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This paper presents a detailed study investigating the effect of hydrocarbon presence on magnetic mineral diagenesis in sediments from the Catcher Area Development (CAD) region, UK North Sea, between 1,000 and 1,500 m (True Vertical Depth Sub-Sea). Magnetic analysis of core samples from hydrocarbon fields of the region and nearby dry-well sandstones (background) was carried out to determine if their signatures can serve as a proxy for understanding petroleum reservoir systems. From the background samples, nanometric and micron-sized magnetite, hematite and titano-iron oxides, were identified. Hydrocarbon presence in the reservoir sediments was found to diminish the iron-oxide signature and favour the precipitation of hexagonal pyrrhotite, siderite and potentially vivianite, lepidocrocite, greigite and paramagnetic iron sulphides. Hexagonal pyrrhotite was found at the oil-water transition zones. This relationship is possibly related to biodegradation at this interface. Siderite was found in increased abundance at shallower depths within the reservoir, which we attribute to hydrocarbon vertical migration and biodegradation. The interbedded shales also experienced significant magnetic mineral diagenesis that depended on its proximity to the hydrocarbon plume. These findings suggest that mineral magnetism can be applied to the identification of oil-water transition zones, reserve estimation, production planning and the determination of hydrocarbon migration pathways. It also suggests that mineral magnetic methods can be used to estimate the timing of hydrocarbon migration.
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1 INTRODUCTION
Many studies have shown that hydrocarbon migration into sedimentary rocks results in magnetic mineral diagenesis (e.g., Elmore et al., 1987; Machel, 1995; Liu et al., 2006a; Badejo et al., 2021c; Gaikwad et al., 2021), however, the product of this process has revealed significant variability in minerology and susceptibility along this migration pathway. Enhancement and destruction of magnetic signature has been reported for different environments, e.g., the formation of magnetite resulting in over an order increase in magnetization in the hydrocarbon saturated sediments of the Ordovician Arbuckle Group in South Oklahoma (Elmore et al., 1987), the replacement of authigenic iron oxides by pyrite resulting in diminished magnetization in the Cenozoic sandstones of south west Texas (Reynolds et al., 1993), and the formation of hydrocarbon related authigenic maghemite in the Mawangmiao Oil Field, Jianghan Basin, China (Liu et al., 2006a). Variability in responses are generally supported by thermodynamic modelling (Machel, 1995), which predict a wide range of diagenetic behaviours of magnetic minerals in the presence of hydrocarbons depending on background rock mineralogy, depth, sulphur presence etc., however, recent experimental studies indicate that the responses are complex and are not yet fully understood (Emmerton et al., 2013; Abubakar et al., 2020; Badejo et al., 2021c). These thermodynamic models are reliable within a simplistic framework, yet, they fail to capture the complexity of biogenic related processes, which are known to be important to magnetic mineral diagenesis at shallow depths (Emmerton et al., 2013; Roberts, 2015).
Previous studies have shown that mineral magnetic methods can be used to help understand hydrocarbon migration patterns and trace its subsurface pathway on large scales, e.g., >50 km (Abubakar et al., 2020; Badejo et al., 2021a). In this study, we investigate for trends on a smaller scale, within a reservoir system. We also test the universality of the findings found previously (Emmerton et al., 2013; Abubakar et al., 2020; Badejo et al., 2021c). For this aim, in this study, we determine the effect of hydrocarbon presence on the magnetic signature of Cenozoic reservoir sediments of the Catcher Area Development (CAD) region, UK North Sea. The CAD fields are an especially good laboratory to understand hydrocarbon-induced magnetic diagenesis due to: 1) it being a well constrained spill-fill chain system of closely related hydrocarbon accumulations (Forsythe et al., 2017b), 2) the variability in properties of the hydrocarbon fluids (Table 1). There is an increase in density (or decrease in API gravity) and level of degradation of the oil as the reservoir shallows. In these fields, an inverse relationship exists between biodegradation and API gravity (Forsythe et al., 2017b; Gibson et al., 2020) which is typical of the North Sea hydrocarbons (Badejo et al., 2021c), and 3) the presence of “dry” sands from the same stratigraphic level from neighbouring wells that can serve as the background signal. These sands are reported as “dry” in well reports and represent sandstone that have not been infiltrated by migrating hydrocarbon. They also exist at least 6 km away from any well with hydrocarbon shows.
TABLE 1 | Reservoir and fluid properties for Catcher Area Development (CAD) fields, compiled using details obtained from well reports (Available at https://ndr.ogauthority.co.uk).
[image: Table 1]This study focuses on magnetic mineral diagenesis with respect to the reservoir sandstones of the CAD hydrocarbon accumulations (Figures 1, 2). It investigates the potential of providing magnetic proxies useful for reservoir characterization and the improvement of production processes e.g. through the identification of oil-water contacts (OWC), determination of degradation levels of hydrocarbons etc. (Emmerton et al., 2013; Badejo et al., 2021c). The depth (or temperature) range under consideration is emphasized as this has been shown by thermodynamic models (Burton et al., 1993; Machel, 1995) and experimental studies (Kars et al., 2014; Abubakar et al., 2015) to affect the diagenetic processes and the generation of magnetic minerals.
[image: Figure 1]FIGURE 1 | (A) Regional map and (B) stratigraphic column highlighting the distribution of Tay (depositional and injected), Cromarty and Forties sandstone members in the Central North Sea. The Catcher Area Development lies in the West Central Shelf of the UK Central North Sea and is highlighted in blue. (C) The distribution of hydrocarbon fields in the study area is highlighted. All fields in the CAD except Laverda have cored wells.
[image: Figure 2]FIGURE 2 | Well correlation diagram highlighting the depth relationship of the reservoir sands of the CAD region. The hydrocarbon filled sands (gas-saturated and oil-saturated) together with the oil-water-contacts/free-water-levels are shown. The core sections obtained during drilling are also highlighted.
2 STUDY AREA
The Catcher Area Development (CAD) is located about 180 km ESE of Aberdeen, UK, and is a multiple field development consisting of six Cenozoic hydrocarbon fields in the West Central Shelf of the UK North Sea (Figures 1, 2) (Gibson et al., 2020). The closely spaced oilfields (distance between individual fields is 2–5 km) and associated gas attics present a complex fluid migration to trapping system that has been influenced significantly by prior Cenozoic faulting and sand injection events (Gibson et al., 2020). Although not apparent from the present-day structural interpretation of the region, geochemical analysis of the crude from these reservoirs strongly suggests a connectivity between these fields that resulted in a fill-spill chain mechanism of hydrocarbon filling (Forsythe et al., 2017a). The Tay sandstone is the main CAD reservoir sand with the Cromarty sands forming part of the reservoir of the deepest field (Figures 1B, 2). The Upper Tay sands also known as the ‘Orkney’ sands (Gibson et al., 2020) are the host to the isolated attic gas accumulations. The reservoirs are generally thin with a net thickness of between 10 and 30 m. The reservoir properties are very similar for the different fields, while the fluid properties exhibit a depth relationship (Gibson et al., 2020). The sandstones are intercalated with variable and significant amounts of shale. Cores were collected from seven wells in five of these fields during drilling (Table 1).
3 EXPERIMENTAL METHODOLOGY
3.1 Sample Collection
We collected 108 sandstone samples from the CAD cores archived at the British Geological Survey Core Store, Keyworth (UK). These cores were generally sampled every metre where sandstone was present. Smaller sampling spacing was used in areas of observed heterogeneity and around known hydrocarbon-fluid contacts. Fifteen samples were collected from the interbedded shales section of the CAD cores. A further 26 samples were collected from four dry wells to serve as background (Figure 1; Table 1); these dry-well cores were also Tay sandstones of the West Central Shelf and were collected from a similar depth range as the oilfield samples. These samples were classified as dry due to 1) an observed absence of hydrocarbon stains throughout the well section, 2) the core reports and resistivity readings on the well logs revealing the absence of hydrocarbons in these sands, and 3) the wells locations were at least 6 km away from any known hydrocarbon accumulation/show.
The CAD sandstones are generally thin (Figure 2) and friable as is typical of Cenozoic sand layers of the region. Their cores were generally obtained from the oil layer of the reservoirs with only the core from Bonneville field sampling reservoir sands below the oil-water contact (OWC); length of core collected below the contact is approximately 3 m. The degree of stain in the oil layer appears to increase as the reservoirs’ shallow, reflecting the increase in density (or decrease in API gravity).
3.2 Gas Chromatography-Mass Spectrometry
To confirm that the sandstone samples had not been in contact with migrating hydrocarbon in the subsurface, four randomly selected sandstone samples from the dry wells were tested for residual hydrocarbons using gas chromatography-mass spectrometry (GC-MS). ∼1 g of each sample was powdered and added to a clean test tube, with 10 μl of a prepared internal standard of squalene and p-terphenyl. Four milliliters of dichloromethane (DCM)/methanol 93:7 v/v were added to the test tubes. The samples underwent 5 min of sonication, followed by 3 min in a centrifuge at 1.5 rpm. The supernatant was moved into a new test tube and the process repeated four times per sample. Copper turnings were added to the supernatant to remove elemental sulphur. Once completed the DCM: methanol mixture was evaporated and replaced by DCM: n-hexane 1:1 v:v. The aliphatic and aromatic fractions were eluted by column chromatography using activated alumina powder using DCM: n-hexane 1:1 v:v. The fraction was further concentrated to <1 ml.
GC-MS analysis was conducted using an Agilent Technologies 7890A GC system coupled to a 5,975°C mass spectrometer, in the organic geochemistry laboratory of Earth Science and Engineering, Imperial College London. The GC injector was run in a splitless mode (1 μl) with the column flow rate set at 1.1 ml/min. A J&W Scientific DB-5MS capillary column was used for compound separation and He used as a carrier gas. The GC oven was started at 40°C for 2 min, this was raised at a rate of 5°C/min−1 to 310°C and held for 14 min. Mass spectra were acquired in electron impact mode in the scan range of 50–500 amu. The data was qualitatively checked using the Mass Hunter software package.
3.3 Rock Magnetic Methods
Rock magnetic experiments were carried out on the sampled sandstone and shales to determine their magnetic minerology and magnetic grain size. These experiments were carried out at Imperial College London (United Kingdom), the Institute for Rock Magnetism (I.R.M.) at the University of Minnesota (United States), and the Institut de Physique du Globe de Paris (France). At Imperial, magnetic susceptibility (χ) was measured for the samples using the MFK1-FA Kappabridge (field = 200 Am−1), and hysteresis loops and backfield demagnetization curves were measured at room temperature (RT) with a Princeton Measurements Corporation Vibrating Sample Magnetometer (VSM) to determine the saturation magnetisation Ms, isothermal remanent magnetization Mrs, coercivity Bc and coercivity of remanence Bcr. The Princeton VSM was also used to measure isothermal remanent magnetization (IRM) acquisition curves for a subset of these samples and was applied to determine parameters such as the IRM contributions (of the different magnetic mineral contributors based on coercivity classes) and the S-ratio (−IRM@−0.3T/IRM@1T).
To help identify the magnetic minerology, non-destructive low-temperature magnetometry, (LTM) and high-temperature susceptibility, (HT-χ) experiments were carried out on 36 and 98 CAD sandstone samples, 3 and 15 CAD shale samples, and 10 and 26 dry well samples respectively (Supplementary Table S1). 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) instruments located at the I.R.M., Institut de Physique du Globe de Paris and the SPIN-Lab at Imperial College, London. Measurements were carried out on powdered samples weighing between 0.2 and 0.4 g: 1) Field Cooling (FC)—the samples were cooled in a field of 2.5 T from room temperature to 10 K, followed by measurement of remanence on warming to 300 K in zero field, 2) Zero-Field Cooling (ZFC) – samples were cooled in zero field to 10 K, when a saturation isothermal remanent magnetization (SIRM) was induced with a field of 2.5 T and subsequently measured on warming to 300 K, and 3) at 300 K, a room temperature SIRM (RT-SIRM) was imparted in a field of 2.5 T followed by remanence measurement through a 300 K–10 K–300 K cycle.
HT-χ measurements involved measuring the magnetic susceptibility of the samples as they are heated in Ar from room temperature to 700°C and back. We did this using Agico Kappabridges located at Imperial and the I.R.M. This enables the identification of magnetic minerals through their phase transitions and/or the observed mineral alteration pattern. Multi-cycle HT-χ curves were also measured for some samples to help to distinguish between reversible and irreversible changes during heating.
3.4 Mössbauer Spectroscopy
Mössbauer spectroscopy was used as a complementary quasi-magnetic mineral identification technique due to its ability to distinguish amongst magnetic minerals (Dyar et al., 2006). Mössbauer spectra were measured for 10 CAD samples and two background samples using a cobalt source within a MS6 Mössbauer spectrometer, with Janis SVT-400 Nitrogen-shielded liquid Helium cryostat at the I.R.M. The CAD samples were selected to include the different behaviours observed via their χ, LTM and the HT-χ measurements. Due to the estimated low concentration of the magnetic minerals, magnetic extraction was carried out in some samples using an S. G. Frantz co. inc. Frantz magnetic separator (model LB-1) at Imperial to obtain a concentrated fraction for analysis.
3.5 Scanning Electron Microscopy
SEM analysis was used to characterise the magnetic grains via their size and morphology. Energy dispersive X-ray (EDX) analysis was used to perform elemental analysis with the aim of confirming the mineralogy of the magnetic grains. Samples were selected based on their magnetic signature and relative magnetic strength as determined through the various magnetic analysis. The selected samples were crushed to obtain a grain size of <50 μm, and then to increase the concentration of the magnetic minerals, magnetic extraction was carried out using the S. G. Frantz co. inc. Frantz magnetic separator (model LB-1). The magnetic extracts were mounted on SEM stubs and coated in 15 nm chromium, then subsequently analysed using the JEOL 6010LA and the Zeiss Auriga Cross Beam at the Department of Materials, Imperial.
4 RESULTS
4.1 Gas Chromatography-Mass Spectrometry
Gas-Chromatography-Mass Spectrometry (GC-MS) was performed on small number of background samples to try to detect for the presence of hydrocarbons. The GC-MS responses of the background sandstone samples were indistinguishable from the control sample which contained just the Squalane standard (Figure 3); there were no peaks matching the expected mass spectra of common biomarker compounds as discussed in Peters et al. (2005). The few very minor peaks observed likely represent contaminants induced most likely during extraction and storage; for example, the peak labelled “ps” observed in all the samples had a mass spectrum characterised by a dominant ionic peak at 149 m/z, indicative of contamination by plasticiser, most likely from the Core Store. The similarity in signature between the control and the sandstone-samples’ chromatographs, and the general lack of biomarkers suggest that the dry core samples likely represent the true background signal. Badejo et al. (2021c) also used GC-MS analysis to provide support for wells being truly “dry.”
[image: Figure 3]FIGURE 3 | GC-MS results of hydrocarbon fractions from extract obtained for sandstone samples of the dry wells serving as background. The samples are from wells 21/17-1, 21/17-2 and 21/21-1. A control sample is also included to ensure accurate interpretation of results.
4.2 Hysteresis, Isothermal Remanent Magnetization Acquisition Curves and FORC Analysis
To characterise the magnetic mineralogy, abundance and grain-size distributions, mass normalized room-temperature susceptibility, (χ) and hysteresis parameters (Mrs, Ms, and Bc) were measured (Table 2).
TABLE 2 | Mean, minimum and maximum values obtained for magnetic susceptibility and hysteresis parameters of the hydrocarbon reservoir, background and the surrounding shales samples.
[image: Table 2]4.2.1 The Background Samples
To quantify the magnetic concentration of the samples, the Mrs and χ are considered. The unstained sandstones were magnetically weak with Mrs values between 0.13 and 1.13 mAm2/kg, and their magnetic susceptibility range between 7.6 × 10−9 and 69.5 × 10−9 m3/kg. A strong correlation is observed between Mrs and χ with R-squared value of ∼0.89; this correlation cannot be rejected at 95% confidence (Figure 4). The coercivity values range between 9 and 17 mT, values typical for many magnetic minerals including magnetite. Plotting the hysteresis data on a ‘Day’ plot (Day et al., 1977) (Figure 5), suggests that these samples consist of mainly magnetic grains of pseudo-single domain (PSD; for magnetite 0.1–10 µm in size) and potentially superparamagnetic (SP) behaviour (<30 nm for magnetite). Although some samples revealed significant undersaturation even at the maximum field of the VSM used (Figure 7I), and this may account for some of the SP signature observed. The trend of the data and the high Bcr/Bc ratio also suggest that pure magnetite is not the dominant minerology (Sprain et al., 2016).
[image: Figure 4]FIGURE 4 | Relationship between remanent magnetization and magnetic susceptibility for CAD hydrocarbon reservoir sandstones (solid symbols) and the background sandstones (hollow symbols). For the background samples, there exists a strong correlation between Mrs and χ with R-squared value of 0.89. However, the correlation for these two parameters is weak for the CAD samples (R-squared value of ∼0.2). These R-squared values are statistically significant with p-values of <0.05.
[image: Figure 5]FIGURE 5 | Day plot for all measured samples (CAD and background) of this study. The regions associated with the SP, SD, PSD, and MD behaviours for magnetite are shown for comparison purposes.
To further characterise the samples, FORC diagrams were measured. The FORC diagrams for these samples generally present a main coercivity peak between 0 and 5 mT, with the FORC distribution spreading in both vertical, bu axes directions up to 50 mT (Figures 6C, F, L). The maximum bc tail extends up to 80 mT giving the FORC distributions a triangular-like shape (Figures 6C, F). These features indicate a mix of grain sizes: single-domain (SD) to multi-domain (MD) (Muxworthy and Dunlop, 2002; Roberts et al., 2018). In some samples, subtle signs for the presence of SP nanoparticles (<30 nm) were observed i.e., contours along the vertical axis extending down to −100 mT (Figure 6L) (Pike et al., 2001). This observation supports the presence of SP ferromagnetic grains as suggested by the Day plot.
[image: Figure 6]FIGURE 6 | Example results from LTM, HT-χ and FORC measurements for the background samples; DW-21-991, DW-28b-1091, DW-17-1532 and DW-17-1605 are shown on (A–C), (D–F), (G–I) and (J–L), respectively. The background samples measurement curves suggest the presence of magnetite and titanomagnetite (or their oxidized versions), hematite and potentially titanohematite. Note that TM stands for titanomagnetites. The subsurface depth (in m) of the samples’ collected is highlighted in the sample name, i.e., the last segment of their names.
To further quantify the magnetic remanence carriers in the samples, the measured IRM curves were analysed using the cumulative log Gaussian (CLG) analysis method (Kruiver et al., 2001) (data are shown in the Supplementary Material). This method assumes that the IRM acquisition curve follows a CLG function. The field values of the acquisition curves are converted to their log values and plotted against the IRM as the linear acquisition plot (LAP) and on a probabilistic scale as the standardized acquisition plot (SAP) (Supplementary Figure S1A). The gradient of the IRM is also plotted on a gradient acquisition plot (GAP) (Supplementary Figure S1B). These curves can then be analysed for number of components, their IRM contributions and coercivity values via forward modelling. Analysis of the IRM acquisition curves of the background samples presented with S-ratios (−IRM@−0.3T/IRM@1T) ranging from 0.54 to 0.86. An example analysis representative of the trend observed is shown in Supplementary Figures S1A,B and Supplementary Table S1. Mean coercivities, B1/2 of 30, 40, and 250 mT were obtained for the three components resolved for this sample together with an S-ratio of 0.83. The IRM contribution of the lower coercivity minerals (B1/2 of 30 and 40 mT) is about 80% with the higher coercivity component contributing about 20% only. This aligns with the observed trend of the dominance of lower coercivity minerals in these samples as suggested by their Bc values e.g., magnetite, titanomagnetite (or their oxidized versions).
4.2.2 The Catcher Area Development Sandstone Samples
The CAD sandstone samples are ferromagnetically weaker, but paramagnetically stronger compared to the background sandstones with an Mrs values of between 0.02 and 0.68 mAm2/kg and χ of between 1.4 × 10−9 and 110.4 × 10−9 m3/kg. Unlike the background samples, these two parameters reveal a poor correlation with R-squared value of ∼0.2 (Figure 4). This correlation is statistically significant with p-value of <0.05. The samples also displayed a range of high-field susceptibility (χhf) responses (Table 2), and coercivities between 6 and 14 mT. Comparing the CAD sandstones’ magnetic signature to the background signals (Section 4.2.1), these results suggest significant magnetic diagenesis after oil accumulation.
The hysteresis data depicted on the Day diagram (Figure 5), are shifted towards the centre of the PSD region, compared to the background signals, suggesting a relatively higher ratio of PSD lower SP behaviour in the CAD sandstones. Given the increase in χ, but a drop in SP material as indicated by the lower Mrs/Ms ratio and the decrease in Mrs, this implies the increase in susceptibility is due to an increase in paramagnetic minerals, rather than ferromagnetic SP content.
A majority of the FORC diagrams for the CAD samples presented very similar behaviour to the background samples (Figures 7C, I); although there was an increase in the vertical spread along the bu axis in both the positive and negative directions (up to 100 mT) for a small number of samples (Figure 7L) suggesting the presence of significantly more MD particles (Roberts et al., 2000; Muxworthy and Dunlop, 2002; Roberts et al., 2018). Additionally, some of the CAD samples displayed a reduced spread in the bu-axis (max of ±20 mT), and a reduction in peak bc values, generally <50 mT (Figure 7F) indicating the presence of more SD/PSD sized grains; this could be due to a reduction in thermally relaxing SP particles together with the mean grain size as suggested above. Other subtle signatures observed in some samples were: 1) a steeply dipping negative region (Figures 7C, L) indicating multi-axial anisotropy (Valdez-Grijalva and Muxworthy, 2019), and 2) in some samples the presence of contours along the vertical axis extending down to −100 mT (Figure 7F), suggesting the presence of SP nanoparticles (<30 nm) (Pike et al., 2001).
[image: Figure 7]FIGURE 7 | Example results from LTM, HT-χ and FORC measurements for the hydrocarbon reservoir sandstones samples; CAR-1078, VAR-1324, CAT-1360 and CAT-1429 are shown on (A–C), (D–F), (G–I) and (J–L), respectively. The oil reservoir sandstones results suggest the presence of magnetite and titanomagnetite (or their oxidized versions), hexagonal pyrrhotite, ilmenite, hematite and potentially titanohematite. Ti-rich iron oxides are labelled as FeTiO.
Similar to the background samples, the IRM acquisition curves presented with S-ratio of between 0.77 and 0.93. However, a greater IRM contribution of the lower coercivity minerals was observed. A representative example is shown in Supplementary Figures S1C,D and Supplementary Table S1. Mean coercivities, B1/2 of 20, 50, and 250 mT and IRM contributions of 30, 65 and 5%, respectively were obtained for the three components resolved for this sample together with an S-ratio of 0.91.
4.2.3 The Catcher Area Development Shale Samples
For the shale samples, Mrs and Bc values ranged between 0.11 and 40.33 mAm2/kg and 8 and 43 mT respectively. The hysteresis data on a Day plot (Figure 5) for these samples present a more varied domain state distribution, with, PSD and MD behaviour observed and more samples (as compared to the sandstones) plotting closer to and in the SD-region of the diagram. These samples also displayed varied FORC distribution behaviour, with some distinctly different behaviour when compared to the CAD sandstones (Figure 9). These FORC diagrams had bc peaks as high as 50 mT. Such FORC diagram behaviour is normally associated with iron sulphides, in particular SD greigite, e.g, S-1438 (Figure 9F), or interacting SP/SD particles of monoclinic pyrrhotite or acicular SD magnetite, e.g., S-1341 and S-1447 (Figures 10C, I) (Muxworthy et al., 2005; Roberts et al., 2018).
4.3 Low-Temperature Magnetometry
To identify magnetic mineralogies through low-temperature transitions, and to quantify the presence of nanometric particles (<30 nm), low-temperature magnetometry was conducted.
4.3.1 The Background Samples
All the background samples displayed very similar low-temperature behaviour (Figure 6). The RT-SIRM generally increased on cooling from 300 to 10 K, although some samples displayed a discontinuity in behaviour between 110 and 140 K (Figures 6A, D, G, J). The increase in magnetisation on cooling could be due to a range of different minerals including titanohematite, SD greigite (Chang et al., 2009; Sprain et al., 2016) or/and any magnetic mineral of SP domain behaviour (due to a small residual field in the MPMS). The discontinuity between 110 and 140 K is indicative of the presence of magnetite (at ∼120 K) (Verwey, 1939), with the temperature varying due to its oxidation product or the presence of impurities and/or stress (Moskowitz et al., 1998; Muxworthy and McClelland, 2000). In about 50% of the background samples, a subtle discontinuity in remanence was observed at about 260 K, e.g., DW-17-1532 (Figure 6G). This is most likely due to the presence of hematite (Morin, 1950). For the FC and ZFC warming curves, a near consistent decrease in SIRM and in the ratio of SIRMFC and SIRMZFC was observed on warming, with both curves exhibiting very similar trends. There is no evidence here, for siderite or other minerals with Curie/Néel temperatures between 10 and 50 K. The relaxation on warming is most likely due to thermal unblocking.
4.3.2 The Catcher Area Development Sandstone Samples
Unlike the background samples, the CAD sandstones samples exhibited very diverse behaviours. In terms of prevalence, two major behaviours; A and B were observed. Group A samples presented very similar behaviour to the background samples, with a general reduction in RT-SIRM on cooling from 300 to 10 K, an observed discontinuity on the RT-SIRM cooling curve between 140 and 110 K, and an FC and ZFC curve that presents very similar trend on warming from 10 to 300 K e.g., CAT-1429 (Figure 7J). In group B samples, a sharp drop in remanence on warming between 10 and 37 K was observed in the FC and ZFC curves. The FC-SIRM was observed to be several folds higher than the ZFC-SIRM at 10 K, with the difference decreasing with increase in temperature to about 37 K where it disappears e.g., CAT-1360 (Figure 7G). This is indicative of siderite’s Néel transition (Jacobs, 1963). These samples had the largest paramagnetic responses. A third group of samples displayed a sharp drop in remanence for both the FC and ZFC curves on warming between 30 and 50 K, e.g., BON 1196 (Figure 8). The FC-SIRM and ZFC-SIRM were the same at these temperatures, and below 30 K, these values deviated with a higher FC-SIRM compared to the ZFC-SIRM. This is likely indicative of the presence of ilmenite (Gehring et al., 2007; Engelmann et al., 2010). Note that this behaviour was observed only in samples from the Bonneville field.
[image: Figure 8]FIGURE 8 | LTM, HT-χ and FORC measurements for the hydrocarbon reservoir sandstones samples from the Bonneville field. The magnetic minerology of the reservoir sands is dominated by siderite with hexagonal pyrrhotite present around the OWTZ. Ilmenite is also present in sections of the oil leg (BON-1190, B0N-1196, and BON-1198). Magnetite, titanomagnetite (or their oxidized versions), hematite and potentially other titanohematites are also generally present.
About 90% of all the CAD sandstone samples presented a discontinuity between 110 and 130 K, which is indicative of (titano)magnetite or their oxidized versions. About 80% of the CAD samples, displayed an increase in magnetisation from 300 to 10 K on the RT-SIRM cycling curves similar to the background samples. Also, a subtle discontinuity in remanence was observed at about 260 K in some samples indicative of the Morin transition of haematite (Morin, 1950).
4.3.3 The Catcher Area Development Shale Samples
The shale samples displayed diverse behaviour, very similar to the CAD sandstone. A few samples presented with group B behaviour, a sharp drop in FC and ZFC remanence on warming between 10 and 37 K indicating siderite e.g S-1341 (Figure 9A) (Jacobs, 1963). Another sample displayed a signature yet to be seen in the sandstone samples; a wide and increasing separation between the ZFC and FC curves on cooling (Figure 9D) which may indicate the presence of goethite (Liu et al., 2006b) or greigite (Chang et al., 2009) although the RT-SIRM cycling curves were consistent with SD greigite signature (Chang et al., 2009; Roberts et al., 2011). The sharp drop in FC and ZFC remanence between 10 and ∼30 K is likely due to an additional paramagnetic phase. A few samples also displayed the FC-ZFC-RTSIRM behaviour of the background samples e.g S-1447 (Figure 9G). The shale samples generally exhibited the common RTSIRM signature of the sandstone samples suggestive of the presence of magnetite/titanomagnetite or their oxidized versions.
[image: Figure 9]FIGURE 9 | Example results from LTM and HT-χ and FORC measurements for the shale samples; S-1341, S-1438 and S-1447 are shown on (A–C), (D–F), and (G–I) respectively. The shale samples measurement curves suggest the presence of magnetite, titanomagnetite (or their oxidized versions), greigite, other paramagnetic iron-sulphides, lepidocrocite and potentially titanohematite and hematite.
4.4 High-Temperature Susceptibility (HT-χ) Measurements
We measured HT-χ on all the samples to help determine their magnetic mineralogy. HT-χ curves can be difficult to interpret, as they magnetic mineral commonly alter during heating, even when under Ar.
4.4.1 The Background Samples
The background samples displayed similar HT-χ curves (Figures 6B, E, H), i.e., χ reduced on heating to ∼300°C, followed by a rapid increase that peaks below the Curie temperature of magnetite; between 550 and 580°C after which it decreases rapidly. All the samples displayed non-reversible alteration resulting in increases in χ between one and fifteen folds on cooling.
4.4.2 The Catcher Area Development Sandstone Samples
For the CAD sandstone samples, the behaviour under temperature treatment was again variable and can be split into two main groups. Group A samples displayed very similar HT-χ behaviour to the background samples, with a decrease in susceptibility from room temperature to ∼300°C, and subsequent alteration resulting in a susceptibility increase, and Curie temperatures of between 560 and 580°C. Group B samples displayed a more rapid increase in χ above 300°C (up to over two orders of magnitude increase in susceptibility), e.g., CAT-1360 (Figure 7H). The dominant Curie temperature for this group was between 550 and 580°C. Within these two groups, several samples presented a rapid increase in susceptibility at about 200°C with a Curie temperature of ∼270°C, e.g., Var-1324 and Bon-1201 (Figures 7E, 8). This is an indicator of the presence of hexagonal pyrrhotite (Rochette et al., 1990). This signature was observed for samples located close to the oil-water contact, i.e, the oil water transition zone (OWTZ) (Figure 8). In some of these samples, Hopkinson like peaks were observed between 300 and 500°C, e.g., BON-1201 (Figure 8). This suggests the presence of other iron sulphides that alters or unblocks on heating.
4.4.3 The Catcher Area Development Shale Samples
The shale samples also displayed variable HT-χ behaviours. Group B behaviour described above was observed in some shale samples, e.g., S-1341 (Figure 9B). Another behaviour observed was a rapid to near-instantaneous and short-range alteration at temperatures between 220 and 280°C with a slight susceptibility drop or kink between 320 and 400°C suggesting the presence of lepidocrocite (Gendler et al., 2005) and iron sulphide(s) (Badejo et al., 2021c) e.g., S-1438 (Figure 9E). A few samples presented a Hopkinson like peak at temperatures between 240 and 400°C without significant increases in subsequent susceptibility, e.g., S-1447 (Figure 9H). We suggest that this is due to the presence of iron sulphide(s) (Kontny et al., 2000). Finally, few samples displayed little change in susceptibility apart from a Hopkinson peak around the Curie temperature of magnetite.
4.5 Mössbauer Results
Mössbauer spectra were measured for a select number of representative samples to help to determine the magnetic mineralogy. Samples from four groups defined by the source location and the magnetic hysteresis behaviour: the background samples (B), sandstone samples with low paramagnetic responses (OLP), sandstone samples with high paramagnetic responses (OHP) and sandstone samples around the oil-water transition zone (OWTZ). These Mössbauer spectra were obtained at room and low temperature (between 5 and 18 K) and analysed by a fitting procedure using Lorentzian curves (Dyar et al., 2006) (Supplementary Table S2). The OLP and the B samples displayed very similar Mössbauer spectra, with two doublets each at both low and room temperature. The isomer shift (IS) obtained for the central doublet (IS = 0.28 and 0.30 mm s−1 for the OLP and B samples respectively) is typical for high spin Fe3+ while that of the other doublet (IS = 1.39 and 1.31 mm s−1 for the OLP and B samples respectively) is characteristic of Fe2+ (Supplementary Table S2) (Muxworthy et al., 2002). This Fe2+ doublet with its large quadrupole splitting (QS) is most likely due to the presence of an iron rich silicate/clay minerals (Stevens et al., 1998; Dyar et al., 2006). The Fe3+ doublet is likely due to a silicate or pyrite. The spectra for the OHP sample displayed two doublets at room temperature, and a magnetic hyperfine split sextet and a doublet at low temperature (10–18 K) (Figure 10; Supplementary Table S2). The central doublet for the OHP sample (both at room and low temperature) was similar to the Fe3+ obtained for the OLP and B samples, while the other room-temperature doublet which ordered at low temperature matched the IS, QS and Bhf values for siderite (Stevens et al., 1998). For the OWTZ sample, a very distinct signature was obtained (Figures 10A, C; Supplementary Table S2). Firstly, siderite was identified, together with another mineral that displayed a doublet at both room temperature and 10 K. This doublet’s room temperature IS value of about 1.30 mm s−1 and a QS value of 3.50–3.60 mm s−1 is very similar to vivianite’s Fe2+ although the QS value is too high for the pure compound (Stevens et al., 1998; Dyar et al., 2006). The low-temperature doublet varied slightly but still some resembled the vivianite Fe3+ doublets.
[image: Figure 10]FIGURE 10 | Mössbauer spectra measured for oil reservoir samples; BON-1201 (A,C) and BON-1190 (B,D) at room and low (between 10 and 18 K) temperatures respectively. Siderite (s) is present in both samples. Vivianite (Vi) is also likely present at the OWTZ as suggested by BON 1201.
4.6 Scanning Electron Microscopy
SEM analysis was conducted to complement the other measurements, and to help to distinguish between iron-sulphides thought to be present. Magnetic minerals between 50 nm and 10 µm were identified (Figure 11) via energy dispersive X-ray (EDX) analysis. The larger grain sizes appeared to be detrital in origin (Figure 11A) while the morphology of the smaller grains suggest an authigenic origin (Figures 11B,C) (Roberts 2015). Iron-oxide minerals were identified in both the background and CAD samples. Siderite was identified only in the CAD samples (Figure 11D). The observed structure was plate-like and similar to siderite nodules reported in the literature (Antoshkina et al., 2017). It dominated the extract from siderite rich samples due to its high concentration. Iron-sulphide grains (<1 µm) and framboids (between 2 and 8 µm) that have been interpreted via their morphology and elemental analysis to be either pyrite or greigite were found in the CAD sediments (Figures 11E,F). We suggest that these iron-sulphide grains are authigenic in origin and are at least partly related to hydrocarbon presence due to their morphology, and the variation in texture and size (Roberts 2015).
[image: Figure 11]FIGURE 11 | Microscopic characterization of magnetic minerals in magnetic extracts from different sample groups including corresponding points of EDX analysis if carried out: (A) an iron-oxide crystal likely detrital identified in a reservoir sandstone sample, (B) Fine grain iron-oxide crystals in a sample from the oil leg, (C) backscattered electron image showing contrast between the iron-oxides minerals and the iron-poor background, (D) through EDX analysis, the platy structures that dominates the extract from an oil leg sample with high paramagnetic responses are confirmed to be siderite cements, (E) Iron sulphide framboids obtained from the CAD sediments, and (F) Authigenic iron sulphide grains from the CAD sediments.
5 DISCUSSION
Through rock magnetic experiments, we determined the magnetic signature of the oil-stained (CAD hydrocarbon reservoirs) and the background Cenozoic sands of the West Central Shelf, UK Central North Sea region. Magnetite, titanomagnetite (or their oxidized versions), titanohematite and hematite of varying grains sizes (SP to MD) have been identified in the background sands (Figure 6). The oil-stained sandstones of the region displayed a more diverse signature, some very similar to the background samples, others presenting with additional minerals such as siderite, hexagonal pyrrhotite, other iron sulphides, ilmenite and potentially vivianite (Figures 7, 8). The concentration of the ferromagnetic (sensu lato (s.l)) minerals was estimated to be between 20 and 400 ppm in the background samples (assuming magnetite is the dominant mineral), and 10–250 ppm in the oil-stained samples. Dissolution of the ferromagnetic minerals (s.l) in the hydrocarbon reservoirs appear to be more significant for the higher coercivity minerals as suggested by the IRM acquisition curves. The concentration of siderite was estimated via XRD analysis to be up to 5%. Shale samples that were in contact with oil filled reservoir sands displayed a similar magnetic signature to the oil-stained sandstone samples. Shale samples that were proximal to but not in direct contact with the reservoir sands generally displayed enhanced remanence values, higher coercivities and a dominance of SD particles. Magnetic minerals identified in these proximal shales include magnetite, siderite, greigite, pyrite and potentially lepidocrocite and other paramagnetic iron sulphides. It is also likely that titanohematite, hematite and titanomagnetite are present albeit contributing minimally ferromagnetically. The magnetic signature of the sediments are similar to those for the Cenozoic sediments from the UK Central Graben (Badejo et al., 2021c), Bridport reservoir sands of the Wessex basin, UK (Abubakar et al., 2020), and sandstones from the Llanos Foreland Basin, Colombia, Athabasca region, Alberta and Plover Lake, Saskatchewan, Canada and Kabungkan and Lawele region, Buton Island, Indonesia (Emmerton et al., 2013).
5.1 Provenance of the Magnetic Minerals
Magnetite, titanomagnetite or/and their oxidized versions have been interpreted as mainly background minerals due to their general presence in the dry well sandstones. The presence of hydrocarbons appears to diminish these minerals’ presence in the reservoir; however, they remain ubiquitous to these sands. Titanohematite and hematite have also been interpreted to be background minerals that underwent significant dissolution due to the presence of hydrocarbon. Burton et al. (1993) have shown through thermodynamic modelling that this is a likely pathway for these minerals.
The magnetic data obtained from this study supports several studies (Reynolds et al., 1990; Hounslow et al., 1995; Costanzo-Alvarez et al., 2000; Costanzo-Alvarez et al., 2006; Emmerton et al., 2013) that report both destruction and precipitation of magnetic minerals due to hydrocarbon accumulation in petroleum reservoirs, with a net reduction of ferromagnetic susceptibility generally observed. Thermodynamic modelling supports the instability of ferromagnetic minerals (s.l) at the depth range of these reservoirs (Burton et al., 1993). Also, microbial activity may cause this reduction. Emmerton et al. (2013) observed a similar reduction in susceptibility of oil impregnated sandstone from four petroleum basins: in Dorset, UK; Saskatchewan, Canada; Llanos, Colombia and Buton Island, Indonesia and suggested that it was due to biodegradation of hydrocarbon by anaerobic bacteria. It is therefore likely that between 1,000 and 1,500 m (40 and 60°C), the reduction in the ferromagnetic signature of the reservoir section is the general consequence of the accumulation and biodegradation of hydrocarbons.
At the oil water transition zone (OWTZ), distinctive magnetic minerals were found and in particular hexagonal pyrrhotite (Figure 8). This finding together with data from literature (Horng, 2018; Badejo, 2019; Badejo et al., 2021b) suggests that hexagonal pyrrhotite’s formation is related to ongoing or recent biodegradation. The OWTZ is usually the zone of active biodegradation due to the presence of free/movable water which supplies essential nutrients for the process (Larter et al., 2003; Head et al., 2014). During this process, anaerobic sulphate reduction may occur supplying sulphide ions (Head et al., 2003) which may then combine with available Fe2+ in the system to produce iron sulphides (Mann et al., 1990) such as hexagonal pyrrhotite. Another parameter that can be inferred is the optimum depth of formation for hexagonal pyrrhotite. For reservoirs at temperature of ∼80°C or greater, it is unlikely that hexagonal pyrrhotite will be found at the OWTZ as that condition is too hot for biodegradation to occur (Head et al., 2003). HT-χ data from Badejo (2019) and Badejo et al. (2021b), Badejo et al. (2021c) supports this. Magnetic measurements of samples from the OWTZ in these studies suggested the absence of hexagonal pyrrhotite at depths of below 1,800 m (geothermal gradient is ∼40°C/km) (Kubala et al., 2003).
There is some evidence for vivianite’s precipitation at the OWTZ (Figures 10A, C). This zone is likely to be suitable for its precipitation as it has been demonstrated to form during sulphate reduction in the presence of excess Fe2+ (Frederichs et al., 2003). Biodegradation utilizes phosphorus if present (Head et al., 2003) and may provide a pathway for the precipitation of vivianite.
Siderite presence in the CAD region has also been related to hydrocarbon migration (Abdulkarim et al., 2022). It has been identified in about 50% of the CAD samples and its presence is not randomly distributed; with siderite appearing to dominate reservoirs that had been filled via vertical migration e.g., Bonneville field (Figure 8). Similar observations have been made in previous studies of the UK Central North Sea (Badejo et al., 2021c; Abdulkarim et al., 2022). It is also present around the oil-water contact albeit in significantly smaller quantities. Although siderite is usually thought to form during shallow sedimentary diagenetic processes (Larrasoaña et al., 2007; Roberts, 2015), its absence from the background samples suggest that this is not the case for sandstones of the West Central Shelf. Here, it is more likely that the reducing environment created by hydrocarbon presence promotes the replacement of hematite and magnetite by siderite in the oil wells (Burton et al., 1993; Machel, 1995). Siderite is also likely to be formed by the reaction of the available Fe2+ and the excess CO2 introduced by the hydrocarbons during migration (Bello et al., 2021; Abdulkarim et al., 2022). It has also been identified in some shale samples, all located less than a metre from the reservoir sands and hence must have been influenced by hydrocarbon presence.
Our observations show that shales that has no direct contact with the reservoir sands and hydrocarbons have the potential for ferromagnetic enhancement when proximal to the hydrocarbon plume (Machel, 1995; Kao et al., 2004), with SD greigite or Ti-rich magnetite dominating the magnetic signature (Figures 9A, D). In contrast, when in direct contact with hydrocarbon, the magnetic signal of the shale is similar to that of the oil-rich sandstone. This observation is in agreement with available thermodynamic models (Machel, 1995), that suggest the preservation and/or precipitation of iron-oxides in sediments that are located around hydrocarbon accumulations, and the instability of these minerals in the reservoir itself. Also, the requirements for greigite’s preservation are high concentrations of reactive iron, “small” amounts of organic carbon present and low levels of sulphides relative to the amounts of reactive iron (Kao et al., 2004; Gaikwad et al., 2021) and these will more likely be met in the “proximal” shales. Lepidocrocite was found to co-exist with greigite (Figure 9E) reiterating what has been found in another study (Minyuk et al., 2013). For magnetite, it is possible that it is unrelated to hydrocarbon presence, as it was also observed in the background sediments. However, formation of magnetite after hydrocarbon accumulation in the region cannot be ruled out. Low concentrations of reactive sulphide are known to be thermodynamically favourable for both magnetite precipitation and preservation at the depth range under consideration (Machel, 1995; Roberts, 2015).
Ilmenite presence in the Bonneville field (Figure 8), and the lack of it in the background sandstones at first glance suggests that it is hydrocarbon related. However, ilmenite is generally interpreted as a detrital mineral when found in sedimentary environments (Force et al., 2001) as it is usually preserved even after pervasive dissolution of its iron-oxides (Nowaczyk, 2011). Due to the lack of literature relating ilmenite’s formation to oil presence, our current assumption is that its presence is detrital in origin. Alternatively, it could be a more recent dissolution product of other detrital titanohematites (Morad, 1988; Mohapatra et al., 2015).
Magnetic mineral diagenesis resulted in a slightly more multi-domain behaviour in some samples of the main oil pay zone, however, a major portion of these sands displayed similar magnetic hysteresis behaviour (∼grain size) as the background sands (Figure 5). For the sandstones close to the oil-water contact, we observed a reduction in grain size to a more SD/PSD signature e.g., VAR-1324 and BON-1201 (Figures 7F, 8). This is similar to the observations made by Badejo et al. (2021b) with the dominance of SD grains at the hydrocarbon contact and progressively larger grains observed away from this region. This shows that pervasive diagenesis of magnetic minerals related to biogenic processes occurring around the OWTZ results in this reduction of the mean grain size. Also, the nanometric SP particles observed in both the background and CAD sandstone (Figure 5) suggests that both hydrocarbon and non-hydrocarbon induced magnetic diagenetic processes are occurring at the depth range under consideration. This supports previous studies that propose nanometric magnetic particle precipitation and preservation in these environments (Abubakar et al., 2015; Roberts, 2015; Badejo et al., 2021b; Badejo et al., 2021c).
In the shale, there appears to be a dominance of SD grains where magnetic enhancement was observed (Figures 9C, F, I). The “unenhanced” sections have a similar grain size distribution as the sandstone. This suggests that hydrocarbon related diagenesis results in the precipitation and preservation of SD grains and that the lack of this contrast in the oil-stained sandstone versus background sandstone may be due to the minimal ferromagnetic contribution of the newly formed minerals.
5.1.1 Effect of Hydrocarbon Fluid Type and Properties
The hydrocarbon fluid type, i.e., gas or oil, appears to have little impact on magnetic mineral diagenesis, with similar diagenetic product and grain size ranges observed in the gas saturated and oil saturated sandstones. It must be noted that only ∼10% of the total samples collected were from gas saturated intervals (Figure 2).
Biodegradation of hydrocarbons is detrimental to its economic value (Head et al., 2003), and its degree is inversely proportional to the API gravity (Table 1) (Forsythe et al., 2017b). Biodegradation, identified via the API, does not appear to have a direct or major impact on the ferromagnetic (s.l.) signature (Table 1). The ferromagnetic minerology and domain state are still very similar throughout the degradation levels encountered in the CAD oils. This contradicts the findings of Emmerton et al. (2013) which suggest that a progressive reduction in magnetic remanence and an increase in grain size is a general consequence of increasing biodegradation levels. However, an increase in paramagnetic signature is observed with increasing biodegradation levels (Table 2). This is due to the precipitation of paramagnetic iron sulphides and/or siderite as a result of an increase in sulphide and bicarbonate ions due to biodegradation related anaerobic sulphate reduction and methanogenesis (Head et al., 2003).
Hexagonal pyrrhotite and siderite have been shown to co-exist at the OWTZ (Figure 8). This reveals that the available Fe2+ is in excess of the available sulphide ion, supporting the exploration data that suggests that the CAD region is a low sulphur environment (<0.05% as defined in well reports) (UK National Data Repository, 2020). Ongoing hydrocarbon biodegradation likely produces limited amount of hydrogen sulphide due to lack of reactants, resulting in the production of carbon dioxide via methanogenesis (Head et al., 2003; Jones et al., 2008). This enables siderite precipitation and preservation with hexagonal pyrrhotite (Larrasoaña et al., 2007). We emphasize that the dominant source of siderite precipitation in the CAD region is unlikely to be biodegradation as there is evidence which supports the formation of siderite inorganically via vertical migration (Badejo et al., 2021a; Badejo et al., 2021c; Abdulkarim et al., 2022). Abdulkarim et al. (2022) has shown that in the CAD the majority of siderite is likely formed via this inorganic process.
5.1.2 Effect of Depth Change
There appears to be an increase in the paramagnetic response with shallower depths in the CAD region marked by an increased quantity of siderite (Figure 12; Table 2). However, it is likely that this is just a local relationship; we do not think that this is universal effect. Studies of similar systems in the Central North Sea (CNS) have identified even higher siderite engendered paramagnetic responses in deeper hydrocarbon reservoirs (Badejo et al., 2021c; Abdulkarim et al., 2022). These studies attributed the increased siderite proportion to vertical migration of hydrocarbon during filling. Carbon dioxide in hydrocarbon becomes more available for chemical reactions with a decrease in pressure and temperature (Smith and Ehrenberg, 1989). This together with the buffering capacity of the aluminosilicates in clastic rocks tending towards maintaining an increase in pH with decreasing depth usually results in the precipitation of carbonates such as siderite. It is therefore likely that the depth relationship with paramagnetic response in the CAD fields may be a result of an increasing magnitude of continuous vertical migration experienced during hydrocarbon filling. Continuous here refers to a lack of intermittency/lag created by accumulation of hydrocarbons in potential traps along permeable migration pathway/fill spill chains.
[image: Figure 12]FIGURE 12 | A schematic (approximately W-E) cross-section through the CAD fields showing the variation in paramagnetic proportion and the distribution of magnetic minerals. Approximate horizontal extent of section is 30 km. Dissolution of ferromagnetic minerals and formation of paramagnetic minerals is the general consequence of hydrocarbon accumulation. Hydrocarbon migration direction and oil saturation has the dominant influence on the present-day magnetic assemblage.
5.2 Understanding the Petroleum System Through Mineral Magnetism: What the Catcher Area Development Region Tells Us
The magnetic signature of the CAD sandstones reinforces the thermodynamic prediction (Burton et al., 1993; Machel, 1995) of instability of ferromagnetic minerals in hydrocarbon environments with low to medium amounts of dissolved sulphides, and temperatures of <60°C. It also links this instability to hydrocarbon reductant capability that promotes destruction and/or conversion of these ferromagnetic minerals to paramagnetic minerals by anaerobic bacteria during sulphate reduction, oxidation of methane etc. (Machel, 1995; Emmerton et al., 2013; Kars et al., 2018). We predict that the main oil leg of clastic hydrocarbon fields at similar conditions (temperature, hydrocarbon type and sulphur content) will have similar ferromagnetic minerology to the background samples. Common background minerals such as magnetite, titanomagnetite and/or titanohematite (Sprain et al., 2016; Kars et al., 2018) will likely dominate the ferromagnetic (s.l) assemblage. A reduction of remanence in these settings is expected together with the precipitation of additional paramagnetic minerals such as siderite and/or iron sulphides etc. (Gaikwad et al., 2021). Also, the amount of siderite identified in the oil leg sandstones with respect to the background sandstones can provide a pointer to the migration direction (Badejo et al., 2021c; Abdulkarim et al., 2022) and hence a better understanding of the petroleum systems history. We argue that siderite quantities significantly higher than other magnetic minerals in the reservoir sandstones together with its absence from the background sediments suggests a vertical migration component. Varadero, Burgman, Bonneville and Carnaby are good examples of CAD fields that satisfy these conditions (Figure 12).
The OWTZ presents a unique magnetic signature with the identification of hexagonal pyrrhotite along this section (Figure 8). For hydrocarbon reservoirs at <80°C, the OWTZ is usually a zone of significant biodegradation (Head et al., 2003; Larter et al., 2003; Larter et al., 2006; Head et al., 2010) and we have linked biodegradation related processes to the formation of this mineral. This suggests a potential application of mineral magnetism to the determination of the OWTZ. Accurate characterization of the OWTZ is essential for reserve estimation, well design and production planning (Fanchi et al., 2002; Bera and Belhaj, 2016), and has shown promise in application to CO2 enhanced oil recovery and sequestration (Ren and Duncan, 2019).
6 CONCLUSION
Through detailed rock magnetic experiments of Cenozoic oilfield sandstones and nearby dry-well sandstones (background) from a similar stratigraphic setting in the West Central Shelf region of the UK Central North Sea, we have determined the following:
• Hydrocarbon migration results in significant magnetic mineral diagenesis in hydrocarbon reservoir sandstone: destruction of the background magnetic particles and the formation of new minerals including siderite, hexagonal pyrrhotite, potentially vivianite, magnetite, and other iron sulphides. Siderite and potentially greigite, lepidocrocite and magnetite present in interbedded shales also formed as a result of hydrocarbon presence.
• The background magnetic minerals of this region are largely magnetite and titanomagnetite (or their oxidized versions). Titanohematite and hematite have also been identified as background minerals, both highly unstable in the presence of hydrocarbon. The grain sizes of these minerals range from SD to MD. The concentration of these minerals is highly variant and has been estimated to be between 20 and 400 ppm.
• The concentration of the ferromagnetic minerals (sensu lato) has been estimated to be between 10 and 250 ppm in the CAD sandstones and up to 5,000 ppm in the CAD shales. The distribution of the newly formed minerals appears to be sparse to moderate and sometimes specific to certain environments, e.g., hexagonal pyrrhotite around the oil water transition zone, greigite in the interbedded shales etc. The CAD sandstones generally are of very similar grain sizes to the background sandstones, i.e., a mix of SD to MD grains. However, in regions of significant magnetic mineral diagenesis e.g., the OWTZ and the proximal shales, a more SD like signature was observed.
The observations made in this study provide a means of improving our understanding of petroleum systems at both a regional and more specifically a field scale A relationship between the precipitation of hexagonal pyrrhotite and the OWTZ has been established and can be applied to hydrocarbon reserve estimation and hence production planning. It can also be applied to the determination of the optimum injection point(s) for injected fluids in improved oil recovery processes such as water injection, gas injection etc. The distribution of siderite which has been linked to migration mechanisms (vertical vs lateral) (Badejo et al., 2021c; Abdulkarim et al., 2022) also provides additional calibration data for detailed petroleum system modelling/analysis (Badejo et al., 2021a).
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