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Abstract

This study estimates basement depths in the Niger Delta Basin using ground magnetic field data, analysed through
Euler-3D deconvolution and Source Parameter Imaging (SPI) methods. Ground magnetic data were collected with an
AMC-6 High-precision Fluxgate Magnetometer across 6 dip and 14 strike profiles, alongside a tie-line. The Euler-3D
deconvolution method was applied to map the depth and distribution of magnetic sources by solving Euler's
homogeneity equation, while the SPI method provided an independent depth estimate using the local wavenumber
approach. Both methods revealed significant basement depth variations that align with known structural features of
the basin. This integrated analysis offers a robust interpretation of the subsurface architecture, enhancing the
understanding of the region's geology and supporting ongoing resource exploration. The findings highlight the
effectiveness of combining Euler-3D and SPI techniques for subsurface exploration in complex geological settings like
the Niger Delta Basin.
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1. Introduction

The use of magnetic field data in geophysical exploration, particularly in studying the tectonic structure of the upper
crust, is well-established. Since basement rocks respond to magnetic fields, correlations between basement features
and magnetic expressions are common. Magnetic and gravity data, when combined with modern analytical tools, can
reveal the impact of tectonic history on sedimentary sections. These datasets can address key exploration questions,
such as the location and depth of source rocks, sediment thickness, and tectonic influences on deposition [13, 19].

Magnetic exploration can also highlight major geologic lineation, tectonic structures, and the distribution of volcanic
rocks. Patterns in regional aeromagnetic data can provide insights into the distribution of intrusive and extrusive rocks,
as well as boundaries between magnetic terrains [14]. Additionally, frequency analysis is valuable in gravity and
magnetic interpretation, simplifying complex geophysical problems through filter theory and allowing for a clearer
understanding of data [8, 18, 23].

In sedimentary basins, like the Niger Delta, the method’s effectiveness stems from the magnetization difference between
the basement and sedimentary layers [21]. The use of enhanced techniques and 3D forward modelling has the potential
to better elucidate the connection between basement features and hydrocarbon targets in such regions, though it
remains underexplored in some areas, including the Niger Delta [4]. This study aims to analyse and map ground
magnetic anomalies in the spectral domain in the low-latitude sedimentary terrain of Effurun.
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1.1. The Study Area

The study area is situated in the Niger Delta city of Effurun, at latitudes N5° 34" and longitude E005° 50', with an average
elevation of about 8m above sea level. Sedimentary rock, including clay, sandstone, and shale, is the dominant rock type
in this region.

The Tertiary Niger Delta comprises a regressive clastic succession, reaching up to 12,000 meters in thickness over
approximately 75,000 square kilometres. Located in the Gulf of Guinea, it is one of the most productive hydrocarbon
regions globally. The Niger Delta is bounded by the Anambra Basin and Abakaliki High to the north, the Cameroon
volcanic line to the east, the Dahomey Embayment to the west, and the Gulf of Guinea to the south [2, 7]. Its siliciclastic
system began progradation during the Late Eocene and continues today, forming three key lithostratigraphic units: the
Akata, Agbada, and Benin formations [5, 11].
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Figure 1 Averaged section of Niger Delta [24]

The Akata Formation is the basal unit which comprises over-pressured marine shales, sandy turbidites, and channel
fills, deposited from the Late Eocene to the present. The Akata Formation, reaching thicknesses of up to 7,000 meters
beneath the continental shelf, serves as a key source rock for hydrocarbons in the delta [7, 9, 26].

The Agbada Formation is the main petroleum-bearing unit of the Niger Delta, the Agbada Formation, consists of
alternating sand and shale layers deposited in deltaic, paralic, and marine environments. With thicknesses exceeding
3,500 meters, it is divided into upper, middle, and lower units, with the middle unit being the primary target for
hydrocarbon exploration due to its high sand content [7, 20].

The Benin Formation is an alluvial and coastal plain deposit up to 2,000 meters thick, overlying the Agbada Formation
in onshore and coastal areas, ranging in age from the Late Eocene to the Recent [2].

The Niger Delta's structural framework is characterized by extensional, translational, and compressional domains along
its continental margin. These domains exhibit growth faults, mud diapirism, and imbricate toe-of-slope thrusts,
respectively, resulting from gravitational delta tectonics [6, 17]. The delta's continental shelf, about 50-80 km wide,
transitions to the abyssal plains of the Gulf of Guinea, with water depths exceeding 4.5 km [24].

1.2. Source Parameter Imaging (SPI)

Source Parameter Imaging (SPI) is a technique used to estimate the depth and nature of subsurface magnetic sources
directly from gridded magnetic data. It is particularly valuable in magnetic anomaly interpretation, providing a quick
and efficient means of determining source depth without requiring complex modelling or inversion techniques.
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SPI is based on the principle that magnetic anomalies can be analysed to determine the depth to the top of magnetic
sources. The technique uses the local wavenumber, derived from the magnetic data, to estimate depth. The local
wavenumber is a quantity that combines the horizontal and vertical gradients of the magnetic field.

The SPI method involves the following steps:

Calculation of the Analytical Signal: The analytical signal of the magnetic anomaly data is calculated. The analytical
signal is a complex quantity that combines the original magnetic field data with its Hilbert transform.

Computation of Local Wavenumber: The local wavenumber k is computed using the horizontal and vertical
derivatives of the magnetic field. The local wavenumber is given by:

k= (g—z)z + (Z_;)Z .......... 1)

The local wavenumber is proportional to the depth of the magnetic source, with higher wavenumbers indicating
shallower sources.

Depth Estimation: The depth to the top of the magnetic source is estimated using the following relationship:

Where z is the depth to the magnetic source; k is the local wavenumber.

This simple relationship allows for the depth to be estimated directly from the magnetic data without the need for
iterative modelling.

Mapping and Interpretation: The SPI technique produces a depth map that shows the estimated depth to the top of
magnetic sources across the survey area. This map can be used to identify structural features such as faults, intrusions,

and other geological boundaries.

1.3. Standard Euler Deconvolution

Standard Euler Deconvolution is a widely used technique in geophysics for estimating the location and depth of
magnetic and gravity sources from potential field data [22]. It is based on Euler's homogeneity equation, which relates
the rate of change of the field with respect to distance to the depth of the source, allowing for the determination of
source positions from the observed data.

Euler Deconvolution relies on the assumption that the magnetic or gravity field T and its gradients Z—Z, g—;, and Z—: satisfy
the Euler's homogeneity equation. The equation for a magnetic or gravity anomaly is given by Reid et al., [22]:

(=) o+ (7= ¥ 5o+ (2 = 20) 5L = N(T = B) (4)

Where:

(x0, Vo, Zo) are the coordinates of the magnetic or gravity source.

(x,y,z) are the coordinates where the field T is measured.

N is the structural index, which is a measure of the type of source (e.g., N = 0 for a contact, N = 1 for a dike, N=2 for a
pipe, and so on).

B is the regional background field.

The goal of Euler Deconvolution is to solve this equation for the unknown source locations (x,V,,z,). Euler

Deconvolution provides an excellent tool for providing good depth estimations and locations of various sources in a
given area, assuming that appropriate parameter selections are made.
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Table 1 Structural Indices for Simple Models Used for Depth Estimations in 3D Euler Deconvolution [10]

Geological model | Number of Infinite Dimensions | Magnetic Structural Index

Sphere 0 3
Pipe 1(2) 2
Horizontal cylinder | 1 (x ory) 2
Dyke 2 (zand x ory) 1
Sill 2 (xandy) 1
Contact 3 (x,y and z) 0

Depending upon the potential source type, a structural index is chosen. This structural index is also a measure of the
distinctive fall-off rate of the geologic feature. For example, the best results for a contact are obtained by structural
indices of 0, while for thin two-dimensional dyke structures a structural index of 1 yields the best estimates, as explained
in table 1. The number of infinite dimensions describes the extension of the geologic models in space.

2. Review of Previous Study

Kasidi & Nur [14] conducted a study of Jalingo and its surroundings using spectral analysis and Hilbert transformation
of aeromagnetic data to estimate the depth of magnetic sources. Their analysis revealed two depth levels: deeper
magnetic sources ranging from 437 m to 2617 m and shallow sources between 123 m and 436 m. Additionally, they
estimated the Curie point depth to be between 24 km and 28 km, with a geothermal gradient of 21 °C/km -23 °C/km
and heat flow values ranging from 53 mW/m? to 61 mW/m?, indicating modest geothermal resources in the region. A
notable inverse relationship was found between Curie depths and heat flow.

Similarly, Asielue et al. [1] interpreted aeromagnetic data from the Otukpo and Ejekwe areas of the lower Benue Trough
using spectral analysis to determine basement depths. Their results showed two depth models: deep magnetic sources
between 2546.5 m and 4177.3 m, averaging 3058 m, and shallow sources from 309.4 m to 762.5 m, averaging 527 m.
They found that Otukpo had thicker sedimentary layers conducive to hydrocarbon accumulation, while Ejekwe had
significant lateral intrusions indicative of older source rocks.

Tsepav & Mallam [25] analysed magnetic data from the Bida Basin, revealing shallow magnetic sources at depths
ranging from 0.254 km to 1.719 km, with an average of 0.968 km. Deeper sources varied from 1.830 km to 4.615 km,
averaging 3.063 km. The shallower sources were associated with near-surface ferruginous sandstones, ironstones, or
laterites, while the deeper sources were linked to magnetic basement intrusions and structural features like dykes,
faults, and horsts.

Hussaini et al. [12] processed high-resolution aeromagnetic data over northeastern Nigeria (sheet 84) using spectral
analysis and found deeper magnetic sources ranging from 1948.3 m to 4503.9 m, with the deepest located in Katagum,
Bauchi State. The shallow source map revealed that central and northern regions had the shallowest depths, while
southern sections exhibited greater depths.

3. Material and methods

3.1. Data Acquisition

The field data for this research was collected using a man-borne surveying method, with the AMC-6 High-Precision
Fluxgate Magnetometer employed to measure the vertical (Z) component of the geomagnetic field. The magnetometer,
essential for recording magnetic variations, operates with a measurement range of 10,000 nT - 100,000 nT and a
resolution of 0.1 nT -1 nT. Additionally, accessory tools like the Global Positioning System (GPS), measuring tapes, and
hammers were used for determining coordinates, elevation, and other spatial data. The GPS provided the geographic
coordinates and elevation for each survey station.
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The study area was laid out in a grid with 14 lines trending NE-SW along the strike and 6 lines running E-W along the
dip. Strike traverses were 50 meters long with 21 stations, spaced 5 meters apart, while the dip traverses extended 130
meters with 27 stations, also spaced 5 meters apart. The inter-line spacing was 10 meters for both orientations.
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Figure 2 Abridged Base map showing 6 Dip lines, 7 Strike lines and 1 tie-line. A total of 14 Strike lines were recorded.

3.2. Data Processing

The raw magnetic data collected during the survey was first corrected for drift and diurnal variations to ensure
accuracy. The vertical component of the geomagnetic field was then used to derive other components. To minimize the
effects of magnetic inclination and declination, the corrected data was reduced to the equator (RTE), aligning the
magnetic anomalies with their sources. This transformation used local geomagnetic parameters of -17.1° inclination
and -3.2° declination. Various derivative techniques were then applied to the data, including First Vertical Derivative
(FVD) to highlight shallow magnetic sources, Horizontal Gradient Magnitude (HGM) to map the edges of magnetic
sources, and Analytical Signal Amplitude (ASA) to combine horizontal and vertical gradients for identifying magnetic
bodies. Upward Continuation (UC) was also used to emphasize deeper geological features.

For depth estimation, two primary methods were applied: Source Parameter Imaging (SPI) and Standard Euler
Deconvolution. SPI provided direct depth estimates of magnetic sources, which is crucial for interpreting the subsurface
structure. The Euler Deconvolution method used the gradients of the magnetic field to estimate the depth and location
of magnetic sources, offering further insights into the distribution of subsurface features. Together, these techniques
and maps, generated from processed aeromagnetic data, offered a comprehensive view of the geological structures in
the study area, revealing details about faults, contacts, and potential areas of interest for further exploration.

4, Results

Figure 4 shows the map of the vertical component of the geomagnetic field in the study area. The map shows the
presence of highly magnetized bodies trending in the NW-SE direction. The vertical component magnetic intensity
ranged from -5670.56nT to -14781.70nT with an average intensity of -10639.94nT.
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Figure 3 Map of the vertical component of the geomagnetic field.

4.1. Reduction To Equator Map

The RTE map of the study area (Figure 5) offers a clear depiction of the magnetic anomalies after adjustments were
made for the Earth's magnetic field inclination and declination. This map was produced using a field average inclination
of -17.01° and a field average declination of -3.2°. The total magnetic field intensity of the area ranged from 31,000nT
to 34,000nT, with an average intensity of 32,425nT.

3 8410F 384155 5 84208

55715N
NGIZSS

NOLZSS

5 6710N

5. 5705N
NS0Z5'5

SETE SEITE SEi0E

0.00025 0 0.00025
e e S———"O
degrees —N—
wes 3¢
RTE map of the study area

Figure 4 Reduction to Equator map of the study area

4.2. Upward Continuation Map

Figure 6 shows the total magnetic field intensity of the area after the data has been upward continued to 5m above the
ground. The map helps to highlight deeper geological features while reducing the influence of near-surface noise, hence
providing a clearer image of the magnetic anomaly which can be seen in the central area of the study area.
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Figure 5 Upward Continuation map of the study area

4.3. First Vertical Derivative Map

The first vertical derivative of the study area's magnetic field intensity is displayed in Figure 7 With the help of the FVD
map, which improves the high-frequency components of the magnetic data, near-surface geological structures may be
seen more clearly. Small-scale features that might not be seen in the RTE or analytical signal maps are especially well
highlighted by this map. The purple to red colours indicate points with a high positive change in the magnetic field while
the blue to cyan colours indicate areas with a strong negative change in the magnetic field. These strong positive and
negative changes highlight the presence of shallow sources in the area.
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Figure 6 First Vertical Derivative map of the study area

4.4. Standard Deviation Map

The standard deviation map (figure 8) was created to delineate the edges of magnetic sources. By computing the
statistical measure of the dispersion or spread of the magnetic field values. It's used to assess the variability in the
magnetic data in both the x and y directions from the mean magnetic field, the map highlights areas of high magnetic
deviations, often corresponding to geological structures such as dyKkes, sills, faults or lithological contacts.
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Figure 7 Standard deviation map of the study area

4.5. Source Parameter Imaging

The research area's Source Parameter Imaging (SPI) map, shown in Figure 9, shows the depth to the top of subsurface
magnetic sources. The colour spectrum used on the map designates various depth levels using distinct hues. The values
of yellow, green, and cyan correlate to increasingly deeper values, with light blue and blue representing the deepest
sections, reaching depths of around 4000m to 5400m. Purple and red, on the other hand, show the shallowest depths
(about 1000m to 1500m).
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Figure 8 SPI map of the study area

4.6. Standard Euler Deconvolution

The Euler deconvolution maps indicate the derived source positions represented as circles at the located depths with
colours indicating the depth ranges, while the clustering indicates the correct index. Figures 10 to 13 show the colour
range symbol and colour range legend base maps for structural indices of 0, 1, 2 and 3 respectively for the residual field
of the study area, while Table 2 shows a summary of the results.

For the Euler solutions map with a structural index of 0 (figure 10) which models contacts, the estimated sedimentary
thickness and depths to the basement of the area ranges between 1,400m to 3,700m
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Figure 9 Euler Solutions Map for SI=0

For the Euler solutions map with a structural index of 1 (figure 11) which models dyke-like structures, the estimated
sedimentary thickness and depths to the basement of the area range between 1,200m to 4,700m

For the Euler solutions map with a structural index of 2 (figure 12) which models pipe and horizontal cylinder
structures, the estimated sedimentary thickness and depths to the basement of the area range between 2,300m to
6,700m.

For the Euler solutions map with a structural index of 3 (figure 13) which models spherical structures, the estimated
sedimentary thickness and depths to the basement of the area range between 3,500m to 9,200m.
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Table 2 Estimated sedimentary thickness and depths to the basement in the study area.

S/N Model Approximate basement depth (m)
1 Source Parameter Imaging 1,000 - 5,400
2 Euler (structural index = 0) 1,400 - 3,700
3 Euler (structural index = 1) 1,200 - 4700
4 Euler (structural index = 2) 2,300 -6,700
5 Euler (structural index = 3) 3,500 -9,200

5. Discussion

The analysis of ground magnetic field data from the Niger Delta Basin, utilizing methods such as Reduction to Equator
(RTE), First Vertical Derivative (FVD), and Upward Continuation (UC), has provided valuable insights into the basin's
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subsurface structure, particularly concerning basement depth estimation. The RTE map revealed magnetic field
intensity values ranging from 31,000nT to 34,000nT, suggesting lithological variations and structural differences across
the area. These variations likely correspond to geological features such as faults and basement rock changes.
Additionally, the FVD and UC maps revealed a prominent NW-SE magnetic anomaly, aligning with the known tectonic
trends in the Niger Delta Basin, indicating the presence of significant subsurface features such as faults or basement
edges.

Depth estimates derived from the Source Parameter Imaging (SPI) and Euler Deconvolution methods highlighted a
complex basement topography, with SPI indicating basement depths ranging from 4,000 to 5,400 meters and shallow
sources between 1,000 and 1,500 meters. Euler Deconvolution provided a broader depth range, with basement depths
between 4,000 and 9,200 meters and shallow sources between 1,200 and 2,500 meters. These results suggest significant
subsurface geological variability, potentially indicating uplifted or subsided areas and critical for understanding
hydrocarbon migration and basin evolution. The combined use of these techniques offers a comprehensive
understanding of the Niger Delta's subsurface geology, contributing to hydrocarbon exploration and the basin's
geotectonic framework.

6. Conclusion

This study utilized ground magnetic field data to estimate basement depths in the Niger Delta Basin using Euler-3D
deconvolution and Source Parameter Imaging (SPI) methods. The Reduced to the Equator (RTE) map revealed varying
magnetic intensities. In contrast, the First Vertical Derivative (FVD) and Upward Continuation (UC) maps identified a
prominent NW-SE magnetic anomaly, likely related to subsurface faults or fractures. SPI estimated basement depths
between 4,000 to 5,400 meters and shallow sources at 1,000 to 1,500 meters, while Euler deconvolution provided a
broader depth range of 4,000 to 9,200 meters, with shallow sources between 1,200 to 2,500 meters. The results from
both methods align, offering a comprehensive understanding of the subsurface structure, crucial for hydrocarbon
exploration and resource assessment.
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