In hydrocarbon reservoirs with low concentrations of sulphur and at
temperatures <80 °C, biodegradation of hydrocarbon may occur and
CO; produced (Head et al., 2003; Jones et al., 2008). This increases the
HCO3™ availability in the system. Therefore, does biodegradation pro-
mote an environment favourable for the precipitation of siderite? There
is little evidence for this from the literature (e.g Badejo et al., 2021b;
Jones et al., 2008). The effect of biodegradation on other factors
necessary for the precipitation of siderite must therefore be considered.
A few parameters to consider would include the effect of biodegradation
on the reactions of the aluminosilicates in sandstones and hence its
balancing effect on the pH, the availability of Fe2* for chemical reaction
under this condition, its effect on the kinetics of the processes, other
products of biodegradation and their effect on the system etc. Biodeg-
radation has been shown to alter the minerology (Ehrenberg and
Jakobsen, 2001), formation fluids constituents and acidity (Meredith
et al., 2000) in petroleum reservoirs.

The present-day temperature of the Bittern field averages at about
90 °C. Geochemical data from well reports on the Bittern field indicate
that the oil here is not biodegraded. However, it contains significant
levels of siderite, suggesting a thermogenic source of CO. The Catcher
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field is classified as slightly biodegraded and has increasing CO» in the
vicinity of the oil-water contact (Gibson et al., 2020). However, the data
from this field suggests negligible levels of siderite (Fig. 6 and Table 4).

The Bonneville and Carnaby fields are both moderately biodegraded
reservoirs (Forsythe et al., 2017a, 2017b), with significant biodegrada-
tion having occurred downdip along the fill-spill chain during migration
(Gibson et al., 2020). These fields also have high levels of siderite (Fig. 9
and Table 4). Is the siderite formed due to reactants formed via a
biogenic or thermogenic process? The stable isotope data suggests that
the siderite likely formed from HCOs /CO. derived from variable
sources, but its main source is of thermogenic origin (Fig. 9). Values of
813C less than 2% (VPDB) for CO, contained in petroleum reservoir
fluids are generally interpreted to have been derived via a thermogenic
or inorganic process (Milkov, 2018). This supports a hydrocarbon
migration source and hence our conclusion. Stable isotope analysis were
also carried on samples from the Bittern oilfield, however, the Results
were inconclusive as the data plotted in a region of uncertainty that
supports both a thermogenic (Milkov, 2018; Pankina, 1979) and a
biogenic (Milkov, 2018) origin.

6. Conclusions

Through detailed magnetic studies of reservoir sandstones for four
oilfields in the UK Central North Sea, we have identified:

i) The presence of siderite, iron sulphide, magnetite, hematite and
Ti-rich iron oxides in these hydrocarbon bearing sandstones,
unlike nearby dry well sandstones (background) where only
magnetite, hematite and Ti-rich iron oxides were identified.
Siderite is interpreted to form as a result of vertical hydrocarbon
migration into these reservoir sandstones.
Due to the precipitated siderite in these oilfield sandstones, a
significantly higher, but variable, paramagnetic response
compared to the background sands is observed. High-field sus-
ceptibility ynr and the magnetic susceptibility y revealed a good
correlation with amount of siderite, and hence presents as a
reliable proxy for hydrocarbon migration.
iii) A relationship has been observed between the presence of siderite
in an oilfield and hydrocarbon migration direction. The oilfield, i.
e., Catcher that filled via laterally migration was siderite poor
whilst the oilfields, i.e., Bittern, Bonneville and Carnaby, filled
via vertical migration were siderite rich.

-

ii

The relationship between migration direction and siderite formation
is as a result of the interplay between the changes in equilibrium partial
pressures of CO, with depth, the ubiquitous presence of COy in
migrating hydrocarbons and the geochemical requirements for the
precipitation of siderite. Biodegradation of hydrocarbon is an important
parameter to consider, but it is unlikely that this will have an obscuring
effect on siderite precipitation due to hydrocarbon migration.
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