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Regional magnetic data in the southeastern segment of the Nigerian Niger Delta were evaluated with the aim of mapping deep-seated tectonic elements. Enhanced filtering operations and 3D forward modelling were applied on the magnetic data. These geologic features triggered the formation of rollover anticlines and faults that serve as structural traps in the study area. The filtered residual magnetic data revealed geologic structures characterized with NE - SW, N - S, and E - W orientations. The 3-D models detected the faulted crustal blocks, gradient zones, and intra-basement compositional magnetic variations. Furthermore, some prominent horst and graben structures as well as related normal faults characterized with distinct magnetic signatures were observed. Faults of base magnetic (of various compositions) were observed to be the fabricating mechanisms of the magnetic anomalies. Collectively, these structures influenced the patterns of magnetic anomalies with direct effects on the hydrocarbon trapping systems, as well as the pathways and accumulation zones for hydrothermal minerals. On the whole, the interpreted results revealed that the basement surface is rippling. Additionally, the depth result showed sedimentary thicknesses that ranged from 4–10 km. Again, the estimated crustal thickness varied from 14 to 19 km. This study has displayed the capabilities of the magnetic method in mapping the depth and configuration of basement rocks, which are crucial in controlling the formation of structural traps. Identifying these basement structures early helps in understanding the overall geological framework and potential hydrocarbon systems.
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1 INTRODUCTION
The Niger Delta has been extensively probed applying various geophysical methods most especially seismic survey and exploratory drillings on the Tertiary deltaic sequence (Ekwok et al., 2021a; Oladele and Ojo, 2013; Li and Morozov, 2006). Nevertheless, the majority of these geophysical explorations are focused on the Tertiary sediments for hydrocarbon exploitation with minimal attention paid to the underlying basement structures (Oladele and Ojo, 2013). Generally, several researchers have reported that tectonic events have control over the basement framework, structural traps, petroleum system of the overlaying sediments, and hydrothermal related mineralization (Ekwok et al., 2024a; Ekwok et al., 2024b; Corredor et al., 2005; Briggs et al., 2009; Connors et al., 2009; Kharbish et al., 2022; Bencharef et al., 2022; Abdelrahman et al., 2023a). Furthermore, investigating the various intra-basement rocks and supra-basement structures is essential in understanding the development of features within the sequenced sediments (Zhao et al., 2024; Sun et al., 2024; Abdelrahman et al., 2023b; Alfaifi et al., 2023; Brimich et al., 2011). Evaluation of the buried basement structures is a requirement in basin analysis, and such study is a common component of exploration success (Liu et al., 2024; Li et al., 2024; Lyatsky et al., 2005; Saada et al., 2022).
The identification of deep crustal elements like faults and the effect of deformation is critical to hydrocarbon (Jiao et al., 2021; Liang et al., 2024; Quirk and Kimbell, 1999; Readman et al., 2005) and mineral explorations (Ekwok et al., 2022a; Ekwok et al., 2022b; Ekwok et al., 2022c; Ekwok et al., 2022d; Ekwok et al., 2022e), as well as addressing some environmental challenges (Anand and Rajaram, 2004; Kilaru et al., 2013; Briggs et al., 2009). In general, potential field and geological datasets are often used to map tectonic settings and basement faults (Ekwok et al., 2021a; Ekwok et al., 2021b). Many faults affecting the sedimentary rocks are known to be basement-controlled (Connors et al., 2009; Corredor et al., 2005). Magnetic data can offer very important information on the position of faults in the basement (Eldosouky et al., 2022a; Eldosouky et al., 2022b; Eldosouky et al., 2022c). The faults have extended into the overlaying sediments and triggered fluid flow and formation of structural traps, mineralization accumulation zones as well as salt dissolution and carbonate alteration (He et al., 2021; Dong et al., 2024; Lyatsky et al., 2005). Interpretation involving the basement structures, and the influence on the overlaying sedimentary series have been previously described (Brown and Brown, 1987). In addition, hydrocarbon trapping structures existing within the sediments are controlled by the topography and structural elements of the basement which can be adequately imaged by aeromagnetic data (Corredor et al., 2005; Connors et al., 2009; Ekwok et al., 2021a; Ekwok et al., 2021b; Saada et al., 2022). Lineaments from magnetic data showed that the boundaries of the basement blocks affect the deposition of sediments (Brown and Brown, 1987; Babalola and Gipson, 1991). The response of basement rocks to magnetic effects has been applied to establish the relationship between underlying basement structures and magnetic signatures (Babalola, 1981; Guun, 1997). Such correlation can be used to establish the influence of the basement structures on the overlying sediments provided the tectonic history of the area is known (Okiwelu et al., 2013).
However, airborne magnetic data do not provide direct identification of lithology, rather the data can be applied in the evaluation of the nature of the crust underneath the sedimentary basins (Guun, 1997), the range and depth of sediments, and the offshore extent of basement terrains and fault zones (Guun, 1997; Skilbrei et al., 2002; Glen et al., 2007; Connors et al., 2009; Saleh, 2012). Airborne potential field data are very significant in geologic structural applications (Paoletti and Pinto, 2004; Bhashara and Annapuma, 2015; Ekwok et al., 2019; Pham et al., 2021a; Pham et al., 2021b; Eldosouky et al., 2022b; Eldosouky et al., 2022d), and are even more important when applied to inaccessible regions. The magnetic method can delineate major lineaments, and their interconnections with recent geologic structures (Glen et al., 2007; Ekwok et al., 2022a; Ekwok et al., 2022b; Eldosouky et al., 2022d; Eldosouky et al., 2024) plus the tectonic configuration of the upper crust (Babalola and Gipson, 1991; Meyer, 1998; Okiwelu et al., 2013; Okiwelu et al., 2014; Bhashara and Annapuma, 2015).
This research used regional magnetic data to visualize and map changes in basement topography, composition, and fault systems that could affect field production and location (Ben et al., 2022; Ben et al., 2023; Li and Morozov, 2006). By imaging the basement, geoscientists can better understand factors affecting deposition, structural traps, inter-block tension, storage centers, and make faster decisions about further exploration operations (Jiao et al., 2024; Zhou et al., 2023a; Zhou et al., 2023b; Wang et al., 2015). Studies involving the assessment of critical factors like the 3-D structural framework of the basement, the connection between hydrocarbon and deep basement structures, and related mineral targets which can be detected from magnetic studies (Zhou et al., 2022; Hiroyuki et al., 2007; Peng et al., 2009; Wang et al., 2015; Saada et al., 2021; Saada et al., 2022; Elkhateeb et al., 2021; Mahdi et al., 2022; Eldosouky et al., 2024), have been lacking in the Niger Delta, and these observed setbacks motivated this investigation.
2 PHYSIOGRAPHIC AND GEOLOGY SETTING OF THE STUDY AREA
The area is positioned in the southeastern segment of the Nigerian Niger Delta and is bounded by latitude 4.000 N to 4.300N and Longitude 7.000E to 8.300E covering 9,075 km2 (Figure 1). The geology of the region has been comprehensively described by many researchers (Haack et al., 2000; Weber, 1987; Doust and Omatsola, 1990; Whiteman, 1982; Weber and Daukoru, 1975; Short and Stauble, 1965; Evamy et al., 1978; Babalola, 1981; Hospers, 1965; Reijers, 2011; Reijers, 1996, etc.). The study area is an extensional rift basin placed within the Niger Delta and the Gulf of Guinea on the passive continental margin on the western coast of Africa with an approximate sub-aerial area of 75,000 km2, a total area of 300,000 km2, and sediment volume of 5,00,000 km3. The sediment fill has a depth range of 9–12 km. The Niger Delta is among the world’s foremost hydrocarbon regions in the world. Oil and gas in the area are mostly produced from sandstones and loose sands of the Eocene-Pliocene Agbada Formation (Haack et al., 2000; Ekweozor and Okoye, 1980). The 9–12 km thick Niger Delta clastic wedge ranges 75,000 km2 in area in southern Nigeria and the Gulf of Guinea offshore Nigeria. This clastic wedge comprises the 12th largest known accumulation of recoverable hydrocarbons, with reserves surpassing 34 billion barrels of oil and 93 trillion cubic feet of gas (Ekweozor and Okoye, 1980; Tuttle et al., 1999).
[image: Figure 1]FIGURE 1 | Regional geologic map of the Niger Delta showing Tertiary-Recent deltaic plain sands that sit on the underlying basement and related structures.
Apart from petroleum, the region exemplifies the classical delta in geologic literature (Haack et al., 2000). The nature of the Niger Delta sediments is separated into three distinct units of Eocene to Recent ages that form major transgressive and regressive cycles (Reijers, 1996; Reijers, 2011). The Miocene-Pleistocene Benin Formation comprises the continental fluviate and back swamp deposits with an average thickness of 2,500 m at the upper part. This unit is underlaid by the Eocene-Pliocene Agbada Formation (the main petroleum reservoir), which is of paralic, brackish to marine, coastal marine deposits, with an average thickness of 3,400 m. The underlying Paleocene Akata Formation is of marine prodelta clays with an average thickness of 6,500 m. The shale of the formation (Akaka) forms the source rock for hydrocarbon (Reijers, 2011).
The structure and tectonic history of a region have a significant impact on its evolution (Crafford and Grauch, 2002). The region was formed by the buildup of sediments above a crustal tract triggered by rift faulting in the Precambrian with outlines controlled by deep-seated faults associated with rifting (Connors et al., 2009; Corredor et al., 2005).
The Niger Delta denotes the failed branch of the triple rift junction linked with the evolution of the South Atlantic (Tuttle et al., 1999). Rifting diminished in the Delta during the late Cretaceous, and gravitational tectonics became the principal deformational process after the rifting phase (Kulke, 1995). Induced internal deformation happened in reaction to two mechanisms caused by shale mobility. Shale diapirs were created by the loading of poorly consolidated, over-pressured Akata Formation by the higher-density Agbada Formation. The gravitational tectonism was accomplished before the deposition of Miocene-Pleistocene Benin Formation (Evamy et al., 1978). Deposition of the three formations occurred in each of the five off-lapping Siliciclastic Sedimentation cycles (depobelt) that make up the Niger Delta. Each depobelt with its sedimentation, deformation, and petroleum history (Okiwelu and Ude, 2012).
3 DATA USED
3.1 Data acquisition
The airborne magnetic data used for this study were sourced from the Nigerian Geological Survey Agency. The data were acquired by Earth Sciences Limited in 1975. The magnetic data were acquired with flight line spacing of 2,000 m, tie lines of 20,000 m, an elevation above the sea level of 762 m, and recorded on contour maps with scale of 1:100000. These data can be effectively used to map regional geologic structures and prominent depo-centres such as the Niger Delta (Okiwelu et al., 2014). On the whole, the aeromagnetic maps were digitized at 1 km intervals along the flight lines using the method described by Kangkolo (1996). The digitized data were then transformed to an equally spaced 1 km by 1 km grid spacing applying the minimum curvature technique by Webring (1981). The data were gridded at 1 km intervals alongside the flight lines. Potent software was used to grid and present the maps in color raster format with the sanctity of the original maps being preserved (Figure 2).
[image: Figure 2]FIGURE 2 | Total magnetic field intensity data showing magnetic highs and lows represented by red-yellow and green-purple, respectively.
4 METHODOLOGY
Magnetic theory has been traced back to Pierre Laplace’s 1770 study on differential equations. Mathematically, magnetic theory describes functions that satisfy the basic differential equation called the Laplace’s equation. The magnetic method is a very popular and inexpensive approach for near-surface detection of geologic structures. Most rocks are not magnetic; however, certain types of rocks contain enough minerals to originate significant magnetic anomalies. The data interpretation that reflects differences in local abundance of magnetization is particularly useful for locating faults and geologic contacts (Blakely, 1996).
The fundamental principle of the magnetic method (Equation 1) is based on Coulomb’s Law. Coulomb’s explanations were stretched by Gauss, and the force is attributed to fictitious magnetic poles. Coulomb’s investigations of 1785 established that the force F between two magnetic poles of strengths m1 and m2 separated by a distance r is given by:
[image: image]
where μ is the magnetic permeability of the medium separating the poles.
Usually, magnetic data enhancement techniques and interpretation require different approaches. To achieve the goal of this research, 3-D forward modeling and other enhancement techniques were employed. However, to highlight local anomalies, the regional portion of the total magnetic field was expunged from the data, generating a residual map. The regional magnetic field as opposed to the local anomalous field is unavoidably subjective (Okiwelu et al., 2014; Li and Oldenburg, 1998). In this study, the regional-local anomaly separation was accomplished by the use of the least square method (Agocs, 2005). Accordingly, the data were calculated using the least squares involving mathematically describable surfaces giving the closest fit to the magnetic field that can be obtained in a specific degree of detail (Agocs, 2005). We exploited the fact that the regional field is a first-order surface of the form in Equation 2:
[image: image]
where T (x, y) are regional field in the space domain, a, b, and c are the coefficients and are calculated to minimize the disparity of the residual anomalies. This method of calculating the regional is appropriate since higher-order polynomials might be amenable to a large area over which the regional has several convolutions.
The degree polynomial was computed from the total intensity magnetic field data to accentuate the residual magnetic anomalies from all possible underground bodies needed for the qualitative and quantitative interpretation (Oldham and Sutherland, 1955).
Geophysical data contains wide-band information. That is each reading includes the influence of all physical sources, geological and cultural which produce a response at the point of measurement. With the application of filters, we were able to remove or minimize undesirable signals in the data and enhance the components that are of interest (Li and Oldenburg, 1998).
For this research, we adopted wavelength filtering centred on Fourier integral transform (Equation 3) T (u, v) of a function t1 (x, y) is:
[image: image]
where u and v are wavenumbers related to x and y-axes, correspondingly, and t1 (x, y) is total magnetic field value at known discrete points. Therefore, the discrete Fourier transform (Equation 4):
[image: image]
where T (k, l) is the input signal in the space domain, m and n are integers signifying grid point positions in the space domain, k, l are integers signifying grid point positions in the frequency domain, t1 (x, y) is total magnetic field value at known discrete points, N and M are the number of columns and rows, respectively. To get the enhanced result, t2 which is the spatial domain of the inverse Fourier transform was applied, and for the discrete data set (T2) (Equation 5):
[image: image]
In an attempt to map the basement configuration, a 3-D forward model was adopted since the geology of the Niger Delta is properly understood. The 3-D forward model is made up of a network that models the sub-surface based on the susceptibility contrast (Ali et al., 2012). A number of analytical solutions exist for discrete objects with simple 3D geometries, for example, ellipsoids and prisms, and these allow rapid calculation of magnetic field for bodies with uniform geophysical rock properties (Jessell, 2001). These bodies are then parameterized in terms of the spatial location of the object, its scale, its orientation and its susceptibility (Jessell, 2001). 3D forward modelling is a useful parameter in magnetic data modelling. The magnetic intensity, total magnetic field, shuttle radar topographic mission, inclination, and declination at the position and date of survey were recalculated prior to modelling using the IGRF. This was done because the Earth’s field varies with position and time. The SPI profile was loaded through backdrop for use in controlling the modelling process. The split block tool was used in dividing the block into segments, separating sedimentary layer from the basement and also, drawing fault lines along fault planes. The examine tool was used to change the properties (colour, susceptibility) of various blocks. Iterations were performed using tools like move point, add point and delete point. While trying to match observed and calculated values, the RMS error value displayed on the panel was used as a guide in rating the extent of matching. Profiles were obtained to model the sub-surface using the rectangular prism model which enabled the definition of depth, geometry, and contrast in the associated physical properties (Okiwelu et al., 2014; Ali et al., 2012).
5 RESULTS
5.1 Qualitative interpretation
To enhance the residual magnetic anomalies needed for interpretations, the first-degree polynomial filter was applied to the magnetic data. The first-degree polynomial result effectively revealed the underlying basement that is characterized by yellow-red color (Figure 3). Also, weak zones within the basement defined by green-purple color were mapped. All the magnetic anomalies in the investigated area characterized by linear, circular, and sub-circular shapes were delineated.
[image: Figure 3]FIGURE 3 | Residual magnetic data processed using a first-degree polynomial correction method in order to indicate the presence of important geological structures.
Furthermore, high and low pass filters were applied to the observed magnetic data. These operations reveal both magnetic textures and relief (Bird, 1997). Figure 4 revealed short wavelength and fairly high amplitude anomalies while Figure 5 mapped zones dominated by short and longer wavelength sources. Separation of the magnetic data was consequently carried out applying qualitative interpretation which comprises evaluation of linear structures and trends. These operations highlighted fairly the short wavelength components in the southeast and northwest regions (Figure 4) and produced residual anomalies that are more appropriate for high-resolution delineation of magnetic borders. Figure 5 elucidated both short and long wavelength anomalies that highlighted the local and regional magnetic structures originating from deep sources oriented in the NE-NW direction. Thus, variations in depth to magnetic basement in the area under investigation also divulge wide-ranging magnetic patterns. The black lines in Figures 4, 5 are lineaments that marked deep breaks in the magnetic basement and signify continental-scale geologic structures. The remarkable steeper-than-normal horizontal gradient with a linear trend of the anomalies indicates strike-slip displacement while the circular and lenticular discrete anomalous sources indicate intrusions and faulted basement blocks (Okiwelu et al., 2014). Such intrusions are suspected to be mafic plutons since they are dominated by high magnetic susceptibilities (Okiwelu et al., 2014).
[image: Figure 4]FIGURE 4 | Band pass filtered data showing areas of different geophysical characteristics isolated by structural boundaries indicated with black lines.
[image: Figure 5]FIGURE 5 | Low pass filtered data characterized partially by short and longer wavelength anomalies (the black lines were used to partition the accommodation zones that correspond with the edges of structures).
The black lines on the maps indicate sediment accommodation regions and match the borders of geologic structures. Careful evaluation of the maps showed structures like troughs, anticlines, and arches close to the lineaments. The general evaluation of the enhanced magnetic data divulges the bulk structure of the upper crust, where the brittle faults are obtainable. The brittle fault exerts considerable syn-depositional and post-depositional influence on the overlaying sediments. The brittle faults typically propagate into the sediments where their impacts are indicated as structural lineaments and are often targeted in hydrocarbon investigation.
5.2 Quantitative interpretation of 3-D forward models
To map and estimate the depth of the crustal structures by magnetic method and offer a more comprehensive understanding of the first-order basin assessment parameters, eight profiles (Figure 6) oriented in the NE-SW direction were modeled. From the profile lines 1,200 (Figure 7), 4,500 (Figure 8), and 4,600 (Figure 9), the models were observed to be dominated by geologic sources having anisotropic susceptibilities and characterized by both strike-slip and dip-slip motions between the crustal blocks (Okiwelu et al., 2014). These physical properties and motions are indicators of weak zones perhaps caused by the reduction of the magnetite. The observed accommodation zones trended perpendicular, parallel, or oblique to the orientation of the extension. The structural grains from the models related to the faulted blocks were noticed. These are areas where sealing faults terminate because of enormous displacement, and they lose their sealing properties. Petroleum resources can easily leak from the Graben system.
[image: Figure 6]FIGURE 6 | The location of profile lines 1,200, 2,200, 3,300, 3,700, 4,500, 4,600, 4,900 and 5,100 in the residual magnetic field data (The rectangular wire frames symbolize the sources of magnetic anomalies).
[image: Figure 7]FIGURE 7 | Three-dimensional magnetic model derived from data collected along profile 2,200, showing a detailed visualization of the subsurface magnetic properties.
[image: Figure 8]FIGURE 8 | Three-dimensional magnetic model derived from data collected along profile 4,500, showing a detailed visualization of the subsurface magnetic properties.
[image: Figure 9]FIGURE 9 | Three-dimensional magnetic model derived from data collected along profile 4,600, presenting a detailed visualization of the subsurface magnetic properties.
Figure 7 model (obtained from the profile of line 2,200) revealed that the magnetic high is caused by both lithological and structural variations. The anomaly response is dominated by magnetic high caused by the negative magnetic anomaly. The hanging wall block (body 4) (Figure 6) has a depth of 5,800 m beneath the sedimentary cover. The footwall crustal block (body 5) (Figure 6) is 9,000 m deep. Therefore, above this crustal block is a 9,000 m sedimentary fill, signifying about a 20 km lengthy graben structure that comprises core depocentres separated by intra-rift horsts. The subsidence block displays anisotropic susceptibilities, perhaps due to the prevalence of normal faults and widespread local fractures. Generally, it was observed that the geologic bodies of the models are characterized by remanent magnetization and anisotropic susceptibilities.
However, models of profile lines 3,300 (Figure 11) and 3,700 (Figure 12) clearly show intra-basement anomalous bodies affecting the overlaying sediments in a step-like pattern. The section of the trough with maximum thickness (∼9,000 m) is situated directly over the crustal block (body 9) (Figure 6), and the region is characterized by magnetic height due to its higher magnetic susceptibility. Interpretation of profile line 3,700 shows variations in composition between intra-basement blocks (1 and 19) (Figure 6). The neighboring basement block (body 2) (Figure 6) is about 10,000 m deep. The observed depocenter matches relatively well with the placement of the magnetic low at the northeast part of the study location. It is suggested to be an effective and perhaps the most progressive thermal hydrocarbon-producing site. From Figures 8, 9, the models show a block fault graben of about 12 km wide. This graben is the result of the subsidence of crustal block (body 3) and edged by two inter-connected horsts (body 17 and 25). The establishment of the horst and graben structure was activated by the faults in the area due to rifting. The slight horizontal offset between the crustal blocks (body 3 and 5) (Figure 6) shows that it is a strike-slip movement along the fault in most cases and that certain normal faults undergo strike-slip movement during the development of the basin. The interchanging pulsates of subsidence, uplift, tilting, or strike-slip motion may perhaps be accommodated by the steep faults obliged blocks. Therefore, the two models obtained from lines 2,200 and 4,500 (Figure 6) reveal the structural design of the basin and the displacement geometry caused by normal fault systems on the sedimentary series. The extensional tectonics have a direct influence on the sedimentation and structural relief of the basin. The noticed lithological contacts on Figures 10, 14 show midpoints of structural breaks and represent magnetic anomalies with the highest amplitude originating from mafic, and/or failed rift material. However, some magnetic signatures divulged low amplitude due to the thick sedimentary cover. The sediments on the intra-basement bodies are presumed to be magnetically neutral with insignificant alteration in the magnetic field reflecting a granitic or meta-sedimentary character (Saltus et al., 2006) and 5,100 in the residual magnetic field data.
[image: Figure 10]FIGURE 10 | Three-dimensional magnetic model derived from data collected along profile 5,100, presenting a detailed visualization of the subsurface magnetic properties.
Figures 7, 8 obtained from profiles of lines 2,200 and 4,500 respectively, displayed the graben and horst structural elements of the study area. Furthermore, Figure 7 revealed magnetic high while Figures 9, 11 showed normal and strike-slip faults associated with the development of the basin with the sunk block (Figure 9) and overlaid with sediments of about 8,000 m.
[image: Figure 11]FIGURE 11 | Three-dimensional magnetic model derived from data collected along profile 1,200, showing a detailed visualization of the subsurface magnetic properties.
Models of line 3,300 (Figure 12) and line 3,700 (Figure 13) detected step-like structures indicating abrupt disparities in magnetization and lithologic variations within the basement. Also, the models of Figure 14 (line 4,900) and 14 (line 5,100) identified intra-basement bodies with regions of lithologic breaks. The observed breaks/contacts within the basement are suspected to be the center of structural disturbances.
[image: Figure 12]FIGURE 12 | Three-dimensional magnetic model derived from data collected along profile 3,300, illustrating a detailed visualization of the subsurface magnetic properties.
[image: Figure 13]FIGURE 13 | Three-dimensional magnetic model derived from data collected along profile 3,700, showing a detailed visualization of the subsurface magnetic properties.
[image: Figure 14]FIGURE 14 | Three-dimensional magnetic model derived from data collected along profile 4,900, showing a detailed visualization of the subsurface magnetic properties.
5.3 Depth to basement map
To determine the spatial variations of depth to basement within the investigated area, the depth values from the 3D models were extracted and used to generate 2D map (Figure 15). Generally, it was noticed that depth values varied from about 4,000 to 10000 m indicating relatively thick depositional centers and the undulant pattern of the basement. Such results have been reported by some reconnaissance geoscience explorations in the southeastern parts of Nigeria (Ekwok et al., 2021a; Ekwok et al., 2021b). An essential part of the regional geologic or hydrocarbon assessment process is a realistic comprehensive basement structural map. This map recognizes important structural trends, the location of noticeable structural prospects, and the site and shape of the depocentres (Alexander et al., 1998). Figure 15 shows the division of the investigated area (along strike) into distinct sub-basins separated by horst structures. Each mini-basin corresponds to separate rift sections, and the horsts match closely with the accommodation zones.
[image: Figure 15]FIGURE 15 | Depth to basement map obtained from the 3D models of the study area.
6 DISCUSSION
Regional magnetic data analyses from the study location indicate that the crustal configuration can be divulged carefully with ease (Okiwelu et al., 2014). The wavelength filtering of the residual magnetic data revealed lineaments that trend in NE - SW, N - S, and E - W directions which coincide with the regional geologic trend (Ekwok et al., 2022a, Ekwok et al., 2022b; Saleh, 2012). The lineaments represent borders of the crustal blocks, gradient zones/faults, and lithological contacts (Alexander et al., 1998; Saleh, 2012). The geometries of the gradients along the edges of the magnetic sources indicate plutons that developed alongside geologic structures that are related to the South-Atlantic faults (Ekwok et al., 2022a). Furthermore, these lineaments boundaries of crustal blocks are affected by the deposition of sediments in the area. The configuration of deformations and structural patterns of the crust with influence on the sedimentary sequence (Ross and Eaton, 1999; Crafford and Grauch, 2002; Evarmy et al., 1978), were mapped. Direct information on the structural texture of the crust underneath the area and some previously undetected magnetic lineaments were divulged from the enhanced results. For instance, the first-degree polynomial filtered map shows the repeated horst and graben structures that trend N-S direction. The 3-D models revealed the faulted crustal blocks, gradient zones, and intra-basement compositional changes. The high magnetic anomalies inferred from this 3-D magnetic modeling are mostly initiated by the upper crustal structures. Specifically, the high magnetic anomalies are associated with disparities in basement relief near the surface resulting from block faulting (Bird, 1997; Crafford and Grauch, 2002; Evarmy et al., 1978). Overall, the spatial depth variations in the area are in the range of 4,000–10,000 m. Similar results have been reported in the southeastern flank of Nigeria’s Cretaceous sediments (Ekwok et al., 2021a; Ekwok et al., 2021b; Ekwok et al., 2019). Other studies estimated the crustal thicknesses in the range of 14 km–19 km (Bird, 1997; Ali et al., 2012; Evarmy et al., 1978). Again, this study indicates a favorable match in both location and trend between the major basement troughs and the main depo-centers dominated by Tertiary sediments. The positive correlation reveals that the overlying sediments have been influenced by the basement configuration and the tectonics.
In general, the results of this investigation revealed that the sub-basins are well delineated, and the overall deltaic wedge and related down faulting in the crust, especially at the initial phases of development of the delta are noticeable. This shows that exploration programs have moved from seismic methods to the use of non-seismic exploration methods for regional and prospect-level quantification before drilling (Ross and Eaton, 1999; Ali et al., 2012; Okiwelu et al., 2014). The structure of the depocentres seems to reveal the tectonic orientations (N-S, E-W, and NE-SW) in the area (Ross and Eaton, 1999; Crafford and Grauch, 2002; Okiwelu and Ude, 2012; Okiwelu et al., 2013). The NE - SW basement orientation appears to show probable extensions of the Chain and Charcot fracture zones (Ekwok et al., 2023; Ekwok et al., 2023; Ekwok et al., 2019). Thus, the knowledge of the regional structures of the concealed basement is essential to basin exploration methodology, and this can be applied to other basins all over the world (Okiwelu et al., 2014; Crafford and Grauch, 2002). The principles and techniques developed for investigating the concealed basement across various geological basins, as outlined by Leonov et al. (2020), are fundamental in understanding the complex subsurface structures. These methods are specifically tailored to uncover the hidden geological features that lie beneath the surface, providing critical insights into the formation and evolution of these basins. Although geological basins may differ in their specific characteristics, many of them share common tectonic settings and evolutionary histories. This commonality allows for the transfer and adaptation of knowledge, methodologies, and techniques across different basins, as noted by Leonov et al. (2020). By applying these universally relevant approaches, geoscientists can effectively analyze and interpret the concealed basement in diverse geological contexts, facilitating a more comprehensive understanding of basin evolution and resource potential. Hence, proper basin analyses involving the 3D models give valuable information on the tectonic history, structural traps, and potential hydrocarbon corridors (Ali et al., 2012; Okiwelu et al., 2014; Okiwelu and Ude, 2012; Okiwelu et al., 2013).
7 CONCLUSION
Regional magnetic data were applied to study the crustal blocks, map sediment thickness, and delineate geologic structural configuration and orientation in the southeastern flank of the study location. Firsthand information on the structural texture of the crust underneath the region and some previously undetected lineaments were also divulged from the first-degree polynomial filtered map. The major geologic structures and the related horsts and grabens are oriented in the North-South direction. These horst and graben structures were triggered by the fault in the region due to rifting. The brittle faults typically extend into the overlying sediments where their impacts are shown as surface lineation which can serve as targets in hydrocarbon investigation. The 3-D magnetic models divulged the faulted crustal blocks, gradient zones, and intra-basement compositional changes. Generally, it was observed that the high magnetic anomalies are linked to disparities in basement relief. The crustal thickness is estimated to be approximately between 14 km and 19 km and the depth to basement results revealed that the sedimentary thicknesses of the area vary from ∼4,000 to ∼10,000 m. The depth results show a favorable connection in both position and trend between the major basement troughs and the main Tertiary depocentres. The positive correlation indicates that the sedimentary sequence has been influenced by the underlying structural pattern and the tectonics of the crust. The structure of the depocentres seems to reveal an interaction of the tectonic orientations in the delta. The results of this work show that the sub-basins are characterized by sufficient sediments favorable for further exploration interest.
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